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Abstract

Of the many theoretical proposals for quantum computers, topological quantum com-
puting is unique in its resistance to decoherence and the reliability of its gate operations.
One proposed method for achieving these topological qubits is to harness the unusual non-
Abelian exchange statistics of quasiparticle excitations known as Majorana bound states.
Historically, research devoted to realizing these states has primarily been in nanowires, but
purely one-dimensional devices are limited in their applications. Two-dimensional electron
gas devices are an alternative with the benefit of future scalability and increased options for
device geometries. To this end, we developed InAs/AlGaSb surface quantum well devices
compatible with the proximity-induced superconductivity required to realize a Majorana
device.

Magnetotransport measurements investigating mobility-density relationships, I-V char-
acteristics, the Shubnikov de Haas effect, and the quantum Hall effect confirm the very
high quality of our dielectric deposition method and growths. Even with quantum wells
so near the surface of the device, we achieve high mobilities and stable, reproducible gat-
ing characteristics. These devices have high spin-orbit coupling coefficients, confirming
that we can simultaneously benefit from the inherent bulk properties of InAs and prop-
erties imparted by the rest of the growth and lithography steps. Analytical comparisons
of devices with different quantum well widths, interface characters, and dielectric deposi-
tion methods reinforce the need for the rigorous optimization of numerous factors. From
this analysis, we conclude that devices with smooth surface morphologies, SiO2 dielec-
tric deposited by atomic layer deposition, and InSb-like interfaces provide the ingredients
necessary to achieve near-record mobilities and consistent gating properties.

On these same excellent wafers, we fabricated superconductor-normal-superconductor
(SNS)-type devices of three different normal region dimensions with ex-situ deposited nio-
bium as the proximitizing superconductor. The universally high quality of these devices
challenges the long-held norm that epitaxial aluminum is the best choice for the super-
conductor in these types of devices. Specifically, we achieved figures of merit much higher
than those previously reported in Nb-InAs-Nb devices and on par with those using epitaxial
aluminum. Using two separate mathematical models, we found that our devices have very
high transparencies, indicating high-quality interfaces. Detailed plans for future devices
are also discussed in this thesis, including gated SNS devices, quantum point contacts, and
an attempt at observing Majorana signatures.
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Chapter 1

Introduction

1.1 Majorana Origins

The story of quantum mechanics is one of both monumental successes and seemingly in-
surmountable challenges. After a period of slow progress, a “quantum revolution” began
in the early twentieth century, launching a field of research that would redefine our under-
standing of physics. Armed with knowledge of classical and statistical mechanics, physicists
began developing models of quantum phenomena, writing a “rule book for the microscopic
world.”1 One of these seminal models was published by Paul Dirac, a British physicist, in
1928. He derived the Dirac equation, a concise and relativistic representation of the parity
symmetry of spin-1/2 particles [40].

Dirac’s publication threatened to slow the momentum of the quantum revolution. Ini-
tially, the equation’s implication that negative energy states are accessible to electrons was
problematic for scientists working in the field; according to Werner Heisenberg, “Dirac’s
paper threw [them] out into the open sea again” [64] after a period of rapid development
in quantum theory. Dirac addressed this dilemma by proposing that the vacancies in
the negative energy states behaved like spin-1/2, positively charged particles with masses
identical to electrons. Experimental observations of these “anti-electrons,” now commonly
referred to as “positrons,” were made by Carl David Anderson in 1932 [7] and resulted in
him winning the Nobel Prize in Physics in 1936. Though the Dirac equation has many
important implications, this theory of a matter-antimatter relationship is the remarkable
idea that established the work presented in this thesis.

1This conception of quantum mechanics is one I learned from John Donohue, the outreach coordinator
at the Institute for Quantum Computing.
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In 1937, theoretical physicist Ettore Majorana encountered a mathematical curiosity
based on Dirac’s work. The original equation involved complex numbers, but Majorana
wondered if they were necessary or only the result of basing the model on electron be-
haviour. Indeed, Majorana discovered that this need not be the case and that it was
possible to write a purely real spin-1/2 relativistic wave equation [99]. The Dirac equation
for a free particle may be written as follows [166]:

(iγµδµ −m)ψ = 0 (1.1)

where m is the mass of the particle, ψ is its particle field, µ = 0, 1, 2, 3, δµ is the four-
gradient, and γµ are four 4 × 4 matrices that obey the following relationship (governed by
Clifford algebra) [166]:

(γ0)2 = −(γ1)2 = −(γ2)2 = −(γ3)2 = 1 (1.2)

In Dirac’s mathematical representation, ψ must, unsurprisingly, be complex; a complex
field is required to describe charged particles. The matrices γµ contain both real and
imaginary entries. Majorana wondered if an uncharged particle – one with a real field –
could still be described by the Dirac equation. He determined that the following purely
imaginary γµ could reflect such a system [166]:

γ̃0 = σy ⊗ σx (1.3)

γ̃1 = iσx ⊗ I (1.4)

γ̃2 = iσz ⊗ I (1.5)

γ̃3 = iσy ⊗ σy (1.6)

where σx, σy, and σz are the Pauli matrices. This leads to the following representation of
the Majorana equation:

(iγ̃µδµ −m)ψ̃ = 0 (1.7)

where ψ̃ is real. The physical implication is a fundamental, uncharged particle that is its
own antiparticle. The practical applications of this result were not immediately apparent;
Majorana hypothesized that neutrinos might fit the theory given their lack of charge, but
this was a purely speculative suggestion [99].

To date, the potential existence of the Majorana fermion remains mysterious. Majo-
rana’s neutrino suggestion remains a topic of research nearly a century later, as neutrinos’
minuscule masses make them very difficult to detect, let alone study their behaviour. To
conclusively classify two particles as a particle-antiparticle pair, they must collide, resulting
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in their annihilation and creating other energetic particles like photons, mesons, or bosons.
“Neutrinoless double-β decay,” the phenomenon by which two antineutrinos annihilate
each other, would be the unmistakable evidence that neutrinos are Majorana particles
[9]. Scientists have yet to observe this unique type of decay. Until then, or until another
hallmark of Majorana behaviour arises, Majorana’s original question remains open.

1.2 Majorana Bound States

Though the Majorana fermion remains elusive, Majorana’s ideas are increasingly crucial to
condensed matter physics [166]. When quasiparticles – collective excitations with particle-
like properties – arise in superconductors, they are often called “Bogoliubov quasiparticles.”
Nikolay Bogoliubov, whose name the quasiparticles bear, was a mathematician and the-
oretical physicist whose theories about electron-lattice interactions underpin much of the
modern understanding of superconductivity [23]. These quasiparticles have many inter-
esting properties, the most noteworthy of which is that they can annihilate each other,
meaning they are their own antiparticles. Additionally, much like how the Majorana equa-
tion is a real representation of the Dirac equation, the Bogoliubov-de Gennes wave equation
representing these quasiparticles can similarly be written in a real form [137]. This analysis
led to a natural conclusion: Bogoliubov quasiparticles are Majorana fermions, in the sense
that they are spin-1/2 excitations with fermionic statistics [15].

Bogoliubov quasiparticles are only the beginning of Majorana’s importance to supercon-
ductivity. Majorana bound states (MBSs), also known as Majorana zero modes (MZMs),
are quasiparticle excitations at zero energy and are also his namesake. MBSs fall under
the “anyon” umbrella: quasiparticles arising in two-dimensional (2D) systems that obey
neither fermionic nor bosonic statistics [36]. Specifically, these quasiparticles exhibit non-
Abelian statistics, meaning that physically exchanging the position of two identical MBSs
results in a fundamentally different quantum state [153]. As the “Majorana” title implies,
MBS operators are entirely real [36].

It is useful to represent these exchange statistics mathematically and to compare them
to bosonic or fermionic exchanges, which follow Abelian statistics, where particle exchange
only imparts a phase difference:

|Ψ⟩ → ± |Ψ⟩ (1.8)

Majorana operators may be represented as pairs (“half-fermions”) to form fermionic modes,
where the fermionic creation and annihilation operators can be defined as:

c†n =
1

2
(γ2n−1 + iγ2n) (1.9)
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cn =
1

2
(γ2n−1 − iγ2n) (1.10)

In the adiabatic limit, two Majoranas can be exchanged without the wavefunction leaving
the ground state manifold of |Ψ⟩. For N pairs of Majoranas (or N fermions), the ground
state manifold has 2N states. The following represents the exchange of two Majoranas γn
and γm [3]:

|Ψ⟩ → Unm |Ψ⟩ (1.11)

where Unm is a 2N × 2N unitary matrix with the form

Unm = e±
π
4
γnγm =

1√
2

(1 ± γnγm). (1.12)

For example, for a clockwise exchange of two Majoranas γ2 and γ3 with initial quantum
state |00⟩,

|00⟩ → U23 |00⟩ =
1√
2

(|00⟩ − i |11⟩). (1.13)

Importantly, these matrices Unm are non-commutative [3]:

U23U12 ̸= U12U23 (1.14)

1.3 The Kitaev Chain

Toy models help develop an understanding of how to practically generate unpaired, ex-
changeable MBSs in the laboratory. In 2000, the physicist Alexei Kitaev conceptualized
a quasi-one-dimensional (1D) “quantum wire” of electrons atop a superconductor [86].
Kitaev admits his model is “rather unrealistic”; not only does it assume only one spin
direction, but it requires breaking electric charge conservation, likely requiring a p-wave
(triplet) superconductor. Under these exceptional circumstances, he explains the two pos-
sible ways to “pair” the Majorana operators: those from the same or adjacent sites. In
the latter case, an unpaired MBS at zero energy would arise at each end of the wire. An
additional requirement unique to the second case is the presence of a gapped bulk excita-
tion spectrum; there must be a superconducting gap. Kitaev does speculate about possible
physical realizations of this set of properties, mentioning both spin-orbit interaction and a
strong magnetic field to separate particles with opposite spins [103]. While only a couple of
lines were devoted to these ideas in his original paper, later research reveals the prescience
of Kitaev’s work.
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The Hamiltonian for a chain consisting of L ≫ 1 electrons, in terms of Majorana
operators, is as follows:

H =
i

2

∑
n

[−µγ2n−1γ2n + (w + |∆|) γ2nγ2n+1 + (−w + |∆|) γ2n−1γ2n+2] (1.15)

where w is the hopping amplitude (the term related to the kinetic energy of particle
tunnelling), µ is the chemical potential, and ∆ = |∆| eiθ is the induced superconducting
gap.

Figure 1.1: The Kitaev chain.

In the trivial case, Majoranas from the same site n are paired together. Here, |∆| =
w = 0, µ < 0:

Figure 1.2: The trivial phase.

H =
i

2
(−µ)

∑
n

γ2n−1γ2n (1.16)

In the topological case, Majoranas from adjacent sites are paired together. Here, |∆| =
w > 0, µ = 0:

Figure 1.3: The topological phase.
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H = iw
∑
n

γ2nγ2n+1 (1.17)

Note that the operators corresponding to the unpaired Majoranas do not appear in this
Hamiltonian; they are at zero energy. This state is protected by particle-hole symmetry
and a lack of zero-energy excitations elsewhere in the wire and is robust until |µ| = 2w, or
until the gap closes.

1.4 Topological Qubits

In 1997, three years before the publication of his toy model, Kitaev made a tantalizing sug-
gestion: scientists could use anyons to construct a quantum computer with inherent fault
tolerance [85]. Decoherence, the loss of quantum information to the environment, remains
a significant challenge when constructing quantum bits (qubits). Though qubit devices
theoretically promise to perform more efficient and reliable computations than classical
computers, the practical difficulty of isolating these systems from the environment hinders
their potential [132]. In 1995, the first quantum error correction (QEC) code was intro-
duced by Peter Shor, proving that it is indeed possible to protect qubits from decoherence
at the algorithmic level [144]. Since then, QEC has seen many advances, but the progress
of quantum technology limits this approach to achieving fault tolerance. Current qubit
platforms cannot support the amount of QEC needed to eliminate the loss of quantum
information to the environment [139]; thus, decoherence still imposes a ceiling on the com-
putations we can perform. Pursuing other avenues toward fault tolerance remains valuable,
and Kitaev’s suggestion to use non-Abelian anyons to encode quantum information is a
compelling option.

The statistical properties of MBSs render them tolerant to environmental perturba-
tions. Exchanges of the type depicted in Fig. 1.4 form representations of the braid group,
a class of topological objects depicted as intertwining strands with fixed endpoints [161].
The exchange process can store quantum information nonlocally by “braiding” non-Abelian
anyons. Recall that the adiabatic exchange of two MBSs results in a fundamentally dif-
ferent quantum state. The quantum information encoded in the braid is inaccessible to
and unaffected by local perturbations and measurements [60]. Additionally, the opera-
tions performed via exchange are independent of trajectory or time, allowing for reliable
measurements [3].

Unfortunately, topological qubits – like those harnessing the non-Abelian statistics of
MBSs – are certainly not without their obstacles. Despite their resistance to decoherence,
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Figure 1.4: A depiction of the exchange of two MBSs in a nanowire with a junction. A
braid is visible in the centre, representing the unitary operation U23.

they are not entirely immune to errors [2]; for example, quasiparticle poisoning, where a
stray electron enters the system and flips its fermion parity, challenges information protec-
tion and the ability to make accurate measurements [81]. Additionally, Majorana-based
qubit operations are not universal for quantum computation. While braiding MBSs can
allow many gate operations, non-topological phase gates are needed to augment these
operations to achieve universality [176].

Charge parity readouts are the primary method proposed for measuring these topologi-
cal operations. In the example depicted in Fig. 1.4, the measurement would be performed
by combining MBSs and conducting a local measurement, interpreting the fermion charge
parity as the qubit’s basis states [36]. However, this action directly threatens the state’s
stability; performing a local measurement means that the quantum information is no longer
topologically protected. Other potential methods to create topological qubits, such as vor-
tices in cold atom superfluids [154] or measurement-only schemes using ν=5/2 fractional
quantum Hall (FQH) states [24], may eliminate this challenge but introduce many of their
own. One exciting proposal involves a hybrid quantum dot (QD)-Majorana architecture
wherein controlling the QD can enact a controlled-NOT gate [173]. If scientists and engi-
neers can extend this premise to other quantum circuits, similar structures could perform
universal quantum computation while retaining some benefits of a purely topological qubit.
While this thesis mainly focuses on semiconductor-superconductor heterostructures, many
other topological quantum computing approaches deserve analysis and attention.
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1.5 The Ingredients

Despite Kitaev’s speculations about ways to physically realize MBSs, years passed before
the publication of further proposals. The subject of this section is to explain the physical
“ingredients” necessary and some of the theoretical “recipes” developed to create MBSs.
This section follows the same logical progression set out in Reference [3].

1.5.1 Proximity-Induced Superconductivity

A superconductor is a material that conducts without resistance under a specific temper-
ature (known as the critical temperature Tc). The first discovered superconductors in the
1910s were elemental (mercury, lead, and tin) [159]; however, in recent years, considerable
research has been devoted to developing composite materials with higher critical tempera-
tures. The mechanism of superconductivity was not fully elucidated until the publication
of “Microscopic Theory of Superconductivity” in 1957 by Bardeen, Cooper, and Schrieffer.
Their explanation, aptly referred to as “Bardeen, Cooper, and Schrieffer (BCS) theory”,
describes the pairing of electrons near the Fermi level into “Cooper pairs” via electron-
phonon interactions in an ion lattice. In simple terms, these pairs – somewhat bosonic
in nature and no longer needing to obey the Pauli exclusion principle – form a collective
state akin to a Bose-Einstein condensate, all occupying the same ground state. This state
is resistant to small excitations, leading to collective superconducting behaviour. A super-
conducting gap (∆) appears as a consequence of the binding energy of Cooper pairs and
their condensation to the ground state and is defined as the difference between the energy
of the highest occupied and lowest unoccupied single-particle state [20].

Hybrid structures, or those that place a non-superconducting material in proximity with
a superconducting metal, reveal some of the more interesting properties of Cooper pairs.
Charge transfer at a normal-superconductor interface is mediated by Andreev reflection (see
Fig. 1.5), where an electron in a normal metal incident on the interface is converted into a
Cooper pair in the superconductor. A hole of identical wavevector is then retroreflected into
the normal metal, conserving charge and momentum. In the opposite direction (though
still mediated by Andreev reflection [160]), the proximity effect describes the phenomenon
where supercurrent “leaks” into a neighbouring non-superconducting material and induces
in it a superconducting gap [69]. The magnitude of this effect relies on numerous factors in
superconductor-semiconductor heterostructures, including electron-electron and electron-
phonon interactions in the semiconductor [145] and the transparency of the interface. The
proximity effect is the same phenomenon responsible for Cooper pair tunnelling across a
Josephson junction (see Section 1.7).
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Figure 1.5: Andreev reflection. It is worth noting that this process can also be reversed,
i.e. a hole incident on the interface will be converted into a Cooper pair and a

retroreflected electron.

In the context of Majorana devices, proximity-induced superconductivity is required
to create superconducting pairing while maintaining the necessary control and desirable
qualities (as discussed later) afforded by using a semiconductor. Unfortunately, supercon-
ductivity alone does not create the adjacent pairing necessary for unpaired Majoranas. The
Kitaev chain Hamiltonian (Equation 1.15) reveals the issue when written in momentum
space [3]:

H =

(
k2

2m
− µ

)
τz + 2∆τy sin k (1.18)

where k is momentum and τ are the Pauli matrices in the Nambu (particle-hole) basis. The
superconducting pairing here is proportional to k, meaning it is momentum-dependent. In
the original chain model, Kitaev suggested that p-wave superconductivity would address
this issue [86]. In p-wave superconductors, electrons are paired in triplets with Cooper pair
angular momentum L = 1, unlike the singlet pairing in the s-wave variety. As a concept,
p-wave superconductivity is not new; Balian and Werthamer proposed the idea in 1963 to
explain unique nuclear magnetic resonance shifts in paramagnetic species [12]. However,
at the time of Kitaev’s publication, the existence of p-wave superconductors had yet to be
proven. More recent work suggests some iron-based superconductors demonstrate p-wave
superconductivity [152], but they are certainly not commonplace. Until researchers found
an alternative, realizing the Kitaev chain seemed impossible.
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1.5.2 Axially-Applied Zeeman Field

Though Kitaev proposed using p-wave superconductivity as an avenue towards experi-
mental realization, the actual Hamiltonian as written in Equation 1.18 is spinless. Real
systems, however, are made up of electrons with definite spin. It is necessary to incorporate
spin somehow, but it must be done carefully without introducing an extra spin degeneracy
(Kramer’s degeneracy) that would render the Majoranas unpaired.

In 2008, Fu and Kane proposed the first MBS device to address the superconductivity
obstacle directly [51]. Instead of employing an elusive p-wave superconductor, Fu and Kane
looked to something more “ordinary”: s-wave superconductivity. While s-wave supercon-
ductivity is ordinary in the sense that it is more common in nature, proposing its use in
an MBS device was a significant leap. The key to facilitating this unconventional use of
s-wave superconductivity is a strong Zeeman field to orient the spins in a specific direction.

Mathematically, this Zeeman “trick” can be described as incorporating a Zeeman cou-
pling term to the Hamiltonian such that µ < 0 corresponds to spin-down particles and
µ > 0 corresponds to spin-up. Recall that the topological phase of the Kitaev chain is
defined by µ > 0 (see Section 1.3); therefore, the topological phase will only have spin-up
species. This aligns well with the theoretical proposal of using a triplet-paired supercon-
ductor. The Hamiltonian is now

H =

(
k2

2m
− µ−Bσz

)
τz + 2∆τyk (1.19)

where σz is the Pauli matrix. This Hamiltonian can be simplified further by acknowledg-
ing that the Zeeman field in an s-wave superconductor changes sign under time-reversal
symmetry, meaning that it is independent of τz.

H =

(
k2

2m
− µ

)
τz +Bσz + 2∆τyk (1.20)

This formulation also introduces a convenient definition for where the system is in the
topological phase: B2 > ∆2 +µ2. The magnitude of the Zeeman field required depends on
the material’s Landé g-factor, or how susceptible the spin degeneracy is to changes in the
field. A larger g-factor means that a smaller B is necessary.

Though introducing the Zeeman field adds spin to the system while lifting Kramer’s
degeneracy, it alone does not achieve the effectively spinless system needed to create MBSs.
In an s-wave superconductor, spin is conserved, and the introduction of the Zeeman field
does not break this spin conservation; therefore, a system with proximity s-wave super-
conductivity and an applied Zeeman field cannot create spinless MBSs. Effectively, since
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Majoranas cannot form, the Zeeman field has oriented the spins but destroyed the induced
superconducting gap. Another phenomenon must be introduced to break spin degeneracy
and reopen the gap: spin-orbit coupling.

1.5.3 Spin-Orbit Coupling

Spin-orbit coupling (SOC) describes the relativistic interaction between a particle’s spin
and orbital angular momentum as it moves around a nucleus. The Hamiltonian describing
spin-orbit coupling, as derived from the Dirac equation for an electron with mass m and
charge −e < 0 in an electric field E(r) = ∇ϕ(r), is as follows [100]:

HSO =
eℏ

4m2c2
σ̂ ·
[
E (−→r ) ×

−→
P
]

(1.21)

In a non-centrosymmetric system, such as a III-V semiconductor 2DEG, some solutions
to the Schrödinger equation will give allowed band structure energies that are products of
spin and momentum terms [47]. This asymmetry leads to the Rashba effect:

HSO = ασyk (1.22)

Specifically, the Rashba effect results from structural inversion asymmetry (SIA) (asym-
metrical electron confinement; see Fig. 1.6), as opposed to the Dresselhaus effect arising
from bulk inversion asymmetry. In other words, at high net electric fields across the QW
(Ez), the degree of Rashba SOC should be high.

Figure 1.6: Simplified representation of a conductance band diagram with structural
inversion symmetry (left) vs asymmetry (right). SIA may also arise from asymmetrical

doping.

In the Kitaev chain model, adding SOC results in the final Hamiltonian:

H =

(
k2

2m
+ ασyk − µ

)
τz +Bσz + 2∆τyk (1.23)
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The cumulative effect of these ingredients is most clearly visible in conduction band struc-
ture diagrams in momentum space (see Fig. 1.7). The Zeeman field introduces a supercon-
ducting gap, but only in tandem with strong, perpendicular SOC. The SOC itself results
in spin splitting along the momentum axis into separate spin-polarized bands. The result

Figure 1.7: Simple conduction band diagrams for electrons in a nanowire at each stage of
the “recipe:” (a) With proximity superconductivity, (b) and with SOC, and (c) and with

an external perpendicular Zeeman field. Reproduced from [128] with permission from
Springer Nature.

is a one-dimensional system where one can control the chemical potential, that has spinless
superconductivity, and is gapped. This system accounts for every theoretical requirement
of the Kitaev chain.

1.5.4 Theoretical Device Designs

After Fu and Kane’s 2008 paper, the new decade brought a wave of theoretical proposals
for MBS devices. The first was by Sau et al., published in early 2010, and suggested a
structure comprising a semiconducting quantum well, an s-wave superconductor, and a
ferromagnetic insulator [134]. As Jason Alicea would later remark, the main benefit of
this proposal over Fu and Kane’s was the use of a semiconductor in place of a TI [5].
Significant research in the late 1990s and early 2000s was devoted to III-V semiconductors,
while TIs were comparatively new and poorly understood. Specifically, indium arsenide
(InAs) had already exhibited s-wave proximity superconductivity [30] and strong Rashba
SOC [112] and was thus proposed as their semiconductor of choice. Due to these properties,
InAs is still extremely common in both theoretical and practical MBS devices. Creating a
sufficiently high-quality interface between the semiconductor and superconductor poses an
experimental challenge, but recent advances in molecular beam epitaxy have made these
heterostructures more realistic [28].
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Though Sau et al.’s model represented substantial progress toward a realistic MBS de-
vice, Alicea thought it possible to simplify their proposal further [5]. After thoroughly
examining Sau et al.’s model, Alicea theorized that a ferromagnetic insulator might not be
required to create MBSs and proposed using an in-plane magnetic field instead. Alicea’s
resulting structure is a tunable device composed of an s-wave superconductor and a semi-
conductor with Rashba and Dresselhaus SOC. Beyond its relative simplicity, Alicea boasts
a few significant improvements of this two-part model over the prior three-part system.
For example, it eliminates a major practical obstacle of Sau’s earlier model: the necessity
of a good interface between the semiconductor and ferromagnetic insulator. Most impor-
tantly, replacing the ferromagnetic insulator with an in-plane magnetic field facilitates the
precise manipulation of the Zeeman field to survey the trivial-topological phase boundary.
This increased control allows for a better quantum behaviour analysis and an accurate
determination of the topological phase.

While Alicea’s model was essential in conceptualizing Majorana devices, it contains
some critical experimental limitations. Sau’s proposal benefits from flexibility with the
Zeeman field; however, in Alicea’s theoretical device, a Zeeman field significantly larger
than the proximity-induced pair field would destroy the topological phase [5]. Such a dire
limitation confines the range of possible observations and restricts the choice of semicon-
ducting material. Practical realizations required a more flexible model with fewer experi-
mental restraints.

Lutchyn et al., the same researchers whose model preceded Alicea’s, presented an al-
ternate Majorana device model later in the same year [98]. They proposed a heterostruc-
ture composed of an infinite semiconducting quasi-1D nanowire and a SQUID (Fig. 3).
Though SQUIDs are used primarily for measuring slight changes in magnetic fields, their
dual Josephson junction structure means they serve as an accessible mathematical analogue
for any superconductor in a theoretical MBS device. This quasi-1D structure echoes the
Kitaev chain and its associated accessibility. Forming Majorana states at the end of semi-
conducting nanowires does not require the presence of vortices, bypassing the associated
increased likelihood of decoherence [116]. Due to the experimental simplicity of quasi-1D
nanowire devices, researchers continue to devote further attention to developing and im-
proving similar models. Additionally, SQUID-based devices find additional relevance in
proposals for measurement-only topological qubits [70].

A critical paper by Oreg et al. [116] examines helical electron liquid and Majorana
behaviour in a similar nanowire system. The paper’s most crucial contribution to the field is
its mathematical analysis of how researchers can use chemical potential gates to manipulate
helical liquid and Majorana activity. Though Lutchyn et al. mention the possibility of using
a top gate to manipulate the chemical potential in their device, facilitating investigations of
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magnetic flux effects on the system [98], Oreg et al. conceptualize sending pulses through
networks of these gates as a braiding mechanism. Braiding experiments remain to be
performed, but this paper by Oreg et al. may be integral to their experimental realization.

The work in this thesis is geared toward eventually realizing a particular Majorana
device architecture in a 2DEG system. This design is based on work by Hell et al. [65]
and Pientka et al. [122] (see Fig. 1.8), and comprises a 1D channel defined by two
superconducting electrodes, much like in an SNS device. Quantum point contacts at each
end of the channel serve as tunnel gates to probe local and non-local conductance effects via
tunnelling spectroscopy. An external magnetic field will be applied along the 1D channel
to satisfy the requirements discussed in Section 1.5.2.

Figure 1.8: Our Majorana device design based on the work of Hell et al. [65]

1.6 Majorana Signatures

1.6.1 Zero Bias Conductance Peaks

The structure of this subsection is based on many of Sergey Frolov’s talks and publications.
The five properties of zero-bias conductance peaks (ZBCPs) discussed below are relatively
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straightforward to measure in nanowire configurations.

The presence of magnetic-field induced ZBCPs in systems containing MBSs follows
theoretically from the Kitaev chain toy model. If two phases – one trivial, the other
topological and hosting MBSs – are adjacent, a zero-energy mode arises at their domain
wall where the MBS is localized [3]. Perfect Andreev reflection should occur at the normal-
superconductor interface, producing a resonant peak at zero energy with 2e2/h quantization
[174]. Mourik et al. first observed this signature in an InSb nanowire [103]. This paper
concluded that the presence of these ZBCPs, and the fact that they remained stable over
a range of magnetic fields but disappeared at zero field, indicated they had created MBSs.
While their conclusions were sound given the scientific understanding at the time, more
recent research has systematically shown that this signature alone is insufficient to prove
the presence of a MBS or the topological phase. Even 2e2/h quantization, once considered
unique to MBSs, has recently been observed in trivial subgap bound states [93]. Despite
their ubiquity in the literature, ZBCPs remain only potential reflections of MBS behaviour,
not decisive confirmations.

For a ZBCP to possibly indicate the presence of a MBS, it must also be “sticky” to
account for the possibility that a crossing at zero conductance may happen incidentally
at some magnetic fields. Varying the magnetic field and ascertaining the stability of these
peaks across a range of fields is necessary. Similarly, the width of the peak must be less
than the magnetic field extent (eδV < δEz = gµδB) [48]. However, even a “sticky” ZBCP
is not enough; many papers have demonstrated that non-topological phenomena, such as
ABSs [29, 39, 94], the Kondo effect [103], and smooth end confinement [83], can appear
very similar to those caused by MBSs and may all be present in the same systems.

Spin-orbit anisotropy is another critical feature of a system with ZBCPs resulting from
MBSs. In a system with spin-orbit coupling (SOC) – required for a system to elicit MBSs
(see Section 1.5.3) – there is a crucial point at which the ZBCP will disappear: when
the magnetic field is oriented along the spin-orbit field [48]. Anisotropy refers to a non-
uniformity in a physical property across different measurement directions. Here, MBSs
only arise when the Zeeman field is applied perpendicular to the SOC.

The last three necessary features of ZBCPs, as suggested by Sergey Frolov [48], are
more straightforward to explain. Firstly, a unique and essential feature of MBSs, arising
from their nature as particle-antiparticle pairs, is that they annihilate when overlapped (or
fused). The discrete ZBCP only appears when the MBSs are sufficiently well-separated
that their wavefunctions do not overlap; if they are brought closer together, the ZBCP
will begin to split. Therefore, one proposed detection method is examining the ZBCPs
at different distances between MBSs. Similarly, all phenomena must be measured at both
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ends of the 1D channel, as MBSs always form in pairs. Finally, MBSs cannot form at
arbitrary electric and magnetic fields; instead, they only appear in a specific region of
phase space. The limits on field magnitudes are explained in more detail in the original
theoretical papers discussed in Section 1.5.4. Ultimately, the key message of this section is
that, to ascertain and claim the presence of MBSs based on a ZBCP, all these signatures –
sticking to zero bias, spin-orbit anisotropy, existing over a reasonable range of electric and
magnetic fields, peak splitting, and doubling – should be observed and reported.

There may be other methods to distinguish between ZBCPs caused by trivial and
topological phenomena. In 2020, Haining Pan and Sankar das Sarma published a clever
and catchy classification method for ZBCPs in quasi-1D semiconductor-superconductor
heterostructures [119]. “Good” ZBCPs are those created by topological MBSs as predicted
theoretically, free of disorder and completely non-trivial. Trivial phenomena create “bad”
ZBCPs; for example, two ABSs may produce a ZBCP that appears stable and near zero
energy. Finally, an “ugly” ZBCP may be created entirely by disorder; surprisingly, these
peaks may be “well-correlated”, appearing superficially like the “good” variety in the
authors’ simulations. The implications of these simulations are concerning: if ZBCPs
arising from disorder or ABSs are so similar to those arising from topology, can they still
be used to demonstrate the presence of MBSs?

Unfortunately, this classification method does not propose a strategy to distinguish
between the different types of ZBCPs after measurement. Lai et al. addressed this chal-
lenge by introducing a dimensionless quality factor F to reflect the degree of conductance
quantization [93]. The authors determined that F values higher than 80 indicate mea-
surements in the topological phase, quantifying the critical distinction between topological
and trivial ZBCPs. The major limitation of the quality-factor approach is its inherent
ambiguity, as the authors cite many numerical ranges of F that could indicate multiple
ZBCP sources. However, these approaches represent a positive change in the field’s atti-
tude towards ZBCPs, suggesting a scientific skepticism that will hopefully lead to more
thorough analyses of potential MBS devices.

1.6.2 Other Signatures

Rather than analyzing only local phenomena like ZBCPs, ancillary measurements of bulk
properties might allow more conclusive identification of MBSs. For example, Coulomb
blockade spectroscopy can facilitate the precise analysis of nonlocal transport phenomena
[123]. Albrecht et al. observed increasing exponential protection of ZBCPs with increasing
nanowire length in a Majorana island device, simultaneously demonstrating the presence
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of zero-energy end modes and how their separation impacts their degree of protection [4].
This experiment is a counterpart to the short-wire resonances discussed by Das Sarma
et al. [37], completing the picture of how wire length impacts MBSs’ energy profiles.
Though experiments like these require very precise voltage manipulation [123], a definite
engineering challenge, they provide an opportunity to build upon current experiments
without reinventing their theoretical foundation.

Similarly, a protocol suggested by Pikulin et al. may help eliminate “bad” and “ugly”
ZBCPs by probing topological transitions [123]. They provide a scheme for a three-terminal
device comprised of a wire, one superconducting contact and two normal contacts. Plunger
and cutter gates control chemical potential and tunnelling, respectively. The phase transi-
tion of a stable topological phase appears as the closing and reopening of the bulk energy
gap. This phenomenon can be measured using broad radio-frequency scans and subsequent
measurements of nonlocal conductance. The authors claim three main benefits of their ap-
proach: objectivity due to a specific protocol, high standards for declaring the presence
of a ZBCP, and efficient identification of zero modes. Quantitative protocols like this one
may help scientists measure and analyze ZBCPs without prematurely claiming that they
have produced MBSs. Section 7.1 includes more detail about the outlook of this protocol
and its relevance to our work.

1.6.3 Braiding Experiments

The search for a foolproof method of distinguishing trivial and topological ZBCPs is on-
going, but achieving successful braiding experiments is the field’s ultimate goal [16]. Opti-
mism about achieving braiding experiments with Majorana quasiparticles received a boon
in 2020 with the publication of Nature Physics vol. 16; it included two papers about braid-
ing experiments. The first discusses braiding vortices in arrays of photonic waveguides and
observes a geometric phase π induced when the photonic vortices undergo a rotation of 2π
[113]. The second employs an electronic Fabry-Perot interferometer to braid backscattered
quasiparticles in a ν = 1/3 fractional quantum Hall (FQH) state (see Section 3.2), observ-
ing a phase of 2π/3, which is mathematically consistent with the first result [105]. None
of these anyons are MBSs, which are needed to perform this type of quantum computing
(involving charge-parity readouts) due to their nature as interacting particle-antiparticle
pairs. However, these material platforms may provide a valuable avenue for studying
braiding itself, augmenting current efforts toward MBS braiding. Numerical simulations
and mathematical theory papers are also critical in this respect and are a very active area
of research [84, 97, 178].
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There are numerous experimental challenges to bypass before Majorana braiding be-
comes a reality. The bulk of Majorana research is devoted to quasi-1D nanowire systems;
however, by definition, 2D braiding operations cannot be performed in one dimension.
Nanowire research continues to enrich the collective understanding of Majorana states,
test new material systems, and support research like Lai et al.’s [93]. Still, it may not
ultimately be able to bring the field to its goal of topological quantum computing. Some
recent work challenges this supposition, proposing the use of quasi-1D systems with aux-
iliary qubits [107] or using 1D exchange statistics that are representations of the traid
(rather than braid) group [104]. The realistic outlook of these suggestions remains to be
seen.

Nanowire networks, an extension of the Kitaev chain model, are among many propos-
als for 2D MBS devices. If MBSs exist at the ends of nanowires, introducing junctions or
stacking multiple wires may allow for braiding without requiring the presence of vortices.
For example, Kraus et al. [92] proposed implementing the Deutsch-Jozsa algorithm, a stan-
dard and essential quantum-mechanical algorithm, by braiding Majoranas in two adjacent
wires. This paper is only one of many proposals involving wire networks, others involving
T- or Y-shaped connections [118] and many different gate setups. Still, even the most
straightforward of these braiding experiments have yet to be performed in a laboratory.

Realizing non-Abelian statistics independent of Majorana physics is beyond the scope
of this thesis, but it is worth mentioning that there is ongoing research on other methods
of topological quantum computing. Some recent examples include the entanglement of
trapped ions to create non-Abelian anyons [75] and work involving quantum anomalous
Hall insulators to create topological Dirac fermionic modes [172].

1.7 Josephson Junctions

The Josephson junction (JJ) is one of the most fundamental building blocks of super-
conducting qubits and experimental systems investigating behaviour at superconductor
interfaces. JJs comprise a non-superconducting material between two superconductors;
this material may be an insulator, “normal” (non-superconducting) metal, or ferromagnet.
Cooper pairs tunnel through the junction, producing a supercurrent at zero applied volt-
age. This phenomenon is known as the Josephson effect and is harnessed in many devices,
such as superconducting quantum interference devices (SQUIDs) [55].

The two Josephson equations describe the behaviour of a JJ:

I = Ic sinϕ (1.24)
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Figure 1.9: A planar Josephson junction device of the type measured later in this thesis.
The semiconducting region between the two superconducting electrodes is made

superconducting via the proximity effect.

δϕ

δt
=

2eV

ℏ
(1.25)

where I is the current through the junction, Ic is the critical current, ϕ is the Josephson
phase (the difference in Ginzburg-Landau phase between the two electrodes), and V is
the voltage across the junction. Critical current is an important parameter: it quantifies
the maximum supercurrent through the JJ. It depends on the superconductor’s intrinsic
properties and changes in temperature and magnetic field [6] and is discussed in more
detail in Chapter 6.

A JJ may fall into different transport regimes depending on the device geometry. A few
key material properties determine the boundaries of each regime. The first is the coherence
length in the ballistic regime in the proximitized gap,

ξb =
ℏvF
2∆

(1.26)

where

vF =
ℏkF
m∗ (1.27)

is the Fermi velocity, and
∆ = 1.76kbTc (1.28)
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is the superconducting energy gap, and Tc is the critical temperature. The mean free path
le is

le =
ℏµkF
e

(1.29)

where
kF =

√
2πn2D (1.30)

is the Fermi wavevector. A junction is dirty (versus clean) when

le ⪅ ξb, (1.31)

short (versus long) when
L < ξb, (1.32)

and diffusive (versus quasi-ballistic) when

le < L. (1.33)

In the diffusive transport regime, particles are subject to numerous scattering events, mean-
ing their movement is randomized. On the other hand, ballistic transport occurs when the
particle’s movement is unobstructed. Quasi-ballistic transport is (unsurprisingly) largely
ballistic, but the particle will still undergo some degree of scattering. It is worth clarifying
that ballistic transport does not necessarily guarantee the maintenance of phase coherence.
To achieve genuinely ballistic transport, L would need to be much smaller than the mean
free path, which is much more challenging in planar devices than in nanowires. Studying all
transport regimes is beneficial in determining the ideal dimensions for a device depending
on its desired applications.

1.8 Indium Arsenide and Indium Antimonide

There are many potential candidates for materials that can fulfill the requirements for
topological effects, including II-V semiconductors like Cd3As2, layered chalcogenides like
ZrTe5, and rare-earth pyrochlore iridates like Eu2Ir2O7 [96]; however, InAs and InSb have
emerged as two of the most promising. These two III-V semiconductors have small band
gaps, allowing for the creation of quantum wells confining 2DEGs via band gap engineering
(see Section 2.2.3). Additionally, they both have small electron effective masses, allowing
for higher carrier mobilities; a large degree of SOC, a requirement for the 1D MBS “recipe;”
and large Landé g-factors, which means a smaller Zeeman field would be required to push
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Figure 1.10: The bandgaps and lattice constants of some common elemental and
compound semiconductors. Reproduced from [110] with permission from Springer Nature.

a Majorana device into the topological phase (see Table 1.1). High electron mobility is
desirable for topological quantum computing applications as it increases the stability of
superconductivity and facilitates better qubit correlation [95].

On the surface, InSb seems the better choice due to its stronger SOC and smaller effec-
tive mass; unfortunately, it is the surface of InSb that causes so many difficulties. Though
the first papers to observe ZBCPs were in InSb nanowires, Das et al. adopted InAs in
2012 [35], motivating this decision by the fact that InAs nanowires have no Schottky bar-
rier between them and the metallic electrodes. An InSb device must overcome a Schottky
barrier to achieve ohmic contact, conducting current in both directions across the junction.
On the other hand, InAs benefits from Fermi-level pinning in the conduction band, facil-
itating relatively easy ohmic contact formation. Ohmic contacts are required to maintain
superconductivity in Majorana devices. Additionally, InAs has a lattice constant more
similar to other III-V semiconductors [135], allowing for more straightforward strain engi-

21



Property InAs InSb
Small electron effective mass 0.023m∗

e [106] 0.014m∗
e [72]

Large Rashba SOC coefficient 117.1 eÅ2 [169] 523.0 eÅ2 [169]
Large Landé g-factor |g| = 14.7 [91] |g| = 51 [127]

Table 1.1: Desirable material properties for Majorana devices and their respective values
for bulk InAs and InSb.

neering to reduce strain-induced dislocations in devices involving multiple semiconductor
layers (see Fig. 1.10). On a practical basis, InSb growths have historically been plagued
by high densities of structural defects. Our group recently addressed this challenge and
created high-quality InSb surface quantum wells (in Reference [19]), but this work – which
is geared towards ultimately forming MBSs – is instead focused on InAs for the reasons
above.
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Chapter 2

2DEG Quantum Well Devices from
the Bottom-Up

2.1 Introduction

Two-dimensional electron gases (2DEGs) are Fermi gases with free movement in two di-
mensions and tight confinement in the third. These 2D ensembles may be formed on
surfaces, in atomically thin materials, or – most commonly – in QWs formed at hetero-
junctions. The difference in band gaps between two epitaxially grown materials leads to a
sharp change in conduction band energy at their interface and forms a quantum well. If the
Fermi level is higher than the conduction band energy of the lower-bandgap material, the
well will be populated by charges. Ideally, only one conduction subband will be under the
Fermi level; otherwise, intersubband interactions may cause parasitic parallel conduction
and increased scattering, leading to decreased carrier mobility. Careful growth engineer-
ing and electrostatic gating control the subband population. Importantly, when a QW
containing a 2DEG is at the surface of a device, it is compatible with proximity-induced
superconductivity. This renders the material system capable of being used for future Ma-
jorana devices and other superconducting applications. However, the necessity of using
a surface quantum well (SQW) comes at the cost of mobility due to increased scattering
from surface states and defects [95]. These properties must be balanced to create the most
efficient and effective device.

Devices involving a quantum well containing a two-dimensional electron gas (2DEG)
and quasi-1D channel are a class of device platforms with the distinct benefit of future scal-
ability [65]. The use of 2DEGs follows naturally from proposals involving TIs; according
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Figure 2.1: Generic conduction bandstructure for a surface quantum well with a cap layer
designed for proximity effect applications. The dotted horizontal line represents the
Fermi level. The 2DEG wavefunction is not entirely confined to the QW; it is also

partially localized in the cap layer. The extent of this wavefunction penetration depends
on the well’s size and the materials of its neighbouring layers.

to Fu and Kane, the metallic surface of a TI is “essentially half of an ordinary 2D electron
gas” [51]. However, the introduction of a second dimension and 2DEGs comes with more
challenging fabrication and increased opportunities for error. Thus far, researchers have
demonstrated that these systems exhibit some behaviour indicative of topological protec-
tion, such as half-integer quantization of thermal Hall conductance [82]. This phenomenon
supports the presence of chiral Majorana edge modes. Furthermore, O’Farrell et al. con-
structed a 2D InAs-epitaxial Al Coulomb island device and observed interesting oscillatory
effects “consistent with” Majorana behaviour but did not venture to conclude that MBSs
were present [114]. Producing a substantiated claim that MBSs have been observed in
2DEG devices is a very active area of research and is one of the primary motivations
behind this work.

This chapter addresses the methods used to create the devices described and analyzed
in this thesis and the chemical and physical motivations of the many choices made along the
way. All the processes described here must be optimized to achieve high-quality proximi-
tized devices with characteristics ideal for applications in topological quantum computing.
This chapter is heavily focused on III/V materials systems and InAs in particular.
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2.2 Epitaxial Growth

Molecular beam epitaxy (MBE) is the current state-of-the-art approach to manufacture
high-quality semiconductor devices. In this process, crystalline layers are adsorbed on a
substrate under ultra-high vacuum (UHV) [46]. This UHV environment is necessary to
control the deposition rate and purity of the surfaces. The flux of the gas molecules im-
pinging on the substrate can be roughly modelled by the Hertz-Knudsen equation, governed
by Langmuirian adsorption:

ϕ =
NAp√

2πMRT
(2.1)

where NA is Avogadro’s number, M is molar mass, and p is pressure [90]. This flux can
be more accurately determined by

ϕ =
α√
T

exp

(
−β

T

)
(2.2)

where α and β are experimentally determined constants [142].

Impingement flux is not the only influence on growth rate; the sticking coefficient s,
the fraction of particles incorporated into the growth layer, is a significant factor [142].
This value is near 1 for group III elements around 500◦C, whereas it is often much lower
for group V elements [162]. For the growth of III-V semiconductors like InAs and InSb,
the In flux is, therefore, the rate-limiting factor, provided the V/III ratio is kept above 1:1
[142].

The MBE system is a complex machine comprising many parts, all of which have unique
purposes. The University of Waterloo MBE Laboratory specifically uses a Veeco GEN10TM

machine with four isolated modules: a load lock for loading and unloading wafers; a cluster
tool for wafer movement and storage; a preparation module for outgassing, heating, and
plasma cleaning; and a growth module, where the growth occurs [142].

2.2.1 Substrate

The substrate is the starting point for the MBE growth; all other layers are adsorbed onto
this material. These substrates are typically obtained as thin (< 1 mm) wafers and can
be used in full (up to 3”) or as fractional pieces. For example, two of the growths used
in this research, G743 and G782, were grown on 1/4 of a 2” wafer and a whole 2” wafer
respectively.
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The choice of the substrate material is one of the first important decisions made in the
growth process. There is a limited pool of options from which to choose, as a substrate
must be well-suited to being used for MBE. Standard options include sapphire (Al2O3),
silicon, and the III-V semiconductors GaAs and GaSb. Generally, the substrate is chosen
to minimize lattice strain, as devices grown with lattice-mismatched substrates are more
likely to have rough surfaces and lower mobilities [95]. Additionally, substrate layers may be
either conducting or insulating. A conductive substrate may be used as a back gate, while
an insulating one may decrease the likelihood of parallel conduction. Crystal orientation,
defined by Miller indices, is also an important consideration. For example, differences
in surface orientation can change the concentration of dangling bonds, requiring different
growth temperatures [78]. GaSb (001) is used in all devices reported in this thesis due to
its lattice mismatch of only 0.6% to InAs [95] and the availability of high-quality material.

Using a high-quality substrate is integral to avoid threading dislocations (TDs). TDs
occur in strained systems and may permeate through many layers of a device and further
create misfit dislocations (MDs) [77]: missing bonds at the interface of two epitaxial layers
with different lattice constants [121]. If these defects reach the active portion of a device,
they may drastically impact device efficiency. Thankfully, it is possible to obtain substrates
with threading dislocation densities as low as 1×105 cm−2 [142]; however, these are not the
only potential source of TDs, as any lattice mismatch throughout the device can propagate
dislocations. Even despite the importance of minimizing TDs, practical concerns such
as availability and quality can lead researchers to select poorly matched substrates and
compensate with a buffer layer (see Section 2.2.2). Adding a nucleation layer made of the
same material as the substrate also helps prevent the propagation of defects into the active
area of a device by encouraging them to terminate within the lattice-matched layer.

After the substrate is loaded into the MBE system, it must be processed before any
epitaxial growth. For this project, after being placed in the load-lock chamber, the sub-
strate is heated to approximately 200◦C and vacuum-pumped to remove moisture. Then,
in the preparation module, a much higher temperature – 800◦C – can be achieved, elimi-
nating further contamination. The preparation module also facilitates plasma cleaning if
necessary. During growth, the substrate may be rotated by a substrate manipulator to en-
sure even growth. The temperature of the substrate during further steps also impacts the
process and its efficacy; for example, at low growth temperatures, the sticking coefficient
s is higher for Sb than for As, requiring unique considerations. [142] Our group has found
that this temperature difference is also a significant factor in the success of the growth of
the subsequent buffer layer [18].
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2.2.2 Buffer

As discussed in the last section and mentioned in Section 1.8, lattice mismatches between
epitaxial layers can contribute to strain-induced dislocations like TDs and MDs. Including
a buffer layer with an appropriate lattice constant is a common strategy to reduce the
incidence of dislocations. The buffer layer can also separate a conductive substrate and
active region to prevent alternative conductive pathways and resulting parasitic parallel
conduction [143].

There are a few different approaches to growing these metamorphic buffers [141]. One
type of buffer layer often used in these 2DEG devices is a step-graded buffer layer. In these
layers, the lattice constant is carefully iterated from one closer to the substrate to one
more closely matching the QW material. Another type is the superlattice, where multiple
materials are grown in alternating layers. Finally, a thick single-layer buffer – provided its
lattice constant is sufficiently well-matched to its neighbouring layers – may be sufficient
to decrease the impact of dislocations as they become less likely to propagate into the
device’s active region. Using the latter buffer type simplifies the growth optimization
process, though it is not viable for all devices.

Optimizing the growth parameters for these buffer layers is an integral step in the
epitaxial growth process. Temperature can, once again, play a significant role in the
success of the buffer. For example, researchers in our group [20, 142] previously found
that increasing the growth temperature of a GaSb buffer from 400 to 510◦C decreased the
density of dislocations but reduced the resistance below the threshold for electrical isolation.
This issue would likely lead to parallel conduction. Similarly, it isn’t easy to generalize the
impact of factors like III/V ratio and alloy composition on the success of a buffer layer.
In the same investigation, our group determined that an increased aluminum composition
increases resistivity but could not reach conclusions about the impact of increasing the
band gap [20, 142]. The only path forward is to carefully optimize these factors for each
growth.

2.2.3 Bottom Barrier

The difference between the band gap of the bottom barrier layer and the quantum well is
the variable that creates quantum confinement. A higher difference is preferential, creating
larger 2DEG carrier densities and stronger confinement. The bottom barrier must also be
insulating to prevent parallel conduction, and it also must be lattice-matched to avoid the
propagation of dislocations.
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2.2.4 Interface

The character of the interface between the bottom barrier and the quantum well can be
controlled by changing the shutter sequence in the MBE system. For example, our devices
have an AlGaSb bottom barrier and an InAs QW. If the bottom barrier growth sequence
is terminated with Al and the QW growth begins with As, the interface is deemed “AlAs-
like”; conversely, an “InSb-like” interface is created by ending the bottom barrier growth
with Sb and starting the QW growth with In.

The interface’s impact on transport properties involves a tradeoff between electron
density and mobility. An otherwise-identical device with an AlAs-like interface will likely
have higher electron densities than its InSb-like counterpart due to antisite defects where
As replaces Al atoms and becomes ionized [157]. Unfortunately, this increased density
comes at the cost of mobility since the interface roughness thus increases [18]. Looking
ahead to our goal of a Majorana device, higher mobility is more important than higher
density; therefore, the later generations of devices described in this work will be fabricated
with InSb-like interfaces, though many of the Hall bars and the ungated SNS devices still
use AlAs-like interfaces.

2.2.5 Quantum Well

In keeping with the considerations for the other layers, the material of the quantum well
layer is vital to its function. Even among III/V semiconductors, different materials con-
tribute their inherent properties to cause differences in mobility and density. The QW must
be lattice matched to its neighbouring layers and have a sufficiently different bandgap to
ensure confinement. As always, there are exceptions; for example, strained quantum wells
(those with lattice mismatches) can be used for photonic devices like lasers [1] and solar
cells [164].

Decreasing the SQW size – practically speaking, reducing the thickness of the QW
epitaxial layer – is theoretically anticipated to both reduce multisubband occupation and
reduce the magnitude of the voltage needed to reach pinch-off. The pinch-off voltage refers
to the gate voltage at which the 2DEG is no longer populated. This effect can be explained
from the fundamental quantum mechanical model of an infinite potential well; a decrease
in QW width leads to a larger difference in energy between each energy level. In the case
of strained QWs, the width of the QW must be less than some critical thickness dependent
on the difference in lattice constant to avoid excess dislocations [45]. Necessarily, however,
a narrower well will also have a lower density of states and the 2DEG wavefunction may
not be as strongly localized in the QW.
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2.2.6 Cap Layer

The primary purpose of the cap layer is to protect the QW from surface damage, but
it also controls the extent of the proximity effect in the case of SNS devices. As shown
in Fig. 2.1, the cap layer may be conductive depending on bandgap offsets and the size
of the QW. The cap layer material has been demonstrated to significantly impact carrier
mobility. For example, a study by Lee et al. [95] compared the mobilities of devices with
10 nm Al0.9Ga0.1Sb and In0.75Ga0.25As cap layers. The latter was found to have much lower
mobility (the values were 65× 104 and 2.4× 104 cm2/Vs respectively) due to the presence
of charged dislocations, alloy scattering, and interface roughness scattering, especially at
higher densities where the electron wavefunction is closer to the surface [18]. This reduction
may also be explained by the larger penetration of the 2DEG wavefunction into the InGaAs,
as it has a smaller conduction band offset than AlGaSb [18]. This increased wavefunction
penetration is precisely why InGaAs is an ideal cap layer for proximity superconductivity
applications. Lee et al. also point out another benefit to using InGaAs as a cap layer: its
resilience against nanofabrication processing techniques [95].

2.3 Nanofabrication

All the devices described in this thesis were fabricated in the Quantum-Nano Fabrication
and Characterization Facility at the University of Waterloo. This facility is a cleanroom
environment with ISO 4, 5, and 6 certified areas. In our laboratory, the patterning for
lithography exposures is done in KLayout and exported as GDS files for use on the maskless
aligner. We also sometimes use a mask aligner for our Hall bar devices. Screenshots from
these GDS files are included to demonstrate the main lithography steps involved in our
fabrication processes.

Significant effort was devoted to optimizing our nanofabrication techniques, and this
process is ever-ongoing. My involvement in the nanofabrication process was minimal and
only in a supportive capacity, so the optimization processes are not documented here;
however, Emma Annelise Bergeron’s doctoral thesis [20] details many of the challenges
leading up to the fabrication of these devices. More detailed, step-by-step fabrication
recipes are included in the appendices of her thesis.
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2.3.1 Mesa

After chip cleaving and cleaning via sonication in acetone and isopropanol, one of the first
steps in the nanofabrication process is to define the mesa. Much like the land formation,
a mesa is a flat, raised area on which other fabrication steps are performed. The shape of
the mesa is the first step in defining the shape of the device.

A layer of Shipley 1811 photoresist is spin coated on the sample and baked at 120◦C
for 90 seconds before the mesa pattern is exposed with a mask or maskless aligner. The
photoresist is then developed in MF319 for 1 minute and 30 seconds. All the resists used in
our processes are positive resists; that is, exposure to light will weaken the resist, allowing
it to be removed during later processes. The unexposed areas will remain. Next, areas
surrounding the mesa must be etched. In our process, this is done by using a Plasma
asher for 20 s to remove the residual resist, submerging the chip in a buffered oxide etch
(BOE) solution (1:10 HF:NH4F by volume) to remove the native oxide, and then placing
it in a targeted mesa etch solution (3:4:9:44 H2O2:H3PO4:C6H8O7:H2O by volume). The
ideal etch depth is into the buffer layer. Etch depths are confirmed throughout using a
profilometer.

Figure 2.2: The layout file of a gated Hall bar device after only the mesa is patterned.
Crosses are used as alignment marks, and arrows are used to ensure the sample remains

upright.
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2.3.2 Ohmic Contacts

As mentioned in Section 1.8, an ohmic contact is a metal contact on a semiconductor
that can be used to apply or measure voltages and currents. Crucially, for the contact
to be considered “ohmic”, it must be non-rectifying ; its current-voltage relationship must
follow V = IR. Additionally, for use in device applications, these contacts should have
low resistances [171]. We aim to achieve contacts with R < 1 kΩ at zero magnetic field.
Practically, of course, no contact is perfect. Hysteresis, an asymmetry in the curve shape
upon reversing the sweep direction, often appears on I-V traces due to these imperfections.
At the nanoscale, imperfections can become a significant issue; contacts must be small and
thin, so the interfaces and surfaces must be pristine [171].

Our group uses thermal metal evaporation, a type of physical vapour deposition (PVD),
to deposit our ohmic contacts. The metal is heated to the point of evaporation until it
can be directed to coat the sample evenly. Thermal deposition is less harmful to the semi-
conducting material than e-beam lithography, the primary alternative method, due to the
potential for e-beams or x-rays to activate undesirable defect states in the semiconductor
or gate dielectric. Our contacts are a 20 nm Ti and 60 nm Au bilayer deposited at a 45◦

angle. The Ti layer is primarily used as an adhesion layer to ensure the contacts are safely
adhered throughout lift-off. It may also serve as a diffusion barrier to prevent Au atoms
from diffusing into the semiconducting surface. Including a diffusion barrier increases the
contacts’ thermal stability, but it can introduce extra resistance [42] as Ti is more resistive
than Au. Au is used for ohmic contacts due to its air stability; it does not form oxides in
air. The 45◦ deposition angle ensures the gold sufficiently climbs the mesa sidewall.

Ohmic contacts are fabricated in four main steps: photolithography, sulphur passiva-
tion, thermal evaporation, and lift-off. The photolithography is similar to the mesa but
includes a bi-layer resist recipe where both MMA EL10 and Shipley 1811 photoresists are
spun, exposed, and developed. The MMA prevents etching of the surface from the devel-
oper used for the Shipley resist; the surface is now susceptible to this etchant after the
previous lithography steps. Then, sulphur passivation protects the device surface against
oxidation (see Section 2.3.6) in the short time it is exposed to air while being moved to a
thermal evaporation chamber for metal deposition. Finally, the excess metal deposited on
resist areas is removed via lift-off, which involves immersion in PG remover overnight.
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Figure 2.3: The layout file of a gated Hall bar device after the mesa and the ohmic
contacts are patterned.

2.3.3 Gate Dielectric & Vias

A layer of dielectric material between prior lithography steps and the top gate is necessary.
The gate dielectric prevents leakage current from flowing when a gate voltage is applied
by insulating the gate from the conductive quantum well and ohmic contacts below. The
dielectric layer must be thick enough to prevent leakage via tunnelling through the dielectric
barrier but not so thick that it compromises the material’s capacitance. The relationship
between the capacitance C and the depth of an insulating layer d is

C =
Aε0κ

d
(2.3)

where A is the area of the electrode, ε0 is the vacuum permittivity, and κ, or εr, is the
characteristic relative permittivity of the dielectric. Unfortunately, the capacitance and
layer thickness are inversely proportional.

There are multiple candidate materials for gate dielectrics, but SiO2 is overwhelmingly
the most common. This is partially due to ease of use in the electronics industry; it is easy
to form a SiO2 layer on a Si chip when SiO2 is its native oxide. In the last twenty-five years,
so-called “high-κ dielectrics” like Al2O3 and HfO2 have been investigated as alternatives
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for their ability to maintain large capacitance values at much lower thicknesses [87, 167].
As demonstrated in Chapter 4, these alternative oxides can pose issues due to their relative
instability and propensity to defect formation [130].

The gate dielectric for most of our devices is deposited via atomic layer deposition
(ALD). The chamber is cleaned and conditioned with 20 nm of the low-temperature oxide
and corresponding precursor of choice (for SiO2, this includes the BTBAS precursor).
Then, 60 nm of the oxide is deposited on the device at 150◦C. After dielectric deposition,
vias are patterned to define an area on the ohmic contacts where the dielectric layer will
be etched away. This stage is a necessary preparation for the deposition of the bond pads.
The vias are patterned using a single layer of Shipley photoresist. After spin coating, the
sample is placed in the Plasma asher, and profilometry confirms the resist thickness. The
dielectric is then wet-etched, and the resist is stripped.

Figure 2.4: The layout file of a gated Hall bar device after the mesa, ohmic contacts, and
vias are patterned.

2.3.4 Top Gate and Bond Pads

For a complete analysis of a wafer’s transport properties and future applications for Majo-
rana devices, a top gate is necessary to control the electron density (or chemical potential)
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of the 2DEG. The type of gate used in our devices operates based on the field effect, where
an externally applied electric field changes the energy level occupation at a semiconductor’s
surface. The conduction band is shifted up or down relative to the Fermi level depending
on the sign and magnitude of the applied field. This effect can be understood by examining
Poisson’s equation for electrostatics [10]:

∇2V = −ρ
ε

(2.4)

where ∇2 is the Laplacian operator, V is the electric potential, ρ is the charge density, and
ε0 is the permittivity of the medium. If a positive gate voltage V > 0 is applied, electrons
accumulate at the surface and the 2DEG density increases; if a negative gate voltage V < 0
is applied, holes accumulate at the surface, and the 2DEG is depleted [34].

Figure 2.5: The layout file of a gated Hall bar device after the mesa, ohmic contacts, vias,
top gate (black), and bond pads (light green) are patterned.

The process for patterning and depositing top gates and bond pads is very similar to
that of ohmic contacts, but the sulphur passivation process is unnecessary. Instead, after
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the photolithography step, the sample is plasma ashed before thermal evaporation of 45◦-
angled Ti/Au (20/60 nm). The resist is then stripped. The use of Ti/Au has the same
advantages as its use in ohmic contacts, with the additional benefit that Au bond pads are
ideal for wire bonding.

2.3.5 Superconducting Devices

Creating an SNS device still involves the optical and e-beam lithography steps described
above but requires unique considerations. A mesa must be defined, in addition to optical
and e-beam alignment marks to ensure good pattern alignment. The process for depositing
the Nb contacts is more complex. Careful optimization of a bilayer resist method for this
sputtering process is detailed in Annelise Bergeron’s dissertation [20] and in the supple-
mentary information of our most recent publication [18]; in short, a thin first PMMA layer
is required to prevent the formation of undesirable Nb metal edges that climb up the edge
of the resist.

Figure 2.6: Schematic of (a) metal deposition procedure for ungated SNS devices, and (b)
metal deposition procedure for future superconducting devices.

For the ungated SNS devices described in Chapter 5, the samples underwent sulphur
passivation and were then quickly moved to a sputter deposition chamber for both ion
milling to remove the sulphur and for Ti/Nb deposition. In the next generation of devices,
we plan to entirely divorce the Nb deposition process from the sulphur deposition and
switch to an Al/Nb bilayer process. The sample would be quickly moved to the deposition
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chamber for Al sputtering after sulphur passivation. Then, Nb would be sputtered on
top. This new process is being implemented in anticipation of future work with epitaxial
aluminum, as all steps, including and after the Nb deposition, should be identical. Addi-
tionally, the Al may diffuse into the semiconductor cap layer. Diffusion is not always ideal
due to the potential formation of insulating compounds, but this is not anticipated for Al
on InGaAs. Instead, it may reduce the Schottky barrier between the superconductor and
the InGaAs surface, thereby increasing the quality of the superconductor-semiconductor
interface.

2.3.6 Sulphur Passivation

Chalcogenide passivation – sulphur passivation, in particular – is a common technique to
protect the surface of a semiconductor device from oxidation when in contact with air,
especially before metal deposition. If the surface is allowed to build up an oxide layer, the
resulting semiconductor-metal interfaces will be of worse quality and lower transparency.
Chalcogenide passivation also reduces the Schottky barrier caused by Fermi level pinning
in semiconductor-superconductor heterostructures [21]. The chemical justification for this
type of passivation is that dangling In and As bonds at the semiconductor surface form
bonds to sulphur atoms, creating a sub-monolayer of sulphur [53]. This layer may comprise
a combination of monosulfides, polysulfides, and sulphur atoms [21].

For our samples, a dilute aqueous ammonium polysulphide ((NH4)2Sx) solution is pre-
pared, and the sample is submerged in this solution after native oxide is removed using
BOE [148]. The passivation solution also etches the native oxide to some extent. To min-
imize the inevitable etching of the InAs by the (NH4)2Sx solution while maintaining its
passivation properties, the solution is diluted, and then excess solid sulphur is added until
near saturation. Ammonium sulphide is used preferentially over sodium sulphide solutions
due to the tendency for the latter to leave surface contaminants [21]. The solution is then
exposed to light to initialize the oxidation-reduction process photo-electrochemically [21].
Essential considerations in developing a passivation procedure include time in the solution,
light intensity, solution temperature, solution concentration, and pH. All of these decisions
are optimized to ensure the solution sufficiently coats the surface without damaging the
semiconducting device below.

Other methods of sulphur passivation may be explored in the future, though ours has
been determined to be highly effective in creating high-transparency interfaces [20]. Non-
aqueous solvents with lower dielectric constants may be more effective for sulphur passiva-
tion, perhaps due to an inversely proportional relationship between the solvent’s dielectric
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constant and the sulphur atoms’ reactivity [80, 158]. Water is also an oxidizing agent, re-
ducing the efficacy of oxide removal. Candidate solvents include ethanol, isopropanol, and
butanol. Additionally, treatment in solution is not the only method of sulphur passivation;
other methods explored for GaAs surfaces, for example, include electrochemical charging,
direct deposition of GaS [158], and gas-phase passivation under UHV [21].
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Chapter 3

Characterization

3.1 Measurement Apparatuses

The interesting quantum properties of many nanodevices, especially those resulting from
superconductivity, only arise at exceptionally cold temperatures. Specialized equipment
has been developed to facilitate magnetotransport measurements of devices at temperatures
as low as 15 mK.

3.1.1 Cryostat

A cryostat is well-described by its name: from the Greek kros (icy cold) and Latin stat
(stand), it describes a machine that maintains a very cold temperature. The Coherent
Spintronics Group primarily uses a pumped 4He cryostat with a base temperature of 1.6
K manufactured by Janis Research (now Lake Shore Cryotronics). Liquid 4He has a base
temperature of 4.2 K at 1 atm (its boiling point), but colder temperatures can be achieved
by reducing pressure with vacuum pumps. Liquid nitrogen is used for shielding to increase
cooling efficiency and minimize helium use.

3.1.2 Dilution Refrigerator

For publication-quality data and measurements requiring sub-1 K temperatures, a dilution
refrigerator may be more suitable. The fridge used for our measurements is an Oxford
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Figure 3.1: Phase diagram of a liquid helium mixture. Dilution refrigerator cooling
occurs in the phase separation region. Reproduced from [76] with permission from

Springer Nature.

Instruments KelvinoxTLM, which is a “wet” dilution refrigerator: the sample is directly
immersed in the liquid helium bath.

The operating principle of a dilution refrigerator relies on the enthalpy of mixing of 3He
and 4He. The phase diagram of a liquid 3He-4He mixture contains three distinct phases
(see Fig. 3.1). Above approximately 870 mK, the mixture may either be in the normal
fluid mixture or a combination of the normal liquid 3He and superfluid 4He. Below 870
mK, the mixture separates into two phases: a “concentrated” (3He-rich) and a “dilute”
(3He-poor) phase. This separation induces a gradient in enthalpies (Hdilute > Hconcentrated).
Thus, the system is cooled when 3He is vacuum-pumped into the dilute phase.
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3.1.3 Electronic Setups

The probe containing the sample to be analyzed, inserted in the cryostat or dilution re-
frigerator, must be connected to electronic equipment to allow magnetotransport measure-
ments. Before placing the sample in the probe, wires are bonded to connect the chip to
its sample carrier. We use a Westbond semi-automatic wedge bonder and Al wires and
connect the Ti/Au bond pads to sample carrier electrodes. In the cryostat, the sample
carrier is connected to a custom-built probe and covered with a copper can to be placed
in the cryostat. In the dilution refrigerator, the carrier is connected to a probe without a
can and submerged directly in liquid helium.

After the probe is cooled, electrical equipment controls and measures current and volt-
ages. We use Stanford Research Systems Model SR830 DSP Lock-In Amplifiers to measure
currents and voltages, apply AC excitation, and control the measurements’ reference fre-
quencies. Stanford Research Systems Model SR560 Low-Noise Preamplifiers multiply the
voltage signals by up to 50,000 times. For testing gate leakage, controlling gate voltages,
and controlling the magnet’s current, we use a Keithley 2401 SourceMeter source measure
unit (SMU). The gate voltage may also be controlled by a Stanford Research Systems
SIM928 Isolated Voltage Source or directly on the lock-in amplifier. We use an Agilent
34401 or 34410 Digital Multimeter when the DC voltage needs to be recorded. The 6 T
NbTi magnet for our cryostat is powered by a Cryomagnets 4G Superconducting Magnet
Power Supply, and the magnet current may also be controlled directly from this equipment.
On the KelvinoxTLM fridge, the magnet is a 20 T Nb3Sn solenoid, controlled and powered
by an Oxford Instruments MercuryiPS-M.

3.2 Magnetotransport

3.2.1 Hall Effect, Mobility, and Density

The classical Hall effect describes the phenomenon where a voltage (the Hall voltage, VH)
is produced perpendicular to an applied current in the presence of an also-perpendicular
magnetic field (for example, a current applied in the x direction and magnetic field in the
z direction will produce a voltage in the y direction):

VH = RHIB (3.1)

where RH is the Hall coefficient, B is the applied magnetic field, and I is the applied
current. This effect arises because charge carriers in the semiconductor are subject to
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the Lorentz force once electric fields E and magnetic fields B are applied. These charge
carriers get deflected by the Lorentz force in the direction of E×B [71], producing a voltage
perpendicular to both.

The device geometry aptly known as the Hall bar (see Fig. 3.2) is ideally suited to
characterize the electron mobility, density, and gating characteristics of a 2DEG wafer.
This geometry comprises several Ohmic contacts (in our case, typically eight) connected to
the 2DEG channel that can be used to measure the longitudinal voltage Vxx and transverse
voltage Vxy and to apply a current. Though not an intrinsic part of the Hall bar design,
our Hall bars typically include a top gate to facilitate the variation of bias voltage and the
investigation of pinch-off characteristics.

Figure 3.2: Typical measurement setups on a Hall bar geometry. The magnetic field is
applied out of the plane of the images. (a) Constant current (100 nA) 4-terminal circuit
setup for measuring Hall density and mobility. (b) Constant voltage (100 µV) 4-terminal
circuit setup for measuring pinch-off characteristics. Triangles represent current/voltage

pre-amplifiers whose voltage output is fed into an SR-830 lock-in (not shown).
Reproduced from [18] with permission from AIP Publishing.

Our procedure for determining the peak mobility and corresponding 2DEG density of
a gated Hall bar is as follows:

1. Set up a 2-terminal constant voltage circuit to ensure all ohmic contacts function
without excess resistance.

2. Switch to a constant current 4-terminal circuit setup at zero field (see Fig. 3.2(a))
and measure Vxx and its corresponding phase on each longitudinal pair to evaluate
the quality of the ohmic contacts. Ideally, the voltages should be the same on each
side (L-R) of the device and add up to measurements across the whole device, and
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the phase should be near 0◦. It is easier to ascertain the “best” pair at a non-zero
gate voltage, as any offset will be more pronounced.

3. At zero field, record the Hall voltage offset and its corresponding phase for each Hall
pair. The “best” pair will have an offset near 0 V.

4. Measure the voltages and phases for the same pairs at +0.1 and -0.1 T. The average
of these voltages will give VH . The difference between Vxx,+ and Vxx,− should be twice
the Hall offset measured in step 3, and all VH should be similar.

5. Steps 1-4 should have provided enough information to choose a well-working set of
contacts for further measurements. Still in the constant current 4-terminal setup and
non-zero magnetic field, sweep Vg over the desired range and note the initial and final
Vxy. A safe range that does not apply a damaging voltage on the device can usually
be determined by sweeping Vg until the current measurement is approximately 1%
less than its value at Vg = 0. Repeat this three times or until the measured voltages
no longer change. This is to minimize errors caused by drift and to “train” the device.

6. Record I and Vxy at regular Vg intervals at both +0.1 and -0.1 T. The average of
both Vxy values will give VH at each Vg.

7. Record I and Vxx at the same Vg intervals at B = 0 T.

8. Calculate the 2DEG density n2D at each Vg:

n2D =
IB

eVH
(3.2)

where e is the elementary charge.

9. Calculate the 2DEG mobility at each Vg:

µ =
I L
W

n2DeVxx
(3.3)

where L
W

is the number of “squares” over which Vxx is measured.

3.2.2 Landau Levels & the Shubnikov-de Haas Effect

When charged particles are subject to an applied magnetic field, they undergo a circular
precession called cyclotron resonance. In a uniform magnetic field, the energies of these
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orbits are quantized to discrete, degenerate Landau levels. The degeneracy of these levels
is proportional to the sample area [3]. The derivation of the Landau quantization is made
simpler by a gauge fixing known as the Landau gauge. The Hamiltonian for an electron in
a magnetic field is

H = (p− eA)2 (3.4)

where p is the particle momentum and A is the magnetic potential. By choosing a Landau
gauge such that

A(x, y) = x̂By (3.5)

the Hamiltonian can be reduced to the one-dimensional

H(k) = p2y + (ℏk − eBy)2. (3.6)

The energy of a Landau level N is represented by

EN = ℏωc

(
N +

1

2

)
. (3.7)

The filling factor ν – the number of filled Landau levels at a given perpendicular magnetic
field B and 2DEG density n2D – can be determined from

ν =
n2Dh

eB
(3.8)

where ν is an integer but is not necessarily the same as N . Explaining why Landau level
quantization occurs extends a little beyond the scope of this thesis, as it requires some
complex topological treatment. A relatively accessible explanation is given in Reference
[3].

Landau level quantization is closely related to the quantum Hall effect (QHE). At
sufficiently high fields in planar devices, the relationship between the magnetic field and
the Hall conductance is no longer linear and instead becomes quantized, with increasingly
large ranges of magnetic fields at the same conductance. The Hall conductance at a given
filling factor is

σH =
νe2

h
. (3.9)

This form of the effect is specifically called the integer QHE, in contrast to the more exotic
fractional QHE where ν is not an integer and Hall plateaus occur at fractional values of
e2/h. Systems exhibiting the fractional QHE are also potential candidates for non-Abelian
physics.
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While the QHE describes the dependence of Hall conductance on the magnetic field, the
longitudinal conductance is described by a different but related effect: The Shubnikov-de
Haas (SdH) effect. At the transitions between Landau levels, there is a peak in longitudinal
conductance that increases in magnitude with increasing filling factor. The conductance
reaches zero at fields corresponding to the quantum Hall plateaus, producing an oscillating
effect. The Ando equation for these oscillations in terms of the Landau level energies
(Equation 3.7) is

σxx =
e2

π2ℏ

∫
dE

(
− δf

δE

)∑
N

(
N +

1

2

)[
1 −

(
E − EN

Γ

)2
]

(3.10)

where EN is the Landau level energy and Γ corresponds to Landau level broadening caused
by disorder [102]. A Landau fan diagram (see Fig. 3.3(b)) shows how the Landau levels
change when the gate voltage (the 2DEG density) is varied and the extent of level broad-
ening.

Deviations in expected SdH behaviour often indicate the presence of multiple subbands,
disorder, or both. Firstly, the SdH troughs are unlikely to reach zero conductance and may
not even be visible at low fields. The visibility of oscillations is determined by

ℏeB
m∗ − Γ > kBT (3.11)

and can be used to extract the magnitude of Γ. Additionally, quantum Hall plateaus and
corresponding SdH troughs will usually only appear at every other (even) filling factor at
lower fields due to a lack of spin resolution, which is assumed in Equation 3.8. A similar
inequality determines the visibility of spin splitting:

g∗µBB − Γ > kBT (3.12)

where g∗ is the Landé g-factor and µB is the Bohr magneton. Furthermore, a deviation
between the Hall density (Equation 3.2) and the 2DEG density extracted from the peri-
odicity of the SdH oscillations is an indicator of multiple subband occupation. The latter
can be calculated by

nSdH =
2e

h

(
1

Bν+1

− 1

Bν

)−1

(3.13)

where Bν is the magnetic field corresponding to the oscillation trough at a given Landau
level. The onset of this deviation corresponds to the density at which the second (or further)
subband populates the 2DEG. Section 4.2 gives an example of this numerical treatment.
The Landau fan diagram may visually represent multi-subband occupation by showing the
position of level crossings. A distinctive beating pattern, resulting from scattering between
multiple subbands, may also be visible in the oscillations [95].
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Figure 3.3: Data from our group’s previous publication on InSb surface quantum wells.
(a) Well-quantized Hall plateaus and clear SdH oscillations reaching zero at filling factors
ν = 4, 3, 2, 1 at n2D = 3.4 × 1011 cm−2. (b) Landau fan diagram: a magnetic field sweep

measuring longitudinal resistivity at each gate voltage. Reproduced from [19] with
permission from AIP Publishing.

3.2.3 Weak Anti-Localization

As suggested in the last subsection, all the materials we work with in the laboratory have
some disorder. As a result, the movement of electrons through these devices is somewhat
randomized. The Drude model of conduction describes the classical probability of a given
electron’s path through a material, but at very low temperatures in low-dimensional ma-
terials, experiments often find a peak in resistivity at zero field. This enhancement is
called weak localization (WL) and results from constructive quantum interference between
identical but time-reversed self-intersecting paths in disordered systems [133]. However,
the opposite is observed in the presence of spin-orbit coupling; the resistivity is diminished
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due to weak anti-localization (WAL). As discussed in Section 1.5.3, an electron’s spin is
coupled to its angular momentum under these conditions; therefore, the path and its time-
reversed pair will see the electron spinning in opposite directions. These paths will thus
interfere destructively and result in a peak in conductivity (a sharp decrease in resistivity).
Therefore, the extent of the WAL is correlated to the SOC strength.

This type of data is typically presented as plots of magnetic field versus the change in
longitudinal conductivity ∆σxx(B) = σxx(B) − σxx(0) arising from WL or WAL, where
σxx(B) is the field-dependent conductivity and σxx(0) is the background conductivity.
There are two commonly used equations to describe the change in longitudinal conduc-
tivity: the Hikami-Larkin-Nagaoka (HLN) model [68] and the related Iordanskii-Lyanda-
Geller-Pikus (ILP) model [73]. The equations are as follows, respectively:

∆σxx(B) =
e2

2π2ℏ
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and

∆σxx(B) =
e2

4π2ℏ
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where

S(x) =
8√

7 + 16x

(
arctan

(√
7 + 16x

1 − 2x

)
− πΘ(1 − 2x)

)
(3.16)

an = n+
1

2
+
Bϕ

B
+
BSO

B
(3.17)

In the above equations, e is the elementary charge, Ψ is the Digamma function, γ is the
Euler constant, Θ is the Heaviside step function, and Bϕ and BSO are fit parameters corre-
sponding to the phase coherence and spin effective fields. Extracting these fit parameters
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allows for the determination of important physical properties such as the phase coherence
length lϕ and Rashba SOC coefficient αSO:

αSO =
∆SO

2kF
(3.18)

where kF the Fermi wavevector (Equation 1.30) and the spin-orbit energy gap ∆SO is

∆SO =

√
2ℏ2
τDτSO

, (3.19)

where the diffusion time τD is

τD =
mµe

e
(3.20)

and the spin-orbit time τSO is

τSO =
lSO
D
, (3.21)

where the spin-orbit length lSO is

lSO =

√
ℏ

4eBSO

(3.22)

and the diffusion constant D is

D =
v2F τD

2
, (3.23)

where vF is the Fermi velocity (Equation 1.27).

3.3 Superconductivity

3.3.1 Multiple Andreev Reflections

Andreev reflection, the phenomenon responsible for the proximity effect, appears in differ-
ent electrical measurements in unique ways. In SNS device architectures, resonant peaks
in conductance arise from multiple Andreev reflections (MAR), analogous to the ZBCPs
theorized for MBSs. These peaks appear at values of V = 2∆MAR/en, where n is an integer
corresponding to “the number of times that the electrons... transverse the junction before
entering the leads” [115] – in other words, the number of times an electron undergoes
Andreev reflection before it overcomes the energy barrier at the N-S interface. ∆MAR is
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the superconducting energy gap as determined from this periodic pattern. Depending on
the extent of proximitization, this value may or may not match that of the parent super-
conductor. The appearance of these MAR peaks can hold information about transport
properties such as ballistic versus diffusive behaviour [136] and interface quality.

3.3.2 Transparency

Quantifying the quality of an SNS junction can be difficult, given the multitude of phe-
nomena at play. Interface transparency T is one method; a high interface transparency
corresponds to a high probability of Andreev reflections and, therefore, a high-quality
interface. There are two primary mathematical models used to calculate T : the Octavion-
Tinkham-Blonder-Klapwijk (OTBK) [109] and Kulik-Omelyanchuk (KO) [57] models. The
former uses the MAR periodicity:

eIexRN

∆MAR

=
2(1 + 2Z2) tanh−1 (2Z̃)

Z
√

(1 + Z2)(1 + 6Z2 + 4Z4)
− 4

3
(3.24)

T =
√

1 + Z2 (3.25)

where Z̃ = Z
√

(1 + Z2)/(1 + 6Z2 + 4Z4), Iex is the excess current, ∆MAR is the super-
conducting gap as determined from the MAR peaks, and Z is a dimensionless scattering
parameter that correlates to the barrier height at the SN interface. To find T , the exper-
imental data is input to Equation 3.24 to find Z, which is then input to Equation 3.25.
One key assumption made by the OTBK model is that the SN interfaces are symmetric;
in other words, the MAR at each interface are the same.

The KO model, on the other hand, additionally includes the temperature dependence
of the critical current:

Ic(T, ϕ, T ) =
π∆(T ) sinϕ

2eRN

√
1 − T sin2 (ϕ

2
)

tanh

∆(T )
√

1 − T sin2 (ϕ
2
)

2kBT

 (3.26)

where ϕ is the superconducting phase from Andreev reflections at the SN interface and
∆(T ) = ∆MAR

√
1 − (T/Tc)2 is the temperature-dependent superconducting gap.

3.3.3 Hard and Soft Gaps

In proxitimized semiconductors, the “hardness” of a superconducting gap refers to the pro-
portion of quasiparticle states inside the gap; fewer quasiparticles inside means a harder
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gap [131]. In practical terms, this appears as a suppression of conductance inside the gap.
For applications in Majorana physics, a hard gap is more desirable; subgap conductance,
characteristic of soft gaps, may contribute to the decoherence of Majorana states and pre-
vent braiding operations [32]. Though the many mechanisms impacting superconducting
gap hardness were not always clear, evidence now demonstrates that interface quality is a
major factor [151].

Figure 3.4: A qualitative comparison between a hard superconducting gap (red) and a
soft superconducting gap (blue). Based on a figure from Reference [32] and experimental

data from Reference [79].

The accepted method for distinguishing between soft and hard gaps is credited to Carlo
Beenakker [14]. The theoretical formula for the minimum conductance inside the gap GSNS

is as follows:

GSNS ≈ GSN

2
= G0

G2
NN

(2G0 −GNN)2
(3.27)

where G0 = 2e2/h is the conductance quantum and GNN is the conductance outside
the gap averaged over a range of VSD at high bias voltages well into the normal (non-
superconducting) region [41, 131]. For devices with hard gaps, the measured GSNS and
ratio GSNS/GNN should closely correspond to the values found from this formula. Qual-
itatively, negligible subgap conductance and easily distinguishable values of ∆ suggest a
hard superconducting gap, but this is not definitive.
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Chapter 4

Two-dimensional electron gases in
InAs/AlGaSb surface quantum wells

This chapter includes results and figures from the paper, “High transparency induced su-
perconductivity in field effect two-dimensional electron gases in undoped InAs/AlGaSb
surface quantum wells” [18] and its associated supplementary information. See the State-
ment of Contributions for more details.

4.1 Introduction

This work is motivated by a desire to increase the pool of materials for fabricating high-
quality 2DEG devices. While surface quantum wells in In(Ga)As/In0.8Al0.2As are well-
explored for applications for topological quantum computing [138, 177], the comparatively
lesser-used InAs/Al0.8Ga0.2Sb may be more appropriate due to its better strain engineering
and ability to achieve higher densities and mobilities. With these aims in mind, we fab-
ricated gated 2DEG devices using surface quantum wells in an InAs/Al0.8Ga0.2Sb system.
Two major classes of wafers were grown: those with a 24 nm SQW and those with a 15
nm SQW.
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4.2 24 nm Quantum Wells

4.2.1 Optimizing the Gate Dielectric

Three heterostructures (G743, G782, and G837) were grown using MBE. The growth layers
are summarized in Table 4.1. The only difference between G743 & G782 versus G837 is
the different interface characteristics.

Layer
G743 & G782 G837

Depth Material Depth Material
Cap 6 nm In0.75Ga0.25As 6 nm In0.75Ga0.25As
QW 24 nm InAs 24 nm InAs

Interface “AlAs-like” “InSb-like”
Bottom Barrier 20 nm Al0.8Ga0.2Sb 20 nm Al0.8Ga0.2Sb

Buffer 800 nm Al0.80Ga0.20Sb0.93As0.07 800 nm Al0.80Ga0.20Sb0.93As0.07
Nucleation Layer 25 nm GaSb 25 nm GaSb

Substrate GaSb (001) GaSb (001)

Table 4.1: Summary of wafers with 24 nm wide InAs SQWs.

Choosing an appropriate gate dielectric is integral to creating a well-functioning device.
The three most common choices for 2DEG devices aluminum oxide (Al2O3), silicon dioxide
(SiO2), and hafnium dioxide (HfO2) each have their advantages. Two series of Hall bars
on G743 and G782, each using either SiO2 or HfO2, were fabricated to investigate the
relative benefits of each dielectric choice. Both devices were fabricated using atomic layer
deposition (ALD) at 150◦C. Al2O3 devices were previously manufactured, but these devices
were noisy, unstable, and unable to be pinched off [20]. While both working dielectrics
exhibit reproducible gating at high conductances (above 100 µS), the behaviour at lower
conductances paints a different picture (see Fig. 4.1). There is noticeable hysteresis in both
samples at low conductance, but the SiO2 samples exhibit more robust reproducibility and
more symmetrical behaviour in the “up” versus “down” sweeps.

Similarly, the SiO2 devices have more predictable mobility-density correlations (see Fig.
4.2 vs. 4.3). The 2DEG density increases linearly with the gate voltage Vg in the Hall bars
fabricated with SiO2, while their HfO2 counterparts are significantly less linear. All gated
Hall bars have a peak in mobility near n2D = 2.0 × 1012 cm−2, and all but one have a
peak mobility of approximately µ = 1.1 × 104 cm2/Vs. The decrease in mobility below
this peak is attributed to impurity scattering; above, it is likely due to interface roughness
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Figure 4.1: Pinch-off curves at 100 µV ac excitation for gated Hall bars with gate
dielectrics (a) SiO2 and (b) HfO2. Four traces in each direction are shown in (a), while
two in each direction are shown in (b). Reproduced from [18] with permission from AIP

Publishing.

scattering or alloy scattering due to the electron wavefunction being pulled closer to the
surface [8, 140].
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Figure 4.2: Hall density vs top gate voltage (a,b) and mobility vs 2DEG density (c,d) of
devices fabricated with SiO2. Reproduced from [18] with permission from AIP Publishing.
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Figure 4.3: Hall density vs top gate voltage (a,b) and mobility vs 2DEG density (c,d) of
devices fabricated with HfO2. Reproduced from [18] with permission from AIP

Publishing.
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To further increase the number of available fabrication techniques, gated Hall bars with
SiO2 deposited using plasma-activated chemical vapour deposition (PCVD) were fabricated
on wafer G837. ALD has been used historically for these devices as our nanofabrication
facility’s PCVD recipes involve heating to 300◦C, which may damage materials containing
antimonides. However, no experimental trials had been attempted by our laboratory, so
we aimed to assess whether this heating process would actually decrease the efficacy of our
devices. Based on our studies on G782, we might expect a slight increase in peak mobility
for devices fabricated with a HfO2 dielectric in comparison to those using SiO2 (see Fig.
4.4(a)); the issue with the HfO2 devices was never their mobility, but rather their lack of
reproducibility and problematic I-V characteristics. However, the mobility of the G837
device with a PCVD SiO2 dielectric is drastically less than its ALD HfO2 counterpart.
This difference leads us to conclude that the PCVD process introduces additional interface
roughness in comparison to ALD. See Fig. 4.4 for a visual comparison of the mobility-
density relationships for all four devices.

Wafer, Dielectric µ at Vg = 0 n2D Peak µ n2D

(×104 cm2/Vs) (×1012/cm2) (×104 cm2/Vs) (×1012/cm2)
G782, ALD HfO2 0.90 4.3 1.11 1.9
G782, ALD SiO2 0.75 3.1 1.08 2.0
G837, ALD HfO2 0.95 3.1 1.27 1.9

G837, PCVD SiO2 0.79 3.8 0.89 1.6

Table 4.2: Mobilities at Vg = 0 V and peak mobilities for various gated Hall bars. All
measurements were taken at 1.6 K.

Unfortunately, pinch-off, SdH, and Hall effect measurements further emphasize that this
high-temperature deposition is likely incompatible with future device applications. While
the pinch-off curves (Fig. 4.5) are well-overlapped in their respective directions, the device
does not remain pinched off over time. A two-terminal current measurement at Vg = −25
V – below pinch-off – revealed that, after an hour, the current had increased from 0 pA
to approximately 200 pA. Additionally, the SdH oscillations at n2D = 1.6 × 1012/cm2 are
at a very small range of longitudinal resistivity. Hall plateaus also cannot be seen. At
relatively high 2DEG densities like these, the oscillations and Hall plateaus are expected
to be much better resolved. These findings suggest that the 300◦C PCVD procedure does,
indeed, damage the Sb-containing growth. If PCVD is hoped to be used, a recipe involving
lower temperatures must be devised.
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Figure 4.4: Mobility vs 2DEG density of gated Hall bars at 1.6 K on (a) G782,
comparing ALD processes using HfO2 and SiO2 and (b) G837, comparing the ALD

process using HfO2 and the SiO2 deposited with the PCVD process at 300◦C.

Figure 4.5: Four-terminal pinch-off curve for G837PCVDTGHBC8. Four sweeps “up”
(from -20 to 0 V) are shown in orange. Four sweeps “down” (from 0 to -20 V) are shown

in blue.
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Figure 4.6: (a) SdH and quantum Hall measurements at Vg = −10.0 V (n2D = 1.6 × 1012

cm−2) on G837PCVDTGHBC8. Note the very small range of the oscillations (0.01
kΩ/sq.) and the lack of quantized Hall plateaus.
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4.2.2 Magnetotransport of G743 & G782

Moving forward with ALD SiO2 Hall bars, analyzing the Shubnikov-de Haas (SdH) oscil-
lations and Hall resistance confirms the presence of a 2DEG and provides insight into the
disorder and multi-subband population. Quantum Hall plateaus are seen at filling factors
ν = 2, 4 at Vg = −8.0 V, corresponding to n2D = 8.57 × 1011 cm−2. These oscillations
reach ρxx = 0, suggesting no parallel conduction. However, there are multiple indicators of
disorder associated with Landau level broadening. For example, the plateau at ν = 3, cor-
responding to spin-splitting, is not well distinguished. Additionally, the oscillations do not
appear until B ≈ 3T . The visibility of spin-splitting and SdH oscillations are determined
by Equations 3.11 and 3.12, both of which indicate a value of Γ ≈ 9 meV. It is notable
that the electron density at zero gate voltage in the gated Hall bar devices on G743 and
G782 was much higher (2-3 times) than the electron densities of the as-grown wafers. The
probable explanation is the presence of charge traps at the semiconductor-oxide interface
after dielectric deposition.

Figure 4.7: (a) SdH oscillations and quantum Hall plateaus at Vg = −8.0 V
(n2D = 8.57 × 1011 cm−2); (b) Landau fan of SdH oscillations. The indicated filling

factors were calculated from the Hall resistance. The dashed white lines indicate where
the second subband populates the 2DEG. Reproduced from [18] with permission from

AIP Publishing.

Unfortunately, in addition to Landau level broadening, there is significant evidence
suggesting the presence of a second subband in the 2DEG. The first indicator is the “knee”
in the pinch-off curve in Fig. 4.1(a), which indicates a change in the subband population.
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The next is a discrepancy between the 2DEG density determined from the Hall effect versus
that of the periodicity of the SdH oscillations (see Equation 3.13), with the latter being
up to twice as small near Vg = 0. The onset of this discrepancy is at about n2D = 8× 1011

cm−2, which suggests this is the density at which the second subband begins to populate the
2DEG. This value is in keeping with other work on 24 nm InAs/AlGaSb QWs [155, 156].
The Landau fan diagram in Fig. 4.7(b) also shows two regions of level crossing, further
confirming the presence of a second subband. The presence of multiple subbands is not
dire for future device applications, but does limit the operational range of gate voltages to
below the onset of the second subband.

Figure 4.8: (a) Experimental WAL data (orange) fit to the ILP model (black). The
2DEG density (×1012 cm−2) for each plot is shown in the upper right. (b) Spin-orbit
coefficient, extracted from both the HLN and ILP models, as a function of n2D. The

dotted line is where second-subband occupation is suspected to begin. Reproduced from
[18] with permission from AIP Publishing.

WAL conductivity peaks were fit to both the HLN (Equation 3.14) and ILP (Equation
3.15) models to extract the spin-orbit coupling coefficient. The results provided values of
αSO ranging from 16 to 124 meV·Å – similar to values from other InAs/AlGaSb systems
[31, 61, 143] – for values of n2D ranging from 0.5 to 1.9 ×1012 cm−2. While both fitting
methods produce relatively linear plots, their efficacy is limited for these particular devices
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(and others reported in the literature). Firstly, it is important to note that these points are
not all in the single-subband regime. Most of the experimental points were obtained well
beyond the onset of the second subband population, as shown in Fig. 4.8(b). Both the HLN
and ILP models implicitly assume only single subband occupation, so the linearity of these
fits must be viewed with some skepticism. Secondly, there is a threshold of applicability for
both models; the fit is only accurate where B < Btr = ℏ/2el2e , where Btr is the transport
field and le is the mean free path. The fourth WAL plot at n2D = 1.9× 1012 cm−2 requires
data beyond this Btr to be considered in the fitting method; therefore, the corresponding
data point in the plot of αSO is not necessarily accurate.

Figure 4.9: Our experimental WAL data compared to other values across the literature.
Reproduced from [18] with permission from AIP Publishing.

When comparing the dependence of αSO on the 2DEG density in our device and others
in similar materials systems [44, 61, 143, 155, 165, 170], ours seems to contradict the
trend. While InAs/AlGaSb QWs platforms tend to show an inverse relationship between
αSO and 2DEG density, our data more closely resembles the positive relationship seen in
In(Ga)As/InAlAs systems. The discussion in Section 1.5.3 about the source of Rashba SOC
– that is, structural inversion asymmetry (SIA) of the QW – leads us to our explanation
of this behaviour. At densities where there is no net electric field across the QW (when
Ez = 0), αSO should be at its smallest. If one could sweep the gate voltage to an extensive
range of densities, the shape of the density-versus-αSO curve should be v-shaped. This
phenomenon can be seen above for the data from Farzaneh et al. [44]. We hypothesize

60



that our αSO,min is at a lower 2DEG density than other similar InAs/AlGaSb devices due
to a different bandstructure profile due to our QWs being much closer to the surface of the
device. Our data is, therefore, simply on the other side of the minimum.

4.3 15 nm Quantum Wells

A smaller InAs QW was chosen for these fabrication trials in an attempt to minimize multi-
subband occupation. Two heterostructures (G1095 and G1120) with a 15 nm QW layer
were grown using MBE. The growth layers are summarized in Table 4.3. Looking at the
epitaxial layers, G1095 & G1120 may appear identical. However, G1120 has a smoother
surface with less undulation than G1095, which can be more accurately described as “wire-
like”, or – colloquially – having “noodles.” G1120 is thus anticipated to have higher electron
mobility than its rougher G1095 counterpart. Instead of just varying the shutter sequence
to create InSb-like interfaces here, the MBE team went one step further, intentionally
growing one monolayer of InSb at the interface.

Layer
G1095 & G1120

Depth Material
Cap 6 nm In0.75Ga0.25As
QW 15 nm InAs

Interface 0.3 nm InSb
Bottom Barrier 20 nm Al0.8Ga0.2Sb

Buffer 800 nm Al0.80Ga0.20Sb0.93As0.07
Nucleation Layer 25 nm GaSb

Substrate GaSb (001)

Table 4.3: Summary of wafers with 15 nm wide InAs SQWs.

The first numerical analysis was performed on bare, or ungated, Hall bars. The results
are summarized below in Table 4.4. Recall that the devices on G743 and G782 exhibited a
two- to three-fold enhancement in electron density in the gated devices versus the ungated
generation. This same effect is seen for device G1120. Comparing the bare Hall bars for
G1095 and G1120, some enhancement in carrier mobility is seen; however, these two values
are at drastically different Hall densities. Gated Hall bars must be used to compare these
two wafers’ transport characteristics rigorously. For reference, the mobility and density
at Vg = 0 for a gated Hall bar on wafer G782 (24 nm, with an AlAs-like interface) are
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also included. All the G1095 and G1120 devices have lower 2DEG densities at Vg = 0,
perhaps because of some combination of the increased carriers donated from G782’s AlAs-
like interface and the lower density of states predicted for the smaller 15 nm QWs.

Hall bar ID Mobility 2DEG density
(×104 cm2/Vs) (×1012/cm2)

G1095 (bare) 0.69 3.1
G1120 (bare) 0.98 1.9
G1120TG1C3 1.05 3.4

G782TG3SiO2C2 0.75 3.1

Table 4.4: Mobilities measured on ungated Hall bars and one gated Hall bar on G1120 at
Vg = 0. All measurements were taken at 1.6 K.

Pinch-off curves from -5 V to -9 V (after pinch-off) are shown for device G1120TG1C3
in Figure 4.10. Curves in each direction are well overlapped, though there is some hysteresis
in the x (voltage) axis. This behaviour is consistent with the observations for the 24 nm
devices fabricated with ALD SiO2. It is worth noting that the voltage required to reach
pinch-off (-8 to -8.5 V) is much lower than for the 24 nm QWs (approximately -14 V),
which can be explained by the increased confinement in the narrower well (see Section
2.2.5).

Figure 4.10: Pinch-off curve for G1120TG1C3. Three sweeps “up” (from -9 to -5 V) are
shown in orange. Three sweeps “down” (from -5 to -9 V) are shown in blue.

The mobility-density relationships and gating characteristics of four different Hall bars
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were measured and analyzed at 1.6 K (see Fig. 4.11). The peak electron mobilities of
these devices were found between 1.72 to 1.88 ×104 cm2/Vs (average: 1.80 × 104 cm2/Vs)
at densities between 0.741 to 0.908 × 1012/cm2 (average: 0.818 × 1012/cm2) (see Table
4.5), corresponding to gate voltages between -4.1 to -4.5 V. These mobilities are a drastic
(≈ 1.6×) increase over previous wafers, and increased even further in the dilution refrig-
erator where the peak mobility of device G1120TG1C3 peaked at 2.11 × 104 cm2/Vs. We
hypothesize that this mobility increase is primarily due to the smoother surface morphol-
ogy on G1120. Still, this hypothesis cannot be confirmed until a gated Hall bar on G1095
(the otherwise identical growth) can be fabricated and tested.

Hall bar ID Peak mobility 2DEG density
(×104 cm2/Vs) (×1012/cm2)

G1120TG1C1 1.72 0.741
G1120TG1C2 1.88 0.766
G1120TG1C3 1.87 0.908
G1120TG1C5 1.74 0.857

Table 4.5: Peak mobilities measured on gated Hall bars at 1.6 K.

Figure 4.11: (a) Hall density vs top gate voltage and (b) mobility vs 2DEG density of all
Hall bars at 1.6 K. C3 is the sample that was selected for further measurements on the

dilution fridge.
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Figure 4.12: (a) Hall density vs top gate voltage and (b) mobility vs 2DEG density of
device G1120TG1C3 at 22 mK. The mobility peak in (b) is 2.11 × 104 cm2/Vs at

0.849 × 1012/cm2.

The SdH oscillations and quantum Hall plateaus measured on G1120 at peak mobility
(Fig. 4.13) indicate that this wafer is less disordered than G743 & G782. The 2DEG density
determined from the oscillations is n2D = 0.810 × 1012/cm2, a roughly 10% mismatch
from the density determined from the Hall measurements. This difference suggests we did
not drastically increase the onset of a second subband population from the 24 nm QWs.
However, the first visible Hall plateau at ρxy = 2.94 kΩ corresponds to the odd -numbered
filling factor ν = 9. The onset of spin splitting, therefore, occurs at roughly 3.9 T, much
earlier than for G743 or G782. The value of Γ, the Landau level broadening caused by
disorder, is thus Γ < g∗µBB − kBT ≈ 3 meV, much lower than the 9 meV for its 24 nm
counterparts with rougher surfaces.

We plan to perform a full suite of transport measurements on gated Hall bars fabricated
on both G1095 and G1120 to determine the cause of the increase in mobility and the impact
of the smaller QW. These measurements include SdH and Hall effect measurements up to
18 T, analysis of the WAL, and detailed Landau fan diagrams.
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Figure 4.13: SdH oscillations and quantum Hall plateaus for device G1120TG1C3 at
V g = −4.1 V, corresponding to n2D = 0.908 × 1012/cm2. Measurements taken at 1.6 K.
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Chapter 5

Proximitized superconducting
devices on InAs/AlGaSb surface
quantum wells

This chapter includes results and figures from the paper, “High transparency induced su-
perconductivity in field effect two-dimensional electron gases in undoped InAs/AlGaSb
surface quantum wells” [18] and its associated supplementary information. See the State-
ment of Contributions for more details.

5.1 Introduction

Though “epitaxial aluminum” – grown in-situ on In(Ga)As/InAlAs – is the most com-
monly used superconductor in semiconductor-superconductor devices, an ex-situ deposi-
tion method producing equally high-quality devices would open the door to more fabri-
cation methods. We aimed to produce SNS devices using ex-situ Nb with comparable
figures of merit to those fabricated by other groups using epitaxial Al. We used the
same wafers described in the previous chapter, 24 nm surface quantum well devices in an
InAs/Al0.8Ga0.2Sb system, and created six ungated SNS devices.

66



5.2 Ungated SNS Devices

The six SNS devices investigated were fabricated on G743 and G782 using optical and
electron beam lithography and wet-etching techniques at or below 180◦C. Ohmic contact
areas were Ar ion milled for 6.5 min at 50 W before the Ti/Nb (2/80 nm) contacts were
deposited on the cap layer by sputtering. Before the Nb deposition, the chip underwent
the sulphur passivation process described in Section 2.3.6. The dimensions of the devices
are summarized below in Table 5.2. Devices with various gap lengths and widths were
fabricated to encompass the short to long and diffusive to quasi-ballistic ranges (see Sec-
tion 1.7). For these devices, the superconducting energy gap for niobium, with a critical
temperature Tc of 8.1 K, is

∆Nb = 1.76kbTc = 1.23meV. (5.1)

SNS-1 and SNS-2 are diffusive and short (le < L < ξb), SNS-3 and SNS-4 are quasi-ballistic
and short (L < le, ξb), and SNS-5 and SNS-6 are diffusive and long (L > le, ξb). All the
fabricated devices are in the dirty regime.

Wafer n2D µ kF vF le ξb
(×1012/cm2) (×104 cm2/Vs) (nm−1) (×106 m/s) (nm) (nm)

G743 2.0 0.75 0.35 1.76 175 246
G782 1.6 1.17 0.32 1.60 244 220

Table 5.1: List of wafer properties used to determine the regimes of each device.

The four-terminal I-V traces (see setup in Fig. 5.1) for all six SNS devices confirm the
presence of a superconducting gap. This gap is pictured in the lower inset of the I-V traces
in Figs. 5.2 and 5.3 and is sharp and well-defined for the shorter junctions (SNS-1-4). The
critical current Ic for each is noted in Table 5.2, and Ic is largest for SNS-1 and SNS-2 (the
diffusive, short junctions) while it is the smallest for SNS-5 and SNS-6 (the diffusive, long
junctions). The lack of hysteresis pictured in the upper insets of the I-V traces in Figs.
5.2 and 5.3 can likely be attributed to the samples and wiring being directly submerged
in liquid 3He/4He in the dilution refrigerator, reducing the impact of local Joule heating
effects [62, 163].

Examining the periodicity of multiple Andreev reflections (MAR) is the first step toward
extracting figures of merit for SNS devices. Plots (Figs. 5.2(b,d,f) and 5.3(b,d,f)) of Vdc
versus the four-terminal differential conductance G = dI/dV normalized by the normal
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Figure 5.1: Four-terminal measurement setup for ungated SNS devices. The length L and
width W are labelled. Adapted from [18] with permission from AIP Publishing.

conductance GN = 1/RN show peaks at intervals of eVn = 2∆MAR/n where n is an
integer. As an example, the first three MAR peaks in the figure for SNS-4 (shown in more
detail in Fig. 5.4) have a periodicity of ∆MAR = 1.05 meV; the rest are listed in Table 5.2.
Only the first three peaks were included due to difficulty distinguishing later peaks closer
to Vdc = 0. These values’ uncertainty were determined using linear fit analysis (see Fig.
5.5). The average value of ∆MAR for all six devices is 1.05 ± 0.02 meV, which compares
relatively favourably to the theoretical value of ∆Nb = 1.23 meV. This amount of deviation
is still consistent with high-quality SNS devices.

Device Width L Ic Iex RN ∆MAR T Regime
ID (µm) (nm) (µA) (µA) (Ω) (meV) (%)

SNS-1 10 200 82 158 8.8 1.13 78±5 diffusive, short, dirty
SNS-2 10 200 89 183 8.6 1.16 81±4 diffusive, short, dirty
SNS-3 3 120 29 58 30 1.13 85±2 quasi-ballistic, short, dirty
SNS-4 3 120 25 54 33 1.05 87±3 quasi-ballistic, short, dirty
SNS-5 3 400 5 24 53 0.91 82±2 diffusive, long, dirty
SNS-6 3 400 2 26 55 0.94 84±3 diffusive, long, dirty

Table 5.2: List of SNS devices, and their dimensions and measured properties. T , the
transparency, for each device was calculated using the OTBK model.

The two most commonly reported figures of merit for SNS devices are the ratio eIcRN/∆MAR,
also known as the characteristic voltage, and the critical current density Ic/W . The product
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IcRN can intuitively be described as the strength of the Cooper pair tunnelling across the
junction [17]. The shorter junctions (SNS-1 through SNS-4) have ratios ranging from 0.64
to 0.79 and critical current densities from 8.2 to 9.6 µA/µm. These dramatically exceed
the values typically reported for comparable planar In(Ga)As quantum wells with prox-
imitized superconductivity from Nb: 0.02-0.15 and 0.3-1.6 µA/µm [63, 111, 149]. These
figures suggest very strong proximity-induced superconductivity in the devices’ normal re-
gions. Additionally, the critical current decreases in the transition from the short to long
transport regime, indicating that the quality of these devices depends not only on the
superconductor but also on the semiconductor in the gap region.

Base-temperature readings of SNS devices 1-6 produce transparencies, T , between 78%
to 87% (see Table 5.2) when calculated using the OTBK model (see Equations 3.24 and
3.25). Uncertainty values of the MAR periodicity are converted to uncertainty values on
the transparency. These transparencies are on par with those reported using the OTBK
model in epitaxial aluminum-In(Ga)As devices (between 75% to 97%) [88, 101, 66]. For
thoroughness, the KO model (see Equation 3.26) with Tc = 6.0 K was also used to calculate
the transparencies of SNS-1 and SNS-3, which produced values of T = 97.8% and 99.5%
respectively. These values are much higher than those of their OTBK counterparts. It
is not straightforward to ascertain which method is more accurate; both are widely used
and accepted models. The KO model may produce higher transparencies as it assumes no
superconductivity in the “normal” regime; however, the Nb in our devices is still super-
conducting well into this regime. Either way, even at the most conservative estimate, these
results demonstrate that using ex-situ deposited Nb is a promising avenue for creating
devices with high interface transparency.
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Figure 5.2: Data at 15 mK for devices: (a)-(b) SNS-1, (c)-(d) SNS-2, and (e)-(f) SNS-3.
All panels on the left show DC four-terminal I-V traces of SNS junctions. All panels on
the right show normalized AC four-terminal differential conductance dI/dV and MAR

peaks. Reproduced from [18] with permission from AIP Publishing.
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Figure 5.3: Data at 15 mK for devices: (a)-(b) SNS-4, (c)-(d) SNS-5, and (e)-(f) SNS-6.
All panels on the left show DC four-terminal I-V traces of SNS junctions. All panels on
the right show normalized AC four-terminal differential conductance dI/dV and MAR

peaks. Reproduced from [18] with permission from AIP Publishing.
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Figure 5.4: Fig. 5.3(b) with position of MAR peaks shown. Reproduced from [18] with
permission from AIP Publishing.
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Figure 5.5: MAR peak positions (red circles) fit to Vn = 2∆MAR/en, with individual fits
(dashed lines) shown for the device: (a) SNS-1, (b) SNS-2, (c) SNS-3, (d) SNS-4, (e)
SNS-5, and (f) SNS-6. The fit analysis determines the respective ∆MAR. Reproduced

from [18] with permission from AIP Publishing.
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Figure 5.6: Temperature dependence of the critical current in SNS-1. The data was fit to
multiple T (transparencies) to determine the most accurate value. Reproduced from [18]

with permission from AIP Publishing.
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5.3 Gated SNS Devices

For applications toward Majorana physics, field-effect gating is necessary to control the
chemical potential in the device and move it into the topological regime. We therefore
aim to fabricate a total of twenty-one SNS devices (seven on each of three mesas), all
with width W = 3 µm and with lengths L = 200 nm (5/7 devices) and L = 400 nm
(2/7 devices). These devices are being fabricated on wafer G837 due to its predictable
gating characteristics, consistent mobility, and InSb-like interface. In the future, wafers
with smooth surface morphologies like G1120 will likely be more ideal platforms.

Planned measurements include four-terminal I-V traces at multiple gate voltages and
temperature and magnetic field dependence of the critical current (see Chapter 6). Our
group previously analyzed the relationship between differential conductance and Vdc at
various gate voltages for JJs fabricated on InSb SQW wafers [20]. Though these devices
did not exhibit superconductivity, Andreev reflections did occur, and we could change the
carrier density in the junction with field-effect gating. These results bode well for future
devices and provide a valuable point of comparison.

5.4 Quantum Point Contacts

The keen-eyed reader may notice that, in Section 5.2, the superconducting gap is referred to
as “sharp and well-defined,” but not “hard.” Devices using quantum point contacts (QPCs)
as tunnel barriers can probe differential conductance, which can be used to decisively
determine the hardness of the superconducting gap. These tunnel barriers can also be
incorporated into future Majorana devices for a similar purpose (see Section 7.1). We plan
to fabricate a total of forty QPC devices (eight on each of five mesas) with the following
combination of dimensions:

Device type identifier Width (nm) Length (nm)
QPC1 300 250
QPC2 200 250
QPC3 300 150
QPC4 200 150

Table 5.3: Planned dimensions of QPC devices.
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Figure 5.7: Schematic of the planned QPC devices. Not to scale. The width W and
length L of the QPC are indicated in the figure.

These dimensions were chosen to maximize the chances of observing both superconduc-
tivity and quantized conductance following Equation 3.27. A key study by Markus Bttiker
[26] provides a framework for predicting the limiting factors of quantized conductance in
QPC devices. Between two quantum point contacts, the electrostatic potential forms a
saddle shape (see Fig. 5.7), the curvatures of which are described by ωx and ωy. Near the
saddle point and in the absence of any quantum tunnelling, the subband states EN < EF

will be occupied, where EF is the Fermi level energy and

EN = V0 + ℏωy

(
N +

1

2

)
(5.2)

where N = 0, 1, 2, 3... and V0 is the electrostatic potential at the saddle (see Equation
3.7). ℏωy can, therefore, be understood as describing the separation of the subbands in
the potential well. ℏωx, on the other hand, is the width of the transmission region and
defines the likelihood of transmission events. The study determined that clear conductance
quantization occurs where ωy ≥ ωx (see Fig. 5.9); the separation between subband states
must be larger than the transmission region.

We hope to fabricate devices in the short, quasi-ballistic regime to ensure both quantized
conductance and superconductivity. This regime is also ideal for maximizing our chances
of seeing a ZBCP in the future. Not all these device dimensions may function well; for
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Figure 5.8: Simulation of the saddle-shape of the electrostatic potential V (here, U) in a
GaAs/AlGaAs QPC with L = 200 nm and W = 350 nm. Reproduced from [74] with

permission from AIP Publishing.

example, QPC4 may not exhibit quantized conductance, even if it is superconducting. Still,
we are optimistic we can measure some of these devices successfully. Even if we are not in
the ballistic regime, it is possible that we can still measure the normal and superconducting
conductances to fulfill the requirements for superconducting hard-gap determination.
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Figure 5.9: The dependence of the conductance through a QPC on (E − V0)/ℏωx at
different values of ωy/ωx. The conductance is well-quantized at the larger values of ωy/ωx

but decreases until there is no quantization when ωy = 0. Based on the work of Reference
[26].
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Chapter 6

Fraunhofer Diffraction Patterns

6.1 Introduction

The critical current Ic of a Josephson junction (JJ) depends on the applied magnetic field.
Specifically, the critical current dependence takes the form of a Fraunhofer relation:

Ic = I0

∣∣∣∣sin πfπf

∣∣∣∣ (6.1)

where f = Φ/Φ0 is the normalized flux, Φ0 is the magnetic flux quantum h/2e, and I0 is
the total critical current of the junction when no magnetic field is applied [25]. In the case
of a magnetic field with only the perpendicular component Bz (Bx, By = 0), the critical
current as a function of magnetic field is:

Ic(Bz) = I0

∣∣∣∣∣∣
sin
(

πBzA
Φ0

)
πBzA
Φ0

∣∣∣∣∣∣ (6.2)

where A = LW is the area of the normal section of the SNS device, L is the “length” of
the junction (from the point of view of the electrons), and W is the width.

Interestingly, the term Fraunhofer diffraction is typically used to describe the diffraction
of plane waves when viewed in the far-field region. For a light source transmitting through
a single slit, the definition of far-field is determined by the Fraunhofer condition, or when

a2

λ
≪ L (6.3)
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where a is the slit size, λ is the source wavelength, and L is the smaller of the following two
distances: from source to slit or from slit to image. Below this limit, the diffraction can
be described by Fresnel diffraction. For a single narrow slit, the intensity of the diffracted
light is [125]

I = I0

[
sin
(
πa
λ

sin θ
)

πa
λ

sin θ

]2
(6.4)

where I0 is the incident light intensity and θ is the angle from the slit. The similarities
between Equations 6.3 and 6.4 are evident when looking at a graphical comparison, where
the Fraunhofer pattern in Equation 6.4 is simplified and defined as

F (x) =

[
sin πx

πx

]2
(6.5)

(see Figure 6.1).

Figure 6.1: A comparison of the Fraunhofer-like JJ pattern in Equation 6.2 (blue) and
the true Fraunhofer curve in Equation 6.5 (red).

To better understand this phenomenon intuitively, De Luca [38] imagines the SIS-type
JJ depicted in Figure 6.2. If the net supercurrent along the path A1A2B1B2 is zero, the
path-linked magnetic flux is

∆Φ = µ0Hd∆y = µ0H(t+ λ1 + λ2)∆y (6.6)

where d = t + λ1 + λ2 is the effective barrier thickness and λ1 and λ2 are the penetration
depths into S1 and S2. The following relation arises from taking the path integral of the
vector potential:

2π
∆Φ

Φ0

= ϕ(y + ∆y) − ϕ(y) (6.7)
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As ∆y approaches zero,

2π

L

µ0HLd

Φ0

=
2π

L

Φ

Φ0

=
2πf

L
=
dϕ(y)

dy
(6.8)

The superconducting phase difference ϕ thus changes linearly with changes in y,

ϕ(y) = ky + ϕ0 (6.9)

where ϕ0 is an unknown constant. The linear variation in phase is our first indication of
Fraunhofer-like behaviour.

Figure 6.2: A JJ with insulating barrier of length L, width W , and thickness t. Here, the
magnetic field is represented by H. Reproduced from [38] under Creative Commons

license.

If the current density J is constant, the first Josephson equation I = Ic sinϕ (Equation
1.24) holds within an interval dy:

dI = JW sinϕ(y)dy = JW sin (ky + ϕ0)dy (6.10)

Finally, integrating the above result over the junction barrier,

I = JWL
sin(πf)

πf
sinϕ0 = I0

sin(πf)

πf
sinϕ0 (6.11)
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To find the critical current, the maximum of the above expression with respect to the
superconducting phase difference ϕ0 is:

Ic = I0

∣∣∣∣sin (πf)

πf

∣∣∣∣ (6.12)

The Fraunhofer relation can also be understood in terms of a Fourier transform. The
derivation below is recreated from Reference [54]. If a current

I =

∫∫
Js(y, z)dydz (6.13)

flows through a JJ with an applied magnetic field Be = (0, By, 0), integration in the y-
direction gives

ic(z) =

∫ W/2

−W/2

Jc(y, z)dy. (6.14)

The current as a function of By is thus

I(By) =

∫ L/2

−L/2

ic(z) sin(kz + ϕ0)dz (6.15)

which can be written as a Fourier transform:

I(By) = F

{
eiϕ0

∫ ∞

−∞
ic(z)eikzdz

}
(6.16)

the magnitude of which gives the critical current:

Ic(By) =

∣∣∣∣∫ ∞

−∞
ic(z)eikzdz

∣∣∣∣ . (6.17)

6.2 Interpretation

Generally, the Fraunhofer diffraction pattern reflects the degree of supercurrent homo-
geneity. Qualitatively, it is an effective method to determine the quality of an SNS or SIS
interface; a high-quality, transparent conventional JJ should have a predictable Fraunhofer
pattern of the shape described above (or one involving some interference from multiple
JJs). Quantitatively, the supercurrent density may be extracted from critical current mea-
surements using the Fraunhofer-type relationship [59]. However, in cases where one or
more key transport parameters are inhomogeneous, anomalous Fraunhofer patterns may
arise. These unusual patterns provide insights into interesting quantum phenomena and
material properties.

82



6.2.1 Sources of Anomalous Fraunhofer Patterns

Models predict Fraunhofer patterns with non-zero minima in systems with non-uniform
magnetic susceptibility. For example, some rare earth metals such as holmium (Ho)
and erbium (Er) have inhomogeneous magnetic induction when used in superconductor-
ferromagnet-superconductor (SFS)-type JJs. This phenomenon is attributed to Ruderman-
Kittel-Kasuya-Yosida (RKKY) coupling a mechanism whereby nuclear magnetic moments
are coupled via conduction electrons being enhanced in the bulk relative to at edges, lead-
ing to increased local magnetic susceptibility [25].

One possible source of anomalous patterns is relevant to our devices: strong SOC has
been demonstrated to break some fundamental Fraunhofer pattern symmetries. Typically,
the critical current does not depend on the polarity of either the magnetic field or current;
changes to these factors will not impact the shape of the pattern. Formally [43],

I±c (Bz) = I±c (−Bz) (6.18)

I+c (Bz) = −I−c (Bz). (6.19)

However, there are numerous recent reports [13, 33, 43, 175] of systems with strong Rashba
SOC, Dresselhaus SOC, or both that break these symmetries, as has been previously theo-
rized [22, 129]. The currently accepted explanation for the anomalous pattern produced by
strong SOC is that the current-phase relation of ABSs at the interfaces take on a non-zero
phase shift, so I(−ϕ) ̸= −I(ϕ) [33].

In the case of InAs devices, models for the impact of SOC do not tend to be rigorous
enough to predict the shape of the diffraction pattern. A proposed theoretical model by
Bezuglyi et al. [22] explains the collective impact of SOC and Zeeman coupling on the
Josephson current. One takeaway from this model is that the effect of the SOC is likely
somewhat dependent on the magnetic field orientation. More recent work suggests that
the Fraunhofer pattern should remain symmetric irrespective of current polarity without
an in-plane magnetic field component [13]. This is taken to be true for the analysis of
simulated and experimental patterns in later sections of this chapter where only Bz is
present. Unfortunately, these predictions are imperfect; for example, the potentially drastic
impact of flux focusing and other microscopic properties such as disorder may “mask” any
effects resulting from SOC [147]. Further research in this area is needed if a predictive
model is the ultimate goal, especially as researchers continue investigating the complex
interplay between SOC and Zeeman coupling contributing to the formation of MBSs.
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6.2.2 In Pursuit of Majorana Bound States

Topological surface states are another one of the many explanations for anomalous Fraun-
hofer patterns. As a possible explanation for their asymmetrical observations, Fan et al.
[43] suggest the presence of topological behaviour. If there are different Josephson currents
on either side of the JJ due to the presence of topological surface states, this could break
these same mirror symmetries. Unfortunately, it is difficult to distinguish between these
possible causes, as topological asymmetry occurs in systems with strong SOC.

Similarly, Ghatak et al. [52] observed anomalous patterns in SIS-type JJs with inho-
mogeneous supercurrents on the topological insulator’s surface. Over the entire range of
gate voltages, the researchers found missing and suppressed Fraunhofer peaks not previ-
ously predicted, in addition to small periods (smaller-than-anticipated ∆Bavg). Originally,
anomalous periodicity in comparable JJs made from topological insulators was tentatively
hypothesized to be caused by Majorana bound states themselves [168]; however, Ghatak
et al. provide alternative explanations. Instead, they attribute the periodicity to a two-
dimensional superfluid in the aluminum electrodes in combination with the flux-focusing
effect: a distortion in the magnetic field near the superconducting electrodes. The missing
and suppressed maxima in the Fraunhofer pattern are theorized to result from inhomoge-
neous supercurrent distribution rather than non-sinusoidal current-phase relations caused
by MBSs.

Pribiag et al. [126] provide a more complete picture of the behaviour of two-dimensional
topological insulators compared to conventional SNS junctions. The researchers analyzed
the behaviour of InAs/GaSb devices and found that conventional SNS junctions produced
Fraunhofer-like results, incorporating a topological insulator that induced different results.
If the Fermi level is in the bulk bands, the behaviour is Fraunhofer-like. If it is in the topo-
logical gap and crosses the helical edge modes produced on the TI, the SQI measurement
produces a function more closely resembling that of a SQUID (see Figure 6.3). Finally, the
measurement more closely resembles the Fraunhofer pattern when the Fermi level enters
the valence band. This result clarifies the understanding of the tuning of bulk and edge-
mode superconductivity and provides more insight into how the Fraunhofer pattern can be
used to understand JJ behaviour. At the end of the paper, when faced with an interesting
2Φ0 periodicity over a specific gate range, the authors theorize it could be caused by MBSs
causing the fractional Josephson effect, where lone electrons rather than Cooper pairs tun-
nel across the junction. However, they acknowledge the need for future research in this
area and do not claim this phenomenon as a definite signature of topological behaviour.

These discussions echo many others in Majorana physics: How do we know if we have
found a MBS? So far, anomalous Fraunhofer patterns have not provided an answer to this
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Figure 6.3: Superconducting quantum interference (SQI) measurements where (a) the
Fermi level is in one of the bulk bands, (c) the Fermi level is in the topological gap, and
(e) the Fermi level is in the valence band. Reproduced from [126] with permission from

Springer Nature.

question and do not qualify as a Majorana signature. However, high-quality JJs are often a
necessary experimental step in research dedicated to finding MBSs. Given newer research
into SOC and its influence on Fraunhofer patterns and the predictability of these patterns
in more conventional systems, analysis of critical current and its magnetic field dependence
is a powerful experimental tool in this area.

6.3 Simulations

Analyzing critical current relationships may help determine the quality of the SNS devices
described in Chapter 5. The first step towards this goal is producing graphs representing
the expected Fraunhofer diffraction patterns from junctions of different sizes using Equation
6.5. However, several complex factors impact the effective normal area depending on the
superconductors used. Firstly, Equation 6.6 defines the length of a junction as

d = t+ λ1 + λ2 (6.20)
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where λ1,2 are the London penetration depths (how far the magnetic field penetrates the
superconductor) of the superconducting areas. This conventional definition can be simpli-
fied to d = L + 2λ for the symmetrical JJ pictured in Figs. 5.1 and 6.4. Assouline et al.
[11] propose what may be a more accurate definition for λ in the case of a perpendicular
magnetic field and a device with flux focusing, dubbed λz:

λz = λeff coth

(
d

λeff

)
(6.21)

where d is the superconducting layer thickness and

λeff = λL

√
1 +

ξ

l
(6.22)

where l is the mean free path of the superconducting layer and ξ, the coherence length of
the bulk superconductor, is [147]

ξ =
hνF
π∆

(6.23)

where the superconducting gap ∆Nb = 1.23 meV. For best accuracy, this value should be
the coherence length in the thin film limit [147],

ξthin = ξbulk
Tc,bulk
Tc,thin

. (6.24)

Relevant values for the Nb used in our system are summarized in Table 6.1. Note that the
mean free path of the superconducting layer is thickness-dependent; this value is for 80 nm
of Nb, as in our devices.

The same paper additionally accounts for flux focusing by introducing a Aeff term (see
Figure 6.4):

Ic(Bz) = I0

∣∣∣∣∣∣
sin
(

πBzAeff

Φ0

)
πBzAeff

Φ0

∣∣∣∣∣∣ (6.25)

where Aeff = A+ Afoc and

Afoc = 2

(
W

2
− λz

)2

. (6.26)

This formula is mathematically equivalent to the model devised by Gu et al. for niobium
electrodes [56] if L is taken to be the actual (not effective) junction length. Following
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Figure 6.4: The SNS device with a correction to the effective magnetic field, or effective
area of the normal region. The red dotted area represents the flux-focusing correction

proposed in Reference [11].

Reference [58], which studied diffusive Nb/n-InAs/Nb SNS junctions, the magnetic field
term Bapp is corrected to the effective field Beff ,

Beff = α

(
2W

L

) 2
3

Bapp (6.27)

where the prefactor α can be adjusted to produce a better fit; in the paper cited, they used
a value of α = 0.66. This model was used in this reference for devices with WNb = 12 µm
and L = 220 nm to 700 nm, nearly encompassing the range of our devices.

Simulations using Python (code included in Appendix A) were performed for junctions
with the dimensions fabricated in Chapter 5. To compare different methods to account
for flux focusing effects, three plots were generated for devices of each dimension: (1) with
d = L + 2λ; (2) with d = L + 2λz; and (3) with A = Aeff . For adjustment (3), α was
assumed to be 1. The period of each pattern under each set of adjustments, ∆B1−3, is
summarized in Table 6.2.

It is immediately apparent that the impact of the junction width is disproportionately
large for the adjustment methods in Equations 6.26 or 6.27. In the case of SNS-1 and

SNS-2, with W = 10 µm, the magnetic field enhancement γ = α
(
2W
L

)(2/3)
is 21.54 if

α = 1; this implies an enormous impact of flux focusing on the critical current. The effect
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Variable Definition Value used
λL London penetration depth of bulk superconductor 39 nm
l Mean free path of superconducting layer 9 nm
Tc Critical temperature of the superconductor 9 K
vF Fermi velocity 1.37 × 106 m/s
d Superconducting layer thickness 80 nm
λeff Effective penetration depth for electrodes 89 nm
ξ Coherence length of bulk superconductor 38 nm
λz Overall penetration depth (from flux focusing) 125 nm

Table 6.1: Constants used for Fraunhofer simulations. Values sourced from [124] (rows
1-4) or calculated (rows 5-8).

Device ∆B1 (mT) ∆B2 (mT) ∆B3 (mT)
SNS-1 & SNS-2

0.75 0.46 0.04
L = 200 nm, W = 10 µm

SNS-3 & SNS-4
3.48 1.87 0.50

L = 120 nm, W = 3 µm
SNS-5 & SNS-6

1.44 1.06 0.42
L = 400 nm, W = 3 µm

Table 6.2: Periodicity of the Fraunhofer pattern for each device geometry under each
adjustment; accurate to two decimal places.

appears more reasonable for devices with smaller widths. Of course, α need not be unity;
other studies using Nb and InAs devices [58, 108] use α ≈ 0.7 and find more well-matching
periodicities. For measurements on our devices, α must be determined experimentally.
Future research in this area will hopefully clarify the physical phenomena that impact the
magnitude of α.
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Figure 6.5: Simulation of the Fraunhofer diffraction pattern for SNS-1 and SNS-2 with
various adjustments: (1) with d = L+ 2λ; (2) with d = L+ 2λz; and (3) with A = Aeff .
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Figure 6.6: Simulation of the Fraunhofer diffraction pattern for SNS-3 and SNS-4 with
various adjustments: (1) with d = L+ 2λ; (2) with d = L+ 2λz; and (3) with A = Aeff .
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Figure 6.7: Simulation of the Fraunhofer diffraction pattern for SNS-5 and SNS-6 with
various adjustments: (1) with d = L+ 2λ; (2) with d = L+ 2λz; and (3) with A = Aeff .
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6.4 Measurements

Unfortunately, our ability to measure the critical current at such small magnetic fields is
severely limited by our equipment. The Nb3Sn magnet on the dilution refrigerator is too
noisy at B ≈ 0 to do detailed Fraunhofer experiments at the small fields required. On the
other hand, the superconductivity of our devices tends to be weaker on our cryostat (1.6
K) than on the much colder dilution refrigerator. Due to the much lower experimental time
overhead for the cryostat, we decided to begin there, attempting a measurement on SNS-1
(see Section 5.2). A coarse first sweep resulted in the plot in Figure 6.8. We did attempt a
finer sweep on this device and increased the range of Vsd to ensure we captured the entire
central antinode, but the device, unfortunately, did not recover its previous behaviour. The
quality of these experimental results can likely be improved by increasing the measurement
resolution and using a magnet and magnet power source with less noise near zero field.

Extracting quantitative data from Figure 6.8 is unrealistic, but some qualitative infor-
mation can be gained. The first is that there are approximately five or six nodes visible on
each side of the central antinode on this plot from B = −8 mT to B = 8 mT, which would
give a very rough periodicity of ∆Bavg = 1.5 mT. This number is drastically higher than
even the simulation that did not account for flux focusing (Curve 1), suggesting there is
some factor at play to decrease the effective magnetic field. This phenomenon is as of yet
unexplained but is likely just a result of the coarseness of our measurement. The calculated
critical current at zero field, I◦c , compares more favourably. If the central antinode is very
roughly extrapolated to reach its maximum at Vsd = 120 mV, this would correspond to
I◦c = 120mV/10kΩ = 12µA. This value is somewhat larger than I-V curves taken during
the same cool-down would seem to indicate (I◦c ≈ 6µA), but that can again presumably
be explained by the lack of precision of this particular Fraunhofer measurement run. Ulti-
mately, future work on this project should and will investigate this effect further. We plan
to attempt more detailed measurements of the upcoming generation of gated SNS devices,
incorporating the improvements to resolution and magnet choice as discussed.
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Figure 6.8: Measured dependence of Vsd versus Vac on magnetic field.
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Chapter 7

Outlook & Conclusion

7.1 Majorana Devices

All the work performed in the leadup to writing this thesis has one common goal: to de-
velop and improve the materials systems and devices that form integral parts of a future
Majorana device. Our proposed design for a first attempt at observing Majorana physics
is described in Section 1.5.4. One advantage of this device is its compatibility with the
topological gap protocol (TGP). The TGP is an experimental and statistical process devel-
oped by Microsoft Quantum to determine whether a ZBCP at the end of a 1D channel will
likely be in the topological phase. The first stage, where local conductance measurements
are performed at RF, finds where the ZBCPs are observed at both ends of the 1D channel
and groups these ZBCPs into regions of interest. The second stage involves calculating the
full conductance matrix:

G =

(
GRR GRL

GLR GLL

)
=

(
dIR/dVR dIR/dVL
dIL/dVR dIL/dVL

)
(7.1)

at DC frequencies, determining which regions of interest are likely caused by topological
phenomena.

The efficacy of this protocol is still a matter of some debate. Sergey Frolov and Vincent
Mourik, some of the earliest experimentalists researching MBSs and additionally notable
for their role in exposing fraudulent research practices in the field [50], expressed concern
about the original preprint article and also suggest that gap reopening and closing is
insufficient to prove the presence of MBSs [49]. Additionally, other leading researchers,
Richard Hess et al. [67], demonstrated that there are circumstances under which trivial
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phenomena may pass the TGP. I argue that this protocol must be applied more widely
and across a more extensive range of device types to determine its potential utility, and
our device design is a compatible candidate for this critical future work on reproducibility.

7.2 Other Applications

Though the possibility of a Majorana device is the driving force behind this project, the
research done along the way has other potential device applications. Field-effect tran-
sistors (FETs) have long been the basis of the semiconductor industry and rely on the
same physical principles as our top-gated 2DEG devices. The idea of using an InAs SNS
device to create a superconducting FET is not new [89]. However, at the time of these
innovations, the Fermi level pinning in InAs posed significant challenges to effective gating
[150], and metal-insulator-semiconductor field-effect transistors (MISFETs) and metal-
oxide-semiconductor field-effect transistors (MOSFETs) became the leading technologies
instead. More recently, now that researchers better understand the interplay between the
field and proximity effects [120], the possibility of Josephson junction (JJ)-FETs has come
back into focus [117]. Our devices, with their excellent interface transparencies, may be
ideal candidates for this application.

Braiding operations are also not the only way these devices may apply to quantum
computing. Those same JJ-FETs [117] or similar device architectures [27, 146] may be
useful as gatemon qubits, a variation of charge qubit that can be controlled by gates.
These technologies will likely be developed in tandem with topological quantum computing
applications and may find their own commercial use.

7.3 Conclusions

This thesis represents the most recent in a series of essential innovations in materials science
and device design on the path to topological quantum computing. Thorough assessments
of indium arsenide surface quantum well (SQW) wafer properties clarified the importance
of gate dielectric materials, interface properties, and surface morphology. 24 nm surface
quantum wells with high mobilities of approximately 1.2 × 104 cm2/Vs and 15 nm devices
with even higher mobilities up to 2.1×104 cm2/Vs were fabricated and analyzed, with both
series of devices exhibiting the quantum Hall effect and reliable I-V and gating character-
istics. The 24 nm quantum well devices were also found to have large spin-orbit coupling
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coefficients up to 124 meV·Å. These wafers are an excellent foundation for more complex
future steps.

In our proximitized superconducting superconductor-normal-superconductor (SNS) de-
vices, our group demonstrated – for the first time – that ex-situ deposited niobium can
be an equally effective parent superconductor as epitaxial aluminum, with interface trans-
parencies on par with the current state-of-the-art devices (between 78%-99.5%). These
six devices all conducted supercurrents, a testament to the reproducibility of our results,
and the smaller four have deep, well-defined superconducting gaps. Other figures of merit
for our devices are also much higher than all previously reported In(Ga)As SNS devices
using niobium. Early stages of measurements investigating the critical current dependence
on magnetic field are an exciting opportunity to probe the complicated relationships be-
tween the fundamental requirements for our proposed method of creating Majorana bound
states: superconductivity, spin-orbit coupling, and applied Zeeman fields. Right now, in
the nanofabrication facility, we are adding top gates to these same devices and developing
quantum point contacts (QPCs) to enrich our understanding of the superconducting prop-
erties at play. I anticipate that the work described in this thesis and our group’s future
research will accelerate the field’s progress toward its ultimate goals: braiding experiments,
topological qubits, and inherently fault-tolerant quantum computing.
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Appendix A

Code

A.1 Weak anti-localization fits

A.1.1 HLN model

from itertools import repeat

import math

import numpy as np

import matplotlib.pyplot as plt

from scipy.optimize import curve_fit

from scipy.special import psi

from matplotlib import rcParams

# Mathematical constants and terms

e = 1.60217663 * 10 **-19

pi = math.pi

hbar = 1.054571817 * 10 ** -34

h = 1.054571817 * 10 **-34 * 2 * pi

# HLN function

def hln(x, A, C):

return (2 * pi * h / e** 2) * (e** 2 / (2 * pi ** 2 * hbar)) * (psi(1/2 +

A/x + C/x) + 1/2 * psi(1/2 + A/

x + 2 * C/x) - 1/2 * psi(1/2 + A

/x) - np.log(A/x + C/x) - 1/2 *

np.log((A + 2 * C) / x) + 1/2 *

np.log(A/x))
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# To plot for both - and + B

def mirrored(x, A, C):

if x == 0:

return 0

if x < 0:

return hln(-x, A, C)

else:

return hln(x, A, C)

# Load data from a file (assuming two columns: x and y)

def load_data(file_name):

data = np.loadtxt(file_name)

x = data[:, 0]

y = data[:, 1]

return data , x, y

# Fit the data to the linear function

def fit_data_to_linear(x, y):

popt , pcov = curve_fit(hln , x, y, p0 = [10 ** -10 , 10 ** -5], maxfev =

5000)

return popt

# For mT

def scale(x):

return x*1000

# Formatting stuff

SMALL_SIZE = 8

MEDIUM_SIZE = 10

BIGGER_SIZE = 20

rcParams[’font.weight ’] = ’bold’

# Plot the original data and the fitted line

def plot_data_and_fit(x, y, A, C):

plt.scatter(list (map (scale , x)), y, color=’orange ’, linewidth = 5)

plt.plot(list (map (scale , x)), list (map (mirrored , x, repeat(A),

repeat(C))), color=’black’,

linewidth = 5)

plt.xlabel(’B (mT)’, size = BIGGER_SIZE)

plt.ylabel(u’Delta*sigma*(e^2/2*pi*h)’, size = BIGGER_SIZE)

plt.locator_params(axis = ’y’, nbins = 3)

plt.locator_params(axis = ’x’, nbins = 3)

plt.tick_params(axis = ’both’, which = ’major’, labelsize = 20)

plt.show()
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# Main function

def main():

file_name = input("Enter the name of the file containing the data: ")

pairs , x, y = load_data(file_name)

pos = pairs[pairs[:, 0] > 0]

A, C = fit_data_to_linear(pos[:, 0], pos[:, 1])

print("Fitted parameters:", A, C)

plot_data_and_fit(x, y, A, C)

if __name__ == "__main__":

main()

A.1.2 ILP model

from itertools import repeat

import math

import numpy as np

import matplotlib.pyplot as plt

from scipy.optimize import curve_fit

from scipy.special import psi

from matplotlib import rcParams

# Mathematical constants and terms

e = 1.60217663 * 10 **-19

pi = math.pi

hbar = 1.054571817 * 10 ** -34

h = hbar * 2 * pi

coeff = (e** 2 / (2 * pi **2 * hbar))

C = np.euler_gamma

# ILP function

def ilp(x, A, D):

def a(n):

return n + 1/2 + A/x + D/x

def S(b):

return ((8) / (np.sqrt(7 + 16 * b)) * (np.arctan ((np.sqrt(7 + 16

* b)) / (1 - 2 * b)) - pi *

np.heaviside(1 - 2 * b, 0.5)

))

def sum(x, n_max):

result = 0
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for n in range(1, n_max + 1):

result += 3 / n - ((3 * a(n) ** 2 + 2 * a(n) * (D / x) - 1 -

2 * (2 * n + 1) * (D / x

)) / ((a(n) + (D / x)) *

a(n - 1) * a(n + 1) - 2

* (D / x) * ((2 * n + 1

) * a(n) - 1)))

return result

return ((2 * pi * h / e** 2) * coeff / 2 * (sum(x, 10000) - 1 / a(0) -

(2 * a(0) + 1 + (D/x)) / (a(1)

* (a(0) + (D/x)) - 2 * (D/x)) -

2 * np.log(A/x + D/x) - np.log(A

/x + 2 * D/x) - 3 * C - S(A/D) -

(psi(1/2 + A/x) - np.log(A/x)))

)

# To plot for both - and + B

def mirrored(x, A, C):

if x == 0:

return 0

if x < 0:

return ilp(-x, A, C)

else:

return ilp(x, A, C)

# Load data from a file (assuming two columns: x and y)

def load_data(file_name):

data = np.loadtxt(file_name)

x = data[:, 0]

y = data[:, 1]

return data , x, y

# Fit the data to the linear function

def fit_data_to_linear(x, y):

popt , pcov = curve_fit(ilp , x, y, p0 = [0.0001 , 0.001], maxfev = 5000

)

return popt

# For mT

def scale(x):

return x * 1000

# Formatting stuff

SMALL_SIZE = 8
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MEDIUM_SIZE = 10

BIGGER_SIZE = 20

rcParams[’font.weight ’] = ’bold’

# Plot the original data and the fitted line

def plot_data_and_fit(x, y, A, C):

plt.scatter(list(map(scale , x)), y, color=’darkorange ’, linewidth = 5

)

plt.plot(list(map(scale , x)), list(map(mirrored , x, repeat(A), repeat

(C))), color=’black ’, linewidth

= 5)

plt.xlabel(’B (mT)’, size = BIGGER_SIZE)

plt.ylabel(u’Delta*sigma(e^2/2*pi*h)’, size = BIGGER_SIZE)

plt.locator_params(axis = ’y’, nbins = 3)

plt.locator_params(axis = ’x’, nbins = 3)

plt.tick_params(axis = ’both’, which = ’major’, labelsize = 20)

plt.show()

# Main function

def main():

file_name = input("Enter the name of the file containing the data: ")

pairs , x, y = load_data(file_name)

pos = pairs[pairs[:, 0] > 0]

A, C = fit_data_to_linear(pos[:, 0], pos[:, 1])

print("Fitted parameters:", A, C)

plot_data_and_fit(x, y, A, C)

if __name__ == "__main__":

main()
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A.2 Fraunhofer simulations

import matplotlib.pyplot as plt

import numpy as np

import math

# Define variables , depending on device geometry

L = 400*10 **(-9)

W = 3*10 **(-6)

# Constants for 80 nm Nb

phi = 2.067833848*10 ** (-15)

lam = 39*10 ** (-9)

z = 125*10 **(-9)

Afoc = 2*(W/2-z)** 2

# Effective junction lengths

d1 = L + 2*lam

d2 = L + 2*z

d3 = L

# Effective junction areas

A1 = W*d1

A2 = W*d2

A3 = W*d3 + Afoc

# Fraunhofer with d = L + 2lambda

def plot1(x):

return abs((math.sin(math.pi*x*A1/phi))/((math.pi*x*A1)/phi))

plot1vec = np.vectorize(plot1)

# Fraunhofer with d = L + 2lambda_z

def plot2(x):

return abs((math.sin(math.pi*x*A2/phi))/((math.pi*x*A2)/phi))

plot2vec = np.vectorize(plot2)

# Fraunhofer with Afoc

def plot3(x):

return abs((math.sin(math.pi*x*A3/phi))/((math.pi*x*A3)/phi))

plot3vec = np.vectorize(plot3)

# Generating x values

x = np.linspace(-0.03, 0.05, 10000)

# Calculate y-values for all functions
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y1 = plot1vec(x)

y2 = plot2vec(x)

y3 = plot3vec(x)

# Plot all on the same graph

fig , ax = plt.subplots ()

ax.plot(x*1000 , y1 , color="red", label="(1)")

ax.plot(x*1000 , y2 , color="blue", label="(2)")

ax.plot(x*1000 , y3 , color="green", label="(3)")

ax.set_title(’Simulated Fraunhofer plots for SNS -5 and SNS -6’) # Change

this depending on device geometry

ax.set_xlabel(’$B_z$ (mT)’)

ax.set_ylabel(’$I_c/I_c^0$’)
ax.set_ylim(0, 1)

ax.set_xlim(-8, 8)

leg = ax.legend(loc=1)

plt.show()
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