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SUMMARY

Gate-defined quantum dots (QDs) in a two-dimensional electron gas can serve as ver-
satile building blocks in solid-state research. The richness of emergent phenomena in
multi-dot systems is closely linked to the available dot-dot interactions. Induced super-
conductivity can lead to the formation of Andreev bound states (ABS), which, in turn,
can mediate superconducting pairing between QDs. This interaction, combined with
electron exchange, results in the formation of zero-energy delocalized states in the sim-
plest possible Kitaev chain setup - two quantum dots. These states are predicted to ex-
hibit properties of Majorana zero modes, including non-trivial fusion rules and exchange
statistics. Verifying these properties would advance our understanding of hybrid meso-
scopic systems, improve theoretical models, and refine experimental techniques. How-
ever, before such advanced experiments can be performed, we need to reliably create,
tune, and characterize the simplest artificial Kitaev chains.

In this thesis, we focus on experiments involving two quantum dots coupled via an
Andreev bound state, and we explore the quantum states arising in this system. The de-
vices are fabricated on a two-dimensional electron gas using electron-beam lithography,
wet and dry etching methods, and conventional thin-film deposition techniques. Due to
the complexity of the device layout, a multi-layer approach is employed. To gain addi-
tional insight into device properties and to pave the way for fast, parity-preserving mea-
surements, we employ radio-frequency (RF) measurement techniques alongside con-
ventional DC conductance characterization.

In the first experiment presented in this thesis, we focus exclusively on tuning the
interactions between two quantum dots, without considering the combined quantum
state of the system. We demonstrate that it is possible to mediate and control Cooper
pair splitting and elastic co-tunneling using a planar Josephson junction as a mediator.

Expanding on this idea, we adjust the geometry of the junction and demonstrate
tunable coupling between quantum dots separated by 1pm. We show that the system
can be tuned to a poor man’s Majorana sweet spot with both gate voltage and magnetic
flux, which we confirm using DC and RF spectroscopic measurements.

In the final experiment, we study how a similar system behaves when isolated from
the normal leads. To track the device state in the absence of tunnel probes, we use a less
invasive, parity-preserving method of RF gate reflectometry. Interactions between the
dots, as well as between the dots and Andreev bound states (ABS), are clearly resolved.
Moreover, we show that this method is sensitive to the device parity, although it cannot
yet be used to resolve it due to low sensitivity and a fast poisoning rate.

This thesis concludes with a discussion of the results. I also touch upon potential fu-
ture experiments that expand on the developed designs and methods, as well as possible
fabrication and material improvements.

vii






SAMENVATTING

Gate-gedefinieerde kwantumdots (QD’s) in een tweedimensionaal elektrongas kunnen
dienen als veelzijdige bouwstenen in het vastestoffysica onderzoek. De rijkdom aan op-
komende verschijnselen in multi-dot systemen is nauw verbonden met de beschikbare
interacties tussen de dots. Geinduceerde supergeleiding kan leiden tot de vorming van
Andreev gebonden toestanden (ABS), die op hun beurt supergeleidende paarvorming
tussen QD’s kunnen bemiddelen. Deze interactie, gecombineerd met elektronische uit-
wisseling, resulteert in de vorming van nul-energie gedegeerd toe-standen in de een-
voudigst mogelijke Kitaev-ketenopstelling: twee kwantumdots. Er wordt voorspeld dat
deze toestanden eigenschappen vertonen van Majorana nul-modi, inclusief niet-triviale
fusie regels en uitwisselingsstatistieken. Het verifiéren van deze eigenschappen zou ons
begrip van hybride mesoscopische systemen bevorderen, theoretische modellen verbe-
teren en experimentele technieken verfijnen. Echter, voordat dergelijke geavanceerde
experimenten kunnen worden uitgevoerd, moeten we op betrouwbare wijze de eenvou-
digste kunstmatige Kitaev-ketens creéren, afstemmen en karakteriseren.

In dit proefschrift richten we ons op experimenten met twee kwantumdots gekop-
peld via een Andreev gebonden toestand, en verkennen we de kwantumtoestanden die
in dit systeem ontstaan. De apparaten worden vervaardigd op een tweedimensionaal
elektrongas met behulp van elektronenbundel-lithografie, natte en droge etsmethoden
en conventionele dunne-film deposities. Vanwege de complexiteit van het apparaat-
schema wordt een multi-laagbenadering toegepast. Om meer inzicht te krijgen in de
apparaat-eigenschappen en de weg vrij te maken voor snelle, pariteit-behoudende me-
tingen, maken we gebruik van radiofrequentie (RF) meettechnieken naast conventionele
DC-geleidingskarakterisering.

In het eerste experiment dat in dit proefschrift wordt gepresenteerd, richten we ons
uitsluitend op het afstemmen van de interacties tussen twee kwantumdots, zonder de
gecombineerde kwantumtoestand van het systeem te beschouwen. We demonstreren
dat het mogelijk is om Cooper-paar splitting en elastisch co-tunnelen te bemiddelen en
te controleren met behulp van een platte Josephson-junctie als bemiddelaar.

Door dit idee uit te breiden, passen we de geometrie van de junctie aan en demon-
streren we afstelbare koppeling tussen kwantumdots die gescheiden zijn door 1pm. We
laten zien dat het systeem kan worden afgestemd op een arme-man’s Majorana sweet
spot met zowel poortspanning als magnetische flux, wat we bevestigen met DC- en RF-
spectroscopiemetingen.

In het laatste experiment bestuderen we hoe een vergelijkbaar systeem zich gedraagt
wanneer het is geisoleerd van de normale leads. Om de apparaattoestand bij afwezig-
heid van tunnelprobes te volgen, maken we gebruik van een minder invasieve, pariteit-
behoudende methode van RF-poortreflectometrie. Interacties tussen de dots, evenals
tussen de dots en Andreev gebonden toestanden (ABS), worden duidelijk opgelost. Bo-
vendien tonen we aan dat deze methode gevoelig is voor de apparaatpariteit, hoewel

ix



X SAMENVATTING

het nog niet mogelijk is om deze op te lossen vanwege de lage gevoeligheid en de snelle
vergiftigingsgraad.

Dit proefschrift wordt afgesloten met een bespreking van de resultaten. Ik behandel
ook mogelijke toekomstige experimenten die voortbouwen op de ontwikkelde ontwer-
pen en methoden, evenals mogelijke verbeteringen in fabricage en materiaal.



INTRODUCTION

In any work there is room for creativity

Sergei Dovlatov

Recent advancements in chemistry, materials science, engineering, and nanofabri-
cation have enabled an unprecedented level of control over material parameters. The
ability to manufacture pure crystalline semiconductors with controlled heterogeneous
composition has allowed us to exploit the physical laws governing the behavior of solid-
state systems. We can create structures exhibiting properties of reduced dimensions,
such as two-dimensional electron gases, one-dimensional nanowires and carbon nan-
otubes, as well as zero-dimensional quantum dots. Moreover, it is possible to combine
the properties of different materials, such as creating superconducting correlations in a
semiconducting material.

At the same time, the art of isolating quantum systems from the environment, such
as the invention and spread of dilution refrigerators for the solid-state applications, made
it possible to coherently manipulate quantum states. In particular, one can achieve a
high degree of control over quantum dots (QD), which can behave as artificial atoms. It
is truly remarkable that such complex objects, consisting of multiple compounds and
countless atoms, can be effectively described by a Hamiltonian with only a few terms.
QDs in solid-state systems have recently received a great deal of attention in the context
of quantum information processing][1].

We can, however, view these objects from a different perspective. By assembling mul-
tiple quantum dots and enabling them to interact, we can create an effective 1D or 2D
"material" made of artificial atoms|2, 3, 4]. Depending on the available on-site terms
and interactions, the resulting properties can vary greatly and may be controllable. We
can take inspiration from superconducting circuits, which have been successfully used
to create useful nonlinear metamaterials, such as Josephson amplifiers[5].



2 1. INTRODUCTION

One of the artificial compounds interesting to modern condensed matter physics is
the p—wave, also called a topological superconductor. In low dimensions (1D and 2D),
it is predicted to host Majorana quasiparticles with unique physical properties, includ-
ing nontrivial exchange statistics[6]. Initially proposed as a one-dimensional chain|[7],
the possibility of creating it in a bulk heterostructure was subsequently introduced|8,
9]. Despite significant experimental efforts, the approach turned out to be futile. Per-
haps we have not yet reached the required levels of material purity[10]. However, an
alternative approach exists: creating a Kitaev chain using an array of quantum dots with
superconducting pairing terms between them[11]. In a way, we have come full circle
back to the original proposal. Moreover, even a Kitaev chain of two quantum dots, also
known as a Poor Man’s Majorana (PMM), exhibits non-trivial properties[12]. Creating a
system with controlled superconducting pairing between QDs can also lead to new de-
velopments, such as fermionic simulations[13], hybrid qubits[14], spin-qubit gates[15],
and other applications of new Hamiltonian terms.

Although there’s no advantage in simulating a two-site Hamiltonian using real quan-
tum dots, the simple system can be used as a performance benchmark, since the desired
behavior is well known. We can then expand on it to construct a more complex system.
Of course, the model used is only a crude approximation, and one of the research ques-
tions that needs to be addressed is how accurate this approximation is and which aspects
of the real system are detrimental and break the simple model. This, in turn, promotes
further development of theoretical models to incorporate additional terms and adjust
predictions. In this way, experiment and theory progress hand in hand, with advance-
ments in one field driving developments in the other. Over time, the approach of using
PMMs may indeed be seen as naive, given the inherent effects of real systems that are
often overlooked in simplified models. However, it is this very uncertainty that makes
the research both challenging and deeply rewarding.

The research presented in this thesis explores the control of superconducting pairing
between two QDs and the potential of creating and controlling a two-site Kitaev chain.
We begin with Chapter 2, which outlines the basic theory used to describe quantum
dots (QDs) and their interaction mediated by an Andreev bound state in the proximi-
tized superconducting region. We will describe the electron transfer processes occur-
ring between a pair of QDs - elastic co-tunneling and crossed Andreev reflection. We
then discuss how the system behaves as the interaction increases and superconducting
correlations in the quantum dots must also be considered. Chapter 3 provides details
about the fabrication process, including newly developed designs and methods. In this
chapter, we also present several experiments that were not the primary focus of the main
thesis topic and, therefore, have not been accounted for in separate chapters. Neverthe-
less, these experiments were an integral part of the research and clearly demonstrate the
measurement and fabrication techniques, such as radio-frequency gate reflectometry
and multilayer gate design, used elsewhere in the thesis. Chapters 4 and 5 explore the
possibility of using phase-tunable Andreev bound states to mediate inter-dot interac-
tions. We first examine a weak coupling regime and characterize the interaction strength
through electrical current measurements, while the subsequent chapter focuses on the
strong interaction regime and spectroscopic measurements. Another important differ-
ence between these two experiments is the device design, which has a significant impact



on the degree of control. In Chapter 6, we turn to exploring less invasive methods for
probing the PMM device state. Using RF gate reflectometry, we observe the effects of
system parity switching. We conclude the thesis with the outlook, which includes sug-
gestions for future experiments and fabrication improvements.

All analysis code used to generate the figures is available, along with the raw experi-
mental data, in the 4TU.ResearchData repository[16].






THEORY

Theory will take you only so far.

J. Robert Oppenheimer

In this chapter, we present some theoretical models of the systems implemented experi-
mentally in the following chapters. We start with the elementary building blocks, such as
Andreev bound states and quantum dots, and then show how they can be combined into
a two-site artificial Kitaev chain.
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To obtain theoretical models, we will use a series of approximations. It is important to
keep track of them, as the underlying details can be crucial for specific aspects of the
system under consideration.

Working with semiconducting materials, we are going to sweep under the rug all the
complexity of the band structure, the potential of the crystal lattice, and work with effec-
tive "electrons”, obeying the Schrédinger equation of a free particle with the modified
effective mass, effective Landé g-factor and a Rashba spin-orbit interaction[17, 18]. Fur-
thermore, by confining electrons in a heterostructure, we will factor out motion in the
z-direction (out-of-plane), thus:

n? 1
HY =EVY, H:——2 *Ax,y+U(x,y)+zngJ‘B+a[crxky—oykx) 2.1
m

In the following step, we abandon the description of the system using propagating par-
ticles altogether and focus on the confined states, describing quantum dots (QD)[19, 20]
and Andreev bound states. As such, it will be enough to consider electron creation and
annihilation operators é);, ¢, for the specific quantum levels.

The details we have omitted can become important in many practical aspects. Specifics
of the semiconducting heterostructure affect the effective Hamiltonian parameters, and
the atomic composition can have detrimental effects on the spin decoherence. One
must also consider that the confinement in the z-direction affects the electron mobil-
ity (hence the mean free path), and the details of electron motion in all directions are
relevant in the context of induced superconductivity[21, 22, 23]. Finally, when focus-
ing on the bound states, the exact wavefunction configuration is relevant, among other
aspects, for the tunneling amplitudes.

2.1. ANDREEV BOUND STATES

To start our discussion on Andreev bound states, we consider a superconducting An-
derson impurity model — a QD coupled to a superconducting lead[24, 25], as schemati-
cally represented in Fig. 2.1. The system’s Hamiltonian consists of three parts - the one
describing the QD, the superconductor, and finally, the interaction term. We will use
zero-bandwidth approximation, such that the entire superconductor is represented by a
single particle at the gap edge:

H=Hqp+Hs+Hr, Hs=Adld|+hc, Hr=) tdic, (2.2)
ag

To write down the Hpp Hamiltonian, we will consider the total energy of the dot[20]
with N electrons as a reference point and focus on filling the next available orbital:

U s X
E(N) = > (N-ng)"+ ) &u(B) = Ey, (2.3)
n=1
E(N+1)=E0+U(%+[N—ng])+fl, (2.4)

E(N+2)=Ey+U(2+2[N—-ng|)+& +¢&y, (2.5)
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CnoCd

sC —{- ap QD

Figure 2.1: Schematic representation of a quantum dot, connected to either a single (a) or a pair (b) of super-
conducting electrodes. The chemical potential on the QD can be tuned with the gate V. The normal lead is
biased with the voltage V}y, and under certain conditions to be discussed in this chapter, a current can flow.

where nyg is a so-called "gate-charge" induced by the voltages on all the capacitors con-
nected to the quantum dot, end ¢ contains Zeeman E, and orbital € energy. Finally, we
shift the energy reference and define p(Vy) = U ( % + N — ng) +¢, such that the QD Hamil-
tonian is

Hop=n|(u—Ez)+n (u+Ez)+Unny,  ng=clhes (2.6)

The problem defined by eqgs. 2.2,2.6 can be solved using numerical diagonalization
considering 2* = 16 dimensional Fock space. We will return to that shortly, but for now,
we will make another approximation to obtain a better understanding of the ABS ground
state and excitations. The atomic model assumes A — inf, under which superconducting
pairing term appears in the quantum dot Hamiltonian:

HA:HQD+FSCI’C;+h.c., 2.7)

where I's represents effective superconducting pairing.
This model can be easily solved, obtaining four energy eigenstates, two of each are
even parity singlets |S.) = #|0) £ v|| 1), and two are odd parity doublets |g):

U
E=u-Ez, Ej=pu+Eyz, Esi=f+\/(2+T% p=p+ (2.8)

while the BCS coherence factors are defined as:

uz,vzzé(liﬂ/\/ﬂ2+l“§) 2.9)

We can now introduce Bogolyubov creation and annihilation operators (CAPs). We limit
ourselves to the case of small charging and Zeeman energy, such that the ground state is
always a singlet: |GS) = |S_). New operator y will define transitions to the excited states:
}/Tg |GS) = |o). Moreover, the ground state is a vacuum of those Bogolyubov quasiparti-
cles: v45|GS) = 0. We can express y in terms of electron CAPs and vice-versa:

}ﬂ[ = ucIr +vey, y}L = uc; —vc, Y|=uc + vc}r, Y1 =ucy— chr (2.10)
T T t— T — t — t
C = Uy = VY, G =uUy tUY|, €=Uy VY, C=uyptuy, (2.11)
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When deriving relations above, one has to keep track of signs arising due to the fermionic
anti-commutation relationship. The operator decomposition is useful when considering
electron transport between the ABS and a normal lead or another quantum dot. As an
example, a normal lead can either absorb an electron, described by the term c;rvy o Co» OF

emit an electron cy c:r,.

We can now consider the transport between a normal lead and an ABS. For that pur-
pose, it is convenient to use the semiconducting picture[24, 26, 27], in which we arti-
ficially double the degrees of freedom by introducing the negative energy excitations.
We will omit here the derivations of the particle-hole symmetric Hamiltonian and re-
fer to[26, 27]. The negative energy excitations are filled in the ground state, while the
positive ones are empty.

a s =wylis) =1l cill)=uy,1L)=1S) c
E1-Es Cou fs=1 U=02 E;=0.4
E¢—E5
.................... 44
‘r«vz
%]
Hn 2 04
W
_4_
b T T T
ctisy=uylis)=11) ctily=vy,1L)=15) 1.04 1.0
2
ET_ES us —»
Hn [ u? 0.5 0.5
‘ E.—Es
""""""""" o 0.0 : +o.0
,‘L“V -5 0 5
u

Figure 2.2: Transport between an ABS and a normal lead. For positive bias (a), two electrons per transport
cycle flow into the lead, first exciting the ABS and then relaxing it. For the negative bias (b), the direction of
the current is inversed. In (c), we plot ABS energy dependence, as well as the coherence factor magnitudes as
a function of the ABS chemical potential.

First, we consider the case of a positive bias in the normal lead, Fig. 2.2(a), corre-
sponding to the negative chemical potential ;1 < 0. We introduce a small Zeeman term
in order to highlight the spin degree of freedom. Once the chemical potential aligns
with the filled negative energy ABS, a spin-up electron can be transferred to the lead (or,
equivalently, a spin-down hole is transferred to the ABS). The ABS is now in the excited
state with higher energy, but the electron entering the lead at negative chemical poten-
tial allows to fulfill the energy conservation condition: (E| — Es) +uy < 0. The rate of this
process is proportional to the probability v? of finding an electron pair in the singlet[28].
To complete the transport cycle, the ABS has to relax to the singlet ground state. In prin-
ciple, this can be done by either emitting an electron or a hole (absorbing an electron).
The latter is not possible, however, as absorbing an electron would require a net energy
gain: (Es— E|) — un > 0. Another way of looking into this is that in the semiconducting
picture, the ABS cannot emit a hole at negative energy as hole states in the lead are occu-
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pied down to uy. We note here that if the second lead is available, such as for non-local
spectroscopy discussed in Ch. 4, it can absorb a hole, resulting in non-local transport.
Here, however, the only possibility is emitting an electron, which happens with the rate
proportional to u?. Overall, we have transferred two electrons into the normal lead, cor-
responding to one Cooper pair, with a total rate proportional to the product u?v?.

The case of the negative bias can be considered in the same way, Fig. 2.2(b). Interest-
ingly, the overall rate once again scales as u> v2>. More elaborate configurations, including
using quantum dots as spectroscopy probes, can be understood in the same framework.

Now we proceed with expanding the ABS model. Using the same atomic limit, it is
straightforward to expand it to accommodate for the two superconducting leads with a
phase difference of ¢ between them[29, 30]. For that we will replace I's in eq. 2.7 with
I'y + I',e'®. Solving this model, we observe typical for a Josephson junction 27-periodic
modulation of energy with phase, see Fig. 2.3. Moreover, the BCS coherence factors u
and v also show a strong phase modulation, which is particularly important when con-
sidering non-local transport processes.

r=1r=08 U=00 u=0.5 E;=0.1

24 1.0
" M
2 04 0.5
w
24 0.0
2 T T T T T T T T T T
-2 -1 o0 1 2 -2 -1 0 1 2
¢lnl olnl

Figure 2.3: Energy spectrum and coherence factors as a function of phase difference ¢ between two supercon-
ductors, solved for the proximitized quantum dot in the atomic limit.

Model simplification by assuming an infinitely large superconducting gap comes at
a price. One of the shortcomings is the unphysical growth of the ABS energy at a large
amplitude of chemical potential, which can be seen in Fig. 2.2(c). In a realistic scenario,
one should always be able to excite a system as soon as the energy is above the gap A.

s=05 U=0.1 Ez=0.1 rs=02 U=0.9 E;=0.0 rs=05 U=0.0 E;=0.8
---------- - -2 -2 -2
\ P | = | =
t -1 Q Ly | @ Feol | @
=. < ! 'g ) 'S
= ——=F0 e Fo = o
T T T T T T
-3 0 3 -3 0 3 -3 0 3
H H H

Figure 2.4: Energy spectrum for the zero-bandwidth, finite A model, computed for several parameter values.
Increasing charging energy U or Zeeman term E 7 leads to the singlet ||) being a possible ground state.

Relaxing the atomic limit condition while still being in the framework of the zero-
bandwidth approximation, we go back to the Hamiltonian eq. 2.2 and compute the spec-
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trum varying model parameters, Fig. 2.4. Notably, we have restored energy limitation.
We also demonstrate two ways in which the system can have a singlet ground state - by
either increasing the charging energy or by increasing the Zeeman field. Though the ABS
ground state transition is not extensively discussed in this thesis, we will encounter such
behavior in the charge sensing experiment in Ch. 6.

2.2. ECT AND CAR

We now focus on the second-order electron transport processes, which can be mediated
by an Andreev bound state. We utilize a recently developed theoretical framework[31] to
describe elastic co-tunneling (ECT) and crossed Andreev reflection (CAR) between two
quantum dots. Here, for simplicity, we assume no Zeeman splitting and no spin-orbit
interaction, which can be included in a similar manner[31, 32].

QD —|]]—ABS—|]]— ap — }

@56@5

Figure 2.5: Schematic of a non-local transport experiment, measuring elastic co-tunneling and crossed An-
dreev reflection between a pair of quantum dots, coupled via an Andreev bound state.

Considering initial |i), final | ), and intermediate |m) states, the relevant rate under
the perturbation V can be found using the Fermi’s Golden rule:

o Z (fIVIm)(mIV1iy|*

S(Ei—Ef), V=Yd co+cldy (2.12)
E;—E,, .« 0,i

a,i

where we have included in the perturbation all possible single electron transport pro-
cesses, with d ; being the creation operator for the electron on the dot i with spin .
Letus ﬁrst c0n51der the ECT process, Fig. 2.6(a). As the energy of the initial and final
states have to be the same and the ABS is restored to the ground state, the dot energy
levels have to be aligned. There are two potential intermediate states: the ABS can ei-
ther first donate an electron to the second dot while being excited df’z c)=- vdf,zy}r; or

the ABS accepts an electron from the first dot cId 1= uy]Ld |,1- Interestingly, the two
paths interfere destructively (to keep track of signs one has to consider fermionic anti-
commutation relationships). The CAR process can be considered in a similar fashion,
Fig. 2.6(b), with the dot energy levels anti-aligned due to the energy conservation con-
straint. The resulting process rates depend on the BCS coherence factors and the ABS
energy Eaps = E; — Es as:

2
u?—1? 271 | 2uv |?

’ CAR:?

Weer = — (2.13)

n

Engs Engs
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Figure 2.6: Second-order transport cycles for the ECT and CAR processes, considering two potential interme-
diate states. Arrows indicate matrix elements of the perturbation.

In the previous section, we have seen that the ABS parameters can be controlled with
either chemical potential or phase difference in the case of the two superconducting
contacts. As such, we can obtain control over the ECT and CAR magnitude, varying ex-
perimentally accessible parameters. Using the atomic limit of the ABS, we plot the re-
sulting magnitudes in Fig. 2.7. ECT reaches a minimum at zero chemical potential when
u = v and a maximum at 7 phase difference. For the CAR, the behavior is inverted. In
general, the CAR is maximized when the singlet ground state is the mixture of |0) and
[ 1), corresponding to the strong superconducting correlations. ECT is maximized when
the ground state is quantum dot-like - either fully occupied or fully empty.

a s=1 U=02 E;=0.0 b rn=05rn=040=00pu=05E=00

N n
—3- N I

5 I A

—— CAR 2, I i

© 2 1 ‘\ 1 \\

—_——— = ! !
ECT =1 FE F
s ®, u A}
o= — —

Figure 2.7: ECT and CAR magnitudes as a function of the ABS chemical potential u and the phase difference ¢.

2.3. POOR MAN’S MAJORANA

The effective ECT and CAR interactions between quantum dots can be used to imple-
ment an artificial Kitaev chain, hosting Majorana quasiparticles at both ends[7, 11, 12].
Crucially, it requires one to tune the relative strengths of the interactions, and as we have
seen, it should be possible by varying the ABS parameters.

The description of the ECT and CAR as second-order tunneling processes, presented
above, is useful for understanding the underlying dependencies on the ABS parame-
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ters. However, if we want to explore quantum states delocalized between two quantum
dots, the effective interaction has to be increased. The consequence is that we should
no longer consider the ABS and the quantum dots as isolated systems but instead study
the hybridization between all elements. To represent two quantum dots we will use al-
ready defined in eq. 2.6 Hamiltonian Hgp, and for the ABS, we assume zero-bandwidth
atomic-limit model with zero charging energy and a reduced Zeeman term, being a rea-
sonable approximation considering strong proximity to a superconducting lead. Denot-
ing QD fermionic CAPs with d; ; and ABS with ¢, the effective Hamiltonian takes the
form([33, 34]:

Hpyyv = Hop,1 + Hop2 + Haps + Z ti (d;l.cg +h.C) + Z ts0,i (d;l.cti +h.C) ,  (2.14)
i,o i,o

Hop,i =ny,;i (ui—Ez)+myi (ui + Ez) +Unying, ngi=d

’ o,i

Co.i (2.15)
Hups = ny,s (s — Ezs) + ny,s (ps+Ez,3)+AcIc}L+h.c., Ngs=Chco (2.16)

where we have included spin-flipping coupling terms, accounting for the spin-orbit in-
teraction.

First, we focus on a single QD interacting with the ABS. This resembles the descrip-
tion of an ABS in the zero-bandwidth, finite A model, see Fig. 2.8(c) for the energy spec-
trum as a function of the QD chemical potential. As such, we expect that the quantum
dot singlet even ground state is a superposition |S) = u; |0) — v; |} 1). One important con-
sequence is that the transport cycle between such proximitized QD and a normal lead
is possible at voltage biases below the gap energy[35, 36] (but above the singlet-doublet
energy difference) in a similar manner to how we have considered transport between an
ABS and a normal lead. Moreover, the transport is also possible when probing the ABS
at zero bias at the points of the system even—odd degeneracy (E,;4 = Eepen)- It can also
be seen from the fact that at those points, the matrix elements of the ABS electron CAPs
are not zero: {e|cs|0) #0, (elcf,lo) #0.

The ABS-QD hybridization can be observed when considering the charge stability
diagram (CSD), obtained varying both chemical potentials u; and p;, see Fig. 2.8, where
we can observe the characteristic S-shape bending of the even-odd degeneracy line[34].

-2 0 2 0.0 0.2
@  Eodd — Eeven o — b G11[Gol i Cc Hs=0.5

4 44
0.5
10 5 0 2 0.0 5
3 3 u
--0.5
-4 —4 -
T T T T T T
-10 -3 4 -10 -3 4 -10 -3 4
H1 M1 H1

Figure 2.8: Numerical simulations of the QD coupled to the ABS. Energies are in units of A. (a): Energy differ-
ence between lowest even and odd eigenstates. (b): Zero-bias conductance, measured from the normal lead
connected to the QD. (c): Energy spectrum as a function of the QD detuning, corresponding to the bias spec-
troscopy of the QD.
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Next, we bring the second dot back into the picture. We will look for a sweet spot
(Sw) in the parameter space of (i1, U2, its). For simplicity, we assume symmetric coupling
between each of the QDs and the ABS and consider diagonal detuning of the QDs u; =
M2 = Mgiag- But what exactly are the qualities of the sweet spot we are looking for? Since
we want to find Majorana operators, we look for a degeneracy between even and odd
ground state: E,3q = Eepen. Next, we construct the Majorana operators y out of the
fermionic CAPs and introduce corresponding densities p:

. 2
Y1,0,i =da,i+d;l-r Y2,0,i =l(d¢7,i_d;i); Pjoi=|(€lyjo,ilo)], (2.17)

A useful metric indicating how a localized on a single cite Hermitian operator y can
switch between parity states[33, 34] is the so-called Majorana polarization(MP):

_ YLoPloi— P20,

M; =
Yo P1,0,i t0P2,0,i

(2.18)
Notably, high MP doesn’t necessarily mean that the entire wavefunction is localized on
a single outer dot but rather that the Majorana operators do not overlap. Indeed, if one
defines a Majorana localization metric p = p;,; + p1,), it can be demonstrated that the fi-
nite QD-ABS coupling causes the wavefunction to leak into the ABS segment. However,
in the limit of a small coupling ¢ < A while in the sweet spot, the y operators, defined
above using local quantum dot CAPs, correspond to the true Majorana operators, flip-
ping the system parity.

Solving the numerical model, we can locate the sweet spot at the intersection of the
maximum Majorana polarization on the QD 1 and the even-odd degeneracy, see Fig. 2.9.
In the same figure, we plot charge stability diagrams detuning both QD chemical poten-
tials, computed for the sweet spot but also for a few other values of the ABS chemical
potential u;. Interestingly, in the strong interaction model we can define similar quan-
tities as the ECT and CAR couplings, but this time acting between even and odd occu-
pations of the combined two-dot system. Odd states |S, |) and ||, S) are coupled by the
spin-conserving term Iy, while the even states ||, |) and |S, S) by spin-flipping T'¢, re-
lated to the spin-orbit interaction. In this description, the sweet spot is characterized
by those two couplings being equal, while asymmetry results in the avoided crossings in
the charge stability diagram, similar to the case of an interacting double quantum dot.

Finally, we demonstrate that at the sweet spot, it is impossible to distinguish between
even and odd parity states by performing a local measurement. We compute a quantum
dot occupation (n;) for both parity manifolds and also the difference between them. As
we observe from Figs. 2.9(g,h), the local parity readout requires detuning of quantum
dot chemical potentials. This phenomenon is related to the resilience of the information
encoded in the parity to the local perturbations, being an advantage of the Majorana
qubit.
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Figure 2.9: Numerical simulations of the PMM system. (a): Locating the sweet spot in s, 1 = 2 = Hgiag
plane. The line of maximum Majorana polarization intersects even-odd degeneracy (dashed line) at the sweet
spot. (b-d): CSDs, changing dot chemical potentials, plotting the energy difference between even and odd low-
est eigenstates. (c) corresponds to the sweet spot, where I'y = I'.. Bottom panel: local charge measurements
at the sweet spot. In (e,f), we plot occupation on the first dot separately for odd and even manifolds. (g,h):
difference in occupation between even and odd states for the first and second QD.
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IMPROVEMENTS IN THE
FABRICATION AND MEASUREMENTS

METHODS

Give me six hours to chop down a tree
and I will spend the first four sharpening the ax.

Anonymous woodsman

This chapter presents the results of development and optimization of novel fabrication
and measurement methods. We then demonstrate examples of several experiments in
which such developments were instrumental.

Parts of this chapter have been published in SciPost Physics 17(3), 074 (2024) [37],
Nature Communications 14(1), 4876 (2023) [38],
Physical Review B 110(6), 064518 (2024) [39]
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16 3. IMPROVEMENTS IN THE FABRICATION AND MEASUREMENTS METHODS

3.1. OPTIMISING GATE DESIGN FOR QUANTUM DEVICES

Experiments presented in this thesis were performed with devices made on InSbAs two-
dimensional electron gas (2DEG) platform[40]. This material was used due to the favor-
able combination of several properties. Low effective mass leads to an increased level
spacing, relaxing geometrical constraints. High effective Lande g-factor allows one to
achieve spin-polarization at relatively low magnetic fields, while high spin-orbit inter-
action can be used to create superconducting correlations between quantum levels of
the same spin[41]. In turn, the induced superconductivity in the 2DEG itself arises from
the epitaxially deposited aluminum layer on top of the hetero-structure, which does not
form a Schottky barrier due to a favorable band-bending[22, 42].

To confine electrons to one- or zero-dimensional structures, metallic gates, patented
on top of the heterostructures, are used. A dielectric layer prevents gates from shorting
to the 2DEG. We operate devices in the depletion mode, meaning that the 2DEG is nom-
inally conductive at zero gate voltage, and a negative voltage is used to deplete certain
regions of it.

It is possible to engineer certain devices, such as quantum dots, using only a single
layer of gates[43, 44]. However, increasing the number of gate layers (see Fig. 3.1 for a
quantum dot example) allows one to significantly expand available device designs. Sev-
eral layers of gates can be used to implement 2D arrays of quantum dots[45, 46]. More-
over, one can separate gates, used for different purposes (plungers, confining gates, tun-
nel gates), making the tuning process easier.

The important advantage of a multi-layer design is that one can avoid "puddles" of
electrons inevitably forming in the 2DEG between gates. Indeed, as shown in Fig. 3.1b,c,
a depletion gate (red) screens plunger and cutter gates and can be extended to the edge
of the 2DEG mesa. This can become crucial when probing quantum capacitance with
RF resonators connected to the plunger gates, as the electron pockets lead to a parasitic
signal[47].

AlOx 20nm

2DEG

AA

Figure 3.1: Increasing number of gate layers. Top panel: top device view, bottom pannel: corresponding cross-
sections. (a): typical single-layer gate design for a quantum dot. (b): two-layer design, where the first layer
depletion gate (red) creates a one-dimensional channel. Expanding into three layers (c), apart from increased
flexibility, allows to make the footprint smaller, bypassing the limitations of lithographical gates separation X.
Depletion gates screen plunger and tunnel gates, avoiding formation of charge pockets
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Using multiple layers of gates comes at the cost of increased fabrication complex-
ity. Lithographical alignment between layers has to be performed with precision within
10 nm, which requires several considerations, including the use of an additional set of
fine EBPG markers located around each individual device and exposed within one main
field, avoiding stage movement.

3.1.1. DOUBLE QUANTUM DOT INTERFEROMETER DESIGN

The multi-layer gate approach proved crucial when designing a double quantum dot in-
terferometer device used to demonstrate magnetic flux-tunable hybridization between
two electronic levels[37]. The two QDs are connected at two locations (Fig. 3.2(e)), with
magnetic flux ¢ threading the inner region and imposing phase difference between the
two interdot tunnel couplings. Defining the interdot tunnel couplings in the top and bot-
tom arms as #r and g, the effective coupling matrix element for the two-level fermionic
system has the magnitude of

|Zefrl = |1 + 1] = \/|tT|2 +|tgl? + 2| tr 18| cos (27! o), (3.1

Physical implementation of such a device requires depleting the region between two
dots while not cutting off the ring. The solution was found by using three layers of gates,
with quantum dot plungers screening the arm connecting the middle depletion gate C,
see Fig. 3.2(a). The clear separation between gates of different functionalities allows con-
trol of the barriers in each arm independently and tuning the double dot into a single
ring-shaped dot, which can be useful for additional control experiments. As was men-
tioned earlier, depletion gates DG and DT screen plungers from potential charge pockets
in the 2DEG.

To quantify the interdot coupling f. as a function of magnetic flux, we employed
radio-frequency gate reflectometry, which is sensitive to the tunnel coupling between
QDs[48, 49,50, 51, 52, 53]. Via the quantum capacitance, te(¢p) imparts a frequency shift
on the QDLs gate resonator with a maximal value in the ground state oc 1/| /. We fo-
cus on a single interdot transition and measure gate- and frequency-dependent traces of
the gate L resonator’s response as a function of B, . The resonator frequency response is
fitted at each gate point to extract the resonance frequency shift A fOL, which can then be
converted to the quantum capacitance Cq, using the fact that fo = 1/27,/L(C + Cy). Fi-
nally, we fit the gate dependence of the Cy (V1) to a thermal quantum capacitance model
(see[37] for details), extracting the fe. The result is shown in Fig. 3.2(f), where we see
a periodic modulation of f.¢(B) ), explicitly demonstrating control of the hybridization
between two fermionic levels with the magnetic flux. The observed magnetic field peri-
odicity agrees well with the flux value of //e, considering lithographic dimensions of the
loop (180 nm and 360 nm inner and outer radii). In charge stability diagrams, Figs. 3.2(g-
i), we show examples of frequency shifts of the gate L resonator for several values of B,
where we observe that for the smaller tunnel coupling (h) the transition appears to be
narrower, but with a stronger frequency shift.
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Figure 3.2: Double quantum dot interferometer experiment. (a): False-color electron micrograph of a nomi-
nally equivalent device to the one measured, alongside with a schematic of the resonator circuit. Schematic
linecuts are shown in (b). Depletion gates (red) are located in the first (DB and DT) and third (C) layers, forming
aring-shaped channel. Tunnel barriers (yellow, in the third layer) form two QDs, while plunger gates L and R
are used to tune dots chemical potential. Each quantum dot is characterised first (c,d), where we show individ-
ual Coulomb diamonds with a clear level spacing. Magnitude of the reflectometry signal near the resonance
frequency of the respective plunger gates resonators is plotted. (e): Schematic of the double dot interferom-
eter, threaded by a magnetic flux ¢ (B ), which imparts a phase difference on couplings in each arm. This,
in turn, periodically modulates the effective inter-dot coupling f., which we extract from the resonance fre-
quency shift A fOL(VL) of the plunger gate L resonator. The execrated |t values as a function of B, for a single
interdot transition are shown in (f). The tunnel coupling oscillates periodically with varying contrast and am-
plitude. The inset shows correspondence between the fit |fo| and the maximum observed A foL for each B

in (f). Selected charge stability diagrams (g-i) at few B values show the lineshape of A fOL across the interdot
transitions for different tunnel couplings. Dot occupations are labeled up to an unknown even number.
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3.2. BRIDGING CONTACTS USING ALD ETCHING

For specific devices, overlapping conductance paths are necessary. One example is the
inner spectroscopic probe of a Josephson junction embedded in a superconducting loop.
A common approach to engineer such a device is to use a dielectric patch to isolate con-
ducting paths from each other[54, 55], see Fig. 3.3(a) for the schematic representation.
However, the lift-off of a dielectric can be complicated due to mostly isotropic deposition
methods. At the same time, selective etching of the entire device, except for the patch,
may also be undesirable, as it exposes the entire area to aggressive chemicals or plasma.
Moreover, the additional conductance channel has to be isolated by etching the 2DEG
mesa region away, which can have limitations in terms of the minimal feature size.

The proposed solution uses the depletion gate and the global dielectric to isolate
conductance channels and reach the inner region using dielectric etching. The addi-
tional contact is then deposited in the same layer as the second layer of gates. Thus, for
the devices presented in this thesis, said approach requires only one additional fabrica-
tion step of dielectric etching, during which we also open windows on the bond pads to
facilitate wire bonding. For the aluminum oxide dielectric, we use RIE ICP etching with
Cl,/BCl3/Ar mixture of gasses. As chlorine-based RIE attacks the 2DEG as well, we use
pre-deposited Pd contact pads as the etch stop layer. These Pd contacts are also used to
increase conductance in the leads coming towards the tunnel junction and increase the
density of states in the 2DEG, improving the quality of the spectroscopic measurements.

Finally, we note that the method presented here can also be exploited to create com-
pact frame-gate devices with conduction paths isolated from the boundary of the mesa,
see Ch. 7

Al

etch stop
pad

dielectric

patch
AlOx 20nm

Depletion gate

— il o2
Barrier / Barrier
depleted

Figure 3.3: Design consideration for isolated overlapping conductance paths. As an example we show a tunnel
probe inside a SQUID-loop (a), with the established solution of using a dielectric patch and removing the mesa.
The method proposed here (b) is to isolate leads with the depletion gate (red) and use the dielectric etching to
reach the 2DEG. This technique is used in the device consisting of quantum dots coupled through a phased-
biased Josephson junction, with the optical micrograph shown in (c). This device is explored in Chs. c.
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3.3. TWO-STEP WET AL ETCHING FOR COMPACT JJS

One of the first steps of the fabrication process for the devices discussed in this thesis
is usually to pattern the epitaxial aluminum layer on top of the 2DEG. This is done with
selective wet etching using Transene-D as the active chemical and PMMA as a mask.
Unfortunately, the process is accompanied by the creeping of the etchant solution un-
derneath the PMMA mask, affecting the shape of the resulting aluminum structure, see
Fig. 3.4(a). The problem becomes detrimental when device design requires making a
Josephson junction (JJ), which is both narrow and short. One example of such a device
(see Chs. 4,6) consists of two QDs coupled via a JJ, with the one-dimensional channel
formed by the depletion gates, imposing strict constraints on the length (separation) be-
tween the superconducting electrodes. On the other hand, the JJ has to be narrow to
ensure the same quantum state is accessible from both sides, unlike[54].

We found a way to mitigate the creeping problem for the compact JJs by separating
wet etching into two steps, Fig. 3.4(b). It was observed that the creeping is less severe for
narrow lines, thus allowing improved control of the junction dimensions.

Side view Top view b Etch step 1 Etch step 2

. -

Figure 3.4: Comparing single-step(a) and two-step(b) aluminum wet etching process. The top panel schemat-
ically illustrates the PMMA etch mask (pink), as well as the creeping of the etchant. The bottom panel shows
typical SEM micrographs of the Josephson junctions for each method. The two-step process reduces minimal
lead separation by approximately a factor of two.

PMMA
Al

3.3.1. FLUX-TUNABLE JOSEPHSON EFFECT IN A FOUR-TERMINAL JUNCTION
One application of the Al patterning method described above is engineering compact
multiterminal JJs. Andreev bound states (ABS), present in the junctions, can hybridize
with each other, forming a so-called Andreev molecule[56, 57]. Exploring this rich physics
necessitates creating compact JJs.

In our work [39], we focus on exploring the current-phase relations of a four-terminal
junction (4TJJ). The junction is embedded in two asymmetric DC SQUIDs penetrated by
independently controllable magnetic fluxes, arising from the global out-of-plane mag-
netic field B and a flux line located around just one of the SQUID loops and made from
the sputtered superconducting NbTiN strip. This allows us to control two phase differ-
ences across pairs of terminals in the junction, see Fig. 3.5(b,c).

Accordingly, we can measure SQUID oscillations containing information about the
CPR across their corresponding 4TJJ terminals in the form of a current-flux relation (CFR).



3.3. TWO-STEP WET AL ETCHING FOR COMPACT JJS 21

Using four instead of three terminals, we are able to measure a Josephson effect, which is
entirely ‘nonlocal’ in that the CPR between two superconducting terminals is modified
by a phase difference across a completely independent pair of terminals. Correspond-
ingly, two terminals of the 4TJJ form a tunable ¢-junction with a phase offset variation
over a range larger than 0.2®, where ®( = h/2e is the superconducting flux quantum.

It is crucial to emphasize that the observed non-local behavior is not necessarily in-
dicative of the hybridization between ABS in 4TJ]. Indeed, the system can be modeled
as an array of two-terminal junctions[39, 58], yielding the ¢-junction effect in the ab-
sence of a hybridized ABS spectrum. Thus, it is necessary to have additional sources

of information, such as tunneling spectroscopy measurements, to establish the Andreev
molecule behavior with confidence.
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Figure 3.5: Demonstration of the non-local Josephson effect. (a): Forming the Josephson junction with two-
step aluminum etching. (b): SEM micrograph of the measured device, schematically illustrating two SQUID
loops, each threaded by a magnetic flux. (c): Schematic of the experiment. Left SQUID is biased with the
current Iy, which is used to extract the switching current Igyy 1. Out-of-plane magnetic field B, tunes flux in
both SQUIDs, while flux line Iy affects only the flux in the right SQUID. Gate Vi can be used to pinch off the
right SQUID for a control experiment and calibrations. Figure (d) shows modulation of the switching current in
the left SQUID when changing @y (Ig), while &y (B ) is fixed. Finally, we extract the left SQUID current-phase
relation as a function of Iz, demonstrating tunable ¢ behavior.
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3.4. RESONATORS FOR REFLECTOMETRY MEASUREMENTS

As was briefly shown in the example of the double-dot interferometer experiment, radio
frequency (RF) methods can be used to extract additional information about a quan-
tum system otherwise not accessible with the standard low-frequency (lock-in) tech-
niques, such as tunnel couplings in an isolated system, or the Sisyphus resistance[59,
60] of a single-lead dot. Moreover, using RF methods allows to significantly speed up
conductance measurements[61, 62, 63]. When using RF methods one has to use com-
ponents with characteristic impedance Zj of 50 Q2, and since a typical quantum device
impedance is much higher, matching resonator circuit has to be used in order to receive
any considerable signal. For the comprehensive overview of the RF methods the reader
is referred to[53].

3.4.1. OPTIMISING RESONATOR PARAMETERS

For the RF experiments presented in this work, we employ multiplexed[64] off-chip res-
onators, with the circuit represented schematically in Fig. 3.6. The actual resonator chip
contains an RF feed-line; coupling capacitors Cg, allowing for additional circuit tuning,
multiplexing, and forming a bias-tee together with the resistance Rp;,¢; and spiral induc-
tors Ly. The details of the resonator chip fabrication are described bellow in sec. 3.5.
The capacitance of the resonator circuit comes from the parasitic capacitance Cp of the
bond-wire between the resonator chip and a 2DEG device chip, and is usually close to
0.3 pF. Fixing bias-tee resistance to be about 5kQ, we are left to select the optimal in-
ductance L, and capacitance Cc.
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Figure 3.6: Considerations for selecting optimal resonator parameters for the circuit schematically represented
in (a). Panel (b) demonstrates Smith charts for several resonator parameters when measuring a device of
200 kQ(solid) and 50 kQ(dashed) resistance. Panel (c) shows frequency crowding issue, considering variation
in the parasitic capacitance Cp. Effect of the coupling capacitor C¢ on the resonance frequency (dashed lines)
and the signal |AT'| is shown in (d), where signal corresponds to the resistance difference. Solid dots in (d) cor-
respond to the selected parameters. Model includes a 10 Q series resistance with the inductor, accounting for
losses.
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To make our reasoning more concrete, we focus on measuring a realistic resistive
device, with the variation in resistance from 50kQ (tunneling conductance) to 200 kQ
(close to pinch-off), see Fig. 3.6(b). Using the reflectometry circuit, we can detect the
change in the reflection coefficient I' between two device regimes, defined as |AT|. In-
creasing the resonator inductance and the coupling capacitance leads to a larger signal
|AT'], as can be seen in Fig. 3.6(d). Unfortunately, we have to consider a few additional
restrictions. Firstly, we need to space resonators in frequency band 100 MHz -1 GHz (de-
fined by the experimental setup), ensuring individual addressability, which is compli-
cated by the uncontrollable variations in the parasitic capacitance Cp, Fig. 3.6(c).

Secondly, fabrication and design limitations have to be taken into account. The foot-
print of a spiral inductor limits it to a maximum value of a few pH. Reducing the spacing
between windings is undesirable, as it leads to an unwanted parallel capacitance. The
interdigitated coupling capacitor also has a footprint scaling with its value. While reduc-
ing the separation between fingers is achievable lithographically, it significantly affects
reliability and can lead to parasitic inductances.

As such, we design off-chip resonators with inductances typically within 0.2-1.5uH,
and coupling capacitors of 1-4 pF, with smaller C¢ used for smaller inductance res-
onators. The design and optical micrographs of a typical resonator chip are presented
in the Figs. 3.7(c—e), while Figs. 3.7(a-b) demonstrate the characterisation measurement
of a pinch-off curve with 10 mV DC bias applied. Defining VRF as the distance from the
complete pinch-off, we see that this quantity shows similar features as the DC current.
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Figure 3.7: Measurements with the off-chip resonators. (a): complex reflected signal, recorded when mea-
suring the pinch-off curve. Comparison between RF and DC signals is shown in (b). Bottom panel shows
resonator chip design (c), with the zoomed-in (d) optical micrograph. (e): resonator chip, connected to the
2DEG device chip via wire-bonding.

3.4.2. RASTERING MEASUREMENTS WITH REFLECTOMETRY
As mentioned above, RF techniques allow a much faster data acquisition rate than stan-
dard lock-in methods. To fully benefit from this speed, we must ensure that the device
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parameters can be tuned at a comparable rate. This can be achieved using the rastering
method, see Fig. 3.8. We use an arbitrary waveform generator (AWG), applying a two-
channel sawtooth signal. The first channel has a single wave period, while the second
channel has as many periods N, as the number of lines in the resulting diagram. The
frequency fp of the fast channel is limited by the RC filter cut-off frequency. The num-
ber of points in each line NV is limited by the acquisition device memory Nj - N, and the
acquisition bandwidth fp- Ny < BW.

Sawtooth signals from the AWG are connected to the optical isolator, breaking any
potential ground loops, and are combined with the constant DC offsets using a voltage
divider. They are then fed into the device through a set of filtered low-frequency fridge
lines.

The AWG starts outputting the signal when initiated by the control software. Simul-
taneously, AWG outputs a trigger signal, which is fed into the acquisition device, in this
case, a vector network analyzer (VNA). On trigger event, VNA records Nj - N, points such
that the total acquisition time equals the period T4 of the slow channel wave. The VNA
measures the complex reflected signal amplitude, with the RF circuit designed in such
a way that the incident and reflected from the resonator waves are separated into two
lines with the help of a directional coupler. Finally, the output one-dimensional data
string from the VNA is mapped into a two-dimensional matrix corresponding to the two
swept parameters.

As an example, we show a measurement of a charge stability diagram of a double
quantum dot system, comparing the RF rastering Fig. 3.8(b) with a standard lockin mea-
surement (c). Note that here, the RF measurement time was not optimized and, without
a significant decrease in quality, can be lowered further down to 10s.
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Figure 3.8: (a): Schematic of a rastered reflectometry measurement. The arbitrary wave generator is used to
provide two sawtooth signals, while the synchronized vector network analyzer acquires a complex reflection
coefficient. This method allows to significantly reduce the measurement time of the charge stability diagram
(b) compared to the lock-in measurement (c). Charge occupations are labeled up to an arbitrary even number.
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3.5. APPENDIX: FAB FLOW FOR THE OFF-CHIP RESONATORS
High-resistivity Si wafer (with native oxide) is cleaned in fuming nitric acid for 5 minutes,
rinsed, followed by native oxide removal in 40% HF aquitic solution for 5 minutes. The
wafer is again rinsed in DI water and immediately transferred to the load lock of the
deposition machine. We then use reactive sputtering in N»/Ar DC magnetron plasma,
depositing 200nm of NbTiN from NbTi target. The wafer is covered in protective resist
and diced into rectangular pieces.

We proceed with patterning NbTiN. We first spin-coat PMMA A4 495 @4k rpm, bake
on a hotplate, and then spin-coat negative resist ARN 7520.17 @4k rpm, which is also
baked on a hot plate @90 °C for 1 min. The resist is exposed in electron beam pattern
generator (EBPG) and developed in the alkaline solution. This leaves PMMA layer intact.
We then proceed with the two-step reactive ion etching. First, using oxygen plasma,
PMMA, not protected by the negative resist, is burned away, revealing NbTiN. Second,
NbTiN is removed in the fluorine-based (CF;02) plasma. The PMMA can be now dis-
solved in any suitable organic solvent, while ARN is lifted-off, thus avoiding the problem
of removing hardened negative resist.

Finally, bias-tee resistors are deposited using standard liftoff with a PMMA mask. We
use electron-beam evaporated chromium 30 nm thick, overlapping with NbTiN. To en-
sure good ohmic contact, NbTiN is first cleaned from any surface oxides in the same
deposition chamber using Ar ion-beam milling.

The reliability bottleneck for the resonator fabrication are potential shorts in the in-
terdigitated capacitors. Thus, one has to avoid any contamination during the NbTiN
patterning process, using appropriate resist filters, etc.

3.6. APPENDIX: FAB FLOW FOR INSBAS CHIPS

Lastly, we present the entire fabrication flow, used to make devices presented in the sub-
sequent chapters. Fabrication on InSbAS 2DEG is complicated due to the presence of
the Sb in the heterostructure, which can form disordered large band-gap semiconduc-
tor AlInSb[65]. As such, the temperature budget is limited to 50 °C, which is below the
glass transition point of the PMMA or ARN resists, affecting the quality of lithography
and limiting the resolution. The resist "baking" is done at room temperature in vacuum
environment for the duration of 1-2 hours.

1. Coarse Al etching Starting with a 2DEG with the epi-Al layer, we clean the surface first
in the organic solvent AR600-71 (dioxolane) and then in a barrel etcher with the
oxygen plasma (400W power, 0.66mbar, 60sec) this ensures significantly improved
resist adhesion. We then spin-coat (here and for all subsequent lithographic steps
@4000 rpm unless specified otherwise) adhesion promoter AR 300-80 and dry it in
the vacuum oven for 1h, followed by coating PMMA A4 950, dried for 2 hours. The
pattern is defined in EBPG. We use proximity error correction in the region 15pum
around devices, splitting exposure into medium and coarse zones. After the resist
development (@RT, in MIBK:IPA 1:3 volumetric ratio), we again perform a descum
in the barrel etcher (400W power, 0.66mbar, 60sec). We speculate that this not only
removes any resist residues but also smoothens the undercut, reducing creeping. The
sample is again dried in the vacuum oven for a few hours potentially removing any
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remaining developer and stabilizing PMMA mask. The sample is then etched for 6 s
in Transene-D aluminum etchant, kept in 48 °C. The sample is rinsed immediately
in water beakers of the same temperature adjacent to the beaker with the etchant.
Resist is removed in AR600-71 solvent.

2. Mesa etching Using the Al layer as a mask, 2DEG is patterned to form required con-
ductive channels. We use the mixture of 560 mL DI water, 9.6 g citric acid monohy-
drate, 4 mL 85% phosphoric acid and 5 mL 31% hydrogen peroxide. Etching time
of 70 s results in the etch depth of about 60 nm. Considering the 2DEG thickens of
30 nm, this depth is enough to isolate mesa regions from each other.

3, 4. Fine Al etching I and II Here, the same fabrication as for the coarse Al etching is
used. Only a small part of the chip is exposed in EBPG, including Al on the bond-
pads. We perform Al etching at the reduced temperature of 38 °C with time in-
creased to 10s. Small amount of aluminum residues is not crucial during that step.

5. Fine ohmic contacts Using lift-off lithography with PMMA A4 950 resist, we deposit
thin ohmic contacts of 3nm Ti and 10nm Pd. The deposition in the electron-
beam evaporator is preceded by a gentle ion-milling without breaking the vacuum.
Those contacts reduce the resistant path leading towards the device, improve tun-
neling spectroscopy quality, and act as an etch stop for the following dielectric
etching. Here and in the following metal depositions, liftoff is done in AR600-71
(dioxolane) @40°C. We perform sonication in the ultrasonic bath at the lowest
setting for 1 min.

6. Bond pads We deposit relatively thick (50 nm Ti, 50 nm Cr, 5 nm Pd) bonding pads to
facilitate wire bonding, with Pd acting as an etch stop for the following dielectric
etching.

7. AlOx dielectric Dielectric is deposited globally using atomic layer deposition @40 °C.
Reduced temperature requires a significant increase in the cycle time. Layer thick-
ness is 20 nm. Prior to the deposition, the sample is cleaned in the oxygen plasma
barrel etcher.

8. Fine gates Using ARP6200.09 resist, which provides better feature size, we deposit the
first layer of gates, consisting of 3nm Ti and 12nm Pd. The thickness is kept as
small as possible to allow the climbing of the fine gates of the subsequent layers.

9. Additional gate lead resistance Using the lift-off method, we deposit meanderinglines
of thin 18 nm Cr, capped with 3 nm Pd. The resistors 100 k<2 in value prevent RF sig-
nal leakage into the ground due to capacitive coupling between plunger gates and
depletion gates.

10, 11. Coarse gates, dielectric II Using lift-off lithography with double layer PMMA A6
495 / PMMA A4 950 resist, we deposit 10 nm Ti, 75 nm Au and 5 nm Pd thick gates.
The thickness guarantees climbing of the 2DEG mesa boundary. After the lift-off,
we proceed with dielectric deposition (same as 7)



3.6. APPENDIX: FAB FLOW FOR INSBAS CHIPS 27

12. Dielectric etching Using ARP6200.13 resist mask (with AR300-80 adhesion promoter),
we perform ICP RIE etching with Cl,/BClz/Ar mixture of gasses. Pd acts as an etch
stop layer. Etch windows are also open at the bond pads.

13, 14. Fine and coarse gates II Deposited in the same manner as steps 8,10, with the
thickness of fine gates II increased to 18 nm Pd and course gate II to 120 nm Au,
without Pd capping.

15, 16, 17. Dielectric III, fine and coarse gates III Deposited in the same manner as the
second layer, with the thickness of fine gates III increased to 25 nm.
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Figure 3.9: Fabrication flow for a typical device on InSbAs 2DEG. Not all of the fabrication steps are shown.
Lithography is not shown. Side view does not always correspond to the specific cross-section and is only used
to highlight important device aspects.







COUPLING QUANTUM DOTS VIA A
PLANAR JOSEPHSON JUNCTION

Ivan KULESH, Sebastiaan R. ROELOFS, Qingzhen WANG,
Sebastiaan L. D. TEN HAAF

In this chapter, we explore non-local transport arising when two quantum dots (QD) are
coupled via an Andreev bound states (ABS) in a planar Josephson junction, defined in
a two-dimensional electron gas. Using QDs as energy and charge filters, we can, with
high efficiency, separate Cooper-pair splitting (CPS) from elastic cotunneling (ECT) and
local processes. The junction is embedded in a superconducting loop, thus allowing us to
control the phase difference across it with an applied flux, in turn periodically modulating
the amplitudes of the CPS and ECT processes.
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4.1. INTRODUCTION

Cooper-pair splitting (CPS), arising due to crossed Andreev reflection (CAR) into spa-
tially separated terminals, is a potential source of entangled electron pairs[66, 67, 68]. It
can naturally be accompanied by elastic co-tunneling (ECT) and local Andreev reflec-
tion (AR) processes. Quantum dots (QDs) can be used to force electron flow into sepa-
rate leads[67], as the charging energy suppresses the double occupation of a single QD
and thus local AR. This approach was explored experimentally in several material plat-
forms|[69, 70, 71, 72, 73]. However, the amplitude of the CPS in the above studies was
not independently controlled and limited due to the exponential decay of an electron
wavefunction in the bulk superconductor.

It was recently discovered that an Andreev bound state (ABS) can mediate CAR and
ECT through a second-order tunneling process[31, 32, 74]. This provides several crucial
advantages, the first being that the magnitudes of the non-local processes are no longer
exponentially suppressed with the superconducting segment length (and, hence, the
inter-dot separation). The second aspect is the dependence of the CAR and ECT ampli-
tudes on the ABS parameters: energy and the coherence factors u and v. In semiconducting-
superconducting hybrid devices, those parameters can be tuned electrostatically with a
gate. This tunability drastically widens the potential applications, including the imple-
mentation of an artificial Kitaev chain[11, 12].

In a simple model of no Zeeman splitting of the ABS and QDs with a single level each,
the currents originated from ECT and CAR depend on the ABS coherence factors (z and
v) and energy Epgs as following[31, 32]:
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The natural system to host ABS is a semiconducting Josephson junction (JJ)[54, 75].
In aJJ, one can manipulate ABS with the phase difference A¢ between superconducting
(SC) electrodes. Interestingly, the phase difference affects not only the energy of the ABS
but also the coherence factors u and v. This indicates that A¢ can be used to change not
only the absolute value but also relative magnitudes of the ECT and CAR processes, act-
ing as an additional control knob alongside electrostatic gate[30]. As such, phase control
has the potential to expand the operational regime and provide several practical advan-
tages, including the absence of electrostatic cross-coupling.

We implement the device using InSbAs two-dimensional electron gas with epitaxial
aluminum layer[40], see Fig. 4.1. The Josephson junction is defined by selectively etch-
ing Alin a two-step process, described in chapter 3. A one-dimensional channel is estab-
lished by the depletion gate (red), imposing constraints on the junction length such that
the terminals are not screened. The junction is embedded in a grounded SC loop 72 um?
in area, while out-of-plane magnetic field B, imposes phase difference A¢ = ¢, — ¢b;.
Normal leads (yellow) can be independently biased with voltages V; and V, while mon-
itoring currents I; and I, flowing in them. The chemical potentials of the QDs and ABS
are controlled with the plunger gates (blue) located in the second layer of gates. The
confinement is achieved with the tunnel gates (purple), shown only in Fig. 4.1(b). The
detailed fabrication description can be found in 3.6. The measurements were performed
in a dilution refrigerator with a base temperature of 40 mK.
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Figure 4.1: Schematic of the device and measurement circuit (a) alongside the SEM micrograph (b) of the
device similar to the one measured. Andreev bound state is formed between superconducting terminals ¢
and ¢, while quantum dots are defined by tunnel gates (purple) inside a channel between depletion gates
(red). Plunger gates (blue) are used to change QDs and the ABS chemical potentials.

4.2. ABS SPECTROSCOPY

As the processes of interest, ECT and CAR, are mediated by an Andreev bound state, we
require the ABS to be extended and accessible from both sides of the junction. To ver-
ify that, we perform the tunneling spectroscopy of the ABS by energizing only the inner
tunnel barriers and measuring the deferential conductance G,y = dI,/dVy. We compare
the spectrum on both sides of the junction, as well as the non-local spectroscopy[76, 77],
varying the ABS chemical potential, Fig. 4.2. Correlated features in the conductance in-
dicate the presence of the extended ABS. While the non-local signal on one side of the JJ
demonstrates sign change at the energy extrema points, Fig. 4.2(c), consistent with the
zero ABS charge u = v, that is not the case when measuring in the opposite configura-
tion, Fig. 4.2(d). We speculate that this discrepancy arises due to the charge filtering in
the tunnel barrier as a result of accidental dot formation[78].

We then perform the spectroscopy as a function of the out-of-plane magnetic field
B, , Fig. 4.3, demonstrating the periodic energy modulation in agreement with the loop
area. Importantly, unlike the single ABS model used in[30], the JJ contains multiple
states, responding to the change in the phase difference A¢(B,). It is possible that
multiple states can mediate the non-local processes, with the total amplitude being the
sum over multiple paths. Moreover, some of the sub-gup states show stronger phase
modulation compared to the isolated state of interest with strong chemical potential de-
pendence. This behavior is especially detrimental close to the A¢ = 7, where multiple
sub-gap states reach zero, effectively closing the superconducting gap and obscuring the
measurements of the non-local transport phenomena.
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Figure 4.2: Gate control of the ABS. Local (a,b) and non-local (c,d) tunneling spectroscopy as a function of the
ABS chemical potential, controlled by the gate voltage Vpgs. Dashed lines indicate the gate values at which
flux dependence scans (see below) are taken. Correlated conductance features indicate the presence of an
extended ABS in the junction, accessible from both sides.
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Figure 4.3: Tunneling spectroscopy as a function of the superconducting phase difference, controlled by the
out-of-plane magnetic field B; . ABS gate is fixed at two different values (corresponding to panels a and b).
We observe that both the energy and charge character of the ABS change with A¢(B] ). At phase differences
A¢ = (2N + 1)7 the induced gap approaches zero.

4.3. ECT, CAR

Established that the ABS in the junction has the wavefunction extending into both sides,
we proceed with forming quantum dots. For that, we energize all tunnel barriers such
that the couplings of the QDs to the ABS are strong enough to measure considerable
currents but sufficiently weak that the QDs are not hybridized with the ABS. The latter is
verified by the presence of the superconducting gap in the bias-plunger charge stability
diagrams (absence of zero-bias Coulomb peaks). The charging energy of both quantum
dots is about 1.5 mV (Fig. 4.4), which is significantly larger than the induced supercon-
ducting gap in the JJ (250uV), ensuring only a single electron transport through each
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QD. The sizeable orbital energy spacing 0.8 mV allows us to consider a single level for all
relevant processes.
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Figure 4.4: Coulomb diamonds, measured for individual QDs, demonstrate the absence of the local current
around zero bias (green arrow).

To focus on the non-local transport processes, we apply voltage bias 1001V in am-
plitude on both leads, bellow the energy of the ABS, see Fig. 4.5(a,c). The polarity of the
bias is used for the differentiation between ECT and CAR processes; namely, a bias of the
same sign allows for currents of the same directions flowing in both leads, corresponding
to CAR, while the opposite bias allows for ECT. Fixed the bias voltage, we record charge
stability diagrams, varying plungers of both QDs around charge degeneracy points, and
measuring currents flowing in the terminals, Fig. 4.5(b,d).
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Figure 4.5: Non-local transport processes. The left panel shows schematically the transport cycles for ECT (a)
and CAR (c). Green rectangles indicate a quasiparticle continuum, while dashed (solid) lines indicate the ABS.
Bias in the normal terminals (yellow) is kept below the energy of the ABS and, at the same time, acts as the limit
for the chemical potential span at which a non-local process is allowed (green and pink arrows). QD levels have
to be (anti-) aligned to fulfill energy conservation.
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The energy conservation requirements for the coherent second-order non-local pro-
cesses impose restrictions on the quantum dot chemical potentials py, Fig. 4.5(a,c). As
such, elastic co-tunneling is only possible when p; = u, corresponding to the positively
slopped diagonal line in the CSD. In contrast, the energy of electrons forming a Cooper
pair during CAR, or arising from splitting of such, must have opposite and equal ener-
gies w.r.t. the Fermi level, corresponding to the condition p; = —. This restricts CAR
to occur only at the ant-diagonal line in the CSD. At the same time, the bias window
limits the span of the non-local process — once the QD enters a Coulomb blockade, it
can no longer provide (accepts) electrons. We note that the span of the ECT and CAR in
Fig. 4.5(b,d) roughly corresponds to the bias window of 2 x 100V when converting gate
voltages to the chemical potentials using the appropriate lever arms a;,» = 0.33.

4.4, SPIN BLOCKADE

The spins of the electrons, involved in the non-local processes, have an effect that de-
pends on the bias configuration and the QDs occupations. We focus on the specific ex-
ample of 0 — 1 transitions for both QDs, where Pauli spin-blockade[79] is irrelevant, and
at zero magnetic field an electron with arbitrary spin direction can occupy the QD level.
This allows a Cooper pair to be split, with electrons of opposite spin tunneling into QDs.
Elastic co-tunneling is also possible, regardless of a possible spin rotation in the ABS
region.
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Figure 4.6: Spin-blockade of non-local processes. For the 0 < 1 transitions on both QDs, only the process of
two electrons merging into a Cooper pair (CAR—-) is suppressed. It happens when electrons enter both QDs
with the aligned spin. This results in the reduction of current from ~ 100nA for CAR++ to ~ 50nA for CAR——.
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However, when considering a non-local process of two electrons forming a Cooper
pair (CAR—--), the s-wave nature of the superconductor requires that the electrons form
a spin-singlet. For that reason, QDs have to provide electrons with the opposite spin.
Electrons entering QDs from the leads have no preferred spin orientation and acciden-
tally can have the same one. This prevents the CAR process, with electrons "stuck" on
the dots. Eventually, spin relaxation, potently caused by the hyperfine interaction[80,
81], changes the spin orientation, and the transport is restored. This reasoning explains
reduced (but finite) current for the CAR—— configuration in Fig. 4.6. Finally, we note that
when considering next charge transitions 1 — 2, the Pauli exclusion principle, as well
as the availability of both spin-species in occupation 2, has to be taken into account,
resulting in different configurations being blockaded[38].

4.5, TUNING ECT AND CAR AMPLITUDE

As mentioned earlier, amplitudes of the non-local processes depend on the parameters
of the ABS (charge and energy), which can be controlled by changing either the chemical
potential or the phase difference between superconducting terminals of the JJ. In order
to explore those dependencies, we vary ABS gate Vjps for fixed A¢ = 0 while recording
charge stability diagrams with the bias applied either for the ECT or the CAR configu-
ration. We then extract the magnitude of the maximum correlated current (o), S€€
section 4.7 for the detailed description. The resulting dependencies are presented in
Fig. 4.7(a), while the corresponding ABS spectrum is shown below (c). We observe that
when varying Vjgs we can tune the system across the point of equal ECT and CAR am-
plitudes, a prerequisite for engineering a two-cite artificial Kitaev chain[12, 82].
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Figure 4.7: Dependence of the ECT and CAR extracted correlated currents (Icorr) as a function of the ABS gate
(a) and the phase difference A¢(B ). Corresponding spectroscopic measurements are shown in the bottom
panels. The dashed line indicates the value of the Vygg at which plots (b, d) are taken. The phase dependence
is predominately concentrated around A¢ = (2N + 1) values, at which the induced gap is close to zero, and
the local transport process is superimposed on the ECT and CAR signals.

Fixing the value of the Vjgs and using the same protocol for extracting (Icorr), We ex-
plore how the phase difference A¢ affects ECT and CAR amplitudes. We observe that the
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strongest change in the signal occurs around A¢ = 7, which agrees with the single ABS
model[30]. Qualitatively, it can be explained by the quasiparticle excitation of the ABS
approaching character of a single electron (u? = 1 or v? = 1), thus suppressing intrin-
sically superconducting CAR. Unfortunately, at the same phase A¢ value, the induced
superconducting gap becomes close to zero, allowing for local transport due to the finite
bias in the leads. As such, we can only extract the non-local amplitudes by subtracting
the local currents.

4.6. APPENDIX: USING QUANTUM DOT AS A SPECTROSCOPY
TOOL

The range of transport phenomena that can be studied in the device is not limited by
the ECT and CAR. In this section, we utilize the quantum dot as a spectroscopic probe
of the ABS, while the outer tunnel barrier of the second dot is not energized. Again,
we perform measurements using the 3-probe configuration. In contrast to the study of
ECT and CAR, we apply bias of +300 uV to the normal contact of the QD1, exceeding the
superconducting gap, see Fig. 4.8(a). The second normal contact is kept at zero voltage.

The transport cycle becomes possible when the dot chemical potential level is low-
ered to the filled ABS excitation, marked with 1. The dot can accept an electron while
the ABS is excited into the doublet state |D). To complete the transport cycle, normal
lead on the other side can either accept or donate an electron, while the probability of
those events is determined by the ABS coherence factors u and v. This second part of
the cycle results in the non-local current I, see Fig. 4.8(c,f). It is possible to convert the
distance AVpg) between points 1 and 3 on the dot spectroscopy scan to the energy of the
ABS using the fact that Vyjus — Eas = @1 - AVpg1.-
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Figure 4.8: (a) Schematic of the transport cycle. The process is possible only between points marked as 1 and 3,
outside of which the QD is in the Coulomb blockade. Plots (d,g) show tunneling spectroscopy measurements
using the normal probe. Field scans are taken at the V5gg value indicated by the dashed line. Note that the
dot spectroscopy plots (b,c,e,f) show the value of current and not a derivative. The absence of current between
points 1 and 2 indicates that energy relaxation is absent.
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Quantum dot can be used a spin-selective spectroscopy tool[83], which can be ex-
plored to study spin-split ABS in a Josephson junction with spin-orbit and Zeeman in-
teractions|[84, 85, 86].

4.7. APPENDIX: EXTRACTING ECT AND CAR AMPLITUDES

Here we show a protocol, used to extract (I.o) in Fig. 4.7. As an example, the charge
stability diagram obtained at the phase A¢ = 7 is shown, containing considerable local
current.

a 70 120 ¢ ~40 40
raw f [pA] gl L 11— Isc [PA]
% i
g > - “. p | 0 40
2 e Icorr [pA]I:‘
| 0.2 I
T T T
b -50 50 -40 40 0.0 |
raw /, [pA] gl L 12 = Isg [PA]
_0.2 -
N 0.2 1. E5. 7 il 7] I T T T
€ -0.2 0.0 0.2
~ 0.0 - - _4. N
4 1 €
>~
9 _pg2d L===-d .
T T T T T T
-0.2 0.0 0.2 —-0.2 0.0 0.2
AVpg: [MmV] AVpg1 [MV]

Figure 4.9: Raw current values (a,b) contain contributions from non-local and local processes, as well as the
constant instrumental offsets. To separate the values of interest, we first define a region that contains ECT/CAR
(dashed orange rectangle), average lines (columns) outside of it and subtract them from the raw signal, obtain-

ing pure non-local component (c,d). We then compute correlated current Ieorr = 1/ (11 — Igg) - (12 — Igg) (€)-
Finally, the value (Icorr) is obtained by averaging points, sampled from each row, for which value exceeds a
threshold defined as the 50% of the absolute maximum I¢oyr.

4.8. APPENDIX: ADDITIONAL DATA FOR THE FIRST GENERA-

TION DEVICE

Here, we present the data measured on a nominally similar device. The major difference
is that the two-step Al etching was not used here, increasing the length of the Josephson
junction. We believe that, together with the electrostatic fringing fields imposed by the
depletion gates, contribute to the more crowded ABS spectrum with a relatively small
induced gap. However, it was still possible to resolve ECT and CAR processes in this
device.
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Figure 4.10: Local and non-local spectroscopy as a function of ABS gate and out-of-plane magnetic field for
the first generation device. Note a significantly smaller induced superconducting gap compared to the device
in the main text.
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Figure 4.11: Non-local transport processes, measured in the first generation device. Here, the applied bias is
50 1V in magnitude.
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In semiconducting-superconducting hybrid devices, Andreev bound states (ABSs) can me-
diate the coupling between quantum dots (QDs), allowing for the realisation of artificial
Kitaev chains. In order to engineer Majorana bound states (MBSs) in these systems one
must control the energy of the ABSs. In this work, we show how extended ABSs in a flux
tunable Josephson junction can be used to control the coupling between distant quantum
dots separated by = 1 um. In particular, we demonstrate that the combination of electro-
static control and phase control over the ABSs significantly increases the parameter space
in which MBSs are observed. Finally, by employing an additional spectroscopic probe in
the hybrid region between the QDs, we gain information about the spatial distribution of
the Majorana wave function in a two-site Kitaev chain.
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Quantum dots (QDs) with an induced superconducting (SC) coupling can be used to
create solid-state quantum entanglers [67, 68, 87, 88, 89], as well as to implement quan-
tum gates for spin-qubits [15, 90]. Moreover, QDs with both a superconducting coupling
and hopping interactions offer a platform for constructing an artificial Kitaev chain [7,
11], hosting Majorana bound states (MBSs). The minimal chain is a system of two QDs,
which can be tuned to host so-called poor man’s Majoranas (PMM) [12, 33]. While not
topologically protected from perturbations, these states are expected to have Majorana
properties, such as non-Abelian exchange statistics [91, 92]. A crucial prerequisite to im-
plement a PMM is the ability to control the coupling between spin-polarized QDs. It
was demonstrated that a proximitized semiconducting-superconducting hybrid region,
hosting Andreev bound states (ABS), is an excellent mediator to couple the QDs [31, 32,
38, 93]. The nature and magnitude of this coupling can be tuned by changing the electro-
static potential of the hybrid region, as well as by changing the orientation of the external
magnetic field [32, 38]. Both were recently explored in experiments demonstrating the
realization of the PMM states [36, 82].

Figure 5.1: Schematic of the device measured (a) and false-colored SEM image (b): a grounded superconduct-
ing loop (green) is used to create a phase difference between two terminals ¢; and ¢», extending into the ABS
region in a one-dimensional channel, formed by two depletion gates (red). Plunger gates (blue) are used to
control QDs and ABS chemical potential. Three normal spectroscopic terminals (yellow) are connected to res-
onators, formed by off-chip coil inductors Ly and the parasitic capacitances of bondwires Cp, with coupling
capacitors C¢ allowing for a multiplexed read-out. Cutter gates (pink, shown only in b) are used to confine
quantum dots and define tunnel barriers. The scale bar in (b) is 500 nm. The experiment is shown schemat-
ically in (c): ABS (green) mediates ECT and CAR between quantum dots. The amplitudes of those non-local
processes depend on the ABS energy Exgs and its coherence factors v and v, which, in turn, can be controlled
by either the ABS chemical potential u (d) or the phase difference A¢ (e).

Here, we further explore the role of ABSs in realizing PMM states by exploiting a novel
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geometry in a two-dimensional electron gas (2DEG) hybrid system. Motivated by recent
theory work [30], we utilize ABSs coupled to two SC electrodes embedded in a loop, such
that the phase difference between the electrodes can be controlled with an applied per-
pendicular magnetic field. Taking advantage of the long coherence length of the 2DEG,
we are able to couple QDs separated by about 1pm. We observe that the supercon-
ducting phase difference changes the effective coupling between two QDs and allows
for finding PMM sweet spots within a continuous range of the ABS chemical potential.
This is an improvement on systems without this phase control, where sweet spots arise
only at two discrete points of the ABSs chemical potential [31, 32]. Despite the relatively
large separation of the two QDs, an induced inter-dot coupling on the order of 10-30peV
is extracted from the spectroscopic measurements. This demonstrates a clear advantage
of using ABSs in proximitized semiconductors for providing a long-range coupling be-
tween QDs and relaxes spatial restrictions on PMM-device design. Lastly, exploiting the
flexible 2DEG architecture, we utilize a spectroscopic probe connected to the proximi-
tized ABS segment. This additional probe allows us to study the spatial distribution of
the PMM wavefunctions in the strongly coupled regime[34].

5.1. DEVICE DESIGN & CHARACTERIZATION

The device is implemented on an InSbAs two-dimensional electron gas capped with
7nm epitaxial aluminum [40]. Operating in depletion mode, the first layer of gates (red,
Fig.5.1a,b) define a one-dimensional channel connected to three spectroscopy terminals
(yellow). Voltages are applied to the plunger gates (blue), with Vgpr, and Vgpg tuning the
respective QDs chemical potentials, while Vjgs controls the chemical potential of the hy-
brid region. The plunger gates and the tunnel (purple) gates are situated in the second
and third layers.

Two superconducting terminals (green) are connected in a loop and protrude into
the channel, establishing an extended proximitized region hosting ABS. The supercon-
ducting loop is kept grounded, so that an out-of-plane field B, controls the phase differ-
ence A¢ = ¢» — 1 between the two SC electrodes. Measurements are performed using
sub-GHz off-chip resonators, which are connected to the corresponding tunnel probes
(see supplementary information SI for schematics). The resonators can be probed si-
multaneously using a multiplexed reflectometry setup [64]. The complex reflected RF
signal of each resonator is converted to the single real value VI)?(F by performing a rota-
tion in the complex plane (SI). This signal is representative of the device conductance
[62, 63, 94]. Each resonator is connected to a bias-tee Rp;ag, allowing for applying a bias
voltage to each spectroscopic normal lead, as well as for measuring the currents through
them. This allows to additionally extract the device conductance Gy, = dV,/dI, using a
standard low-frequency lock-in technique. The measurements are performed in a dilu-
tion refrigerator with the base temperature of 20 mK.

The QDs are coupled by a hopping interaction through elastic co-tunneling (ECT)
and by a pairing interaction arising from crossed Andreev reflection (CAR), schemat-
ically illustrated in Fig.5.1c. The amplitudes of these non-local processes both depend
on the ABS energy Eags [31]. Additionally, ECT and CAR respond differently to the charge
character of the ABS (determined by the coherence factors u and v). Thus, when varying
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Figure 5.2: Schematic of the device with three tunneling spectroscopy terminals used to probe an extended ABS
(a). The four outermost gates, used for forming the quantum dots, are not energized. Top panel (b): tunneling
spectroscopy measurements acquired while varying the ABS chemical potential. Bottom panel (c): tunneling
spectroscopy measurements, varying the out-of-plane field threading the SC loop, at the V5gg value indicated
by the dashed line in (b). For both panels we plot conductance Gyxx = d Vx/dIx. The periodicity in field (28 uT)
agrees well with the loop area (60 pm?). Both measurements are performed at zero in-plane magnetic field.

the ABS parameters with either the chemical potential y or the phase A¢ (schematically
illustrated in Fig.5.1d,e), one expects to control the ECT to CAR ratio [30].

To mediate ECT and CAR between the distant QDs, an ABS is required that extends
throughout the entire hybrid region in between them. We first establish the presence of
such an extended state in this device, particularly considering the relatively large length
of this region (700nm). This is achieved by performing tunneling spectroscopy mea-
surements from three sides (left, middle and right), while the four outermost barriers
used for forming quantum dots are not energized (Fig.5.2a). We separately vary either
the ABS chemical potential by changing the voltage Vjgs, or the phase A¢ by applying a
magnetic field B,. We observe that the spectrum shows correlated dependence from all
three terminals, both as a function of gate voltage (Fig.5.2b) and magnetic field (Fig.5.2¢),
implying that a single quantum state is accessible to both quantum dots.

5.2. TUNING INTO PMM REGIME

Having established the presence of extended ABSs in our device, we proceed with form-
ing the PMM system. First, we energize the additional outermost gates to define the
QDs. An in-plane magnetic field By = 150mT is applied, in order to spin-polarize the
QDs. To achieve strong coupling between the QDs, the innermost gates are set to have
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Figure 5.3: Tuning into the PMM sweet spot and verifying the PMM spectrum. Top panel (a): charge stabil-

]

ity diagrams, shown in correlated voltage V}I;}{ = VI%F - Vi (each component measured from the Coulomb
blockade SI), varying the superconducting phase difference A¢ (B;). Combined QD states are indicated in
brackets. States, coupled by I'y (I'e) are connected with the dashed lines. (b): Schematic of the detuning exper-
iment, showing PMM wave-functions y; and y3, which can reside partially in the ABS region. (c): tunneling
spectroscopy, measured from all three probes, plotted in conductance Gxx. Note the signal at zero bias mea-
sured at the middle probe, highlighted with the arrows.

relative high tunneling between the QDs and the hybrid region [34, 35]. In this regime,
the QDs are commonly described as Yu-Shiba-Rusinov (YSR) states [95, 96, 97, 98, 99], as
observed in spectroscopy measurements SI. Depending on the dot chemical potential,
the ground state of each QD is either a |]) doublet or a singlet |S) superposition of the
empty and double-occupied QD state. With this description of the QD states, the simple
picture of ECT and CAR interactions can be extended. Considering the combined state of
the two QDs, two types of effective interactions can be defined [34, 36]: spin-conserving
Ty, coupling |S, |) with ||, S), and spin non-conserving I's which couples ||, |) with |S, S),
see Fig.5.3a. Notably, those quantities can be expressed via ECT and CAR amplitudes ¢

E
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and A. Thus, I'; is a linear combination of spin-conserving terms £, f11,A], A (note
that the CAR couples opposite spins), while I' can be expressed via spin-flipping terms
1, t11, A1, Ay . Without the spin-orbit interaction present, or when the external mag-
netic field is applied alongside the spin-orbit field Bsg, only I', is significant. Therefore,
we apply the in-plane magnetic field alongside the dot-dot axis, perpendicular to the di-
rection of the Bsg, see SI.

The different types of couplings between the QDs are revealed in charge stability dia-
grams (CSD), obtained by sweeping the QD plunger voltages and measuring reflected RF
signals from the left and right normal leads, Fig.5.3a. We record the CSDs while varying
B,, which can be converted to the phase difference A¢ across SC electrodes (we assign
A¢ = 0 to the point of maximum Exgg SI). Measured avoided crossings demonstrate the
I'y (I'e) coupling dominating, depending on whether the avoided crossing is
(anti-)diagonal. In this example, we observe that varying A¢ indeed can change the cou-
pling regime from I'c > ', to e < T’y for the top-right transition, with the modulation
being 27-periodic in A¢ SI. This ability to change the coupling regime with the phase
difference originates from the fact that A¢ affects the ABS coherence factors u and v
(Fig.5.1), contributing in a different manner to ECT and CAR [30, 31], and, consequently,
to I'e and T'y. Moreover, the presence of Zeeman field and the spin-orbit interaction in
the proximitized region further affects the interplay between A¢ and the spin-split ABS
spectrum [84, 85, 86], additionally affecting the spin-conserving(-flipping) ECT t,,, and
CAR Ay, 4, amplitudes [32].

The point of T'¢ =T, corresponds to the so-called PMM sweet spot [34, 36], with the
dot transitions crossing in straight lines. We proceed to verify the sweet spot conditions
by performing the spectroscopy measurements (Fig.5.3b,c) while detuning either one or
both QDs. As expected [12], the zero-bias conductance peak persists when detuning only
one QD and splits from zero energy when detuning both QDs. The minimum energy of
the excited states allows for estimating the coupling amplitudes to be on the order of
18V (and up to 30puV for the regime described in SI). This is comparable to previously
reported values [35, 36], indicating that the increased length of the ABS segment does not
significantly impact the interaction strength. Operating in the strong coupling regime,
a finite overlap of the PMM wave functions inside the ABS segment is expected [30, 34]
but has not yet been directly probed. Leveraging the flexibility of the 2DEG platform, we
utilize the spectroscopic probe of the ABS region to study this. As shown in Fig.5.3¢c, we
find that a zero-bias conductance peak is also clearly visible in the conductance Gyy.
This is an indication that the PMM wave functions y; and y, both reside partially in the
ABS region, such that electron transfer from the lead M to the delocalized zero-energy
fermionic mode is possible.

It is important to note that the observed wave function overlap in the ABS region
is not detrimental for the device performance. In contrast, the outer QDs must sup-
port only a single PMM wave function to ensure optimal conditions to explore the MBS
physics[30, 34, 92].
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5.3. EXPLORING GATE-PHASE PARAMETER SPACE

The section above demonstrates that the relative amplitudes of I'c and I', couplings
can be accurately controlled through controlling the superconducting phase difference.
Now, we proceed to explore how this can be used to compliment the previously estab-
lished control utilising the ABS chemical potential [32, 38, 82]. As with phase, this tun-
ability is achieved through the dependence of the ABS energy Eags, as well as the co-
herence factors u and v, on ABS gate voltage [31]. Moreover, one expects that the de-
pendence of the ABS parameters on the phase difference A¢ is modified when varying
the ABS chemical potential p [30]. Qualitatively this can be seen as the junction trans-
parency being a function of . This further motivates us to explore the two-dimensional
Vags, A¢ parameter space.
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Figure 5.4: The sweet spot location in the ABS gate - SC phase difference space. We capture charge stability
diagrams (a) for a set of fixed Vjgg voltages while varying A¢. The sweet spot A¢* is then determined for each
VaBs as a crossover between I'g and I'e, corresponding to the straight QD charge transition lines, and marked
with a colored square. We repeat this procedure for multiple Vagg values and plot the extracted A¢* alongside
the excitation gap, determined from the spectroscopic measurements, in (b). ABS spectrum as a function of
the ABS gate, measured with the dots detuned, shown in (c).

The results of this experiment are summarized in Fig.5.4. We record CSDs, zoomed-
in on a specific transition (corresponding to the top-right on the Fig.5.3a), while varying
A¢ (B;). Comparing CSDs at different Vjgs, we observe that the position of the PMM
sweet spot, corresponding to the crossover between dominant I'¢ to I'y, is achieved at
the different A¢* (SI provides additional measurements of the field detuning spectrum).
Moreover, small changes in the Vapg result in a small change of the sweet spot phase
difference A¢*. This demonstrates that for certain A¢,Vpgs range, the PMM sweet spot
spans a continuous line in a two-dimensional space instead of being a single point at a
specific gate (phase) value. It is possible that the sweet spot characteristics, such as the
excitation gap, change alongside I'e = I, line in the A¢, Vaps plane. However, we haven't
observed any systematic behavior, exploring multiple regimes throughout several de-
vice cool-downs (see SI). This discrepancy with the theoretical predictions [30] can be
attributed to the presence of multiple states in the proximitized region (Fig.5.2c), as well
as the spin-splitting of said states.
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5.4. CONCLUSIONS

We have demonstrated the possibility of strongly coupling two QDs via an extended An-
dreevbound state in a proximitized InSbAs 2DEG on a 700 nm-long hybrid segment. Ob-
tained coupling amplitudes are on the same order of magnitude as reported in preced-
ing studies with short hybrid segments, thus relaxing constraints for future designs. We
found that embedding the hybrid region in a SC loop allows for a novel control knob over
the effective ECT and CAR couplings between the two QDs with the superconducting
phase difference. Our design can be of interest for realizing a long-range tunable super-
conducting coupling for spin-qubit architectures [15]. Here, we explored the phase con-
trol to tune the system to a set of sweet spots hosting PMM states. Combined with control
through the ABS chemical potential established in previous works, we found that sweet
spots can be obtained along a continuous path in the gate-phase space. Future stud-
ies can benefit from dedicated flux lines to control the interaction between QDs, which
may reduce gate cross-coupling and enhance charge stability when compared with the
electrostatic gate control. Lastly, we studied the PMM wave functions in the ABS seg-
ment and observed their presence in tunneling spectroscopy, suggesting the states are
not fully localized on the QDs. These results expand the device geometry and support
the understanding of coupled quantum dots in a PMM system.

5.5. SUPPLEMENTARY

5.5.1. DEVICE FABRICATION
All devices were fabricated using techniques similar to [40]. An aluminum ring with two
narrow extended strips is defined in an InSbAs-Al chip by wet etching, followed by the
deposition of three normal Ti/Pd contacts. After placing 20 nm AlOx via atomic layer
deposition (ALD), three Ti/Pd depletion gates are evaporated. Following a second ALD
layer (20 nm AlOx), multiple Ti/Pd finger gates are evaporated. In a similar fashion, we
define a third layer of gates. Finger gates in the second and third layers are used to de-
fine the barriers and tune the chemical potentials. The depletion gates define a quasi-1D
channel with a width of about 150 nm, contacted on each side and in the middle by a nor-
mal lead. The aluminum ring extends into the channel and induces superconductivity
in the ABS section of the device, with an induced gap on the order of 200peV. ABSs are
found to be present over a large range of Vjgs, the voltage applied to the gate covering the
hybrid region. Finger gates define QDs with charging energies 1 mV order of magnitude.
A single device was used to obtain the data presented in the main text. Measure-
ments were performed in a dilution refrigerator with a base temperature of 20 mK. The
main text contains information from a single cool-down, while the supplementary con-
tains additional datasets from the preceding cool-down (5.12,5.13).

5.5.2. TRANSPORT MEASUREMENTS AND DATA PROCESSING

Measurements are performed using sub-GHz off-chip resonators connected to the cor-
responding tunnel probes. Each resonator circuit is formed by the spiral superconduct-
ing inductor and a parasitic capacitance of the bond wire. The resonators can be probed
simultaneously using multiplexed reflectometry setup[64], with frequencies

fuMR =723,505,248 MHz, determined by the variation in the inductances
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Ly mpr =0.2,0.5,1.5 pH. We convert the complex reflected RF signal of each resonator to
the single real value VI)?(F performing rotation in the complex plane, see 5.6. This signal is
expected to be linear in conductance, expressing the same features[62, 63, 94]. To fully
benefit from the increased acquisition speed, we use the rastering method, 5.5, with an
arbitrary waveform generator (AWG) applying a two-channel sawtooth signal to the dot
plunger gates. The first channel has a single wave period, while the second channel has
as many periods N, as the number of rows in the resulting charge stability diagram. The
frequency fp of the fast channel is limited by the RC filter cut-off frequency. The num-
ber of points in each row N is limited by the acquisition device memory N; - N> and
the acquisition bandwidth fg- N; < BW. Sawtooth signals from the AWG are connected
to the optical isolator, breaking any potential ground loops, and are combined with the
constant DC offsets using a voltage divider. They are then fed into the device through a
set of filtered low-frequency fridge lines.

On the AWG trigger event, the VNA records N; - N> points such that the total acquisi-
tion time equals the period T4 of the slow channel wave. The VNA measures the complex
reflected signal amplitude, with the RF circuit designed so that the incident and reflected
from the resonator waves are separated into two lines with the help of a directional cou-
pler. Finally, the output one-dimensional data string from the VNA is mapped into a
two-dimensional matrix corresponding to the charge stability diagram.

Each resonator is connected to the bias-tee Ry;,;, thus allowing the application of a
bias voltage to each spectroscopic normal lead, as well as measuring the current flowing
through it. This allows to extract device conductance Gy using standard low-frequency
lock-in technique. We assume total line resistances to be order of 10kQ, and neglect
voltage divider effect, which for currents Ix < 1nA results in < 101V voltage offsets.

Instrumental offsets of the applied voltage biases are corrected by independently cal-
ibrating the spectroscopic measurements on each side. When applying a DC voltage to
the specific tunnel probe, the other probes are kept at the offset voltage value.

Magnetic fields were applied using a 3D vector magnet.

Due to device instabilities or charge jumps, electrostatics of the QDs experience small
drifts over the course of the measurements. Investigated orbitals were tracked while col-
lecting the presented datasets. Such drifts are the cause of small discrepancies in gate
voltages between figures from the same dataset.

5.5.3. SUPPLEMENTARY FIGURES
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Figure 5.5: RF reflectometry rastering setup. The arbitrary wave generator is used to provide two sawtooth sig-
nals, while the synchronized vector network analyzer acquires a complex reflection coefficient. The microwave
circuit (right side) separates incident and reflected waves, which is required to equilibrate effective noise tem-
perature with attenuators and amplify the reflected signal. Only one lead resonator is shown for clarity. The
device is represented schematically, showing only the QD plunger gates and the left normal lead.
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Figure 5.6: Signal extraction using RF reflectometry. We record the complex reflected voltage amplitude Vlg(F
for each resonator X. Varying the plunger voltages in a sufficiently large range, we plot the complex signal on
a two-dimensional histogram (a,b). The maximum signal count (marked with the red dot) corresponds to the
Coulomb blockade, the most prevalent state for the selected gate voltage range. We then extract a single value
Vl,f(F (c,d), defined as the distance from a Coulomb blockade for each measured point.
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Figure 5.7: Tunneling spectroscopy of the PMM system around a sweet spot (a), measured from the left termi-
nal. When detuning the phase difference A¢, we observe the splitting of the zero-bias peak, as the sweet spot
exists only for the specific value A¢*. For each A¢ point, quantum dot chemical potentials are adjusted to stay
at the charge degeneracy point. Changing the ABS chemical potential with the Vjgg gate shifts the sweet spot
position, as shown in the main text. To gain further insight into the relation between the sweet spot location
and the system parameters, we record the ABS spectrum with the quantum dots in the Coulomb blockade as a
function of the phase difference (b).
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Figure 5.8: As the phase modulation of the ABS parameters is 27-periodic, we expect the same periodicity for
the quantum dots interaction type and strength. To verify this, we record charge stability diagrams in a large
A¢ range. Charge stability diagrams, shown for two different starting phase values (a, b), confirm the expected
behavior.
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Figure 5.9: ABS not only acts as an interaction mediator between two quantum dots but also couples to an
individual QD, modifying energy levels. ABS-QD coupling is revealed in the Coulomb peak shift as a function of
the phase difference (a for QDL and c for QDR) and the ABS gate (b,d for QDL and QDR respectively). Avoided
crossings are present when the ABS energy approaches zero and are clearly visible when sweeping A¢.
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Figure 5.10: Coulomb peak evolution with the in-plane magnetic field (a, b) shows a clear Zeeman splitting,
necessary for the quantum dot levels spin polarization. Depending on the in-plane field angle with respect
to the spin-orbit field, charge stability diagrams demonstrate either only spin-conserving interaction Iy is
allowed (c, Bgo || By), or, additionally, spin non-conserving I'e (d, Bsg L By).
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Figure 5.11: Tunneling spectroscopy of YSR states in the left quantum dot (a) demonstrates a strong coupling
to the ABS. Thusly, the QDL ground state as either a singlet |S) = uy |0y — v |} 1), or a doublet ||). Tunneling
spectroscopy of the right QD (b) shows a similar behavior.
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Figure 5.12: Additional data for device cool-down II, demonstrating tuning into a sweet spot with magnetic
flux, shown with the charge stability diagrams while varying A¢ (a). We verify the PMM sweet spot conditions
with the tunneling spectroscopy measurements from all three probes while detuning quantum dot plunger
gates (b).
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Figure 5.13: Sweet spot location in the A¢ - Vapg parameter space for device cool-down II. The sweet spot
phase difference A¢* is found by inspecting charge stability diagrams (a) while varying A¢ for a fixed Vpgg
gate value and corresponds to the transition between dominant I'y and I'e (marked with a colored square).
The same protocol is repeated for a range of Vpgg values with the extracted A¢*, as well as the excitation gap
in the sweet spot Egap, shown in (b). Corresponding ABS spectrum at A¢ = 0 as a function of Vags measured
with the quantum dots in the Coulomb blockade is shown in (c).






GATE AND CHARGE SENSING OF
PMM DEVICES

Ivan KULESH, Sebastiaan L. D. TEN HAAF, Yining ZHANG,
Christian G. PROSKO, Tijl DEGROOTE, Eoin M. MULLALLY,
Wietze D. HUISMAN

I think we agree, the past is over.

George W. Bush

This chapter explores PMM characterization methods that do not rely on transport through
normal leads. We observe that the dispersive gate sensing signal contains information
about non-local processes in a system of two quantum dots coupled through an Andreev
bound state. Moreover, we measure the signal originating from the system being in both
parity states and study the effect of normal leads on the quasiparticle poisoning and re-
laxation. Lastly, we present the preliminary results on charge sensing of an ABS using a
single-lead QD sensor.
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6.1. INTRODUCTION

In the previous chapters, we have seen how the transport measurements can be used to
characterize systems of quantum dots coupled through an Andreev bound state. How-
ever, probing the non-Abelian statistics and creating a Majorana qubit requires control
over the parity of the system([91, 92], prohibiting the use of normal tunneling probes.
As such, alternative measurement techniques have to be adapted, which do not require
electron transport into the PMM system. In this chapter, we explore quantum capac-
itance Cq measurements of a poor man’s Majorana (PMM) device, see Fig. 6.1, using
multiplexed sub-GHz off-chip resonators.

500 nm

Figure 6.1: Schematic of the device and measurement circuit (a,b) alongside the SEM micrograph (c) of the
device similar to the one measured. Multiplexed off-chip resonators, formed by the inductance L and the
parasitic capacitance Cp, are connected to the QDs plunger gates (blue), as well as to the normal terminals
(yellow). A one-dimensional channel is formed between depletion gates (red), while the tunnel gates (purple,
c) define QDs and the ABS.

When considering a resonator connected to a plunger gate of a quantum dot, one has
to account for the additional capacitance contribution[53, 100, 101], originating from
the voltage-driven change in the dot electron occupation. Considering the resonator as
a classical circuit, the relevant quantities affecting its load are gate voltage Vi and the
current dq,/dt, where g is the charge on the gate capacitor Cg, see Fig. 6.2. For con-
venience, we denote all capacitors between the QD and the ground as C;.s; = Cs — Cg.
Expressing the unknown charge ¢, on this capacitor in terms of g, and the expectation
of the total QD charge (n), we can obtain the expression relating Vi and g».

So far, there was nothing "quantum" in the above reasoning. To continue, we will
assume that the change in (n) arises exclusively from the change in the ground state
wave function. Doing this disregards dissipative effects when the probability distribu-
tion of occupation of different quantum states changes due to the microwave drive. In
this limit, (n) depends exclusively on the gate voltage and has no explicit time depen-
dence. In other words, the charge on the capacitor (and QD) follows the gate voltage
without any delay and thus can be represented as a purely reactive load capacitor:
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The load capacitance consists of two parts, the geometric contribution Cgeom and the
additional positive quantum capacitance term Cgy, present when the charge can be re-
distributed from the dot. Note that in contrast to a single capacitor with a finite density
of states [102], the quantum capacitance contribution for a charge island is positive.

Figure 6.2: A simple electrostatic model of a quantum dot allows one to relate the relevant as seen from the
LC-resonator quantities - the charge g» on the gate capacitor Cg and the gate voltage V. When the gate
voltage changes the charge expectation (n), load capacitance increases, reducing the resonance frequency, as
observed in the phase response.

The quantum capacitance correction shifts the resonance frequency, as

fres = 1/271\/L(Cp + Cgeom + Cq), [ =1/27/L(Cp + Cgeom) 6.2)

We characterize the plunger resonator response at the fixed frequency f2, with the
phase shift ¢} linear in the quantum capacitance[53], such that ¢px = Aargl’ o< —1- Cq.

6.2. GATE SENSING IN SEMI-ISOLATED SYSTEM: COMPARISON

WITH CONDUCTANCE

Firstly, we compare the quantum capacitance signal, corresponding to the phase shift
(ﬁﬁ? , to the lead reflectometry measurements of the paired dot, which we characterize
with the magnitude ‘7[1{\11:)( of the complex reflected signal change. Notably, the dot being
probed with the gate resonator is isolated from the corresponding normal lead, such that
the dot-lead transition does not contribute to the plunger resonator signal, see schemat-
ics in Fig. 6.3(a,c).

We observe that the quantum capacitance signal is present exactly at the avoided
crossings of the opposing quantum dot lead transitions, which in turn are characterized
by the increased dissipative load on the lead resonator due to conductance signal and
the Sisyphus resistance[103]. Dominant elastic co-tunneling interaction couples charge
state with the total charge being equal, such as (0,2) < (1,1) in Fig. 6.3(b, ECT), with
the dot occupations defined up to an arbitrary even number. Varying the ABS chemi-
cal potential with the gate Vjps, the dominant interaction type can be changed[31, 32]
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Figure 6.3: Comparing quantum capacitance signal, characterized by the phase shift J)PX at a fixed frequency,
to the lead reflectometry of the opposite QD, plotted as the magnitude of the reflected voltage. Panel (b) shows
superimposed signal zoom-in of the top left transition when the dominant interaction between QDs changes
from ECT to CAR. In (d), we show results of the numerically simulated charge derivative proportional to the
corresponding quantum capacitance. Note the non-zero signal presence alongside the entire line of QD charge
degeneracy point as a result of charge transfer between the QD and the ABS.

to the crossed Andreev reflection, Fig. 6.3(b, CAR), with QDs states coupled by emit-
ting/absorbing a Cooper pair into the grounded superconductor. The crossover point
corresponds to the PMM sweet spot[12, 82] (Sw).

Notably, the quantum capacitance signal is present away from the opposing dot tran-
sition. This indicates that the charge from the gate-sensed QD is redistributed not only
between dots but also between the dot and the ABS. This behavior is well captured by
the simple model, Fig. 6.3(d).

As in the case of a double quantum dot system([48, 49, 50, 51], decreasing coupling
increases the quantum capacitance signal. Qualitatively, this can be understood as the
strong interaction smears out the charge between subsystems, making transitions less
sharp, such that the derivative of the charge w.r.t. the chemical potential becomes smaller.
We verify this behavior by tuning the barrier between the gate-probed QD and the ABS.
Interaction between the quantum dot and the ABS is revealed in the charge stability
diagram while varying respective chemical potentials with the gates, Fig. 6.4(a), where
we also observe the characteristic S-shape bending of the dot ABS-transition[34]. De-
creasing the ABS-QD coupling, in turn, affects the coupling between quantum dots, re-
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Figure 6.4: Effect of changing the interaction strength on the quantum capacitance signal. Increasing the
tunnel barrier strength between the left gate-sensed quantum dot and the ABS decreases the interaction, in
turn making the signal larger. The effect is visible in ABS-QD charge stability diagrams (a), as well as in avoided
crossings between QD transitions (b,c).

sulting in smaller avoided crossings and an increase in the quantum capacitance signal,
Fig. 6.4(c).

6.3. GATE SENSING WITHOUT NORMAL LEADS: EFFECTS OF PAR-

ITY

We have established that the gate sensing signal, corresponding to the quantum capac-
itance, agrees well with the system behavior observed from the normal lead reflectome-
try. However, we have swept under the rug an important aspect of the system, which was
the main motivation for using gate sensing in the first place — the parity of the system.
Indeed, the presence of a normal reservoir means that the system parity always corre-
sponds to the lowest energy state, as it can always relax by emitting/absorbing a single
quasiparticle.

The behavior changes drastically when the normal leads are pinched off. Now, the
PMM system can be found in a parity state with higher energy. For example, when the
odd parity state is energetically favorable E, < E,, the system can remain in the even
state |e), as the parity is fixed. The mechanism flipping the parity is the quasiparticle
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poisoning (QPP)[104, 105, 106, 107] from the superconducting terminal. Of course, QPP
is also present when the normal leads are connected. However, its rate is much lower
than the tunneling rate to the normal leads.
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Figure 6.5: Quantum capacitance measurements of the PMM system without normal leads. The top panel (a)
shows the effect of the system being in both parity states when measuring the interaction between individual
QDs and the ABS, with the cartoon demonstrating that the ABS-dot hybridization happens predominantly
in the poisoned state. Dot-dot charge stability diagrams (b, d) contain the signal originating from both ECT
(diagonal lines) and CAR (anti-diagonal lines). Simulations (c,e) demonstrate qualitative agreement with the
experimental data.

When the integration time for each point in the parameter space is larger than the
QPP time, we expect the resulting signal to be the average of the components originating
from the even and odd states. Those measurements are presented in Fig. 6.5. We first
characterize how individual QDs interact with the ABS, recording corresponding charge
stability diagrams. The signal around a QD charge transition comes in pairs, as the loca-
tion of the maximum signal in the CSD is shifted between different parities.
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A similar behavior is observed when capturing CSD for two QDs. Double-line fea-
tures away from the dot-dot crossing points correspond to the QD-ABS interaction that
has already been mentioned. At the regions of inter-dot transition, we observe diago-
nal and anti-diagonal lines corresponding to the ECT and CAR processes, respectively.
The span of those lines is limited by roughly 2 Exgs in terms of dot chemical potentials if
we neglect hybridization between QDs and the ABS. Interestingly, compared to the sin-
gle normal lead case, we can observe a stronger quantum capacitance signal originating
from the weaker non-local process, present only when the system is in the energetically
unfavorable parity state.

Varying the ABS chemical potential with the Vjgs gate, we observe a change in the
(relative) magnitude of the ECT and CAR signals Fig. 6.5(d). Naively, we expect the signal
strength to inversely correlate with the interaction strength, the behavior observed in the
numerical simulations. As such, a PMM sweet spot would correspond to the regime of
equal signal amplitude on the diagonal and anti-diagonal lines. However, it is possible
that a strong coupling asymmetry between dots makes the analysis unreliable. Indeed,
Fig. 6.5(d) doesn't show a clear correlation between left and right gate sensing signal,
especially for the Vjps = 285mV. We suggest that a further investigation to relate gate
sensing signal with the relative strength of the non-local processes and sweet-spot lo-
cation is needed, potentially using microwave signals to probe the system spectrum|[86,
108, 109] without normal leads.

Finally, we explore the intermediate regime of normal lead being almost cut off when
the lead-QD tunneling rate becomes comparable to the QPP rate. We note that the cur-
rents in the lead are still well below the detectable level. The idea behind the experiment
is illustrated schematically in Fig. 6.6(a). Normal lead can both emit (A) and absorb (B)
an electron into the adjacent QD, provided the chemical potential in the lead is above
(bellow) the dot level.

The electron exchange with the normal lead changes the occupations of parity states
depending on the position in the CSD, Fig. 6.6(b), and since the quantum capacitance
signal originates predominantly from the exited parity state, we expect to see increased
(reduced) signal when the excited (ground) state has higher occupation probability. This
effect can be observed in Fig. 6.6(c) when varying the chemical potential in the right lead
allows selecting between processes A (Vg = —150uV) or B (Vg = +150uV).

Focusing on the ABS-QD interaction, we observe that the threshold bias, at which the
quantum capacitance and hence the occupation of parity states is affected, depends on
the quantum dot level being aligned with the ABS energy Eags, in turn, tuned by the ABS
chemical potential with the gate Vjgs. As one might expect, the effect is reduced until it
disappears completely when closing the outer tunnel lead, Fig. 6.6(f).
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Figure 6.6: Effect of normal leads on the quasiparticle dynamic. (a): Cartoon representation of the normal
lead exchanging electrons with the dot. (b): Numerical simulations showing regions of the charge stability
diagram where the parity state can be excited by absorbing / emitting an electron. Predicted regions appear in
the measured CSD (c) when the bias in the lead V allows for one of the processes. Focusing on the QD-ABS
interaction (d), line-cuts at different ABS chemical potentials demonstrate change in the threshold voltage bias
(e), evolving in a similar manner as the ABS energy. Increasing the outer tunnel barrier (f) reduces the variation
in the gate sensing signal.

6.4. CONTROLLING THE ABS ENERGY WITH MAGNETIC FLUX

The ABS in the device is formed between two superconducting terminals, comprising
a Josephson junction and embedded in a SC loop. We vary the phase difference A¢ be-



6.5. CHARGE SENSING 61

tween the SC terminals with the out-of-plane field B, , changing the ABS energy. This can
be observed in the gate sensing signal of the QDs, interacting with the ABS, see Fig. 6.7,
providing additional support for the correspondence between the ABS energy and the
dot chemical potential distance between two signal branches.
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Figure 6.7: In a simplified picture (a), the gate sensing signal appears when the dot level is aligned with the ABS
and the parity state is unfavorable in energy. Controlling the energy of the ABS via phase difference A¢ (B )
(b), we observe modulation of the distance between two signal branches, measured separately for both QDs
(0.

6.5. CHARGE SENSING

Another non-invasive method to deduce information about the state of a quantum sys-
tem is charge sensing using a capacitively coupled QDJ[110, 111]. Change in the electron
occupation on a sensed device shifts chemical potential levels in the sensor QD. In turn,
the position of the sensor dot level can be detected with a single lead using RF reflec-
tometry[60, 112], as the dissipation due to the Sisyphus resistance arises at the dot-lead
resonance.

To establish the charge sensing in our material platform, suitable for the PMM ap-
plications, we use a device resembling the one discussed in this chapter but with a sin-
gle superconducting lead, similar to the one in[38]. Furthermore, we energize tunnel
gates such that only a single quantum dot is formed on the right side of the ABS, with
the barrier between them preventing any transport and providing only capacitive cou-
pling, Fig. 6.8(a). In this particular device, ABS region has relatively large charging en-
ergy, resulting in singlet-doublet ground state transitions as a function of the ABS chem-
ical potential[95, 96, 97, 98, 99], revealed in the tunneling spectroscopy measurements,
Fig. 6.8(b). At the transition points, we expect the charge to change abruptly[113], caus-
ing shifts in the sensor dot level.

This result demonstrates that the charge sensing technique can be employed in InS-
bAs 2DEG to characterize a full PMM device by incorporating additional quantum dots.
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Figure 6.8: Schematic of the experiment (a), relating the charge and spectrum of the Andreev bound state.
Varying the ABS chemical potential with the gate Vjgs, we observe singlet-doublet ground state transitions in
the tunneling spectroscopy measurement (b), corresponding to the shifts in the sensor dot level (c), observed
in the magnitude of the reflected RF voltage.

6.6. APPENDIX: DETAILS OF THE SIMULATIONS

Numerical simulations of the PMM system, shown in Figs. 6.3,6.5,6.6, were obtained us-
ing the three-site model, adapted from[35]. Considering that each site can be occupied
by two spin species, the total dimension of the Fock space is 32 for each parity. The
model is solved using numerical matrix diagonalization.

Below, we present plots of the charge expectation values on left and right quantum
dots, as well as their derivatives w.r.t. the chemical potentials, corresponding to the
quantum capacitance measurements. Here, we only consider the lowest energy eigen-
state for each parity. Importantly, when computing system parameters, the parity is
fixed, and to relate results to the observations, we need to either average the signal, as-
suming equal parity occupation, or condition the system to be in the parity state lowest
in energy.
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Figure 6.9: The expectation value of the charge on the left (n7) and right (ng) quantum dots are computed
separately for even and odd parity subspace. The difference between energies of parity states provides infor-
mation about the system’s overall ground state, while the degeneracy points correspond to the local transport
being allowed from the normal lead (Gyy).
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Figure 6.10: Derivatives of the charge expectation value w.r.t. the chemical potential of the corresponding dots,
computed separately for each parity state. In the case of the QPP rate faster than the acquisition speed and no
normal leads present, we expect both parities to have equal probability, and thus, the signal is the average of
two parities. In contrast, presence of a normal lead forces the system to always be in the overall ground state,
and the response can be found by conditioning the signal on the system parity.






CONCLUSIONS AND OUTLOOK

So there ain’t nothing more to write about, and I am rotten glad of it, because if I'd a
knowed what a trouble it was to make a book I wouldn't a tackled it and ain’t going to no
more.

Mark Twain

7.1. RESULTS DISCUSSION

The results presented in this thesis lay the groundwork for further exploration of con-
fined hybrid systems. The fabrication methods outlined in Chapter 3 have been exten-
sively utilized in producing the devices studied. A common feature in the device design
is the presence of a bottom global depletion gate, which defines the conductance path:
ring-shaped in the case of the double-dot interferometer, and one-dimensional in the
case of PMM devices discussed in Chapters 4,5,6. This bottom depletion gate was not
only essential for device design but also crucial for RF gate sensing performance, as it
screens plunger gates from potential charge islands that may form in the 2DEG. It is
worth noting that, for conductance measurements, a single-layer gate design is viable
for a PMM system.

Another significant development was the adaptation of the RF reflectometry mea-
surement technique using off-chip resonators. This approach enables the characteri-
zation of quantum devices without the use of normal leads, which is essential for pre-
serving parity. Additionally, RF reflectometry greatly accelerates conductance measure-
ments. This seemingly qualitative improvement allows for the exploration of a vast pa-
rameter space and significantly speeds up the tuning process. A fast tune-up is particu-
larly advantageous when searching for a stable gate regime, especially in devices prone
to charge jumps.

Chapter 4 explored the non-local transport processes mediated by an ABS in a Joseph-
son junction. We clearly resolved the ECT and CAR processes and demonstrated that
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tuning the ABS via gate and phase control affects the amplitudes of non-local processes.
However, extracting the phase dependence of ECT and CAR was complicated by local
currents, which inevitably arose due to the selected measurement technique involving
finite voltage biases. Additionally, the presence of multiple ABS in the device added com-
plexity to the experimental system compared to the simple model. It should also be
noted that a similar device was investigated in Chapter 6 in a strong coupling regime,
where no clear phase tunability of the dominant interaction type was observed at the
time of writing.

In contrast, the device studied in Chapter 5 exhibited a clear phase modulation of
the inter-dot interaction, enabling tuning into the PMM sweet spot through phase dif-
ference control. This discrepancy compared to the previous device can be attributed
to differences in geometry, which affect the ABS spectrum, its phase dependence, and
the increased influence of spin-orbit interaction in the hybrid segment. We have also
verified our understanding of a strongly coupled PMM system, confirming the presence
of the wave function in the hybrid segment by leveraging the versatility of the 2DEG
platform. The exact dependence of the interaction and the excitation gap on the phase
difference did not align with the predictions of the simple model, which we attribute to
the complex hybrid spectrum composed of multiple spin-split ABS states. However, this
should not be discouraging, as the key aspect is the ability to tune the system into a PMM
sweet spot and relax the geometric constraints on the hybrid segment length, which was
successfully demonstrated.

Though some interesting physics can be inferred from tunneling spectroscopy mea-
surements, focusing on a system with a well-defined parity requires the use of more ad-
vanced characterization methods — charge and gate sensing, explored in Chapter 6. We
have shown that it is feasible to utilize gate sensing in the hybrid 2DEG platform, build-
ing on the design ideas developed for the double-dot loop interferometer. By differenti-
ating the signal from two parity states, we showed that normal leads can be sufficiently
pinched off by examining the bias effect on the distribution of parity states. However, we
still need to demonstrate that the system can remain in a specific parity state for a dura-
tion significantly longer than the measurement time, or, equivalently, that the quasipar-
ticle poisoning (QPP) rate is much lower than the measurement bandwidth (BW). This
was not the case for the measurements presented in the Ch.6, where increasing the BW
has led to signal-to-noise ratio deterioration without a clear signature of the even-odd
switching. This can indicate that better care might be taken to reduce the QPP rate in
the system, potentially through improved filtering techniques[114, 115], but also that
the sensitivity of the gate sensing in our experiment was insufficient for parity readout.
Further investigation is required to determine the QPP rate. A potential approach could
involve using methods with higher sensitivity, such as charge sensing, to first estimate
the QPP rate. If necessary, this can be followed by an investigation to determine if opti-
mized gate sensing can achieve the required BW.

7.2. FURTHER DEVELOPMENT

Devices based on the 2DEG platform can be easily adapted for PMM charge sensing by
adding extra sensing dots on the sides of the device or incorporating an antenna, Fig. 7.1.
Both approaches have their own limitations in terms of gate layout and measurement
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sensitivity.
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Figure 7.1: Potential layouts for PMM charge sensing are shown. Tunnel gates are omitted for simplicity. Sens-
ing quantum dots (SQDs) can be placed on the sides of the PMM (a) within the same channel. The 2DEG
platform allows for the inclusion of normal probes (N, yellow), facilitating the tune-up process. However, if the
sensing dots are connected to only a single probe, as shown, they can only be probed using RF reflectometry.
Alternatively, SQDs can be placed in a separate channel (b) and capacitively coupled to the PMM QDs using
antennas (floating metallic gates). In this configuration, each sensing dot is connected to two normal leads,
enabling conductance measurements for probing the SQDs. The parasitic capacitance Cg g between an an-
tenna and the bottom depletion gate reduces the effective sensitivity and imposes geometric constraints on
the design.

The parity of the PMM system can be measured without detuning from the sweet
spot by utilizing a loop quantum dot interferometer (Ch.3), following the approach de-
scribed in[116]. However, in the near-term experiments, focusing on a much simpler
technique of dot detuning and local measurement might be more fruitful. Moreover,
controlling the flux through a small loop formed between dots on a fast enough time
scale poses a significant challenge due to the large currents required. It should be noted
that a gate, capacitively coupled to both QDs, can also be used to read out the non-local
parity[91].

Of course, fabrication and materials play a crucial role, alongside device design and
measurement techniques. Several useful improvements have already been mentioned
above. Below, I provide details on additional developments, some of which can be di-
rectly applied, while others require further investigation.

7.2.1. RETHINKING FAB AND MATERIALS

We have seen that Al etching is a crucial and yet a low-yield process, primarily due to
poor resist adhesion. At the same time, the requirements for the Al feature size are
shrinking. When working with ternary InSbAs compounds, the temperature budget is
strongly limited, compromising the resist quality. Utilizing a hard mask for Al etching
has the potential to address this issue, see Fig. 7.2. Perfecting Al etching would not only
resolve the yield issue but, like many other fabrication improvements, would pave the
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way for a multitude of new devices. These could include on-chip inductors, such as
nanowire kinetic inductors and arrays of Josephson junctions.

Side view Top view

SFe or CFa AlFs  Resist
resist plasma resist % removal
2DEG 1> B [2> BEES

Water
treatment

Figure 7.2: Patterning of the aluminum superconducting layer using a grown hard mask. Areas, where Al will
be removed, are covered with resist (preferably ARP for better plasma resilience). The sample is then exposed
(1) to a fluorine-rich plasma, such as SFg, which creates a thin (few nanometers) layer of AlF3 at the surface
of the Al layer. Preventing prolonged sample exposure to the ambient air, the resist is immediately removed in
an organic solvent (2). The sample is then etched (3) in heated to 40 °C Transene aluminum etchant type D,
with etching time dependent on the Al layer properties (usually around 10s). AlF3 is removed in warm water
(4). SEM micrograph of the Al structure, patterned on InSbAs 2DEG with the described method, is shown in
the bottom right corner.
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Another potential direction is to revise the superconducting layer. One of the most
common superconductors used with IT1I/V semiconductors is aluminum. It has favor-
able band-bending(22, 42] preventing Shotky barrier formation at the super-semi inter-
face, offers selective chemical patterning, forms self-terminating native oxide, and can
be uniformly deposited epitaxially[117] with thicknesses significantly smaller than mag-
netic penetration length, thereby achieving an increased in-plane critical field. Al was
shown to induce strong proximity in InSbAs 2DEGs.

Despite the advantages of Al films, a wider selection of superconducting materials
could expand the application range and operational parameters of quantum devices.
Specifically, group V metals, such as vanadium, niobium, and tantalum, offer increased
superconducting gap, larger in- and out-of-plane critical magnetic fields, and can be
deposited with conventional PVD. A higher magnetic field increases Zeeman splitting,
which can improve the polarization of PMM states and might be necessary for materials
with smaller g-factors, such as InAs 2DEGs.

However, patterning group V materials on a semiconducting 2DEG can be compli-
cated, as the available etchants are too aggressive. As such, an interesting approach can
be to combine the two materials[118]. Aluminum, in that case, can serve two purposes -
providing an epitaxial interface, as well as acting as an etch stop layer for the patterning
purpose. Al can be selectively etched away in a wet process. An alternative method is
to utilize a very thin Al layer (few nm), which, when exposed, oxidizes completely. Fur-
ther investigation is required to ensure that the resulting native oxide does not negatively
impact the device’s stability due to charge traps in the material.

The preliminary results, shown in Fig. 7.3, demonstrate an increased induced gap.
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Figure 7.3: Initial study of the Al/Nb superconducting bilayer. Fabrication flow is schematized in (a). We start
with 2DEG samples covered with epitaxially deposited Al. This layer is covered with native oxide and thus
not suitable for depositing Nb layer on top. We remove Al by wet etching in Transene D (1). At this stage, we
also characterize the baseline performance of the 2DEG with Hall bar measurements (b), plotting mobility as a
function of density. Induced superconductivity is demonstrated in the multiple Andreed reflection (MAR)[119]
plots (c, with plots offset for clarity), where a red arrow indicates the first-order resistance dip, corresponding
to the 2A;,, 4 value (we note that for highly transparent junctions this relation is modified[120]). After exposure
to ambient air, the 2DEG surface has to be cleaned in situ before superconductor PVD. Hydrogen radicals are
used for that purpose[121]. We separately optimize the performance of the hydrogen cleaning, depositing only
the Allayer (2) and patterning it using wet etching (3). Device characterization demonstrates some mobility re-
duction, while induced superconductivity is on par with the epitaxial aluminum. Finally, we test Al/Nb bilayer
deposition (2B). The bilayer is patterned by first etching the Nb in a fluorine-based plasma (3B), with Al acting
as an etch stop by forming a hardened AlF3 layer. AlF3 layer is removed by prolonged exposure in warm water
(4B). The initial thickness of the Al layer was chosen so that after fluoride removal, the remaining Al is fully
oxidized. This somewhat elaborate process does not cause any mobility deterioration apart from attributed to
the hydrogen cleaning. MAR measurement demonstrates an enhanced induced gap, though the conductance
peaks are less prominent.

However, transparency is limited (in the range 0f 0.70.8, as deduced from the excess cur-
rent). Potential culprits include the poor quality of the deposited Nb, the absence of a
capping layer leading to Nb oxidation, and damage to the Al-2DEG interface due to the
extremely high thermal radiation from the Nb crucible during evaporation. In summary,
the bilayer large-gap superconductor stack adds complexity to the fabrication process,
and several unknowns remain regarding process performance. Nevertheless, further in-
vestigation may be warranted if the properties of Al become the limiting factor.

Finally, we should critically examine the material comprising the 2DEG - the ternary
compound InSbAs. Despite its unique properties, it is challenging to fabricate devices
using this material due to its low thermal budget. Moreover, its availability to the scien-
tific community seems to have stalled. Therefore, alternative 2DEG platforms need to
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be explored. A natural candidate is InAs, which has a well-established record of induc-
ing superconductivity in mesoscopic structures[120, 122, 123]. The downsides include
a reduced effective Landé g-factor, which hinders experiments requiring high Zeeman
splitting, and an increased effective mass, which reduces the level spacing. We have ini-
tiated experiments with InAs as a potential replacement for the ternary 2DEG and have
demonstrated promising preliminary results, Fig. 7.4.
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Figure 7.4: Initial demonstration of non-local transport processes in InAs 2DEG. The device is schematically
shown in (a). Despite showing ECT (b) and CAR (c), this particular sample suffered from gate instabilities and
was not measured further. Deviations from clear ECT and CAR signals, presented elsewhere in this thesis, are
partly attributed to voltage offsets in the normal leads.

It should be emphasized that most of the fabrication and design techniques can be
applied directly to InAs 2DEG, including AIF hard mask aluminum etching and multi-
layered superconducting stacks. Ohmic contacts with ALD-through vias can be used for
the compact frame gate design, addressing the potential issue of parasitic edge conduc-
tance, Fig. 7.5.
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Figure 7.5: It is possible that the combination of the 2DEG and the gate dielectric materials results in the mesa
edges having residual conductance[124, 125], schematically shown for a quantum point contact device (a).
By contacting the device inside the depletion gate through vias in the dielectric layer (b), the parasitic channel
contribution to the conductance is eliminated. Optical micrograph (c) demonstrates a device with the compact
frame gate and four normal leads, implemented in InAs 2DEG.
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