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SUMMARY

Similar to their charge, electrons also posses an intrinsic magnetic moment called spin.
When moving through an electric field, electrons experience and effective magnetic field
in their restframe which will interact with the spin and influence its direction. This spin-
orbit interaction creates a measurable shift in the splitting of atomic energy levels and in
the energy bands of solid state systems. Recently it has been proposed that systems with
strong spin-orbit interaction can be used to engineer novel topological states of matter
which are predicted to host non-abelian quasi particles. These could generate robust
quantum states which are protected against decoherence. The research in this thesis
focuses on indium antimonide (InSb) nanowires which combine exceptionally strong
spin-orbit interaction with large g-factors and high electron mobilities. This makes them
one of the most promising systems for realizing topological qubits based on Majorana
zero modes (MZM).

At the start of this thesis, the quality of such InSb nanowire devices is studied and
improved. Because of their reduced dimensionality, nanowires have a large surface to
volume ratio and can be very sensitive to the environment. The choice of gate dielec-
tric, surface adsorbents and the nanowire contact interface all have a strong influence
on the final device quality. Following these results, environmental noise is minimized
to demonstrate ballistic electron transport through nanowire quantum point contacts
(QPC). Measurements of the evolution of individual subbands in a magnetic field reveal
the strong influence of orbital effects and demonstrate the emergence of an orbital de-
generacy at finite magnetic field. Next nanowire QPCs are used to search for a helical
gap, one of the main building blocks for engineering MZMs. Because the experimental
visibility of the helical gap depends strongly on device geometry it has so far not been
observed unambiguously. By combining the correct thickness of gate dielectric with sys-
tematic variations in the QPC length, we are able to detect signatures of a helical state
in conductance measurements. Additionally we study the evolution in a linear and ro-
tating magnetic field, which allows us to clearly attribute our experimental signatures to
spin-orbit interaction and to exclude other effects. The extracted spin-orbit energy of
6.5meV is significantly stronger than the values extracted in earlier experiments.

The final part of the thesis focuses on interactions between microwave radiation and
mesoscopic systems. Coplanar superconducting microwave resonators are an attrac-
tive platform for these measurements because of their small mode volume, high qual-
ity factors and established fabrication process. Precise positioning of InSb nanowires
close to the electric field antinodes of a resonator maximizes the electric field along the
wire without compromising the intrinsic quality factor of the cavity. A double quan-
tum dot inside the nanowire then interacts with the microwave field through its dipole
moment at a charge cavity coupling rate g = 150 MHz which is larger than most com-
parable experiments. In a very similar experiment, the nanowire double dot is replaced
by a superconducting Josephson junction. A dc voltage bias applied across the junction



xii SUMMARY

provides a source of microwave photons, and non-linearities in the circuit allows for effi-
cient down-conversion of higher order Josephson frequencies to the fundamental cavity
mode. Embedded inside a cavity this provides a coherent source of microwave radiation
which is easy to fabricate and can be integrated on-chip.

Both experimental systems studied in this thesis are important building blocks in
proposals for topological qubits based on Majorana zero modes. Beyond that they also
demonstrate significant progress in the control and quality of nano-structures and pave
the way towards several interesting follow-up experiments. Some suggestions for such
experiments are given in the final chapter of this thesis.
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Net als elektrische lading bezitten elektronen een intrinsiek magnetisch moment ge-
naamd spin. Wanneer elektronen door een elektrisch veld bewegen, ondervinden deze
een effectief magnetisch veld in hun referentiekader dat koppelt aan het magnetisch mo-
ment en de richting van het elektron zal beinvloeden. Deze spin-baaninteractie creéert
een meetbare verschuiving in de splitsing van atomische energiebanden in vaste stoffen.
Recentelijk is voorgesteld dat systemen met sterke spin-baankoppeling gebruikt kunnen
worden om een nieuwe topologische toestand in materialen tot stand te brengen. Er is
voorspeld dat deze topologische toestand plaats kan bieden aan niet-Abelse quasideel-
tjes, die robuuste kwantumtoestanden genereren die beschermd zijn tegen decoheren-
tie. Het onderzoek in dit proefschrift richt zich op indiumantimonide (InSb) nanodra-
den, waarin een buitengewoon sterke spin-baankoppeling met hoge g-factor en hoge
elektronmobiliteit samenkomen. Dit maakt het een van de meest veelbelovende syste-
men om topologische qubits te realiseren die gebaseerd zijn op Majorana-quasideeltjes.

Voor dit proefschrift is als eerste de kwaliteit van zulke InSb-nanodraadapparaten
bestudeerd en verbeterd. Vanwege de nagenoeg 1-dimensionale aard van de nanodra-
den is de oppervlakte/volume-verhouding groot, met een gevoeligheid voor de omge-
ving tot gevolg. De materiaalkeuze voor gate-elektrode-diélectrikum, de keuze voor ge-
bruikte absorberende stoffen en de aansluiting van het contact op de nanodraad zijn al-
len van grote invloed op de uiteindelijke kwaliteit van het apparaat. Naar aanleiding van
de resultaten minimaliseren we de omgevingsruis en demonstreren we ballistisch elek-
tronentransport door nanodraad-kwantumpuntcontacten (nanodraad-QPC). Metingen
van de evolutie van individuele elektrische subbanden in een magnetisch veld tonen
de grote invloed van spin-baankoppelingeffecten en laten het ontstaan van meervou-
dige ontaarding bij eindige magneetvelden zien. Vervolgens zijn nanodraad-QPC'’s ge-
bruikt in de zoektocht naar een helische energiekloof, een van de hoofdingrediénten
voor het tot stand brengen van Majorana-quasideeltjes. Omdat de experimentele zicht-
baarheid van de helische energiekloof sterk afhangt van het ontwerp van de chip, was
deze tot op heden nog niet onomstotelijk aangetoond. Door de juiste dikte van gate-
elektrode-diélectrikum te combineren met een systematische variatie in QPC-lengte,
hebben we tekens van de helische toestand kunnen detecteren in geleidingsmetingen.
Daarnaast bestuderen we de evolutie van de toestand in een lineair magnetisch veld
onder rotatie. Dit stelt ons in staat om de signalen ontegenzeggelijk toe te wijzen aan
spin-baaninteractie en overige oorzaken uit te sluiten. Bovendien is de uit de metingen
onttrokken spin-baaninteractie van 6.5 meV is significant sterker dan voorgaande litera-
tuurwaardes.

Het laatste deel van dit proefschrift onderzoekt de interactie tussen microgolfradi-
atie en mesoscopische systemen. Supergeleidende coplanaire golfgeleiderresonatoren
in het microgolfregime bieden een aantrekkelijk platform voor deze metingen vanwege
hun smalle lijnbreedte, hoge kwaliteitsfactoren en het bewezen fabricageproces. Pre-
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cieze positionering van de InSb-nanodraad bij een van de maxima van het elektrisch
veld vergroot het elektrisch veld over de draad zonder de intrinsieke kwaliteitsfactor van
de resonator te verminderen. Bij het tot stand brengen van een dubbele kwantumdot in
de nanodraad is er interactie met het elektromagnetisch veld via het dipoolmoment op-
gewekt tussen beide dots. Een lading-holtekoppeling van g¢ = 150 MHz is bereikt, welke
groter is dan de meeste vergelijkbare experimenten. In een zeer vergelijkbaar experi-
ment is de nanodraad met dubbele kwantumdot vervangen door een supergeleidende
Josephson-junctie. Een gelijkspanning aangebracht over de junctie genereert een bron
van microgolf-fotonen, waarbij niet-lineariteiten in het circuit efficiénte conversie van
de boventonen van de Josephson-junctie naar de grondtoon van de resonator mogelijk
maken. Geintegreerd in een microholte, leidt dit tot coherente emissie van microgolf-
licht die makkelijk en on-chip te fabriceren is. Beide experimentele systemen bestu-
deerd in dit proefschrift zijn belangrijke bouwstenen in voorstelde ontwerpen tot topo-
logische qubits, gebaseerd op Majorana-quasideeltjes. Bovendien demonstreren ze sig-
nificante vooruitgang in de beheersing en kwaliteit van nanostructuren, waardoor een
weg is vrijgemaakt voor verscheidene interessante vervolgexperimenten. Enkele sug-
gesties voor zulke vervolgexperimenten worden benoemd in het laatste hoofdstuk van
dit proefschrift.
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2 1. INTRODUCTION

1.1. MORE IS DIFFERENT

The 20th century has revolutionized our understanding of the physical world. The laws
of quantum mechanics were developed to describe the behavior of particles at very small
scales and those laws predicted many counterintuitive phenomena such as superpo-
sition, entanglement and the particle-wave duality. Initially, these predictions created
large debates but by now, they have been confirmed with extreme accuracy. State of
the art experiments can routinely create, manipulate and entangle quantum states and
many researchers work on translating this progress into new quantum technologies.

The theoretical understanding of such experiments typically works well for systems
involving only a small number of particles. Descriptions of larger systems such as com-
plicated molecules quickly become very complicated. In condensed matter systems, the
number of particles ~ 10?? is so extremely large that finding exact solutions becomes
impossible. Nevertheless, many theories have been able to realistically describe physi-
cal systems even though they involve great simplifications. One prominent example of
such a theory is the electronic band structure of solids, pioneered by Felix Bloch [1]. It
considers a single electron moving through the electric potential of a infinite periodic
crystal. If the individual atoms in the crystal are close enough, the individual atomic en-
ergy levels overlap and merge into continuous energy bands which can be interrupted
by forbidden energy ranges, as illustrated in Fig. 1.1. This theory gives a strongly sim-
plified description and ignores most microscopic details, yet it successfully explains the
optical and electrical properties of many different materials. More complex materials
such as amorphous solids, or systems with strong correlations, go beyond the validity
of band structure models and are much more difficult to describe correctly. This does
not only mean that it is hard to get quantitative prediction of individual material prop-
erties. Often such materials can be the source of entirely new and surprising behaviors
which require a completely new understanding. This phenomenon of newly emergent
behavior was discussed by Phillip Anderson in his article ‘More is different’ [2]:

"The behavior of large and complex aggregates of elementary particles, it turns
out, is not to be understood in terms of a simple extrapolation of the properties
of a few particles. Instead, at each level of complexity entirely new properties
appear, and the understanding of the new behaviors requires research which
Ithink is as fundamental in its nature as any other."

One of the main examples Anderson uses to support his argument is Landaus theory of
phase transitions. The theory showed that different phases of matter can be classified
by understanding the symmetries of each system and that phase transitions are related
to spontaneously broken symmetries. The predicted behavior close to phase transitions
applies to a large variety of systems because it is purely based on local symmetries, with-
out relying on the microscopic origin of those symmetries. Over the past decades how-
ever, it has become clear that despite its almost universal applicability, Landaus theory
is not enough. A completely new theory has emerged which classify different states of
matter through topology.
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a) b)

Figure 1.1: Electron band structure of a 1D atom chain. a) Atoms distributed evenly along x-direction with
spacing a produce a periodic potential V. b) At decreasing spacing a the discrete energy levels of individual
atoms overlap and merge into continuous energy bands. Figure adapted from references 3 and 4.

1.2. TOPOLOGICAL STATES OF MATTER

One of the first experimental examples of a topological phase transition emerged from
the discovery of the quantum Hall effect and its extremely precise quantization [5]. It
was realized [6, 7] that the quantization is closely related to the chern-number C, which
is a topological invariant that can only take integer values. This developed into a en-
tirely new way of classifying matter through the topology of their bandstructure. Two
phases are considered topologically equivalent, if their Hamiltonians can be continu-
ously transformed into one another without closing any energy gaps. Phase transitions
between two different topological states are accompanied by a closing and reopening of
an energy gap and they are possible, even if all symmetries are conserved. Most known
materials, however, are topologically trivial. This started a long search for new systems
which could exhibit non-trivial phases [8-10].

1.3. TOPOLOGICAL SUPERCONDUCTORS

A non-trivial topological state has also been predicted for superconductors with p-wave
symmetry. These may host solid state representations of Majorana fermions. Unfortu-
nately however, no existing materials with p-wave superconductivity are known. In 2008
L. Fu and C. Kane, realized that topological superconductors could also be engineered
by combining a topological insulator with a conventional s-wave superconductor [11].
Soon after that in 2010, two different proposals were presented which simplified the de-
sign even more [12, 13]. The combination of a superconductor with spin-orbit inter-
action in a magnetic field, can drive a topological phase transition and create a region
with inverted band structure and localized Majorana zero modes at its ends. Because in
two dimensions, such Majorana modes are predicted to possess non-abelian exchange
statistics [14] they could be used to create topological qubits, which suppress decoher-
ence by storing information non-locally [15]. The strong intrinsic spin-orbit interaction
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a) B<B, b) B=B, c) B>B,
trivial transition non-trivial
E E E
K "k W
d)

gap

>

X

Figure 1.2: a) The combination of spin-orbit interaction and superconductivity produce a subband structure
which is symmetric and gapped around Er. b) When the magnetic field is increased to B¢ the energy gap
closes at k = 0. ¢) At B > B¢ the band gap reopens and the system transitions to a topologically non trivial state
with inverted bandstructure. d) In the topological phase the inverted energy bands cross back to their trivial
non inverted state at each end of the nanowire and Majorana zero modes emerge at the band crossing. Figure
adapted from reference 19

of InAs and InSb makes them very promising candidates to engineer MZMs and existing
fabrication techniques had already demonstrated induced superconductivity. Therefore
experimental evidence of Majorana zero modes followed quickly after the first proposals
[16-18].

1.4. OUTLINE OF THIS THESIS

This thesis focuses on different building blocks which are necessary to transition from
the initial MZM signatures to a working topological Qubit.

e Chapter 2 briefly introduces the theoretical background required for the experi-
mental chapters. It starts with a description of conductance quantization in quan-
tum point contacts and explains how this quantization is modified in the presence
of spin-orbit interaction. Additionally it describes the basic properties of quantum
dots and their interaction with a microwave cavity.
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e Chapter 3 describes the most important fabrication and measurement techniques
used in this thesis.

e Chapter 4 discusses the influence of the nanowire environment, fabrication and
post-processing on the final device quality.

* Chapters 5 and 6 are strongly related. The demonstration of ballistic transport in
nanowire quantum point contacts in chapter 5 is a basic requirement to demon-
strate transport through a helical gap, which is presented in chapter 6.

* Chapter 7 uses a superconducting microwave resonator to measure a double quan-
tum dot in an InSb nanowire. The high sensitivity of these measurements demon-
strates the advantage of microwave measurements which could be essential to
read out topological Majorana qubits.

e Chapter 8 demonstrates the coherent emission of microwave radiation from a Joseph-
son junction embedded inside a microwave cavity. As an on-chip microwave source
it can be extremely useful for read-out and control of classical as well as topologi-
cal qubits.

* Chapter 9 summarizes and discusses the experimental results and proposes future
experiments.
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THEORY

This chapter introduces the underlying theoretical concepts of the experimental results
presented the in the later chapters. It begins with a short introduction to spin-orbit cou-
pling in semiconductors, followed by a description of conductance quantization in bal-
listic one dimensional systems. The presence of spin-orbit coupling modifies the electron
dispersion in a ballistic system which creates a clear experimental signature under the
right conditions. The final part introduces quantum dots, narrow islands confined in all
three dimensions. Embedded inside a microwave cavity, quantum dots strongly influence
the transmission through the cavity.



8 2. THEORY

2.1. SPIN-ORBIT INTERACTION

Spin-orbit interaction (SOI) couples the motion of electrons with the orientation of their
spin. It was originally discovered in atomic physics to explain energy shifts of valence
electrons in spectroscopy experiments. Electrons moving in the electric field of an atom
experience an effective magnetic field B in their rest frame, which is oriented perpendic-
ular to the electrons velocity (7) and the electric field E

- 1 -
B:——ZﬁxE. (2.1)
c
This leads to an energy shift which can be derived from a nonrelativistic approximation

of the Dirac equation [1, 2]

h
HSOZ—WU'[?X (VV()), (22)
with my the free electron mass, ¢ the speed of light, o = (ox,0y,0 ;) the pauli spin ma-
trices, p the momentum operator and V; the electric potential of the atom core. This
includes the Thomas factor 1/2 which renormalizes the SOI due to relativistic effects.
Because the interaction strength depends on the gradient of the electric potential it in-
creases with the mass of the nucleus and heaver elements have stronger SOI.

2.1.1. SOI IN SEMICONDUCTORS

Similar to the orbits of single atoms, electrons moving through the crystal lattice of a
solid can also experience SOI. To understand how it arises in semiconductors we look at
the energy bands of electrons E(k) and some simple symmetry considerations. If spin
and momentum are independent the energy will only depend on momentum and elec-
tron spin is not a good quantum number,

E(k) = E| (k) = E; (k). 2.3)

This degeneracy arises from the combination of two different symmetries [3]. The con-
servation of time reversal symmetry, giving E; (k) = E| (—k) together with the conserva-
tion of inversion symmetry in the crystal lattices, giving E; | (k) = E; (k). Breaking
of time reversal symmetry, for example with an external magnetic field, defines a spin
quantization axis and splits electrons of opposite spin by the Zeeman energy. Similarly,
broken inversion symmetry creates a non vanishing electric field which transforms into
a momentum dependent magnetic field Bso (k) in the rest frame of an electron. Bso(k)
also defines a spin quantization axis, with changing direction at different spatial position
and for different electron momentum. Importantly, electrons of opposite spin are still
degenerate if time reversal symmetry is conserved. SOI is therefore expected to emerge
in any semiconductor with broken inversion symmetry and there are two different ways
how it can be broken, each giving rise to a specific type of SOI. The first type, called
Dresselhaus SOI [4] is caused by bulk inversion asymmetry in crystals which lack a cen-
ter of inversion in their unit cell for example in zinc-blende or wurztite crystals. The
full Hamiltonian of Dresselhaus SOI in bulk crystals has cubic dependence on the wave
vector [2, 4] but in two-dimensional (2D) electron systems this reduces to a linear term:

HEP = Bp - (kxox—kyoy). (2.4)
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O x,y,z are the Pauli matrices and ky, , the electron wave vector. The Dresselhaus param-
eter B is material dependent and characterizes the strength of the spin-orbit interac-
tion. The second type, Rashba SOI, emerges due to structural inversion asymmetry (SIA)
[5] for example through asymmetries of the electron confinement potential or through
asymmetric external electric fields. In 2D it is also linear with k, , and described by:

H2P = ag-(kxoy - kyox). (2.5)

The Rashba coupling constant ap is also material specific and tunable with an external
electric field. Both Dresselhaus in Rashba SOI appear independently or in combination
and cancel each other or add up in strength, depending on the sign of fp and ay. Quan-
titative estimates of their relative strength can be calculated with tight binding models
or k- p theory [2] and similar to atomic physics heavier elements, in particular InAs and
InSb, are expected to have stronger SOI . It is also possible to define an energy Eso and
length g related to the strength of SOI, for example for Rashba SOI:

h2
lso=— (2.6)
R
mas,
Eso=—7 2.7

2.1.2. SOI IN INSB NANOWIRES

One of the main reasons our group is working with InSb is its exceptionally strong spin-
orbit interaction [2]. Our nanowires grow with zinc-blende crystal structure [6] and are
expected to have a combination of both Dresselhaus and Rashba interaction. Typically
we focus on Rashba interaction because of the strong tunability with electric field. Often
it is assumed that Dresselhaus SOI is negligible in our nanowires since it is expected to
vanish for electrons moving in the [111] crystal direction [2] along which our nanowires
are grown. However, this approximation is only strictly true in two dimensional systems
and the confinement down to one dimension could cause the reemergence of a finite
Dresselhaus component.The Rashba Hamiltonian in a 1D nanowire extending along x-
direction reduces to

HiP =agpyoy. (2.8)

This induces a spin-orbit field Bsp perpendicular to the electric field and the electron
momentum

Bso o ag(kyx E). (2.9)

2.2. CONDUCTANCE QUANTIZATION

Quantization of conductance is a classical example how, at nanoscale dimensions, elec-
tron transport is influenced by quantum effects. It was first observed in 1989 in GaAs
2DEGs [7, 8] and has, since then, become a fundamental tool for studying mesoscopic
structures. Measurements of Quantum Point Contacts (QPC) have been done in many
different material systems [9-11] and most of the theory behind QPCs is understood very
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Figure 2.1: a) 1D wire of width d and length L connected to source and drain contacts with chemical potential
1p and pg. Electron motion is ballistic along x and confinement along y gives discrete transverse modes
Ej. b) Energy dispersion for electrons in a) with quantized subbands parabolic in k. Positive (negative)
momentum states are filled up to pp (1g). A voltage eV = ug — up induces current in the wire. c¢) Sketch of
the conductance through the 1D wire for low temperature 4k;, T < Ej, (blue) and high temperature 4k;, T ~ Ejp,
(red). d) Voltage bias spectroscopy: increasing voltage across the wire gives triangles of constant conductance
symmetric around 0. This can be used to extract the subband spacing E; and gate lever arm v.

well [12]. However even after more than 25 years of research there are still open ques-
tions, in particular about the influence of e-e interactions [13, 14]. QPCs have an im-
portant role in this thesis because they are a direct proof of ballistic electron transport,
which is essential for the existence of Majorana zero modes [15]. Additionally, devia-
tions from the simple conductance quantization are expected in materials with strong
spin-orbit interaction [16]. First we explain the emergence of conductance steps in 1D
systems following the Landau-Buttiker formalism [12, 17]. Starting with an idealized sys-
tem, we then include the influence of finite length, temperature and voltage. We will look
at differences between QPCs defined in 2DEGs and QPCs in nanowires as well as the ef-
fect of an external magnetic field. Finally, we discuss how the conductance through at
QPC is modified in the presence of strong spin-orbit interaction.

2.2.1. CONDUCTANCE THROUGH A LONG 1-DIMENSIONAL CHANNEL

Consider along channel as depicted in Fig. 2.1a) with length L and width d (L > d) com-
parable to the Fermi wavelength Ar. Ballistic electron motion along x gives an energy
dispersion parabolic in k; and confinement along y creates quantized energy modes
of energy E,. Inside the channel the energy dispersion reduces to n discrete, parabolic
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subbands E; (k,), each with a 2-fold spin degeneracy:

n2k?
En(ky) = Ep+ —, (2.10)
2m*
with effective electron mass m*. If no external voltage is applied states with positive
and negative momentum are equally occupied up to the Fermi level Er. A small voltage
V creates an imbalance around Ef, eV = us — up which induces a current through the
channel [18, 19]

N
I:ez 3 pn (E)-vp(E)- Th(E)AE. (2.11)

Here T, is channel transmission, v, = (dE,/dky)/h the effective electron velocity and
P =2/m-(dE,/dky)! is the 1D density of states. The energy dependencies of v, and
p'P cancel out giving a conductance G = I/V

N
Z w(E). (2.12)
n=1

If we assume ideal transmission between the contacts and the 1D wire, T, (E) = 1, every
occupied subband E; (kyx = 0) < Er contributes exactly one conductance quantum Gy =
2e%/h to the overall conductance. By changing Er inside the channel, for example with a
local gate, we measure a stepwise increase in conductance whenever Er aligns with the
bottom of a new subband.

2.2.2. FINITE TEMPERATURE AND VOLTAGE
The effect of finite temperature can be included by introducing the Fermi-Dirac distri-
bution f(E,T) = (1+ exp( s T)) ! into the QPC conductance,

2 N
_29 > —Tn(E)dE (2.13)

Now the sharpness of the conductance steps is given by the width of df/dE ~ 4k, T. At
low temperatures 4k;, T << E, the conductance steps will be well resolved. With increas-
ing temperature they smear out until the quantization is lost around 4k, T ~ E,, (Fig.
2.1c)). Similarly, finite bias voltages will also smooth the measured conductance [20]. If,
however, the voltage becomes comparable to the subband spacing eV ~ E,, the simple
picture described before breaks down and additional plateaus appear in between the in-
teger plateaus at N-Gy. This isillustrated in Fig. 2.1d). If the applied voltage eV = us—pup
is large enough the chemical potentials of the contacts can rise (us) or drop (up) over a
subband edge. Then the highest subband only has electron states of one momentum oc-
cupied giving a conductance quantized to (N + m) - 2e?/ h. The parameter m has a value
between 0 and 1 depending on the symmetry of the voltage drop across the QPC [21, 22].
This creates diamond shaped region of constant conductance and measurements of the
conductance as function of bias and gate voltage allow the extraction of the level spacing
of individual subbands as well as the gate lever arm (Fig. 2.1d).
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2.2.3. REALISTIC QPC POTENTIALS
So far we have assumed a long (d <« L) 1D channel with perfect transmission to the leads.
For a more realistic model we can set up a Hamiltonian which includes an arbitrary QPC

potential V(x,y)
2

H=

2 +V(x, ). (2.14)

Assuming adiabatic transition from the current leads to the QPC along x, and a parabolic
confinement potential along y, V(y) = 1/2m* wg y?, we can explicitly solve the subband
energy spacing [18]

E ( 1)h +h2k’26 (2.15)
=|n—-=|hw . .
g 2)770 T ome
At low temperatures we also recover our previous result for the conductance
202 N
G=—- Y. Tu(E). (2.16)

n=1

The effect of the QPC potential on the conductance is now included in the subband spe-
cific and energy dependent transmission coefficient T}, (E), which can cause substantial
deviations from the ideal quantization. Smooth profiles provide high transmission for
almost all modes, while abrupt profiles create a mode mismatch between energy bands
inside and outside the QPC. This increases the chance of backscattering for electrons
entering the QPC which reduces the height of the conductance steps. Resonances in the
transmission, as well as local defects cause additional dips and peaks within a plateau.
The simple parabolic potential provides a good description for gate defined QPCs in
2DEGs and shows that conductance quantization can be preserved even for short QPCs
with a length comparable to their width. More complicated gate profiles can describe
realistic potential profiles and even include disorder in the QPC channel.

2.2.4. NANOWIRE QPCs

Most QPC experiments so far have been performed with Gate defined constrictions in
2D electron or hole gases. Those systems all have very strong confinement along the z-
direction effectively restricting the carrier motion to the x-y plane. In a QPC the confine-
ment along z and y will be very asymmetric giving two separate axes of quantization.
Because of the big difference in the energy spacings, E}, and E?, one can neglect the
higher modes in z direction. Experimentally the system remains in the ground state EY
and only the quantization E;, along y is measured. This is different in nanowires. Here
the confinement along the z and y axis is comparable and both have to be taken into ac-
count. As simple approximation we can assume a cylindrical confinement potential and
find analytical solutions. The eigenmodes of such a potential are described by cylindrical
Bessel functions. An example of the lowest five subbands is shown in Fig. 2.2a). One key
difference compared to the parabolic potential considered before is the subband energy
spacing. Instead of subbands with constant energy spacing it is now possible to have
additional orbital subband degeneracies, e.g. between subbands E», E3 or Ey, Es. This
new degeneracy is caused by the rotational symmetry and will give conductance steps of
4¢?/ h instead of 2€%/ h.
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Figure 2.2: a) Wavefunction of the five lowest subbands in a nanowire with cylindrical confinement potential.
Rotational symmetry causes degeneracies between subbands with identical orbital angular momentum, e.g.
Ep 3 and E4 5. b) An in-plane magnetic field lifts spin degeneracy leading to a a linear Zeeman splitting between
subbands with opposite spin. ¢) A perpendicular magnetic field modifies the subband confinement adding a
B-field dependent, non-linear energy splitting to the Zeeman splitting. d),e) Numerical simulations of the
subband dispersion in hexagonal nanowires for parallel (d) and perpendicular (e) orientation.
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Another difference between 2DEGs and nanowires is the length of the electron mean
free path p,. In 2 dimensional systems it is on the order of pm, much larger than the
size of the QPC constriction. This means that ohmic contacts can be placed far from the
QPC and will not affect its potential profile. In nanowires however, the mean free path
is only around 100 nm-200 nm. Because of this the contacts have to be very close to the
QPC and will significantly contribute to the QPC potential. Using the software package
Kwant [23] more realistic tight binding simulations can be performed which take the
hexagonal cross section of our nanowires into account as well as asymmetries induced
by the contacts and gate electrodes.

2.2.5. ZEEMAN SPLITTING AND ORBITAL EFFECTS
Adding an external magnetic field, B, breaks time reversal symmetry and lifts the spin
degeneracy of each subband. The individual spin subbands E;- split by the Zeeman en-
ergy which increases linearly with magnetic field (Fig. 2.2b).

1
E:(B)=E,(0T) + 8HBB. (2.17)

Here pp is the Bohr magneton and g is the electron g-factor. In conductance measure-
ments this causes the appearance of half plateaus at (IV + 1/2) - Gg. For QPC defined in
2DEGs this simple model agrees well with experimental observations when B is applied
in the x-y plane. Different materials and QPC potentials will influence the exact value
and amount of anisotropy of the g-factor, but the subband splitting remains linear up
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to high values of magnetic field [24, 25]. In contrast, a magnetic field aligned along z,
perpendicular to the 2DEG, will give a very different subband evolution. To see this we
explicitly include the vector potential in equation (2.14) by substituting p — (p — eA),
with A = (0, Bx,0)
H= M+V(x Y+ guBB (2.18)
2m*

For a parabolic confinement potential, this can be solved explicitly [22] and we get

hZ 2
E,(ky) = (n—1/2)hw + —=
2m

1
+ EguBB. (2.19)

With the cyclotron frequency wc = eB/m*, w = \/w% +w2C and m = m*wz/w%. With-
out QPC confinement the perpendicular magnetic field creates quantized Landau levels
with energy EB = (n - 1/2)Aiw(¢, well known from the quantum Hall effect [19]. In QPCs
it causes additional confinement which combines with the QPC potential V(x, y). This
leads to the emergence of hybridized magnetoelectric subbands with non linear B-field
dependent energy spacing, often called orbital effects [24-26]. Simulations for a realistic
QPC potential can for example be found in reference 24 (Fig. 2.2¢). In nanowires QPCs
the effect of a magnetic field will be similar to this. Detailed numerical simulations of
the subband dispersion in realistic hexagonal nanowires are shown in Fig. 2.2d,e). Be-
cause of the radial confinement strong orbital effects are now expected for magnetic
fields oriented both along y and z direction. Even the subband splitting for magnetic
fields aligned along the nanowire is no longer linear as shown in Fig. 2.2d) [27].

2.3. HELICAL GAP

In one dimensional systems with strong SOI, magnetic fields can induce an energy gap
in the dispersion relation. This energy gap, called helical gap, or spin-orbit induced Zee-
man gap, is an essential ingredient for the creation of topological superconductors with
induced Majorana bound states. QPC measurements can reveal such a gap because of
its very distinctive signature in conductance measurements, which we will explain in the
following paragraphs. First, we discuss how the combination of spin-orbit Interaction
and magnetic field opens an energy gap and how it modifies the conductance through a
QPC. Next we look at the evolution of the gap in a rotating magnetic field and finally we
see how the experimental visibility of the helical gap is influence by the shape of the QPC
potential. This explains why helical gap signatures have so far been difficult to observe
experimentally.

Similar to reference 16 we consider a system with ballistic electron transport along x
direction, confinement potential V(z) and a magnetic field in the x-y plane causing Zee-
man splitting % gupB. Neglecting the influence of Dresselhaus SOI, we only consider the
Rashbaterm Hsp = iagr(0x a% -0y %) which simpliﬁes further because electron motion

is restricted to the x-direction Hég —iaRrOy5: a . Using px = zh - we get the Hamilto-
nian,
H= HQPC + Hzeeman + Hso

:sz +V(y)+ guBcr B+ 2R P pxay,

(2.20)
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Figure 2.3: Emergence of the helical gap. a) Rashba SOI couples electron spin and momentum and splits the
spin subbands horizontally. Spin degeneracy remains conserved and conductance measurements are identical
to the case without SOI. b) A magnetic field B L Bgp induces an anticrossing and opens an energy gap Egqp =
gupB around ky = 0. In conductance measurements the gap appears as a dip from 2¢%/h down to €2/h. ¢
For B parallel Bgp the gap closes. d) At large magnetic fields Ez > Egq the subband dispersion approaches 2

spin split subbands without SOIL.
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One important note is that the magnetic field does not enter through the vector poten-
tial A as earlier in equation (2.18) and therefore orbital effects will not be described cor-
rectly. It is, however, still instructive to solve this simple model. The spin-orbit field
Bso = ”%(% x Z) is oriented along the y-direction since electron motion is restricted to
X and the electric field from the confinement potential is oriented along Z. Solutions
to this Hamiltonian are of the form ¥ = e‘¥*®( y)(gl ), with the transverse wavefunction
®(y) and spinors ¢1,| representing electrons with spin up and spin down. The subband
energies are then given by

h?k? B2
E: = o J_rEn\/(guzB ) +guparkBcos®) + (agk)’. .21

+ denotes the energy of spin up and spin down states and 0 is the angle of the external
magnetic field B with respect to the y-axis (and Bsp). This subband spectrum is drawn
in Fig. 2.3 for different magnetic fields. At B = 0 the Rashba SOI breaks subband spin
degeneracy and splits the two bands horizontally (Fig. 2.3a). If a finite magnetic field is
applied along x-direction we get an energy dispersion for the first subband (Fig. 2.3b)

n* k2 B\2
E*:Wfi\/(%) +(arky)?. (2.22)

Because the external magnetic field is perpendicular to Bsg it couples the subbands with
opposite spin and induces an anticrossing at k, = 0 with an energy gap Eg,p = gugB. In
contrast, if the magnetic field is parallel to Bso it will only create an energy shift but no
coupling between the subbands with opposite spin (Fig. 2.3c)

_ h2k2

E*= om* + (aka+

fa BB) . (2.23)

2.3.1. SIGNATURE IN CONDUCTANCE MEASUREMENTS
To understand the effect of the spin-orbit gap on QPC conductance measurements we
first consider the case of perfect transmission T, (E) = 1. We then get [16]

2
G= % Y3 B FE™), (2.24)

ns i

The first sum runs over all subbands n and spins s and the second sum counts all extrema
i of the subbands. " is +1 for a minimum and -1 for a maximum. The resulting con-
ductance traces are shown next to the subband dispersions in Fig. 2.3. At Zero magnetic
field SOI splits the spin subbands in momentum space, but both subbands are still de-
generate in energy which gives conductance steps at multiples of 2¢?/h identical to the
situation without SOI. Similarly if By, is aligned with Bgp each subband will be split by
the Zeeman energy giving conductance steps at multiples of e/ h. The most interesting
case is for a magnetic field B,y that is not perfectly aligned with Bg(. First we discuss the
case of a perpendicular magnetic field and then move on to arbitrary angles 6 (Fig. 2.4).
At perpendicular magnetic field both spin subbands still have a minimum at identical
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Figure 2.4: Angle dependence of the helical gap. a) A magnetic field at arbitrary angles 8 creates a combined
contribution of Zeeman splitting and anticrossing. The conductance now shows both an initial plateau at
0.5Gy as well as a dip from 1Gg down to 0.5Gp. The width of each of feature depends on 6 as indicated. b)
Simulations of the angle dependent conductance.

energies and the conductance will go to 2¢?/h. However, when the chemical potential
u enters the spin-orbit gap it crosses a local maximum and the conductance will drop
to €%/ h before returning to 2e?/h. The spin-orbit gap will show up as a dip in the first
plateau with a width determined by the strength of the external magnetic field. Inside
this gap only the two outer states are occupied giving electrons with opposite momen-
tum nearly opposite spin orientation - hence the name helical gap. The size of the gap
is determined by Ez and for large perpendicular magnetic fields Ez > Ego when the in-
fluence of the SOI becomes small, the subband dispersion approaches the normal case
with only Zeeman splitting (Fig. 2.3d).

2.3.2. ANGLE DEPENDENCE OF THE SPIN-ORBIT GAP

The difference in the subband structures of Fig. 2.3b,c) demonstrates the strong angle
dependence of the helical gap size with respect to the external magnetic field. Checking
this angle dependence is an important confirmation that an experimentally observed
conductance dip is actually related to the spin-orbit interaction. Generalizing the Hamil-
tonian (2.20) we get [16]

p?

H=——
2m*

+ %pay + %Ez(sin(a)ax +cos(0)o ) (2.25)
With the Zeeman energy E, = gugB and assuming a magnetic B-field oriented in the
x — y plane at an angle 6 relative to Bso. The resulting bandstructure is shown in Fig.
2.4a) and now has two B-field induced features. The energy gap Ez, opening at around
the band crossing and the Zeeman shift between the two band minima Ez ». Their angle
dependence is given by

Ez, = Ezsin(0) (2.26a)
Ezo=Ezcos(0). (2.26b)

When rotating the magnetic field the subband dispersion in Fig. 2.3b) gradually transi-
tions to the one in Fig. 2.3¢). If we increase the angle starting from B || y the size of the
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Figure 2.5: a) Sketch of a realistic nanowire QPC. A hexagonal nanowire (red) with metallic contacts (yellow)
lying on top of a backgate (grey) with gate dielectric (blue). The QPC potential is drawn above the nanowire.
It sets on over a length A reducing the actual QPC length to Lgpc. b) Spacial variation of the subband energy
because of the gate potential. States of high momentum below the metallic contacts need to tunnel through
the energy gap to end up in low energy states at the bottom of the first subband inside the QPC. ¢) The onset
length A strongly influences the visibility of the helical gap.

helical gap decreases with sin(f) and both subbands shift vertically by cos(0) creating an
initial 0.5 - Gy plauteau in conductance measurements.

2.3.3. GAP VISIBILITY IN REALISTIC DEVICES

In our discussion of the helical gap and its signature in conductance measurements we
have so far assumed perfect transmission to the contacts T, (E) = 1. Any realistic device,
especially QPCs in nanowires, will be far from this ideal case. Because of screening from
the metallic contacts the QPC potential only sets on gradually and the actual QPC length
will always be shorter than the contact spacing. The width of the region over which the
chemical potential is tuned inside the helical gap depends on the actual length of the
QPC (Fig. 2.5a). In very short QPCs electrons have a high change of tunneling through
the gapped region which causes the conductance dip to be suppressed or even invisible.
To avoid this, the QPC length should be as long as possible, at least a few times Igp. At
the same time the maximum QPC length is limited by the electron mean free path. If the
channel is too long, disorder will dominate the conductance plateaus and destroy the
necessary quantization. This sets an upper and lower limit on the QPC length necessary
for the observation of a helical gap. Detailed simulations performed in Ref [28, 29] show
that finite size effects, finite temperature and in particular the shape of the QPC poten-
tial will also have dramatic influence on the visibility of the spin-orbit gap in transport
measurements. Here we briefly summarize and discuss those results and relate them to
our nanowire devices presented in chapter 6. The simulations are performed with tight
binding simulations with a model similar to equation (2.20), but with a more realistic
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confinement potential

0 N

Vgl = v+ E-L [tanh(= —)on Ik 2.27)

This gives a smooth variation from the potential under the metallic contacts Vg{V to the
potential in the wire Vg,) with a linear slope around xp given by AVg/A. A sketch of this
is included in Fig. 2.5b). As the simulations show, the exact value of A dominates the
conductance. If A is small the QPC potential will set on very abruptly and if A is large
it will set on adiabatically. An abrupt onset causes strong mode mismatch increasing
the chance for back reflection. The reflection is stronger for the low momentum states
which strongly suppresses the initial 2e?/h peak as sketched in Fig. 2.5c). This could
be avoided by having an adiabatic potential onset. Fig. 2.5b) sketches shifted subbands
at different spatial position along the QPC. In the contacts the Fermi level is high and
states with large momentum are occupied while inside the QPC the situation is reversed.
Especially at the onset of each subband, the high momentum states under the leads are
connected to low momentum states in the center of the constriction. On the way they
have to tunnel through a region gapped by the helical gap. Now if the potential onset
is too slow this will again strongly suppress the initial peak to 2e¢%/h. To maximize the
visibility of the helical gap, the potential profile therefore has to be finely tuned to an
optimal length scale. The authors of [28] find an optimum length for the potential onset

A* = hALZF ~ ESZ%T* /A z. Notice that A* depends on vr and B so it is changed by the gate

potential as well as the magnetic field. Including finite size effects and disorder in the
simulations confirms this basic observation but also shows that Fabry-Perot oscillations
can lead to an even stronger suppression of the 2¢?/h peak and that too much disorder
will also destroy the signature of the helical gap.

2.3.4. CONCLUSIONS

We have seen that the predicted signature of a helical gap can, in practice, only be ob-
served over a narrow parameter range which is very challenging to realize experimen-
tally;

* The QPC should be as long as possible, to clearly see the reentrant feature of the
helical gap, at the same time transport still has to be ballistic.

* The shape of the QPC potential onset has to be close to the ideal length scale 1*.
While this can be varied for individual devices, for example by changing the thick-
ness of the gate dielectric, A* depends on Egp which is only roughly known.

Apart from the helical gap, other effects related to disorder or interference can also cause
anomalous conductance features. Examples for this are Fabry-Perot oscillations or, the
Kondo and Fano effects. To unambiguously show that a conductance dip is caused by a
helical gap, it is necessary to measure the evolution in magnetic field and confirm both
the linear increase in magnetic field, as well as the correct evolution in a rotating mag-
netic field.
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Figure 2.6: a) Simple model of a quantum dot. A small island (QD) is connected to source (Vs) and drain (V)
contacts with capacitance Cs 4 and tunnel rate I'q 4. A capacitively coupled gate voltage controls the charge
induced on the island. b) Conductance through the quantum dot is normally suppressed and only allowed
when one of the energy levels inside the dot u(N) is aligned with the chemical potential of the source and
drain contacts. This leads to discrete conductance peaks.

2.4. QUANTUM DOTS

Quantum dots are small islands that confine electrons in all 3 dimensions. This creates
discrete quantized energy levels similar to single atoms. There are different ways of cre-
ating such islands, for example self assembled quantum dots [30], gate defined quantum
dots in 2D electron gases [31, 32], carbon nanotubes [33] and nanowires [34, 35]. Having
such a large choice of materials and confinement size means that the energy spacings of
QDs can be varied from ~eV in the optical range down to ~peV in low temperature con-
ductance measurements. In the following sections we will briefly explain some of the
unique signatures of single and double quantum dots in conductance measurements.
Additionally we will see how superconducting microwave resonators provide an alterna-
tive readout method of high sensitivity.

2.4.1. SINGLE QUANTUM DoOT

To understand the basic properties of a gate defined quantum dot we model it as a small
island connected to source and drain contacts through tunnel barriers and capacitively
coupled to a gate electrode as shown in Fig. 2.6a). The total energy of a quantum dot with
N electrons, U(N) can be calculated with the constant interaction model. [36, 37] This
model assumes that the energy level spacing is independent of the number of electrons
N and that the coulomb energy felt by an individual electron is described by a single
constant capacitance C = C; + C4 + Cg. The number of electrons then changes linearly
with Vi4re and we can define an effective electrochemical potential in the quantum dot

pN)=UN)-UN-1)

The spacing between different energy levels E, ;4 + AE is the sum of the charging en-
ergy required to overcome coulomb repulsion for adding and extra electron and the level
spacing AE caused by the confinement. Note that AE = 0 is possible, for example when
adding electrons to partially occupied degenerate energy levels. With a small bias volt-
age, electron transport will be allowed if an energy level inside the QD is aligned with
s, and forbidden if it is misaligned. Changes in V; tune the relative alignment of the
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Figure 2.7: a) Sketch of a double dot charge stability diagram. Current through the dot is plotted as function
of the two plunger gates Vg1 (Vg2) which control the occupancy of the left (right) dot and map out hexagonal
regions of constant charge occupancy in the double dot system. At each triple point where three hexagons
meet, the levels of both dots are aligned with each other and with the contacts allowing current flow. b) At
finite bias voltage the triple point expand into triangular regions over which current flow is possible. Picture
adapted from Ref. [37].

energy levels and lead to discrete peaks in the conductance as individual QD levels pass
through energy window given by the bias voltage (Fig. 2.6b).

2.4.2, DOUBLE QUANTUM DoOT

Next we look at two Quantum dots connected in series. The occupation of each dot can
be controlled individually by 2 gates and the conductance as function of the two gate
voltages Vg1 and Vg2 shows a hexagonal pattern (Fig. 2.7a). Inside one hexagon both
dots are in coulomb blockade with a constant number of electrons (N, Ng). On the
edge of a hexagon one or both dots change their occupation by one electron. Electron
transport through both dots is only allowed at the points connecting three hexagons,
where the chemical potential of both dots is aligned with the potential in the contacts.
At finite bias voltage these triple points expand into triangular regions of conductance
(Fig. 2.7b).

2.5. MICROWAVE READOUT OF DOUBLE QUANTUM DOTS

A double quantum dot embedded inside a high quality microwave cavity can be modeled
with a Jaynes-Cummings Hamiltonian. It models the interactions between a two level
emitter and quantized electromagnetic radiation, which is well known from the field of
quantum optics and described in many textbooks, [38, 39]

H = Hcqyiry+ Hop + Hoc - (2.28)
The first term describes the radiation inside a cavity. It is the sum of all cavity modes n,

each with resonance frequency w,/2m, photon creation an annihilation operators d};, an
and photon number operator i,

1 1
Heavity =Zhwn(a;an+5) =Y hwp (i + 5) (2.29)
n n
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For the quantum dot we assume one electron is shared between the two dots so it can be
modeled as a two level charge qubit with level spacing Q = V€2 + 412 using the detuning
¢, interdot tunnel coupling ¢ and Pauli matrices gy, y,.

hQ
HQD = 70’2+t(]0'x. (2.30)

The two level quantum dot interacts with the fundamental cavity mode w. at coupling
strength gc. Assuming the quantum dot is tuned near to the fundamental cavity fre-
quency Q = wg and g¢ > wp, 2 we can perform the rotating wave approximation (RWA)
and get the Jaynes-Cummings Hamiltonian

hQ JE N T t
H= 702+hw0a a+hgc5(a o_+aoy). (2.31)

The RWA neglects the quickly oscillating terms, Q+w., and only keeps the low frequency
terms, Q — w., which means it considers only energy conserving terms and ignores all
higher order terms, for example two photon processes. This is similar to the two level ap-
proximation which also ignores any higher order processes into additional excited states
of the quantum dot. Energy conservation also means that equation 2.31 cannot describe
absorption in or emission from the closed cavity-dot system. To capture this, we use a
Master equation approach following ref [40]. Moving into the rotating frame of the exter-
nal probe field gc(ae™ k" + afe!®r") with the detunings Aq = Q/h—wg and Ac = 0.~ wg

we get the effective Hamiltonian (gerr = gc%)

A
H=hAcd a+ =20+ hgess(ao . +ao-) (2.32)

With this we can derive the time evolution of the operators. Assuming the quantum
dot stays near its ground state (o, ~ —1) we get

. K ,
d=—lAcd—Ea+ \/K_lain,l"'\/K_Zain,Z_lgefo— (2.33)
c'r_:—iAQa_—%a_+\/?9—igeffa (2.34)

with the cavity decay k = «x; + k] + k2, a combination of internal photon decay «; as
well as the decay through the in(out)put port xj(2) and the quantum noise terms a;,»
and &. Neglecting the latter two noise terms and assuming a simple, classical input
field a;,,1 — a simplifies the cavity output to a,yr,2 = v/K2a — a;n,2. The output at port 2
is proportional to the cavity photon state scaled by the output rate (x2) minus the losses
through the first port. Transmission through the cavity is now simply the ratio gy, 2/
and we can reconstruct the cavity transmission T

QAout2 |2
T= —)

a

(2.35)

and the phase
_ Aout,2
AD=—-arg (—a ) (2.36)
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Qout,2
a

In the steady state, can be expressed as

doutp _ l:\/Kle , 2.37)
a Ac—iK/2+ gefrX
with the double dot susceptibility y = %ﬁwz. To include the effect of charge noise

acting on the quantum dot, we additionally convolute this with a Gaussian distribution
oflinewidth o.
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FABRICATION AND MEASUREMENT
TECHNIQUES

This chapter gives a brief overview of the most important fabrication steps as well as the
DC and microwave measurements setup used in this thesis.

27
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Figure 3.1: a) Scanning electron microscope (SEM) image of a nanowire growth chip. InSb nanowires grow ver-
tically on top of InP/InAs stems. b) SEM image of a finished nanowire device. A single nanowire was transferred
on a n++ Si-substrate and contacted with Cr/Au. Scale bar in a) and b) corresponds to 500 nm

3.1. DEVICE FABRICATION

This chapter first introduces the practical steps which are necessary to create a work-
ing device and prepare it for measurements. This is followed by a short overview of the
measurement setups used in this thesis. There are extensive descriptions about the ba-
sics of nanofabrication in earlier theses [1, 2] and in literature [3]. The explanations are
therefore kept short and only cover the steps, which are most crucial for the fabrication
of high quality QPC devices.

3.1.1. NANOWIRE GROWTH AND DEPOSITION

The InSb nanowires used in this thesis were grown with metal organic vapor phase epi-
taxy (MOVPE) using vapor-liquid-solid (VLS) growth [4]. Au droplets are deposited on an
InP substrate and act as catalysts for the growth. During growth the substrate is heated
until the Au melts and then exposed to metalorganic precursors. These precursors will
decompose close to the Au-catalyst, releasing their metallic atoms which dissolve into
the droplets. When the concentration of metals inside the liquid catalysts reaches sat-
uration, single crystal layers deposit one by one at the bottom. Direct growth of InSb
nanowires is challenging because of the large lattice mismatch between InP (substrate)
and InSb (nanowire). To circumvent this problem, short stems of InP and InAs are grow
first, before switching to InSb. This results in high quality InSb nanowires free of stack-
ing faults with zinc-blende crystal structure and oriented along the [111] crystal direc-
tion. Typical diameters of these nanowires are 60-120 nm with a length of 1-3um and
more details about the growth can be found in ref 5. The finished growth chip contains
a dense forest of vertically aligned nanowires from which individual wires have to be
separated and contacted to measure their electrical properties. Early experiments [6]
used cleanroom tissues to transfer nanowires. While this method worked fine in princi-
ple, it wasted a large proportion of the nanowires on the growth chip and deposited the
wires at random points. A huge improvement was achieved by using a nanomanipulator
[7]. Here, a fine needle under an optical microscope is used to pick up individual wires
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from the growth chip and place them deterministically on the Si-substrate. Although this
method can take quite some time to learn, it guarantees high yield of nanowire trans-
fer and precise alignment both in angle and position with accuracies of less than 5° and
1 um. Nanowires are typically deposited on top of a degenerately doped n++ Si-substrate,
which can act as backgate or on top of pre-defined bottom gates.

3.1.2. CONTACT FABRICATION

After deposition, electrical contacts to the nanowire are defined with ebeam lithography.
Typically Au is used for metallic contacts and Al or NbTiN for superconducting contacts.
Between growth and contact fabrication the nanowires are exposed to air and a thin layer
of insulating surface oxide forms. To achieve transparent contacts this layer has to be
removed before metal deposition and in our group there are two different methods in
use. Either a diluted ammonium polysulfide (N Hy)2 Sy solution which chemically etches
and passivates the nanowire surface [8], or alternatively the surface is etched physically
with a plasma or a directional beam of atoms. While both methods succeed in creating
ohmic contacts, they differ in important details. A well calibrated chemical etch is gentle
and self-terminating and removes only a few nm of the nanowire surface. Additionally
it leaves a thin passivating sulfur layer on the surface. This layer prevents an immediate
reoxidation when the wires are transferred to the metal evaporator and it induces surface
doping which can help with maximizing contact transparency [9]. However, the homo-
geneity of this sulfur layer is unknown and it is necessary to rinse the chip and reexpose
it to air during the transfer into an evaporator. These factors can limit the cleanliness
of the contact interface. In contrast to this, physical etching can be performed in situ
directly before contact deposition which guarantees a pristine nanowire surface. The
main disadvantages of this approach are the strong directionality of the etch and the
possibility that ions or atoms not only etch the surface but can also penetrate deeper
into the nanowire and induce additional defects. A major improvement of the contact
quality was achieved by using a combination of both processes. First the surface oxide
is removed with sulfur passivation and then a very short and gentle in-situ ion etch is
added immediately before contact deposition. A more detailed investigation about the
influence of individual process parameters is given in chapter 4 and reference 10.

3.1.3. POSTPROCESSING

After fabrication, the chip is glued on a printed circuit board (PCB) and electrically con-
nected with thin Al-wires. Because of the small dimensions and high resistance of nanowire
devices they are very sensitive to electrostatic discharge and great care has to be taken
to avoid the destruction of devices. The PCB is then connected to a copper piece which

is in direct contact with the mixing chamber of a dilution refrigerator (DR). All measure-
ments presented in this thesis were performed in DR’s with base temperatures ranging
from 20 to 100 mK.

3.2. DC MEASUREMENT SETUP

To minimize electron temperature and noise all wires are thermally anchored at multiple
points inside the DR and pass through several stages of filtering. Most of the electronics
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Figure 3.2: Dilution refrigerator and measurement setup. a) Battery powered IVVI rack with voltage and current
sources and measurement modules. b) PCB board with with microwave and dc connectors designed for the
measurements in chapter 7. ¢) One of the dilution refrigerators used for the measurements in this thesis.

and filtering are developed in house by Raymond Schouten. To galvanically isolate the
measurement electronics they are battery operated and communicate with the measure-
ment computer through an optical link only. At room temperature, r filters are used to
filter the intermediate frequency range (10 MHz-10 GHz) and additional copper powder
and RC filters are added on the cold finger for the remaining higher and lower frequency
range. This not only reduces the noise but also helps with absorbing high energy elec-
trons. Conductance measurements were performed with standard lock-in techniques at
(quasi) DC, typically operated at 50 — 100 Hz with a voltage excitation dV ~5—100uV.

3.3. SUPERCONDUCTING MICROWAVE RESONATORS

The microwave resonators used in this thesis are coplanar waveguides defined in thin
superconducting NbTiN films. Fig. 3.3 sketches the basic layout of such a resonator. It
consists of a thin stripline of width W, separated by a small gap from two ground planes.
Two cuts, interrupting the stripline, define a cavity which is capacitatively coupled to
the input and output lines. The small mode volume of such a cavity generates very high
field gradients, which are maximized at each end close to the coupling capacitors. The
resonance frequency vy is set by the cavity length [, capacitance C and inductance L.

1
Vo= ——. 3.1
PYNiTe
Typical values for v are 4—8 GHz which can be changed by varying the resonator length.
The capacitance is extracted from simulations, but the inductance L is considerably
modified by the kinetic inductance Ly of our thin NbTiN films L = Lg + L. Small varia-
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Figure 3.3: Optical image of the coplanar microwave image used in this thesis. A central stripline out of NbTiN
(light gray) is separated from two groundplanes by a small gap (dark gray). Insets (light blue) show capacitors
at each end which act as semitransparent mirrors and define a 1/2 cavity. The central inset (green) shows
an InSb nanowire, placed close to the resonator ends as described in more detail in chapter 7. Holes in the
groundplane are added to increase the magnetic field compatibility of the resonator.

tions of the films thickness are enough to change the resonance frequency.

Resonators are a way to engineer the vacuum energy spectrum and only allow emis-
sion into a narrow bandwidth §v which is correlated to the decay rate x and the quality
factor Q of a cavity. The measured quality factor of a resonator, called loaded quality
factor Qr will be a combination of internal losses in the cavity Q;,; and losses through
the input and output ports Qey;.

1 1 1
—= + 3.2)
QL Qint Qext
Q=22 3.3)
L= sy ’

Vo
K=2m—. (3.4)

QL

Several mechanism are responsible for the internal losses of a resonator, for example
defects in the surrounding dielectric, radiative losses, or vortices and quasiparticles in
the superconducting film. External losses can be engineered and optimized for individ-
ual measurements. Resonators with small coupling capacitances, called undercoupled,
maximize the photon lifetime, but decrease the signal emitted from the resonator. Over-
coupled resonators artificially decrease the photon lifetime inside the resonator and in-
crease the signal allowing faster measurements.

3.4. MICROWAVE MEASUREMENT SETUP

After fabrication the resonator is glued on a printed circuit board (PCB) equipped dc
lines and with coaxial connectors for the microwave signals. The PCB is enclosed inside
a tight copper box to shield it from electromagnetic radiation and mounted on the cold
finger of a DR. At a base temperature of 20mK the remaining thermal energy is much
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Figure 3.4: Circuit schematic of the measurement setup used in chapter 8.
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smaller than the single photon energy inside the resonator (5Ghz ~ 240mK). The DC
lines are identical to the setup described above and a sketch of the microwave setup
is shown in Fig. 3.4. On the input line attenuators are added at different temperature
plates of the fridge (at 4K, 0.7K, 15mK). These are essential to suppress thermal radia-
tion through the coax cables. Additionally they help with thermalizing the cables at each
stage. At the output port the signal passes first through an isolator to prevent radiation
leaking back into the cavity. Then it is amplified with a cryogenic HEMT amplifier. At
room temperature the signal is multiplied with a local oscillator in an 7Q mixer to con-
vert it to lower frequencies. The I and Q components (note that here, Q does not refer to
the quality factor), then pass a low pass filter and are amplified again before being digi-
tized with a fast Alazar 9850 acquisition card. From the I-Q components the amplitude
and phase can be reconstructed via

A1) =/ I(1)2 + Q(1)?
) (3.5)
¢(t) = arctan ) .

t
A(1)
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OPTIMIZATION OF NANOWIRE QPC
DEVICES

To achieve the results presented in chapters 5 and 6, significant improvements in device
fabrication were necessary. Conductance measurements of nanowire devices respond sen-
sitively to changes in the contact interface and in the nanowire environment. Careful opti-
mization and control of different processes and device parameters is therefore very impor-
tant. In this chapter, I present a more detailed investigation of changes in different process
parameters to emphasize their importance and to hopefully provide a point of reference
for future device generations.
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4.1. INTRODUCTION

InSb nanowires have attracted great interest because they combine large electron mo-
bilities [1], high g-factors [2-5] and strong spin-orbit coupling [6-8]. Initial experiments
focused on qubits [5, 9, 10] which was soon followed by attempts to realize topologi-
cal superconductors in hybrid superconductor-nanowire systems [11-14]. However, the
large surface to volume ratio and the increased chance of backscattering in one dimen-
sional systems, limit device performance. Until recently, ballistic transport could only
be observed at high magnetic fields where scattering is strongly suppressed. Reliable
confirmation of ballistic electron transport as discussed in chapter 5, was only possible
by combining low noise dielectrics with an improved contact recipe. This demonstrated
that the nanowire environment as well as the nanowire-metal interface crucially impact
device performance. To make good electrical contact with a nanowire, the intrinsic sur-
face oxide has to be removed first. In our group there are two methods for doing this, Ion
milling or sulfur passivation. Physical etching, for example with Ar-ions, can be done in
situ directly before contact deposition which guarantees a pristine nanowire surface with
a minimal amount of residues. It requires careful calibration to avoid excessive damage
of the exposed nanowire surface [15] and high energy ions are a potential source of crys-
tal defects in the nanowire. In comparison, sulfur passivation is a chemical etch which
is isotropic and self terminating and removes only around 5 nm of the nanowire surface.
After the etching a thin passivation layer of sulfur is left on the surface which is impor-
tant to prevent immediate re-oxidation when the nanowire is transferred into the metal
evaporator. These residues will additionally affect the electrical contact quality through
local surface doping and as a possible source of inhomogeneities and contaminations.

Both etching methods generated ohmic contacts of decent but varying quality. Sur-
prisingly, however, using them in combination showed significant improvements over
each method individually. This new contact recipe starts with sulfur passivation fol-
lowed by a very short and gentle ion etch (Ar or He), immediately before contact depo-
sition. While the first etch removes any surface oxide, the second etch helps to remove
inhomogeneities and residues left from previous fabrication step and, importantly, is
short enough to avoid excess damage of the nanowire. In this chapter, we use simple
nanowire quantum point contact (QPC) devices to study the influence of various steps
in the fabrication and post processing on the low temperature device performance.

4.2. DEVICE LAYOUT

InSb nanowires with diameters of 70 to 120 nm, grown by MOVPE, are deposited on top
of an++ Si substrate covered by a ~ 20nm thick Si3N, dielectric. Electrical contacts made
of Cr/Au (10/100 nm) are defined by electron beam lithography with a contact spacing of
150 to 450 nm. Immediately before contact deposition the nanowire surface is prepared
using the following recipe:

1. Resist development for 60 s in MIBK:IPA, rinsing for 30 s in IPA.
2. Oz-plasma descum for 90 s at 200 sccm flow with 100 W power.

3. Sulfur passivation for 30 min at 60 °C in a saturated ammonium polysulfide solu-
tion.



4.3. CONTACT INTERFACE 37

a
) 1 0.1
—_
3 < B
0 T [I) T 2- 0
v, (V)

Figure 4.1: Device layout and characterization. a) False color SEM image of a nanowire QPC. The nanowire
(red) is deposited on n**-silicon covered by 20 nm SigNy dielectric. Bias voltage Vg is applied via two Cr/Au
electrodes (yellow). b) Current, I, as function of back gate voltage, Vg, ata bias voltage of 1 mV (blue) and
10 mV (red). Measurements are performed at 7 ~ 100 mK.

4. Chip transfer to evaporator in a non-transparent beaker filled with DI-water fol-
lowed by 40 min evacuation in the evaporator load lock

5. He-etch for30s
6. Contact deposition

A false color Scanning electron microscope picture of a typical device is shown in Fig.
4.1a). The finished devices are mounted inside a dilution refrigerator, evacuated for 12
to 72h and cooled down to a base temperature of ~ 100mK. Measurements of the dif-
ferential conductance dI/dV are performed with standard lock-in techniques at 73 Hz
with an excitation Vs = 70V applied on top of a fixed bias voltage Vs, across the two
contacts. Conductance through the nanowire is controlled by the gate voltage V, applied
to the Si-substrate, resulting in pinch-off traces as shown in Figure 4.1b). High quality is
indicated by a steep rise of the conductance, a large saturation current at high Vg, and
a small amount of conductance fluctuations along the trace. Often pinch-off traces are
measured at 10 mV bias voltage [1, 3, 16] which causes significant averaging of the con-
ductance [17]. Measurements at lower bias voltage V;; = 1 mV are more sensitive. Figure
4.1b) illustrates this and shows a direct comparison of two conductance traces measured
at 1 mV and 1mV on the same device.

4.3. CONTACT INTERFACE

Because of the increased chance of electron backscattering in 1D systems [3] and the
short mean free path in nanowires, metallic contacts have to be placed in close prox-
imity and form an essential part of any nanowire device. Different to QPCs in 2D elec-
tron gases, the contacts can therefore significantly influence device performance. This
is particularly relevant in InSb, where an intrinsic surface depletion layer [18] makes it
difficult to achieve homogeneous and transparent contacts. The Sulfur residues dope
the nanowire surface and help to avoid a depletion layer [19]. The thickness and homo-
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Figure 4.2: Pinch-off traces taken at V; = 1 mV show the influence of variations in the He dry-etch step. Longer
etch times clearly shift Vyj 05014 to more positive values. a) 30sb) 120s.

geneity of this doping layer are influenced by the the dry etch processes before and after
sulfur passivation (step 2 and 5).

4.3.1. HE-ETCH

The He-etch in step 5 has a very low etch rate and is selective enough to clean exposed
surfaces without excessively damaging the nanowire and without fully removing the sul-
fur doping layer. Figure 4.2 directly compares two device batches fabricated with a 30's
and a 120 s long He-etch, while all other steps remained fixed. Longer etch times shift
Vin by ~ 1V to positive voltages which indicates a strong reduction of the surface dop-
ing layer. Additionally the spread of the saturation current is significantly increased after
2 min etching and reduces for some devices to more than half the value found for 30s.
This confirms the importance of the sulfur layer and demonstrates that shorter etching
times are preferable.

4.3.2. DESCUM

PMMA resist will always leave small residues inside exposed areas even for a well cal-
ibrated development recipe. It is important to remove these residues before contact
preparation and the use of an O, plasma is a common way of doing this. The plasma
creates mono-atomic oxygen which reacts strongly with the organic resist molecules. A
well configured process etches the resist uniformly at a slow rate (1-2 nm/min). This is
enough to remove residues and at the same time sufficiently slow to preserve any pat-
terns in the resist and to avoid excessive oxidation of exposed surfaces. On a Si3Ny di-
electric the oxidation creates a hydrophilic surface which makes resist adhesion difficult
and causes cracks to appear which shorted a large number of devices. To circumvent the
adhesion problems two different approaches have been tried.

Figure 4.3 shows the effect of replacing the O,-plasma by Ar-plasma, a mix of Ar and
0O,-plasma (ratio of 4 : 1), and He milling. These alternative methods etch physically (Ar
and He) or combine reactive with physical etching (Ar/O,) and therefore reduce the sur-
face oxidation of Si3sN,4. However, they also influence the device performance especially
for Ar and Ar/O; etching (Fig. 4.3a,b). Some devices show a quality comparable to the
original recipe (Fig. 4.2a), but for most devices Vyy, is shifted by several volt and I; is re-
duced. Using a He-etching (Fig. 4.3c) shows a device performance which is almost com-
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Figure 4.3: Variations in the Oz descum. Pinch-off traces show how changes in the descum step influence
pinch-off traces. a) O2 descum for 60s, 100 W power and 200 sccm flow. b) O2 descum for 30, 50 W power
and 200 sccm flow. ¢) Oz descum for 60s, 100 W power and 200 sccm flow followed by a 30 s dip in buffered
Hydrofluoric acid (BHF) to remove SiOy from the substrate surface.



40 4. OPTIMIZATION OF NANOWIRE QPC DEVICES

parable to the original O,-plasma recipe. While Vy;, is varying more than in Fig. 4.2a),
the saturation current I; is very homogeneous and conductance fluctuations at higher
gate voltage are reduced. As a second approach changes to the O,-plasma were investi-
gated. Reducing the power and etch time gives comparable results with a more negative
Vi (Fig. 4.3d). Buffered hydrofluoric acid (BHF) selectively etches SiO». Adding a 30s
etch after the normal O,-plasma successfully prevented resist delamination, but it also
caused a deteriorated device performance (Fig. 4.3e). In summary only the He-etch
could produce results comparable to the original O,-plasma recipe. This comes at the
cost of longer process time because the He-etching step involves longer pumping times
(~ 30min).

4.4, NANOWIRE CHANNEL

A clean nanowire metal interface helps to maximize the transmission probability be-
tween the contacts and individual nanowire subbands. Surface states along the QPC
channel provide another source of electron scattering [20-22]. Because of the high sur-
face to volume ratio of 1D structures, electrons are very sensitive to the surrounding
environment. Defects in the nanowire oxide, charge fluctuations in the gate dielectric,
fabrication residues, and surface adsorbents all influence the final device quality. Ad-
ditionally, polar molecules such as adsorbed water which rearrange when changing Vs,
contribute to gate jumps and gate hysteresis [1, 20, 23].

4.4.1. GATE DIELECTRIC

To prevent shorts between the back-gate and the nanowire, a dielectric with low leak-
age current and high break through voltage is necessary. A high dielectric constant helps
additionally by increasing the gate efficiency. Materials with rough surfaces can trap fab-
rication residues and defects inside the dielectric will act as a source of charge noise. Fig-
ure 4.4 shows a comparison of three QPCs fabricated on different dielectrics. The most
commonly used substrate in our group is n**-Si covered with 285 nm of thermally grown
SiO, (Fig. 4.4 a,d). Considerable improvements in data quality could be achieved by us-
ing metallic bottom gates covered by exfoliated hexagonal Boron nitride (hBN) (4.4b,e).
It is an ideal dielectric for nanowire devices because of its chemical stability, high break-
down voltage and atomic flatness [24] in combination with a well established dry transfer
process [25]. Exfoliating hBN gives flakes with a thickness varying from 10 nm to 50 nm
and flake sizes of tens of ym. For helical gap measurements it is important to have pre-
cise control of the dielectric thickness as discussed in chapter 6. With hBN this requires a
time consuming search for flakes with the correct thickness. As an alternative dielectric
we therefore use high quality Si3N4 grown by low pressure chemical vapor deposition
(LPCVD) which allows scalable and controlled growth with sub-nanometer precision in
the thickness. QPC measurements (Fig. 4.4c,f) show that the quality of SizN, is com-
parable to hBN. A 20 nm thick dielectric can withstand voltage differences of more than
15V without breaking down. The biggest difficulty with using SizNy is poor adhesion of
PMMA resist, as mentioned above. Bare SizN4 normally shows good adhesion. However,
oxidation of the Si3N, surface, either in atmosphere or during the O,-plasma step, in-
duces surface charges which make the surface hydrophilic and repel PMMA. AR 300-80
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Figure 4.4: Comparison of gate dielectrics. QPCs with similar contact spacing and identical contact prepara-
tion fabricated on a),d) SiO2, b),e) hexagonal Boron Nitride, and c),f) Si3Ny . a),b),c) Colorplot of the differen-
tial conductance as function of bias voltage, V4 and gate voltage, Vg. Linecuts along Vs; = 0mV are shown in
the bottom panels d),e),f) Linecuts of the differential conductance at fixed Vg.
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Figure 4.5: Gate hysteresis induced by the substrate surface. a) Three gate traces of the same device on a sub-
strate covered with adhesion promoter AR 300-80 show strong hysteresis. The blue trace is taken immediately
after cool down, the green trace after ramping the back-gate to Vg = 14V and the red trace after ramping the
back-gate to Vg =-14V. b) Gate traces of the same device device on a substrate without AR 300-80 show no
hysteresis. Traces taken after setting the back-gate to —14V (red), 0V (blue) and 14V (green).
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is an adhesion promoter which can be spin-coated on a substrate and, by reacting with
SiO, forms a very stable, chemically bonded monolayer on the surface. While this suc-
cessfully solved the resist delamination, conductance measurements of QPC devices on
substrates treated with AR 300-80 (Fig. 4.5) show that even a single monolayer is enough
to induce strong gate hysteresis.

4.4.2. POST-PROCESSING

We find that extended exposure to atmosphere after contact fabrication reduces the con-
tact quality. Most likely these aging effects are due to reoxidation and surface adsorption.
The devices are therefore mounted and bonded as fast as possible and evacuated for
several hours to remove surface adsorbents [1, 26, 27]. Figure 4.6 shows the strong ef-
fect that different pumping durations can have. One batch of nanowire QPCs was first
measured after 12h, 12+72h and 12 + 72 + 24h pumping. The first cool down with short
pumping (Fig. 4.6a) shows large spread between individual pinch-off traces. V;;, varies
by almost 2V, I ranges from ~ 0.8 to 1.2 uV and individual traces are dominated by con-
ductance fluctuations. After pumping all devices for additional 72 h they improve greatly
(Fig. 4.6b). Now all devices perform comparable to the best device in the first cool down.
Conductance fluctuations are reduced and variations in V;j; and I; are down to ~ 0.3V
and ~ 0.2pA. Adding another thermal cycle with 24 h additional pumping time (without
breaking the vacuum in between) doesn’'t improve performance further, but on average
gives a small increase in conductance fluctuations and in the variations of V; and I
(Fig. 4.6¢). Finally we look at a single QPC device with 240 nm contact spacing and com-
pare measurements after each pumping step in Figure 4.6d-f). In the first measurement
(Fig. 4.6d) the device conductance is dominated by fluctuations and no clear conduc-
tance plateaus are visible even at high magnetic fields. In the second cool down (Fig.
4.6e), after 12 + 72h pumping, the conductance at low magnetic fields is dominated by
Fabry-Perot resonances but now the two first conductance plateaus can be identified at 1
and 2 - Gy. These plateaus become clearer at higher magnetic fields where conductance
oscillations decrease. After the third pumping step the conductance plateaus become
even clearer (Fig. 4.6f). Now the first two plateaus are visible from 0 T on and remain flat
and free of resonances or oscillations throughout the full magnetic field range. These
observations agree with earlier studies of nanowire mobility [1, 22, 26], and demonstrate
that samples fabricated with the optimized contact recipe are still limited by scatter-
ing sources along the nanowire channel which can be removed by evacuation. Water
naturally adsorbs to the nanowire and substrate surface during and after fabrication.
The polar molecules reorient in the electric-field of the bottom gate and additionally
attract other charged particles from the environment. This can cause local doping on
the nanowire surface and variations of the gate potential which decrease device perfor-
mance. Similar effects can be cause by organic fabrication residues like acetone, IPA
or PMMA. For some devices a strong indication for fabrication residues could be found
with a scanning electron microscope (SEM). Figure 4.7 shows high resolution images of
one device first immediately after liftoff and then after measurements which included
several days of pumping. White dots on the nanowire, indicated by arrows, can be seen
after liftoff and disappear in the second images. Such obvious contaminations only show
up in some of the fabrication runs and their exact origin and composition is unknown.
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Figure 4.6: Influence of pumping duration before device cool down. One chip with 8 QPCs was repeatedly
measured after pumping on the chip for a),d) 12h, b),e) 12+ 72h, and c),f) 12 + 72 + 24h. Measurements
were performed in 3 consecutive cool downs without exposing the chip to atmosphere in between. a, b, c)
Conductance traces taken at Vi; = 1mV. d, e, f) Differential conductance d1/dV measured as function of
magnetic field. The bottom panels show linecuts taken at 0T (red), 4.5T (purple) and 9T (green) offset in Vg

by 0.2V for clarity.
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Figure 4.7: Fabrication residues. Electron microscope image of a nanowire QPC taken a) before and b) after
measurements. Fabrication residues on the nanowire surface (indicated by arrows) are visible as white dots in
a) and disappear in b). Scale bar is 100 nm.

4.5. CONCLUSIONS

The improvements discussed in this chapter are essential for the results presented in
chapters 5 and 6. Maintaining high device quality and fabrication yield requires reliable
control of every fabrication step and it is important to recognize and keep track of any
changes. The O;-plasma in particular has been a source of sudden changes of the etch
rate which delayed fabrication by several months. Large improvements were possible by
changing the gate dielectric and by extending sample evacuation. This suggests that the
dominating source of electron backscattering is due to defects in the dielectric and fabri-
cation residues in nanowire environment. These improvements allowed the observation
of conductance quantization in devices with up to 400 nm channel length. To further
enhance the electron mean free path a better understanding of the remaining scattering
sources is needed. Remaining surface residues which cannot be removed by pumping
alone could be one source. Another possibility are defects in the nanowire surface oxide.
These effects could be minimized by encapsulating the full nanowire either before fab-
rication or ideally in-situ directly after nanowire growth. For example, epitaxially grown
contacts have demonstrated enormous improvements for InAs nanowires [28] and are
also promising for InSb wires. Recent atom probe spectroscopy measurements of InSb
nanowires found a large Arsenic content of up to 4 % [29] which could also contribute to
electron scattering.
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CONDUCTANCE QUANTIZATION AT
ZERO MAGNETIC FIELD IN INSB
NANOWIRES
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B. Nijholt, K. Watanabe, T. Taniguchi, D. Car, S. R. Plissard, E. P A. M
Bakkers and L. P Kouwenhoven

Ballistic electron transport is a key requirement for the existence of a topological phase
transition in proximitized InSb nanowires. However, measurements of quantized conduc-
tance as direct evidence of ballistic transport have so far been obscured due to the increased
chance of backscattering in one-dimensional nanowires. We show that by improving the
nanowire-metal interface as well as the dielectric environment we can consistently achieve
conductance quantization at zero magnetic field. Additionally, studying the subband evo-
lution in a rotating magnetic field reveals an orbital degeneracy between the second and
third subbands for perpendicular fields above 1 T.

This chapter has been published in Nano Letters 16, 3482-3486 (2016).
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5.1. INTRODUCTION

Semiconducting nanowires made from InAs and InSb are prime candidates for the in-
vestigation of novel phenomena in electronic devices. The intrinsic strong spin-orbit
interaction (SOI) and large g-factor combined with flexible fabrication has resulted in
these materials being investigated for applications in quantum computing [1-3], spin-
tronics [4-6], and Cooper pair splitters [7, 8]. More recently, these nanowires have been
investigated as solid-state hosts for Majorana zero modes (MZMs) [9-12]. By bringing
a one-dimensional (1D) nanowire with strong SOI into close contact with a supercon-
ductor under an external magnetic field, a region with inverted band structure emerges,
creating MZMs at its ends. Together with strong SOI and induced superconductivity, a
key requirement for MZMs is quasi-ballistic electron transport along the length of the
proximitized region in the nanowire, with a controlled odd number of occupied modes
[13]. In the absence of scattering, the motion of 1D confined electrons will be restricted
to discrete energy bands resulting in quantized conductance plateaus [14, 15]. Measure-
ments of quantized conductance in the nanowires therefore provide direct evidence for
controlled mode occupation, as well as ballistic transport in these nanowires.

Although now routine in gate defined quantum point contacts (QPC) in two dimen-
sional electron gases (2DEG) [14-18] quantized conductance in one dimensional semi-
conductor nanowires is more difficult to achieve. In a 1D nanowire, scattering events
along the electrons path to and through the constriction between the source and drain
contacts have an increased probability of reflection, obscuring the observation of quan-
tized conductance [19]. These scattering events may be due to impurities and imperfec-
tions in the crystal lattice, or due to surface states that create inhomogeneities in the lo-
cal electrostatic environment [20]. A Schottky barrier between the nanowire and metallic
contacts will result in additional backscattering events, further smearing out the quan-
tized conductance plateaus. To date, quantized conductance in InSb nanowires has only
been observed at high magnetic fields (> 4T), where electron backscattering is strongly
suppressed [19]. No quantization has been observed in InSb for magnetic fields below
1T, where the topological transition is expected to take place [9]. Here we demonstrate
conductance quantization in InSb nanowires at zero magnetic field. We have developed
arobust fabrication recipe for observing quantized conductance by optimizing both the
metal-nanowire contact interface and dielectric environment through the use of hexag-
onal boron nitride (hBN) as a gate dielectric. We study the evolution of the quantized
conductance plateaus with both source-drain bias as well as magnetic field, and extract
values for the Landé g-factor of the first three subbands in the nanowire. Additionally,
we observe an orbital energy degeneracy of the second and third subbands at finite mag-
netic fields applied perpendicular to the nanowire.

5.2. DEVICE LAYOUT AND CHARACTERIZATION

Figure 5.1 a) shows a cross-sectional view of our devices. They consist of an intrin-
sic Si-substrate with local metallic gates made of Ti/Au (5/10 nm), on top of which a
sheet of hexagonal boron nitride (hBN) is mechanically transferred as the dielectric.
The chemical stability, atomic flatness, and high breakdown voltage [21], together with
the well established dry transfer mechanism [22] make hBN an ideal dielectric for our
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Figure 5.1: a) Cross-sectional schematic and b) false color SEM image of a typical device. An InSb nanowire
(blue) contacted by Cr/Au (yellow) is deposited on Ti/Au metal gates (grey) covered with hexagonal boron
nitride (green) as insulating dielectric. ¢) Pinch-off traces of four different devices each showing quantized
conductance plateaus at high bias voltage (Vi = 10mV). d) Schematic diagram of the first five subbands in a
nanowire. At zero magnetic field, each spin-degenerate subband below the Fermi level contributes a conduc-
tance of G = 2e2/h. Due to the rotational symmetry of the nanowires Ep,E3 and E4,E5 are almost degenerate.
e) Sketch of the expected conductance steps as function of Vgate at high bias voltage showing suppression of
the second and fourth plateaus due to orbital subband degeneracy.
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nanowire devices. InSb nanowires grown by metal-organic vapor phase epitaxy [23, 24]
(1-2pum long and 70-90 nm diameter) are transferred deterministically with a micro-
manipulator [25] onto the hBN dielectric. Electrical contacts to the nanowire (evapo-
rated Cr/Au (10/100 nm, 150-400 nm spacing) are defined by electron beam lithography.
Before contact deposition, the surface oxide of the nanowires is removed using sulfur
passivation [26] followed by a short in situ He-ion mill. Residual sulfur from the passi-
vation step also induces surface doping, which aids contact transparency. Further de-
tails of the fabrication are included in the supporting information. A top view scanning
electron microscope image of a finished device is shown in Fig. 5.1b). The samples are
mounted in a dilution refrigerator with a base temperature of 15 mK and measured using
standard lock-in techniques at 73 Hz with an excitation Vgrss = 70 uV. Voltage is applied
to the outer contact and current measured through the grounded central contact, while
the third, unused contact is left floating. We first characterize each device by sweeping
the voltage on the underlying gate Vg, at fixed bias voltage Vyizs = 10mV across the
sample. Conductance is obtained directly from the measured current G = I/Vy;,s and
an appropriate series resistance is subtracted in each case (see supporting information).
Figure 5.1c) plots the conductance of the nanowire as function of gate voltage for four
different devices fabricated on the same chip. Devices with both fine gates as well as
wide back gates have been measured. We find that while fine gates allow more flexible
gating, devices with wide back gates showed more pronounced conductance plateaus
even after extensive tuning of the fine gates. Data from additional devices all fabricated
on the same chip is included in the supporting information. As seen in Fig. 5.1c) all de-
vices show well defined plateaus at Gy and 3 Gg but the plateaus at 2 Gy and 4 Gy appear
smaller or even completely absent. Unlike QPC’s formed in 2DEGs, nanowires possess
rotational symmetry. This symmetry can give rise to additional orbital degeneracies in
the energies for the 2°¢ and 3™ as well as the 4™ and 5™ subband (Fig. 5.1d) [27, 28].
In conductance measurements at finite bias, subbands that are close in energy or de-

. o . . 2
generate will be populated at similar values in gate voltage giving a double step of 4 %

instead of 2 %, which explains the suppressed plateaus at 2 and 4 Gy (Fig. 5.1e) [29]. To
investigate this phenomenon in more detail, we measure the differential conductance
G = dI/dVyp,,s as function of gate voltage and bias voltage for one of these devices (cor-
responding to the green trace in Fig. 5.1c). This data is shown in Fig. 5.2a) as a color
plot, with a line cut along zero bias voltage added in the bottom panel. At zero bias
voltage an extended plateau is visible at 1 Gy, together with an additional small plateau
at 2Gg which was not visible in the linear conductance data of Figure 5.1c). The exis-
tence of this small 2Gy plateau indicates that the device has a small, but finite energy
splitting between the second and third subband which was not resolved at high bias.
At finite bias voltage the conductance will only be quantized in integer values of Gy if
both tsource and pgrain 0ccupy the same subband. This creates diamond shaped regions
of constant conductance indicated by black dotted lines in Fig. 5.2a). At the tip of the
diamond the two dotted lines cross when Vi, is equal to the subband energy spacing
AEgybband- From this we extract AEgyphand and the lever-arm n of the bottom gate via
NVgate = AEsuppana [30]. A finite magnetic field breaks time reversal symmetry, lifting
spin degeneracy and splitting the individual spin subbands E,; 1,| by the Zeeman energy
Ezeeman = gupB. Here pup denotes the Bohr magneton and g the Landé g-factor. Ex-
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Figure 5.2: Color-plot of the differential conductance G = d1/dVy,s as function of Vpj,s and Vgate ata) B=0T
and b) By =4T. Aline cut along zero bias voltage is shown in the bottom panel. Plateaus appear as diamonds
and are indicated by black dotted lines.

perimentally this splitting manifests as the appearance of additional half integer steps
% -2e?/h. At B = 4T we clearly observe this for the first subband as shown in Fig. 5.2b)
where an additional plateau emerges at 0.5Gg. Similarly, the second subband should
also split into two plateaus at 1.5 and 2 Gy. However only the 2 Gy plateau is visible, sug-
gesting that an orbital degeneracy between E, 1 and E3 1 remains at finite magnetic field.

5.3. MAGNETIC FIELD EVOLUTION

The full evolution in magnetic field of the conductance and transconductance is shown
in Fig. 5.3a,b) and individual line traces of the conductance taken in steps of 1 T are pre-
sented in Fig. 5.3c). While the plateau at 1 Gp remains very flat up to high magnetic fields,
the second plateau at 2Gp increases in height for magnetic fields larger than 400 mT.
Around 1T two new plateaus emerge with similar slope at 0.5 and 2Gg. These corre-
spond to the lower energy spin subbands E;; and E; 3;. Here we can clearly see experi-
mentally that the non-degenerate orbital state at zero field transforms into a degenerate
orbital state at finite field and that E, 3; remain degenerate over a magnetic field range
of several Tesla. From the individual gate traces we convert the plateau width to energy
by using the lever arm 7 extracted from Figure 5.2. This way we can directly extract the
subband spacing Ep; — E1; and the individual g-factors g;, g, 5 through a linear fit fixed
at the origin to Ey| —E1y and Ep 3) —Ep31. We find gy =39+ 1g, 3 =401 and a constant
subband spacing Ey; —E;1 = 16 meV.

Orbital degeneracy of subbands has previously been observed in metallic point con-
tacts [29] and recently also in passivated narrow InAs nanowires with highly symmetric
conducting channels [27]. However, the magnetoconductance of InSb nanowires may
deviate significantly from the results found in InAs nanowires. In InAs, Fermi level pin-
ning leads to conduction close to the nanowire surface [31, 32] which strongly influences
the subband dispersion in magnetic field [33, 34]. InSb has no surface accumulation




54

5. CONDUCTANCE QUANTIZATION AT ZERO MAGNETIC FIELD IN INSB NANOWIRES

G (2e%/h)
1 2 3

b)

B, (T)

dGidV,, ((26%h)V) c)
0 15

30

d) Vone () e)
. 151426
— {HHH{ Y
E/']O-‘EZZT:E:T HHHHHHHHUT E 101
i uﬂﬂﬂm w s
0 2 B, (T) ‘ ° B, ('T) ‘

Figure 5.3: a) Differential conductance G = dI/dVy,s and b) transconductance dG/dVgate as function of mag-
netic field along By and Vgate taken at Vy,;,5 = 0mV. The level spacings plotted in d,e) are marked by arrows
of corresponding color. Red dashed lines indicating the subband spacing in a,b) are drawn as guide to the eye.
¢) Linecuts of a) in steps of 1T and offset by 200mV for clarity. d) Energy level spacings of E;| —Eq; (yellow),
Ep 31 —Eq| (green) and Ej 31 —E;¢ (orange) extracted from the 0.5 and 1Gg plateau in a). Alinear fit to Ey| —Eqy
fixed at the origin gives the g-factor of the first subband g; =39+ 1. e) Energy spacing of E, 3| — Ej 37 extracted
from the 2Gg plateau with g, 3 =40+ 1.
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Figure 5.4: a) Probability density of the first 5 subbands of a cylindrical nanowire. b) Orientation of the
nanowire with respect to the magnetic field axes. c),d) Numerical simulations of the subband dispersion of
a InSb nanowire in ¢) perpendicular and d) parallel magnetic field.

[35] and the electron wave-function will be more strongly confined in the center of the
nanowire. For cylindrical nanowires individual subband wave functions are given by
Bessel functions with different orbital angular momentum along the wire (Fig. 5.4a), and
numerical simulations of wires with a hexagonal cross-section show qualitatively similar
results [28, 36]. An additional magnetic field will add Zeeman splitting, but also causes
orbital effects which can substantially change the subband dispersion depending on the
orientation of the field with respect to the nanowires axis [37]. Numerical simulations
of nanowires in a magnetic field show that orbital effects strongly depend on the mag-
netic field orientation and can dominate the subband dispersion, leading to a decrease
of the energy splitting between E;, and Ej3 [37]. Furthermore these simulations also show
that the orbital effects can strongly influence the phase diagram of MZMs [37]. Using the
model of ref. 37 with the parameters of our device (wire radius: 35 nm; g-factor: 40) we
simulate this change in the subband dispersion for a magnetic field perpendicular (Fig.
5.4c) and parallel (Fig. 5.4d) to the nanowire. A perpendicular magnetic field causes Ey
and Es ; to shift higher and closer in energy, while a parallel magnetic field increases the
energy splitting of the higher subbands E, and E3, due to their different orbital angular
momentum. Experimentally we test this by rotating the direction of the magnetic field,
as shown in Fig. 5.5. When aligning the magnetic field along Bz (almost perpendicular to
the nanowire, Fig. 5.5a,b), a small splitting appears at the beginning of the first plateau
for fields above By = 0.6 T, marking the onset of the 0.5-plateau. In contrast, in the sec-
ond plateau the splitting only starts above 1T and the line-cuts (Fig. 5.5b) show that
the new plateau emerges at 2Gy. Similarly, for a magnetic field along Bx (Fig. 5.5¢,d), a
new plateau emerges around Bx = 0.6 T in the first step but not in the second. However,
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Magnetic field aligned along By.
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for the magnetic field aligned along By (mostly parallel to the nanowire) shown in Fig.
5.5¢,f) we do see a clear difference. Now two new plateaus emerge almost simultane-
ously around By = 0.75T, with the second plateau at 1.5 and not at 2Gy, in agreement
with the expected behavior due to orbital effects.

5.4. CONCLUSIONS AND OUTLOOK

In conclusion we achieved substantial improvements in electrical transport measure-
ments of InSb nanowires by using a high quality hBN dielectric and clearly demonstrated
conductance quantization at zero magnetic field, as well as degenerate subbands at
magnetic field above 1 T. In the future these, improvements will allow the more detailed
investigation of features in the 1% plateau, such as signatures of a helical gap [38, 39], or
the presence of a 0.7 anomaly [40-42]. The large SOI in our InSb nanowire strongly influ-
ences the electron dispersion relation and the tunability with magnetic field could add
new insight into the underlying physics [43]. We did not see any clear features related
to the 0.7-anomaly in our devices. However, the 0.7 state becomes more pronounced
at higher temperatures [40]. A more detailed study of the temperature dependence of
conductance quantization may reveal more information about the existence of this in-
triguing state in nanowire QPCs.

5.5. SUPPLEMENTARY INFORMATION

5.5.1. FABRICATION RECIPE
Substrate preparation : A substrate made of intrinsic Si with 285 nm thermal SiO, and
alignment markers made of 10 nm Ti + 80 nm Au was used.

Fine gate deposition :

* Resist spinning: PMMA 950K A2 at 5000 rpm; bake for 60 min at 175°C
* Writing of gate patterns using ebeam lithography.

* Developing: 60 s MIBK:IPA (1:3); 60 s IPA.

¢ Deposition: Evaporation of 5nm Ti and 10 nm Au.

Lift-off in hot (50°C) Acetone for 2 hours.

Dielectric deposition : Hexagonal boron nitride (hBN) was transferred on top of the fine
gates in a setup similar to ref 22 which also contains a more detailed description
of the process.

» Exfoliated hBN flakes are transferred on a glass substrates covered with a
PDMS film.

¢ Identification of fitting hBN flakes (20-25 nm typical thickness), alignment to
the fine gates and transfer onto the chip are all done with an optical micro-
scope.

¢ Cleaning of PDMS residues with oxygen plasma (60 s, 1 mBar, 600 W).
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Figure 5.6: False color SEM images illustrating the fabrication process. a) Ti/Au bottom gates (dark yellow)
with a hBN flake (green) on top. b),c) InSb nanowires (white) deposited on hBN and aligned perpendicular to
the fine gates. d) Two finished devices after evaporation of Cr/Au contacts (light yellow).

Wire deposition : InSb nanowires are transferred onto the chip with fine gates covered
by hBN under an optical microscope equipped with a fine needle (250 nm diame-
ter) attached to a micro-manipulator similar to the setup described in ref 25.

Contact deposition :

* SEM imaging of nanowires for contact design.

* Resist spinning: PMMA 950K A4 at 4000 rpm; bake for 15 min at 175°C.
e Writing of contact patterns using ebeam lithography.

* Developing: 60 s MIBK:IPA (1:3); 60 s IPA.

e Sulfur passivation as described in ref. 26: Diluted ammonium polysulfide
(NHy)2Sy solution (3.5ml(NHy),S mixed with 290 mg sulfur then diluted
with DI-water at a ratio of 1 : 200) for 30 min at 60°C. Rinse in DI water and
transfer chip to the evaporator in a non-transparent beaker filled with IPA.

¢ 30s He-etch with a Kauffman ion source.
e Deposition: Evaporation of 10 nm Cr and 90 nm Au.
o Lift-off in hot (50°C) Acetone for 2 h.

5.5.2. CONTACT RESISTANCE

After subtracting a series resistance of 5.6 kQ for filters and 3kQ for the measurement
setup all data was corrected for an additional device dependent contact resistance Rgevice-
This accounts for the resistance of the metallic contacts as well as the resistance of the
metal-nanowire interface. Rgevice Was chosen to fit the height of the 1Gg-plateau to
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2e?/h at high magnetic fields B = 5T and then used for all other scans of the same de-
vice. Typical values of Rgevice are 3-6 kQ and for the device presented in Fig. 5.2 - 5.5 we
subtracted Rgevice = 6.5kQ.

5.5.3. NUMERICAL SIMULATIONS

Numerical Simulations of the subband dispersion have been performed using the Kwant
code [44] with the model described in ref 37. The model consisted of a hexagonal nano-
wire with radius r = 35nm and g-factor g = 40 and includes spin-orbit interaction as well
as orbital effects. The source code can be found in the supplementary materials of ref
37.

5.5.4. ADDITIONAL DATA OF THE MAIN DEVICE AND LEVER ARM EXTRAC-

TION

In addition to the data shown in the main text we also took measurements at intermedi-
ate values of magnetic field. Conductance, transconductance and gate traces as function
of bias voltage and gate voltage are shown in Figures 5.7 and 5.8. From this we extracted
the gate lever arm 7 via Vgaten) = AEyppana and find = 40 £ 3meV/V. The data also
shows that higher conductance plateaus are not always clearly resolved in the low bias
lock-in measurements. We also observe this in other devices and it is probably due to
remaining imperfections in the device which show up stronger in the less-averaging low
bias measurements.

5.5.5. DATA OF ADDITIONAL DEVICES

All together we fabricated eight working devices on the same chip and data for four of
those is shown in Figure 1 of the main text. For completeness the I-V traces of all eight
devices is shown in Figure 5.9. As mentioned in the main text, devices with both fine and
wide bottom gates were fabricated. Fine gates had a width of 50 nm and pitch of 100 nm,
wide gates had a width of 800 nm effectively extending through the full QPC channel and
under the metallic contacts. Fine gates allow more flexibility in gating, but the gate po-
tential will be less homogeneous (when using multiple fine gates) with a sharper onset.
This can increase the chance of back reflection and give more pronounced Fabry-Perot
oscillations. Wide bottom gates on the other hand have a smoother onset of the poten-
tial profile which increases the QPC transmission and visibility. Data of an additional
device with fine gates is shown in Figure 5.10.

5.5.6. DEVICES ON S102 DIELECTRIC

To compare the influence of the gate dielectric we also fabricated identical devices with
285nm SiO; as dielectric. These devices also showed clear signs of conductance quanti-
zation as demonstrated in Figure 5.11. Data of two QPCs with identical contact spacing
but different dielectric is shown in Figure 5.12 and verifies the improvements due to the
hBN dielectric.




60 5. CONDUCTANCE QUANTIZATION AT ZERO MAGNETIC FIELD IN INSB NANOWIRES

a) G (2e%h) e dG/dV_, ((2e*/h)V) |)
el 2 2 0 5 10 15
-_.___ -:-
10 B=0T, E

O 2

Vgale (V) G (2e?/h)

Figure 5.7: a) - d) Differential conductance G as function of Vp;,5 and Vgate at increasing magnetic fields. e) -
h) transconductance dG/dVgate at increasing magnetic fields. i) —1) Line cuts from a)-d) at fixed Vgate drawn

without offset between individual traces.
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Figure 5.9: I-V traces of all eight devices fabricated with hBN dielectric.
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Figure 5.10: a),b) Differential conductance G of a second device on hBN and with fine gates at B=0T (a) and
B=4T (b) ¢),d) Line-cuts from a),b) at fixed Vgate drawn without offset.
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Figure 5.11: I-V traces of 11 different devices with wires on a SiO; dielectric taken at Vg = 10mV
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Figure 5.12: a) Color plot of the differential conductance G as function of Vi, and Vgate for a device with
hBN dielectric at B=0T. A line cut along Vyj,5 = 0mV is shown in the bottom panel. b) Line traces from a) at
fixed Vgate drawn without offset between individual traces. ¢) Color plot of the differential conductance G as
function of Vp,5 and Vgate of a device with a SiO; dielectric. d) Line traces of ¢) at fixed Vgate-
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CONDUCTANCE THROUGH A
HELICAL GAP IN AN INSB
NANOWIRE

J. Kammhuber, M. C. Cassidy, E Pei, M. P. Nowak, A. Vuik, O. Giil, D. Car,
S. R. Plissard, E. P. A. M Bakkers, M. Wimmer, and L. P Kouwenhoven

The motion of an electron and its spin are generally not coupled. However in a one dimen-
sional (1D) material with strong spin-orbit interaction (SOI) a helical state may emerge
at finite magnetic fields [1, 2], where electrons of opposite spin will have opposite mo-
mentum. The existence of this helical state has applications for spin filtering and Cooper
pair splitter devices [3, 4] and is an essential ingredient for realizing topologically pro-
tected quantum computing using Majorana zero modes [5-7]. Here we report electrical
conductance measurements of a quantum point contact (QPC) formed in an indium an-
timonide (InSb) nanowire as a function of magnetic field. At magnetic fields exceeding3 T,
the 2e? | h plateau shows a reentrant conductance feature towards 1e*/h which increases
linearly in width with magnetic field before enveloping the 1¢*/h plateau. Rotating the
external magnetic field either parallel or perpendicular to the spin-orbit field allows us to
clearly attribute this experimental signature to SOI. We compare our observations with a
model of a QPC incorporating SOI and extract a spin-orbit energy of ~ 6.5meV, which is
significantly stronger than the SO energy obtained by other methods.
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6.1. INTRODUCTION

Spin-orbit interaction is a relativistic effect where a charged particle moving in an elec-
tric field E with momentum k and velocity v = k/my, experiences an effective magnetic
field Bsp = (—1/myc)k x E in its rest frame. The magnetic moment of the electron spin,
U1 = eS/my, interacts with this effective magnetic field, resulting in a spin-orbit Hamil-
tonian Hgp = —p.Bso that couples the spin to the orbital motion and electric field. In
crystalline materials, the electric field arises from a symmetry breaking that is either in-
trinsic to the underlying crystal lattice in which the carriers move, known as the Dressel-
haus SOI [8], or an artificially induced asymmetry in the confinement potential due to
an applied electric field, or Rashba SOI [9]. Wurtzite and certain zincblende nanowires
possess a finite Dresselhaus SOI, and so the SOI is a combination of both the Rashba
and Dresselhaus components. For zincblende nanowires grown along the [111] growth
direction the crystal lattice is inversion symmetric, and so only a Rashba component to
the spin-orbit interaction is thought to remain [10].

Helical states have been shown to emerge in the edge mode of 2D quantum spin hall
topological insulators [11, 12], and in quantum wires created in GaAs cleaved edge over-
growth samples [13]. They have also been predicted to exist in carbon nanotubes under
a strong applied electric field [14], RKKY systems [15], and in InAs and InSb semicon-
ducting nanowires where they are essential for the formation of Majorana zero modes.
Although the signatures of Majoranas have been observed in nanowire-superconductor
hybrid devices [16, 17], explicit demonstration of the helical state in these nanowires has
remained elusive. The measurement is expected to show a distinct experimental signa-
ture of the helical state - a return to 1e?/ h conductance at the 2e?/ h plateau in increasing
magnetic field as different portions of the band dispersion are probed [1, 2, 18]. While
ballistic transport through nanowire QPCs is now standard [19, 20], numerical simula-
tions have shown that the visibility of this experimental signature critically depends on
the exact combination of geometrical and physical device parameters [18].

Here we observe a clear signature of transport through a helical state in a QPC formed
in an InSb nanowire when the magnetic field has a component perpendicular to the
spin-orbit field. We show that the state evolves under rotation of the external mag-
netic field, disappearing when the magnetic field is aligned with Bsp. By comparing our
data to a theoretical model, we extract a spin-orbit energy Esp = 6.5meV, significantly
stronger than that measured in InSb nanowires by other techniques.

6.2. DEVICE LAYOUT

Figure 6.1a) shows a schematic image of a typical QPC device. An InSb nanowire is de-
posited on a degenerately doped silicon wafer covered with a thin (20 nm) SiN dielectric.
The QPC is formed in the nanowire channel in a region defined by the source and drain
contacts spaced ~ 325nm apart. The chemical potential p in the QPC channel, which
sets the subband occupation, is controlled by applying a voltage to the gate V. The
electric field in the nanowire, E, generated by the backgate and the substrate that the
nanowire lies on, both induce a structural inversion asymmetry that results in a finite
Rashba spin-orbit field. As the wire is translationally invariant along its length, the spin-
orbit field, Bso, is perpendicular to both the electric field and the wire axis. The effective
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Figure 6.1: The helical gap in a 1D nanowire device. a) An InSb nanowire device with a Rashba spin-orbit field
Bgo perpendicular to the wave vector k and the electric field E. A voltage is sourced to one contact, and the
resulting conductance measured from the second contact. The chemical potential in the wire, 1, is tuned with
a global backgate Vg. b) The QPC channel of length L is defined by the two contacts. Underneath the nanowire
contacts, many subbands are occupied as the contacts screen the gate electric field. In the nanowire channel
away from the contacts, the chemical potential in the wire, , is tuned with Vg. The onset shape of Vg with a
lengthscale A is set by the dielectric and screening of the electric field from the metallic contacts resulting in an
effective QPC length Lopc = L—2A. c) The energy dispersion of the first two subbands for a system with SOT
at external magnetic field B = 0. The SOI causes subbands to shift by ksp in momentum space, as electrons
with opposite spins carry opposite momentum. When the electrochemical potential p in the wire is tuned
conductance plateaus will occur at integer values of Gp. d) At finite magnetic field B perpendicular to Bgp,
the spin polarized bands hybridize opening a helical gap of size E (green). In this region the conductance
reduces from 1- Gy to 0.5 Ggp when p is positioned inside the gap. e) When the magnetic field is orientated at
an angle 6 to Bgp, the size of the helical gap decreases to only include the component of the magnetic field
perpendicular to Bgg. For all angles the reentrant conductance feature at 0.5- Gy in the 1- Gy plateau will scale
linearly with Zeeman energy.
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Figure 6.2: Magnetic field dependence of the helical gap. a) The nanowire lies in the x-y plane at an angle
6 = 17° relative to the external magnetic field. b) Differential conductance d1/dV at zero source-drain bias
as a function of back gate voltage and external magnetic field. At low magnetic fields conductance plateaus
at multiples of 0.5 Gy are visible. Above B = 3T, a reentrant conductance feature at 0.5- Gg appears in the
1- Gg plateau. The feature evolves linearly with Zeeman energy indicated by dashed green lines. ¢) Numerical
simulations of the differential conductance as a function of the potential E; and external magnetic field for
L =325nm, 0 =17° and Igp = 20nm (See Supplementary Information for a more detailed description of the
model). In the numerical simulations, the conductance plateaus have a different slope compared to the ex-
perimental data as the calculations neglect screening by charges in the wire. d) Line traces of the conductance
map in b). As the helical gap is independent of disorder or interference effects, these and other anomalous
conductance features average out in a 2D colorplot improving the visibility of the helical gap in b) compared
to the individual traces in d).
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Figure 6.3: Voltage bias spectroscopy of the helical gap. a) Conductance measurement as a function of QPC
gate and source-drain bias voltage at B = 4T. The observed helical gap (green) is a stable feature in voltage
bias. Dotted lines are drawn as guide to the eye indicating the plateau edges. b) Evolution of the energy levels
extracted from scans similar to a) at increasing magnetic field. Fits with intercept fixed at zero (dotted lines)
give the g-factor of the first subband and the offset angle via g = 1/(ug cos8)-dE/dB and Epejical! Ezeeman =
tan®. We find g =38+ 1 and 6 = 13° + 2°. Individual scans are included in the Supplementary Information.

channel length, Lopc ~ 245nm, as well as the shape of the onset potential A ~ 80nm are
set by electrostatics which are influenced by both the thickness of the dielectric and the
amount of electric field screening provided by the metallic contacts to the nanowire (Fig.
6.1b). Here we report measurements from one device. Data from an additional device
that shows the same effect, as well as control devices of different channel lengths and
onset potentials, is provided in the Supplementary Information.

The energy-momentum diagrams in Fig. 6.1c)—e) show the dispersion from the 1D
nanowire model of Refs. 1 and 2 including both SOI with strength a and Zeeman split-
ting Ez = gupB, where g is the g-factor, yp the Bohr magneton and B the magnetic field
strength. These dispersion relations explain how the helical gap can be detected: With-
out magnetic field, the SOI causes the first two spin degenerate subbands to be shifted
laterally in momentum space by +kso = m*a/h? with m* the effective electron mass,
as electrons with opposite spins carry opposite momentum, as shown in Fig. 6.1c). The
corresponding spin-orbit energy is given by Esg = 12 kéol 2m*. However, here Kramers
degeneracy is preserved and hence the plateaus in conductance occur at integer val-
ues of Gy = 22/ h, as for a system without SOI. Applying a magnetic field perpendicular
to Bsp the spin bands hybridize and a helical gap, of size Ez opens, as shown in Fig.
6.1d). When the chemical potential p is tuned by the external gate voltage, it first aligns
with the bottom of both bands resulting in conductance at 1 - Gy before reducing from
1- Gy to 0.5- Gp when p is positioned inside the gap. This conductance reduction with a
width scaling linearly with increasing Zeeman energy, is a hallmark of transport through
a helical state. When the magnetic field is orientated at an angle 8 to Bso, the size of
the helical gap decreases as it is governed by the component of the magnetic field per-
pendicular to Bsp, as shown in Fig. 6.1e). Additionally, the two subband bottoms also
experience a spin splitting giving rise to an additional Zeeman gap. For a general angle
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0, the QPC conductance first rises from 0 to 0.5- Gy , then to 1- Gy , before dropping to
0.5 Gy again. The helical gap thus takes the form of a re-entrant 0.5 - Gy conductance
feature. By comparing to a 1D nanowire model, we can extract both the size of the heli-
cal gap Epeiical = Ezsinf and the Zeeman shift Ezeeman = Ez cos6 (see Supplementary
Information). This angle dependency is a unique feature of SOI and can be used as a
decisive test for its presence in the experimental data.

6.3. LINEAR MAGNETIC FIELD

Figure 6.2 shows the differential conductance d1/dV of our device at zero source-drain
bias as a function of gate and magnetic field. Here the magnetic field B is offset at a small
angle 0 = 17° from Bggp in the x-y plane (see Fig. 6.2a). We determine that our device has
this orientation from the angle-dependence of the magnetic field, by clearly resolving the
1- Gy plateau before the re-entrant conductance feature, which is reduced at larger an-
gles (see Supplementary Information). For low magnetic fields, we observe conductance
plateaus quantized in steps 0f 0.5-Gy , as typical for a QPC in a spin polarizing B-field with
or without SOI. Above B = 3T, the 1- Gy plateau shows a conductance dip to 0.5- Gy . This
reentrant conductance feature evolves continuously as a function of magnetic field, be-
fore fully enveloping the 1 - Gy plateau for magnetic fields larger than around 5.5 T. Line
traces corresponding to the colored arrows in Fig. 6.2b) are shown in Fig. 6.2d). The
feature is robust at higher temperatures up to 1K, as well across multiple thermal cycles
(see Supplementary Information). Using the 1D nanowire model with 8 = 17° we find
that the helical gap feature vanishes into a continuous 0.5- Gy plateau when Ez > 2.4Eg.
Using the extracted g-factor g = 38 of our device (see Fig. 6.3 and Supplementary Infor-
mation) we find a lower bound for the spin-orbit energy Esp = 5.5meV, corresponding
to a spin-orbit length Iso = 1/ksp = 22nm. For a second device, we extract a similar
value Esp = 5.2meV. Recently it has been highlighted that the visibility of the helical gap
feature depends crucially on the shape of the QPC potential [18]. To verify that our ob-
servation is compatible with SOI in this respect, we perform self-consistent simulations
of the Poisson equation in Thomas-Fermi approximation for our device geometry. The
resulting electrostatic potential is then mapped to an effective 1D QPC potential for a
quantum transport simulation using parameters for InSb (for details, see Supplementary
Information). These numerical simulations, shown in Fig. 6.2¢), fit best for lsp = 20nm
(Eso = 6.5meV) and agree well with the experimental observation, corroborating our
interpretation of the re-entrant conductance feature as the helical gap.

Voltage bias spectroscopy, as shown in Fig. 6.3a) confirms that this state evolves as
a constant energy feature. By analyzing the voltage bias spectroscopy data at a range
of magnetic fields, we directly convert the development of the initial 0.5 - Gy plateau, as
well as the reentrant conductance feature to energy (Fig. 6.3b). From the evolution of
the width of the first 0.5 - Gy plateau, we can calculate the g-factor of the first subband
g =38+ 1. This number is consistent with the recent experiments, which reported g
factors of 35 —50 [21, 22]. Comparing the slopes of the Zeeman gap and the helical gap
E;,/Ez = tan6 provides an alternative way to determine the offset angle 6. We find 0 =
13° + 2° which is in reasonable agreement with the angle determined by magnetic field
rotation.
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Figure 6.4: Angle dependence of the helical gap. a) Rotation of the magnetic field at B = 3.3T in the x-y plane
parallel to the substrate shows strong angle dependence of the helical gap. The conductance dip closes when
B is rotated towards Bgp and opens when B is rotated away from Bgp. b) Rotation of the magnetic field at
B =3.3T in the y-z plane, mostly perpendicular to Bsg. While the angle range is identical to a) there is little
change in the conductance dip. c) Rotation of the magnetic field at B = 3.6 T in the x-y plane over a large angle
range. The conductance dip disappears when B is parallel to Bgp which gives the exact offset angle between
Bsp and Bz, 6 = 17°. d) Numerical simulations of the differential conductance in a magnetic field rotated
along 0 in the x-y plane with L =325nm and lgp = 20nm.
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6.4. ROTATING MAGNETIC FIELD

To confirm that the reentrant conductance feature agrees with spin-orbit theory, we ro-
tate the magnetic field in the plane of the substrate at a constant magnitude B = 3.3T,
as shown in Fig. 6.4a). When the field is rotated towards being parallel to Bso, the con-
ductance dip closes, while when it is rotated away from Bgo, the dip increases in width
and depth. In contrast, when the magnetic field is rotated the same amount around the
y-z plane, which is largely perpendicular to Bgp, there is little change in the reentrant
conductance feature, as shown in Fig. 6.4b). Figure 6.4c) shows the result of rotating
through a larger angle in the x-y plane shows this feature clearly evolves with what is
expected for spin-orbit. Our numerical simulations in Figure 6.4d) agree well with the
observed experimental data. The small difference in the angle evolution between the
numerical simulations and experimental data can be attributed to imperfect alignment
of the substrate with the x-y plane.

6.5. CONCLUSIONS

The extracted SO energy of 6.5 meV is significantly larger than that obtained via other
techniques, such as weak anti localization (WAL) measurements [23], and quantum dot
spectroscopy [22]. This is not entirely unexpected, due to the differing geometry for this
device and different conductance regime it is operated in. Quantum dot measurements
require strong confinement, and so the Rashba SOI is modified by the local electrostatic
gates used to define the quantum dot. Weak anti-localization measurements are per-
formed in an open conductance regime, however they assume transport through a diffu-
sive, rather than a ballistic channel. Neither of these measurements explicitly probe the
spin-orbit interaction where exactly one mode is transmitting in the nanowire, the ideal
regime for Majoranas, and so the spin-orbit parameters extracted from QPC measure-
ments offer a more accurate measurement of the SOI experienced by the Majorana zero
mode. Also, the SOI in a nanowire can be different for every subband, and it is expected
that the lowest mode has the strongest spin-orbit due to a smaller confinement energy
[10]. Additionally, the finite diameter of the nanowire, together with impurities within
the InSb crystal lattice [24] both break the internal symmetry of the crystal lattice and
may contribute a non-zero Dresselhaus component to the spin-orbit energy that has not
been previously considered. While high quality quantized conductance measurements
have been previously achieved in short channel devices [19] (L ~ 150nm), the channel
lengths required for observing the helical gap are at the experimental limit of observable
conductance quantization. As shown in the Supplementary Information, small changes
in the QPC channel length, spin-orbit strength or the QPC potential profile are enough
to obscure the helical gap, particularly for wires with weaker SOI. We have fabricated and
measured a range of QPCs with different length and potential profiles, and only two de-
vices of L ~ 300nm showed unambiguous signatures of a helical gap. Possibly some of
the other devices did not show clear signatures because they had weaker SOI.

Several phenomena have been reported to result in anomalous conductance features
in a device such as this. Oscillations in conductance due to Fabry-Perot resonances are a
common feature in clean QPCs. Typically the first oscillation at the front of each plateau
is the strongest and the oscillations monotonically decrease in strength further along
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each plateau [18, 25]. In our second device, we clearly observe Fabry-Perot conductance
oscillations at the beginning of each plateau, however these oscillations are significantly
weaker than the subsequent conductance dip. Furthermore we observe Fabry-Perot os-
cillations at each conductance plateau, while the reentrant conductance feature is only
present at the 1- Gy plateau. Additionally, the width of the Fabry-Perot oscillations does
not change with increasing magnetic field, unlike the observed re-entrant conductance
feature. A local quantum dot in the Coulomb or Kondo regimes can lead to conduc-
tance suppression, which increases in magnetic field [26]. However both effects should
be stronger in the lower conductance region, and exists at zero magnetic field, unlike the
feature in our data. Additionally, a Kondo resonance should scale with Vi; = +gugB/e
as a function of external magnetic field, decreasing instead of increasing the width of
the region of suppressed conductance. Given the g factor measured in InSb quantum
dots, and its variation with the angle of applied magnetic field g = 35— 50 [22], we can
exclude both these effects. Similarly the Fano effect and disorder can also induce a con-
ductance dip, but these effects should not increase linearly with magnetic field. The
0.7 anomaly occurs at the beginning of the plateau, and numerical studies have shown
it does not drastically affect the observation of the helical gap [27]. In conclusion, we
have observed a return to 1e?/h conductance at the 2e?/h plateau in a QPC in an InSb
nanowire. The continuous evolution in increasing magnetic field and the strong angle
dependence in magnetic field rotations agree with a SOI related origin of this feature and
distinguish it from Fabry-Perot oscillations and other g-factor related phenomena. Addi-
tional confirmation is given by numerical simulations of an emerging helical gap in InSb
nanowires. The extracted spin-orbit energy of 6.5 meV is significantly larger than what
has been found by other techniques, and more accurately represents the true spin-orbit
energy in the first conduction mode. Such a large spin-orbit energy reduces the require-
ments on nanowire disorder for reaching the topological regime [28], and offers promise
for using InSb nanowires for the creation of topologically protected quantum computing
devices.

6.6. METHODS

DEVICE FABRICATION

The InSb nanowires were grown using the metalorganic vapor phase epitaxy (MOVPE)
process and are grown along the [111] growth direction in a zinc-blende crystal structure
[29]. The InSb nanowires were deposited using a deterministic deposition method on a
degenerately doped silicon wafer. The wafer covered with 20 nm of low stress LPCVD
SiN which is used as a high quality dielectric. Electrical contacts (Cr/Au, 10nm/110 nm)
defined using ebeam lithography were then evaporated at the ends of the wire. Before
evaporation the wire was exposed to an ammonium polysulfide surface treatment and
short helium ion etch to remove the surface oxide and to dope the nanowire underneath
the contacts [19].

MEASUREMENTS

Measurements are performed in a dilution refrigerator with base temperature ~ 20mK
fitted with a 3-axis vector magnet, which allowed for the external magnetic field to be
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rotated in-situ. The sample is mounted with the substrate in the x-y plane with the wire
orientated at a small offset angle 8 = 17° from the x-axis. We measure the differential
conductance G = d1/dV using standard lock-in techniques with an excitation voltage of
601V and frequency f = 83Hz. Additional resistances due to filtering are subtracted to
give the true conductance through the device. The helical gap, Zeeman gap, and sub-
band spacing reported in Fig. 6.3b) were extracted from analysis of the full voltage bias
conductance diamonds shown in Fig. 6.3a) and Fig. 6.10. The subband spacing was ex-
tracted by summing the widths of the 0.5 and 1 plateaus, the helical gap and Zeeman gap
from their respective conductance diamonds.

NUMERICAL TRANSPORT SIMULATIONS

We use the method of finite differences to discretize the one-dimensional nanowire model
of Ref 2. In order to obtain a one-dimensional QPC potential, we solve the Poisson equa-
tion self-consistently for the full three-dimensional device structure treating the charge
density in the nanowire in Thomas-Fermi approximation. To this end, we use a finite
element method, using the software FEniCS [30]. The resulting three-dimensional po-
tential is then projected onto the lowest nanowire subband and interpolated using the
QPC potential model of Ref [18]. Transport in the resulting tight-binding model is calcu-
lated using the software Kwant [31].

6.7. SUPPLEMENTARY MATERIALS

6.7.1. NUMERICAL SIMULATIONS OF THE CONDUCTANCE THROUGH A HE-
LICAL STATE

P0O1SSON CALCULATIONS IN A 3D NANOWIRE DEVICE

Observing the helical gap in a semiconducting nanowire crucially depends on the smooth-
ness of the electrostatic potential profile between the two contacts [18]. When the po-
tential profile changes too abruptly, it forms a tunnel barrier which suppresses conduc-
tance well below quantized values, thereby masking features of the helical gap. On the
other hand, if the potential varies on a length scale much larger than the characteristic
spin-orbit coupling length I5p, transmission through the ‘internal state’ (the smaller-
momentum state of the two right-moving states in the bottom of the lower band) is sup-
pressed. This reduces the first 2¢?/h plateau in the conductance to a 1e?/h plateau,
thereby concealing again the helical gap.

Because of the crucial role of the electrostatic potential, we perform realistic Poisson
calculations to compute the potential ¢(7) in the nanowire (with 7 = (x, y, 2z)), solving the
Poisson equation of the general form

VEp(F) = —@, (6.1)
with € the dielectric permittivity and p the charge density. For the charge density p, we
apply the Thomas-Fermi approximation [32]

e

p(?)=—(

* =\ 3/2
(e o2

h2
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where m* is the effective mass of InSb.

For a given charge density p, we solve Eq. 6.1 numerically for the potential using the finite
element package FEniCS [30]. We model the two normal contacts as metals with a fixed
potential Vy = 0.22 V, assuming a small work function difference between the nanowire
and the normal contacts. The back gate is modeled as a fixed potential Vi along the
bottom surface of the dielectric layer. We use the dielectric permittivities for InSb and
SiN in the wire and the dielectric layer respectively. The FEM mesh, with its dimensions
and boundary conditions, is depicted in Fig. 6.5a).

We apply the Anderson mixing scheme [33] to solve the nonlinear equation formed by
Egs. 6.1 and 6.2 self-consistently. An example of a self-consistent Poisson potential with
Thomas-Fermi density is plotted in Fig. 6.5b).

CONDUCTANCE CALCULATIONSINA 1D MODEL WITH A PROJECTED POTENTIAL BARRIER
To apply the 3D Poisson potential in a simple 1D nanowire model, we convert the three-
dimensional potential ¢(x, y, z) to a one-dimensional effective potential barrier ¢(x) by
projecting ¢ on the transverse wave functions ¥ (y, z) in the nanowire:

bx) = Wy, 2IPp(x, y, 2w (y, 2)). (6.3)

To do this, we compute the eigenenergies of the Hamiltonian of a two-dimensional cross
section at a point xj along the wire, with a corresponding potential ¢p(xo, y, z). The effec-
tive potential barrier is then given by the ground state of the Hamiltonian. The longi-
tudinal variation of the potential barrier is obtained by computing the ground state of
the transverse Hamiltonian at many points along the wire. An example of the projected
potential is given in Fig. 6.5¢) with the solid-black curve.

Due to rough boundary conditions in the FEM mesh (see the edges of the dielectric
layer and the normal contacts in the potential of Fig. 6.5b), the projected potential ¢(x)
shows some roughness that may cause unwanted scattering events (see black curve in
Fig. 6.5¢). To avoid this, we fit ([)(x) to a linear combination of hyperbolic tangents, given

by
tanh(x_xS+ W/Z) B tanh(x_xs_ W/Z)
Al2 A2

Here, E, is the amplitude, W the width and Es the downshift in energy of the potential
barrier, which varies along x on a typical length scale A, as indicated in Fig. 6.5¢). The
horizontal shift of the barrier to the middle of the nanowire is denoted by x5 = 500 nm.

The parameter A expresses the smoothness of the barrier. We find that A is close
to zero when no charge is present in the wire and the boundary conditions result in an
abrupt step in the potential between the contacts and the uncovered part of the wire.
When charge enters the wire, it screens the electric field, thereby smoothening the po-
tential. For a QPC length of 325 nm we find in this regime A = 80nm. The value of A
is reduced for smaller QPC lengths, but saturates to A = 80nm for longer QPC lengths.
Moreover we find that A has only a little dependency on the back gate voltage V; or the
applied magnetic field B (Fig. 6.5d). Taking advantage of the latter and the fact that we
are interested in the conductance of the wire in the vicinity of the helical-gap feature —
where the screening is present — we assume A constant in Vg and B space for the con-
ductance calculation.

Vix) = % + E. (6.4)
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For the conductance calculations we consider transport through a two-mode nanowire
described by the Hamiltonian

ZkJZC

2m*

S = +V(x)

1 .
00+a0ykx+EguBB(stmH+oycose), (6.5)

where o denote the Pauli matrices (with o the identity matrix) and V (x) is fit to the pro-
jected potential barrier, as expressed in Egs. 6.3 and 6.4. Spin-orbit coupling strength is
given by a = 12/ m* Iso where Iso we use as a free parameter. We take the effective mass
m* = 0.014my of InSb and g = 38 (unless stated otherwise) as estimated in the main
text. Note that for the coordinate system used here, where the wire lies along the x direc-
tion and 6 is the angle between Bgp and the external magnetic field. The Hamiltonian
Eq. 6.5 is discretized on a mesh with lattice spacing Ax = 4nm. Assuming translational
invariance of the boundary conditions at the ends of the wire one arrives at the scatter-
ing problem that is solved using the Kwant package [31] to obtain the linear-response
conductance within the Landauer-Biittiker formalism.

6.7.2. ANGLE DEPENDENCE OF THE CONDUCTANCE IN RASHBA NANOWIRES
THEORETICAL MODEL

We consider a one-dimensional nanowire with Rashba spin-orbit interaction (SOI) in an
external magnetic field B. The field B is oriented at an angle 6 with respect to the effective
magnetic field By, due to Rashba SOI, as shown in Fig. 6.5e). This setup is described by
the Hamiltonian:[2]

p2 a 1 .
H= ot poy+Er (sin(@)ox +cos@)ay). (6.6)

In this expression, p is the momentum operator, m™ is the effective mass, @ the Rashba
SOI-strength, and o,y the Pauli matrices. The Zeeman energy Ez = gug B, where g is the
g-factor, and pp the Bohr magneton. In Eq. (6.6) we assumed without loss of generality a
magnetic field in the x-y-plane; the band structure however only depends on the relative
angle 8 of B with Bg,.

The Rashba SO-strength a can be related to an effective length scale, the spin-orbit
length

hZ
lyo=— 6.7)
ma
and to an energy scale, the spin-orbit energy
B = ma?
0= 5o (6.8)

Defining length in units of I, and energy in units of Es, it is possible to write the
Hamiltonian in a convenient dimensionless form:
d? d 1 Ey

H=——+2—0,+
2 Eg

FPe Tx (sin(@)ox +cos(B)ay). (6.9)

Proper units will be restored in the final result.
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In an translationally invariant nanowire, the wave vector k is a good quantum num-
ber and the Rashba Hamiltonian is readily diagonalized as [2]

E (k)—k2+l (2)2+16k2+82kcos(9) (6.10)
SN 7] E, : :

SO SO

The resulting band structure for a general angle 6 is shown schematically in the left
panel of Fig. 6.5f). The band structure can be related to an idealized quantum point
contact (QPC) conductance by counting the number of propagating modes at a given
energy E (see right panel of Fig. 6.5f).

In the following we will derive from the band structure: (i) the size of the 1e?/h
plateaus in energy (denoted by AEz; and AEz ). This is directly measurable using the
finite bias dependence of the QPC conductance (measuring so-called QPC diamonds).
(ii) The critical field for which the spin-orbit induced 2¢%/h conductance (the size of
this plateau is denoted as AE;,) vanishes. This allows for an estimate of the spin-orbit
strength from the magnetic field dependence in experiment.

SIZE OF ZEEMAN-INDUCED GAPS

In order to compute the size of the different QPC plateaus in energies, we need to com-
pute the value of the minima and maxima of the bands E. (k). This can be done exactly
using a computer algebra program (we used Mathematica), as it only involves solving for
the roots of polynomials up to fourth order. The resulting expressions are however quite
cumbersome, and it is more useful to find an approximate expression doing a Taylor
approximation. Up to second order in E,/ E5, we then find the simple expressions

AEZJ :EzsinH, (6.11)
AEz» = Ezcosf. (6.12)

CRITICAL MAGNETIC FIELD FOR THE SPIN-ORBIT INDUCED 2¢?/ h-PLATEAU

The spin-orbitinduced 26%/h region persists only up to a critical Zeeman splitting Ez cit,
after which the two 1e?/h-plateaus merge into one. In the band structure, this corre-
sponds to a transition from three extrema in E_ (k) (two minima, one maximum) to only
one minimum. The critical Zeeman splitting where this happens can be solved for ex-
actly using Mathematica:

2
54cos(80) +3M; +6

1 1
3IM3 - 4) cos(40) —2M3 —30
EZ,crit _ 1 1

(6.13)

where

M; =68 —86cos(40) —36 cos(80) + 54 cos(120) + 5124/ sin?(20) cos2(20) (6.14)

M, =68 — 86 cos(40) — 36.cos(860) + 54 cos(120) + 2561/ sin®(20) sin? (46) (6.15)
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For 0 = 17° this gives Ez it = 2.386E;, and for 0 = 10° Ez crit = 2.695E5,. When the
value of the nanowire g-factor is extracted from experiment, the critical Zeeman split-
ting can be translated into a critical magnetic field. The magnetic field up to which the
spin-orbit induced 2e?/ h-plateau is still visible in experiment can then be used to set a
lower bound on the spin-orbit energy. It is a lower bound, as for a given QPC potential
the 2¢%/h may not be visible any more despite in principle being present in the band
structure. A more detailed transport calculation can be used to improve on this bound.
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Figure 6.5: a) Example of a finite element mesh used for 3D Poisson calculations. L denotes the QPC length
(spacing between the two contacts), d the thickness of the dielectric layer, which is set to 20nm. L is set to
325nm for the simulations in the main text, and varied from 175 to 425 nm to show the length dependence of
the helical gap feature in Fig. 6.12. The two boundary conditions applied are a potential Vy on the contacts
and a potential V5 underneath the dielectric layer. The mesh between the two contacts is left out for visibility
purposes. b) Cross section plot of the 3D Poisson potential for Vg =0.156V and Vy = 0.22V. The cross section
is taken along the wire axis (x-axis) for fixed y = Onm in the middle of the wire. The effective QPC length
runs from ~ 340 to ~ 660nm. The nanowire is situated between z = —=50nm and z = 50nm. c) Projected
potential (Z)(x) (black curve) and fitted potential V(x) (blue dashed curve) for Vg = 0.156V, corresponding to
the potential of Fig. 6.5b). Indicated are the fitting parameters Es, E;, W and A of the function Eq. 6.4. d)
The fitting parameter A as a function of back gate voltage V. Different colors denote different magnetic field
strengths B. Ajump in A = 0 (abrupt step potential) to A ® 80nm occurs when charge enters the wire, screening
the electric field. e) Rashba nanowire in an external magnetic field: the one-dimensional nanowire is oriented
along the x-axis, and the spin-orbit field Bgo perpendicular, along the y-axis. The external magnetic field B
forms an angle 6 with respect to Bso. f) Schematic picture of the band structure E(k) of a Rashba nanowire in
a magnetic field (left panel) and the corresponding quantum point conductance G (right panel).
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6.7.3. DEVICE 1 - ADDITIONAL DATA

G
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Figure 6.6: Voltage bias spectroscopy a) False color SEM image of device 1. The InSb nanowire is shown in
red and Cr/Au contacts in yellow. b)-g) Conductance measurements as a function of QPC gate voltage Vg and
source-drain bias voltage V; at increasing magnetic field. Dotted lines indicate the helical gap as well as the
0.5 G plateau. The helical gap shows as feature stable in V; and evolves linearly with magnetic field.

b) T=500mK C) T=1000mK
G (2¢%h) G (2¢%h)
2 ] 2

Figure 6.7: Temperature dependence of the helical gap. Measurements of the differential conductance d1/dV
(Vsq = 0mV) as function of magnetic field ata) T = 20mKb) T = 500mK ¢) T = 1000mK. The helical gap (dotted
lines) evolves similarly in all three measurements showing that it stays stable at increased temperatures as
expected for the energy scale extracted for Egp
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Figure 6.8: Additional linecuts of the angle dependence. A small remaining conductance dip can be seen in
the linecut at 0° in Fig. 6.4c). This is likely due to imperfect alignment between the external magnetic field and
Bgp, either due to the limited range of the vector magnet or due to a small misalignment between the sample
plane and the magnets x-y plane. Linecuts of Fig. 6.4c) taken at 0°, 1°, 2° and 3° further emphasize the strong
angle dependence of the observed reentrance feature.
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6.7.4. DEVICE 2 - DATA
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Figure 6.9: Measurements of a second device. a) Differential conductance d1/dV as function of QPC gate
Voltage Vg and magnetic field B. Around B = 2T a gap opens in the 1-Gp plateau and increases linearly with
magnetic field. At the onset of the 0.5- Gg and the 1-Gq plateaus Fabry-Perot resonances are visible (yellow
asterisk). In contrast to the helical gap the width of the resonances stays constant at changing magnetic field.
b) Numerical simulations of the helical gap with 6 = 10°, g = 53 and Egp = 5.6meV. We use the potential
parametrization as for the device discussed in the main text and find a good agreement with the data shown
in a) for A = 40nm and W = 300nm. c) Evolution of the energy levels with magnetic field extracted from the
scans shown in Fig. 6.10. Dotted lines show fits with intercept fixed at zero and we find a subband spacing
Esubband = 18 £2meV and g-factor g = 53 + 1. By comparing the slopes of E z¢¢man ~ Ez cos8 and Epepicqr ~
Ezsin6 we find 8 = 10°+2°. d) Cross section and false color SEM image of device 2. An InSb nanowire (orange)
is contacted by one Ti/Au electrode (yellow) and one NbTiN electrode (green). Two bottom gates (red) are
combined to form the QPC constriction. The black arrow indicates the orientation of the applied magnetic
field. Measurements are taken at 20 mK with the use of standard lock-in technique (100uV excitation at 73 Hz).
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Figure 6.10: Voltage bias spectroscopy of device 2 at increasing magnetic field. a) — k) (Top) Differential con-
ductance dI/dV as a function of QPC gate voltage Vg and bias voltage V;. Conductance plateaus show up as
diamond shaped region indicated by dashed green lines and can be used to extract the energy spacings shown
in Fig. 6.9c). Conductance traces in the bottom panels show line cuts taken at Vy; = 0mV. Green arrows in
e)-i) indicate the position of the helical dip. Yellow asterisks in g) indicate conductance dips originating from
Fabry-Perot resonances also visible in Fig. 6.9a). Numbers in e) denote conductance in units of 262/ h.
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6.7.5. CONTROL DEVICES
QPC LENGTH DEPENDENCE
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Figure 6.11: Length dependence of nanowire QPCs. Magneto-conductance measurements (at V; = 0mV) of
QPCs with increasing length. The contact spacing L is changed in Steps of ~ 50nm. a) - c) are shorter and
d),e), longer than device 1 (L = 325nm). Line traces at 0 T and finite field are added in the bottom panel. The
short channel devices a),b)show well defined and flat plateaus throughout the full magnetic field range. For
intermediate channel lengths, c), resonances start to appear and modify the conductance at low magnetic
fields. Long channel devices, d),e), are dominated by backscattering and conductance fluctuations dominate
for the full magnetic field range.
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SIMULATIONS - LENGTH DEPENDENCE
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Figure 6.12: Simulations for a QPC of different lengths at fixed angle 6 = 17°, [sp = 20nm. The contact spacing L
is increased in steps of 50 nm starting from L = 175nm (a), up to L = 425nm (f). The simulations demonstrate
the reduced visibility of the helical gap in short devices. At increasing channel length the conductance dip
becomes sharper and sets on at lower magnetic fields. A clear reentrant feature can only be seen in d),e),f)
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which are at the limit of experimental capabilities (Fig. 6.11).
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6.7.6. SIMULATIONS - ANGLE DEPENDENCE
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Figure 6.13: Simulations of the angle dependence for a QPC with fixed length L = 325nm. 6 is the angle be-
tween Bgp and the applied magnetic field as defined in the main text. a) For 8 = 0°, Bey: | Bso and the helical
gap disappears. b) —e) at increasing angles 0 the width of the helical gap increases and the width of the initial
0.5-Gg plateau decreases.
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6.7.7. SIMULATIONS - SPIN-ORBIT STRENGTH

lso = 15nm nm

0 o!
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Figure 6.14: Simulations of the magnetoconductance for varying lgp. Variations of Isg = 1/kgp strongly in-
fluence the visibility of the helical gap in QPC conductance measurements. The simulations for a),b),c) used
identical QPC length L = 325nm and offset angle 6 = 17°
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ENHANCED CHARGE-CAVITY
COUPLING IN AN INSB NANOWIRE
QUANTUM DOT SYSTEM

M. C. Cassidy, J. Kammbhuber, D. de Jong, D. Car, S. R. Plissard, E. PA. M
Bakkers and L. P Kouwenhoven

We present measurements of an InSh nanowire double quantum dot coupled to a super-
conducting half-wave resonator. Precise nanowire alignment at the electric field antin-
odes maximizes the electric field along the nanowire without compromising the intrin-
sic quality factor of the cavity, allowing us to measure a charge cavity coupling rate of

gc/2m =150MHz.
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7.1. INTRODUCTION

Superconducting coplanar waveguide (CPW) resonators are sensitive probes of their
electromagnetic environment, and have found applications in astronomical detection
[1], electron spin resonance [2] and quantum information processing [3-5]. Recently,
they have been integrated with mesoscopic quantum devices, where small changes in
the cavity transmission have been used to probe the energy spectrum of single and dou-
ble quantum dot devices [6-11]. Typically coupling strengths between the semiconduc-
tor quantum dot system and the cavity photons are in the range 10-50 MHz, and so the
strong coupling regime has only been achievable in material systems where charge noise
is low, such as 2-dimensional electron gases (2DEGs) grown via molecular beam epitaxy
(MBE) [10, 11]. Directly increasing the coupling strength, either through the use of high
inductance resonators [11, 12] or by careful device design provides an alternative route to
reaching the strong coupling regime in systems where charge noise is significant, or for
the exploration of more sophisticated quantum effects such as squeezed light or reach-
ing the ultra-strong coupling regime in hybrid devices.

The strong spin-orbit interaction and large g-factor in InAs and InSb nanowires [13,
14] together with their ability to be proximitized by a nearby superconductor [15, 16]
makes them ideal candidates for topological quantum devices. Recently, several pro-
posals have emerged for coupling nanowires hosting Majorana bound states to super-
conducting resonators [17-22]. Here, the resonator can be used for detecting the pres-
ence of Majorana bound states in individual nanowires [19-21], or for reading out the
qubit state in more complex topological qubit devices [17, 18, 22]. An architecture that
combines existing nanowire devices with superconducting microwave resonators while
maximizing the charge-photon interaction is of great interest for topological quantum
computation.

Here we report microwave measurements of a InSb nanowire double quantum dot
embedded inside a A/2 resonator. Precise and deterministic nanowire deposition max-
imizes the interaction between the dipole moment of an electron in the quantum dot
and the cavity photons resulting in a coupling strength of ~ 150 MHz. Our efficient de-
vice fabrication minimizes the required number of fabrication step which reduces the
exposure to fabrication residues and ensures high device yield.

7.2. DEVICE LAYOUT

Figure 7.1a) shows an optical microscope image of our device. It consists of the 1/2 CPW
resonator (1 = 6650 um) formed from a sputtered NbTiN film with a central conductor
width of 10pm and ground plane gap of 1.5um. At each end of the cavity the central
conductor is interrupted with a finger capacitor, which provides a coupling to the exter-
nal transmission lines at a rate x;;, = ko, = 15 MHz. At the electric field antinodes of
the cavity, the electric field is strongly enhanced due to the small mode volume of the
resonator. At these antinodes we define a small cutout with five fine gates (60 nm/80 nm
pitch) where the nanowire DQD is located (Fig. 7.1b). A spiral inductor located at the
electric field node of the cavity allows for a DC bias to applied directly to the device
(6, 23]. The resonator, spiral inductor, ground plane patterning, fine gate structure and
bondpads are defined by electron beam lithography followed by a reactive SFg/02 dry
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Figure 7.1: a) Optical microscope image of the hybrid nanowire-resonator device. The 1/2 resonator and gate
structure are formed by reactive ion etching of a NbTiN film in a single fabrication step. b) False colored scan-
ning electron micrograph and c) schematic cross-section of the nanowire double quantum dot device located
at the electric field antinode of the cavity. The scale bar in (b) is 1 um. Normalized d) amplitude and e) phase
of the transmitted microwave signal when the double quantum dot is in coulomb blockade (blue) or at an
interdot transition (green).
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etch. Using a very thin superconducting film (~ 25 nm) together with a high resolution
resist (CSAR ARP 6001) enables us to define and etch all these structures in a single fab-
rication step. Additionally, making the gates out of a thin, narrow superconductor with
high kinetic inductance such as NbTiN minimizes radiative losses from the resonator
that have limited previous hybrid devices [6, 7] and avoids the need for additional LC
filtering on the gates [24]. Following the definition of the resonator and fine gate struc-
ture, a small window is opened up above the fine gates, 30 nm SizNy is sputtered as a
gate dielectric, and a single InSb nanowire is deposited on top of the gates using a micro
manipulator [25], as shown in Fig. 7.1b,c). This deterministic deposition technique al-
lows for the nanowire to be positioned with high spatial and rotational accuracy, further
enhancing the coupling to the cavity and resulting in near perfect device yield. Finally,
aluminium contacts are added to define the electrochemical potential in the nanowire
with one end directly connected to the central resonator to further increase the coupling
strength. Once again, the use of a superconducting material rather than a normal metal
for the contacts reduces radiative losses from the cavity.

The finished device is bonded in a custom printed circuit board and encased in a
radiation tight shield painted with Aeroglaze Z306 to further suppresses spurious cavity
modes. Measurements were carried out using a dilution refrigerator with 15 mK base
temperature using standard heterodyne demodulation techniques [3]. Briefly, a probe
frequency, fp , is applied to the cavity at an input power (P;, = -130 dBm), amplified
and mixed with a local oscillator at frequency fi resulting in an intermediate frequency
(fir = fro-fp = 1 MHz) before being further amplified, filtered and digitized with a fast
acquisition card (Alazar). From this we extract the in-phase (I) and quadrature (Q) com-
ponents of the cavity response, and calculate the amplitude and phase of the transmitted
signal Ae’® = I +iQ. A Lorentzian fit to the bare cavity transmission when the nanowire
is tuned deeply into Coulomb blockade gives the resonance frequency fy = 5.7308 GHz
and linewidth 6 fy = 2.45MHz as shown in Fig. 7.1d,e) (blue), corresponding to a loaded
quality factor of Q =2300. In contrast, when the double quantum dot is tuned such that
electron tunneling events between the two quantum dots or between a quantum dot and
a lead result in an additional dissipative path for cavity photons, the cavity frequency
shifts and the quality factor to reduces, as shown in Fig. 7.1d,e) (green).

7.3. RESULTS

Figure 7.2 shows a typical hexagonal charge stability diagram for the double quantum
dot in the many electron regime when a finite bias voltage Vsp = 1 mV is applied across
the device. Good agreement is seen between the signal acquired using standard DC
transport techniques (Fig. 7.2a), with that seen in the amplitude (Fig. 7.2b) and phase
(Fig. 7.2c) response of the transmitted microwave signal at a probe frequency of fp =
5.3077 GHz. At fixed occupancy (N,M) of the double dot, transport is blocked when the
individual energy level are misaligned with each other and with the source and drain
contacts. At the charge degeneracy points where three hexagons meet, all energy levels
are aligned and transport through both dots is allowed. Due to the finite bias voltage
these points expand into triangular regions of finite conductance [26], which we use to
extract the lever arm of gates 2 and 4 Ej(;y = 14(2) Vga(g2)- In the DC transport data, the four
remaining edges of the hexagons are almost invisible because cotunneling of electrons
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Figure 7.2: Charge stability diagram of the double dot. a) Current flowing through the double quantum dot
device measured as function of the plunger gates g» and g4 at bias voltage Vsp = 1mV. b) Amplitude and c)
phase response of the microwave transmission recorded simultaneously to a).
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through the misaligned dot is necessary to observe a transport signal. In contrast, all
edges of the hexagon can be clearly resolved in the resonator response as the resonator
is also sensitive to electron tunneling events in only one of the two quantum dots. The
quantum dot closest to the cavity, controlled by V¢4 displays an enhanced response, sim-
ilar to earlier reports [7, 27]. The cross coupling between gates 4 and 5 means that the
tunnel barrier closest to the resonator increases at more positive Vg4 which decreases
the observed asymmetry between gate 2 and gate 4.

Close to the interdot charge transition between (N + 1, M) into (N, M + 1), the two
charge states hybridize and the DQD device can be considered as a charge qubit with an

energy splitting Q = \/€2 + 412, where ¢ is the detuning controlled by the tunnel coupling
t. (Fig. 7.3a,b). Close to this detuning point, the amplitude and phase of the resonator re-
sponse depends critically on #,, as the qubit moves from below the resonator frequency
(Fig. 7.3c), to on resonance (Fig. 7.3d), to well above the resonator frequency (Fig. 7.3e).
To quantify the charge-cavity coupling, we systematically study the evolution of the cav-
ity response as a function of interdot detuning as ¢, is tuned from far below the resonator
frequency to far above it, as shown in Fig. 7.4. For each case, we compensate the values
of Vg2 and Vg4 for the change of Vg3 so that we study the same charge transition across
the same detuning range. A distinct suppression in the transmitted signal’s amplitude
and a change in the sign of the signal’s phase is seen as t, approaches the resonator fre-
quency. The double quantum dot coupled to the microwave photons in the cavity can
be described by a Jaynes-Cummings hamiltonian [6] with the two qubit states Q = + %Q
interacting with the quantized electric field of the cavity.

hA
Hipr = hAcaTa + TQUZ +hgerrlao, + ato.)

where ge.rf = g¢ % is strength of the effective photon-qubit interaction, A¢c = wg — wp is
the cavity detuning from the probe field, Aq = Q/% — wg is the qubit detuning from the
probe field and 7 the reduced Plank constant. The output field of the cavity

Aout _ —I/K1K2
a Ac—ix/2+gerrX

is convoluted with a gaussian distribution of width o, to account for charge noise act-
ing on the quantum dot. We simultaneously fit the amplitude A = |a,,,/a|> and change
in phase A¢ = —arg(ayu:/a) of each trace to extract #, as well as the fixed global pa-
rameters o, ~ 6 GHz (qubit dephasing), y ~ 300 MHz (qubit decoherence) and g./2m ~
150 MHz (electron photon coupling).

Our results indicate that the system remains far in the dispersive weak coupling regime,
due to the strong qubit dephasing rate induced by local charge noise. However, the
strength of the measured electron photon interaction is amongst the strongest reported
in hybrid systems, it is even comparable to that obtained using high inductance res-
onators [11] which are much more complex to fabricate, and cannot be used in a strong
magnetic environment. We anticipate that the strong coupling regime may be reached in
this system by using a higher quality gate dielectric such as hexagonal Boron Nitride, or
completely eliminating the gate dielectric by suspending the nanowire above a vacuum

gap.
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Figure 7.3: Measurements of a single interdot transition at Vgp = 0mV. a),b) Close to the transition the energy
levels in both dots hybridize into two energy levels Q with minimal energy spacing determined by the tunnel
coupling .. ¢)-e) Amplitude and Phase measurements of one transition as the voltage on g3 is decreased.
values added for each scan are extracted from the fits in Fig 7.4.
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Figure 7.4: Linecuts of the a) amplitude and b) phase at varying tunnel coupling as function of the double dot
level detuning e. Individual traces are offset for clarity and fits to the data are drawn as solid lines.

The exceptionally strong spin-orbit interaction of InSb nanowires would make this

system a good candidate to achieve strong spin-photon coupling. Alternatively, minor
modifications to the gate pattern in combination with superconducting leads create an
attractive system to study light emission from Majorana bound states [28, 29] and a plat-
form for reading out topological qubit devices [17, 18, 22].
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DEMONSTRATION OF AN AC
JOSEPHSON JUNCTION LASER

M. C. Cassidy, A. Bruno, S. Rubbert, M. Irfan, J. Kammhuber,
R. N. Schouten, A. R. Akhmerov and L. P. Kouwenhoven

Superconducting electronic devices have reemerged as contenders for both classical and
quantum computing due to their fast operation speeds, low dissipation, and long coher-
ence times. An ultimate demonstration of coherence is lasing. We use one of the funda-
mental aspects of superconductivity, the ac Josephson effect, to demonstrate a laser made
from a Josephson junction strongly coupled to a multimode superconducting cavity. A
dc voltage bias applied across the junction provides a source of microwave photons, and
the circuit’s nonlinearity allows for efficient down-conversion of higher-order Josephson
frequencies to the cavity’s fundamental mode. The simple fabrication and operation al-
lows for easy integration with a range of quantum devices, allowing for efficient on-chip
generation of coherent microwave photons at low temperatures.

This chapter has been published in Science 355, 939-942 (2017).
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8.1. INTRODUCTION

Josephson junctions are natural voltage to frequency converters via the AC Josephson
effect. For a Josephson junction without an applied DC voltage bias, Cooper pairs tun-
nel coherently from one superconducting condensate to the other, resulting in a su-
percurrent flowing without dissipation. However, for a nonzero DC voltage bias (V},)
less than the superconducting energy gap, transport is prohibited unless the excess en-
ergy (hf = 2eVy, where h is Planck’s constant, f is frequency, and 2e is the charge of
the Cooper par) can be dissipated into the environment. The analogy between a single
Josephson junction and a two-level atom was first proposed theoretically in the 1970’s
[1]. The voltage difference across the junction provides the two energy levels for the
Cooper pairs, and spontaneous emission as well as stimulated emission and absorp-
tion were predicted to occur [1, 2]. Emission from Josephson junctions into low-quality
cavities (either constructed artificially or intrinsic to the junction’s environment) in the
so-called weak-coupling regime has been studied extensively[3-8]. However, because
the total output power of these systems is low, coherent radiation has not been directly
demonstrated. By using a tightly confined cavity mode coherent interaction of a sin-
gle Josephson junction and the cavity can be achieved. Lasing results when the transfer
rate of Cooper pairs across the junction, I'cp, exceeds the cavity decay rate, x, of the
microwave photons (Fig. 8.1a)). Photon emission from alternative single emitters cou-
pled to superconducting resonators has been the subject of several recent investigations
[8-10].

We demonstrate lasing in the microwave frequency domain from a dc voltage-biased
Josephson junction strongly coupled to a superconducting coplanar waveguide resonator.
Our device obeys several properties present in conventional optical lasers, including in-
jection locking, and frequency comb generation, with an injection locked linewidth of
< 1Hz, which exceeds performance of other state of the art laser systems. The laser
consists of a half-wave coplanar waveguide (CPW) resonator with resonant frequency
fo = 5.6 GHz made from thin (20 nm) NbTiN (Fig. 8.1, b) and c)). A DC superconducting
quantum interference device (SQUID), located at the electric field anti-node of the cav-
ity, effectively acts as a single junction with Josephson energy tunable via the magnetic
flux ¢ threading its loop: Ej = Ejo|cos(m/pg)|, where Ejo ~ 78 GHz, and ¢pg = h/2e the
superconducting flux quantum. One side of the SQUID is tied to the central conduc-
tor of the CPW, with the other end attached directly to the ground plane to enhance the
coupling to the cavity. An on-chip inductor positioned at the electric field node of the
cavity allows for a stable DC voltage bias to be applied across the SQUID [11]. Coupling
capacitors at each end of the cavity provide an input and output for microwave photons
at a rate of ki, and x oy, respectively, as in standard circuit-QED experiments [12]. The
device is mounted in a dilution refrigerator with base temperature T = 15mK, and the
magnetic flux through the SQUID is tuned via a superconducting vector magnet (See
further details in chapter 8.5).

8.2. MICROWAVE EMISSION AND LASING

We first examine the response of the device without applying any microwave power to
the cavity input. At the output, we measure the power spectral density, S(f), of the emit-
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a)

Figure 8.1: An ac Josephson laser. a) Illustration of the operating principle of the device. A DC voltage bias
V}, applied across the Josephson junction results in photon emission into the cavity when twice the bias volt-
age is equal to a multiple of the cavity frequency. If the emission rate I'cp into the cavity exceed the cavity
lifetime «, these photons can be reabsorbed and reemitted by the junction, a process akin to stimulated emis-
sion in atomic laser systems. Dashed lines depict the superconducting condensate; solid lines represent the
superconducting gap, A. b) Scanning electron microscope (false color) and ¢ optical microscopy images of
the device. A DC SQUID (red), acting as a tunable Josephson junction, is strongly coupled to the electric field
antinode of a half-wave superconducting coplanar waveguide resonator (yellow).

ted microwave radiation as a function of voltage bias V},. Simultaneously, we record the
corresponding current flowing through the device, Ip = 2el'cp. The coupling between
a dc voltage-biased Josephson junction and a cavity A = Ej/ (/)%L is set by the junction’s
Josephson energy, E;, together with the cavity inductance, L = 1/Cw%, where C is the cav-
ity capacitance and wo = 27 fy (chapter 8.5). When the device is configured in the weak
Josephson coupling regime (1 « 1, Fig. 8.2a)), by tuning the external flux close to ¢ = ¢y,
a series of discrete microwave emission peaks are visible at bias voltages corresponding
to n multiples of the bare cavity resonance V;: Vj, = nV, = nhfy/2e = n x 11.62uV). At
each of these emission bursts, we observe an increase in dc current (Fig. 8.2b)), a mea-
sure of inelastic Cooper pair transport across the Josephson junction. In this weak cou-
pling regime, both the current and microwave emission are dominated by linear effects,
with the rate of photon emission determined by the environmental impedance [7, 13]
(Fig. 8.2¢)).

We increase the microwave emission by increasing E; via the applied flux, to the ex-
tent that the junction and cavity become strongly coupled and the system transitions to
nonlinear behavior (A > 1) [14]. In contrast to the discrete emission peaks seen at low
Josephson energy, the emission now shifts to higher bias voltages, persisting continu-
ously even when the voltage bias is detuned from resonance (Fig. 8.2d)), and is accom-
panied by a constant flow of Cooper pairs tunneling across the junction (Fig. 8.2e)). The
emission peaks at voltages corresponding to multiples of the cavity resonance, exhibit-
ing bifurcations common to non-linear systems under strong driving. Between these
points of instability, the emission linewidth narrows to ~ 22kHz, well below the bare
cavity linewidth of ~ 5MHz (see chapter 8.5), corresponding to a phase coherence time
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Figure 8.2: Microwave emission from the Josephson laser. a) Power spectrum of the emitted radiation S(f),
b) integrated emission (grey) and corresponding current flowing through the Josephson junction (red) as a
function of V}, when the coupling strength A <« 1. ¢) Cooper pair transport can occur at discrete voltage biases
corresponding to multiples of the cavity resonance frequency fy, resulting in spontaneous photon emission
into the cavity. When A > 1, the emission d) and corresponding current flow e) become continuous across a
range of bias values, peaking at bias voltages corresponding to multiples of the cavity frequency. f) Cooper
pair transport is accompanied by the release of multiple photons into the cavity at the fundamental frequency,
as well as emission of photons into the higher-order resonator modes, resulting in a cavity photon occupancy
large enough for stimulated emission to occur.
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7. =1/7V fo = 15us. The enhancement in emission originates from stimulated emission,
as alarger photon number in the cavity increases the probability of reabsorption and co-
herent reemission by the junction. Notably, the emission power increases here by more
than three orders of magnitude, while the average dc power input, Pi, = V,Ip, varies by
only a factor of three. By comparing Pj, with the integrated output power, we estimate a
power conversion efficiency Py / P, > 0.3 (see chapter 8.5), several orders of magnitude
greater than achieved for single junctions without coupling to a cavity [4] and compara-
ble only to arrays containing several hundred synchronized junctions [5]. Similar power
conversion efficiencies have been seen in other strongly coupled single emitter-cavity
systems [8, 9]. Application of a larger perpendicular magnetic field adjusts the cavity fre-
quency, directly tuning the laser emission frequency by more than 50 MHz (see chapter
8.5).

To understand the strong emission characteristics, we numerically simulate the time
evolution of the coupled resonator-Josephson junction circuit for increasing E; (see chap-
ter 8.5). If the cavity only supports a single mode, the emission power at n = 1 grows with
increasing Ej; however there is only weak emission for bias voltages corresponding to
n > 1. Higher-order cavity modes allow for direct emission of higher frequency photons
that can be down-converted to the fundamental cavity frequency via the nonlinearity
of the Josephson junction. Simulations for n = 20 modes show that for weak coupling
(A « 1), disconnected resonant peaks are visible in the response, in agreement with the
experimental data (Fig. 8.2a)). Only when combining strong coupling (1 > 1) with the
presence of many higher-order modes do we find a continuous narrow emission line as
observed experimentally (Fig. 8.2b)). Simulations show that this behavior persists even
if the mode spacing is inhomogeneous, as under strong driving the presence of harmon-
ics and subharmonics for each mode means that down-conversion to the frequency of
the fundamental mode of the cavity is always possible (see chapter 8.5).

To directly confirm lasing, we measure the emission statistics in the high-Josephson
coupling regime at V}, = 192.5uV. The emitted signal is mixed with an external local
oscillator and the resulting quadrature components digitized with a fast acquisition card
(Fig 8.3a)). A time series of the demodulated free-running laser emission over a period
of 100 s (Fig. 8.3b)) shows a clear sinusoidal behavior, never entering a sub-threshold
state.

This is in contrast to recently demonstrated lasers made from quantum dots [10] or
superconducting charge qubits [8, 15], which are strongly affected by charge noise. In-
stead, we note that the coherence of our system is disrupted by occasional phase slips
(Fig. 8.3, inset). To quantify the effect of these phase slips, we plot the autocorrelation
g (Fig. 8.33¢)) and extract a phase coherence time of 14 yis, in good agreement with the
value extracted from the free running linewidth.

To confirm coherence over longer time scales, we plot the in-phase and quadrature
components of the downconverted signal from 5 x 10° samples on a two-dimensional
histogram (Fig. 8.3d)). The donut shape of the histogram confirms lasing, with the radius
A=VN=172 (where N is the average photon number) representing the average coher-
ent amplitude of the system, whereas the finite width o; = \/ (26 A% + Nyypise) 12 = 6.89
is a result of amplitude fluctuations in the cavity emission § A = 2.66 broadened by the
thermal noise in the amplifier chain, Ny,;5.. When the device is not lasing (V}, = 18uVin
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Figure 8.3: Coherence and emission statistics of the free running Josephson laser. a) Real-time evaluation
of the emission statistics of the free-running Josephson laser is performed with a heterodyne measurement
setup. b) Time series V;(¢) of the emission over 100 us (Inset) Small phase slips in the emission result in loss
of coherence, resulting in an artificially broadened emission line. c) Autocorrelation g()(r) of the time series
shows a phase coherence of ~ 14ps. d) The IQ histogram acquired above the lasing threshold shows a clear
donut shape, a characteristic of coherent emission. e) The IQ histogram obtained when the device is not
emitting shows a Gaussian peak centered at zero, corresponding to thermal emission. f) The reconstructed
photon number distribution p;, at the cavity output (red) is well fit by a single Gaussian peak centered around
an average photon number N = 29600, slightly broader than what expected for and ideal coherent source
(blue).



8.3. INJECTION LOCKING 111

Fig 8.2a)), we record a Gaussian peak of width o, = v/Nypis5¢/2 = 6.36, corresponding to
thermal emission (Fig 8.3e)).

To extract the photon number distribution at the output of the cavity, the contri-
bution of thermal fluctuations due to the amplifier chain in Fig. 8.3e) is subtracted
from the emission data in Fig. 8.3d). The extracted distribution takes the form p,
exp[ — (n—N)?/(2N(1 + 46A%))] and is centered N ~ 29600, (red curve in Fig 8.3f)). In
contrast, a perfectly coherent source is expected to show a shot noise limited Poissonian
distribution, which tends to a Gaussian distribution of the form p,,  exp[-(n-N)?/2N]
in the limit of large N (blue curve in Fig 8.3f)). The residual fluctuations in the cavity
amplitude are most probably due to E; fluctuations which change the instantaneous
photon emission rate into the cavity.

8.3. INJECTION LOCKING

Emission linewidth is a key figure of merit for lasers. A narrow linewidth implies high fre-
quency stability and resolution, which is important for a range of technologies including
spectroscopy, imaging and sensing application. One technique commonly used for sta-
bilizing lasers is injection locking [16, 17] (Fig. 8.4, a) and b)). The injection of a seed tone
of frequency fiyj into the cavity generates stimulated emission in the Josephson junction
at this injected frequency, narrowing the emission spectrum. Figure 8.4c) shows S(f) as
a function of input power Pjy; for an injected signal with frequency finj = 5.651 GHz, well
within the emission bandwidth of the free running source [linecuts at Pi,j = —127dBm
and Pj,j = —90dBm (Fig. 8.4d)]. For very low input power, Pj,; < —140dBm, the aver-
age photon occupation of the cavity is N < 1, and the device remains unaffected by the
input tone. Once the photon occupancy exceeds N = 1, the injected microwave pho-
tons drive stimulated emission in the device, causing the emission linewidth to narrow
with increasing power, reaching an ultimate (measurement-limited) linewidth of 1Hz
(Fig. 8.4d), inset), which is more than three orders of magnitude narrower than the
free-running emission peak and approaches the Schawlow-Tones limit of ~ 15 mHz
(see chapter 8.5). In this regime, our device acts as a quantum limited amplifier, sim-
ilar to other Josephson junction based amplifiers [18, 19]; however, no additional mi-
crowave pump tone is required to provide amplification. Figure 8.4e) shows the effect
when the input tone is applied at a frequency fin; = 5.655 GHz, outside the cavity band-
width. At low input powers the emission remains unaffected, similar to the on-resonant
case shown earlier. When Pi,; > —130dBm, distortion side-bands appear at both positive
and negative frequencies, and the free running emission peak is pulled towards the in-
put tone, eventually being locked when Py > —85dBm [linecuts at Pjn; = —127dBm and
Pinj = —90dBm (Fig 8.41)]. The positions and intensities of these emission sidebands are
well described by the Adler theory for the synchronization of coupled oscillators [20],
similar to what has been observed for both traditional and exotic laser systems [16, 17].
The frequency range over which the device can be injection locked is strongly depen-
dent on the injected power. Figure 8.4g) shows the S(f) as a function of fiy; at an input
power Pipj = —90dBm, with an injection locking range Af of almost 5 MHz. Here, the
distortion sidebands span more than 100 MHz (see chapter 8.5). Measurements of A f
as a function of Py,j are shown in the inset of Fig. 8.4g). Adler’s theory predicts that the
injection locking range should fit a square-root relation A f = a\/fnj, with a measured
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Figure 8.4: Injection locking of the Josephson laser. a) Schematic illustration and b), phasor diagram of the
injection-locking process. Injection of a low-power input tone into the cavity drives stimulated emission of
photons synchronous with the input tone, reducing the phase fluctuations ¢ experienced in the free running
mode. ¢) S(f) as a function of input power (Pjp;) for an on-resonance input tone. d) Linecuts of ¢) at Pjp; =
—90dBm (red) and —127 dBm (black). (Inset) The linewidth of the injection-locked laser is < 1Hz e) S(f) as a
function of Py; for an off-resonance input tone, demonstrating frequency pulling. f) Linecuts of e at Pipj =
—90dBm (red) and —127dBm (black). g) S(f) at fixed input power Pjp; = —90dBm as the frequency of the
input tone fiyj is swept.For probe frequencies fiyj in the range Af, the laser emission frequency locks to the
frequency of the input signal. (Inset) The bandwidth of frequency locking A f scales proportionally with the
square root of the input power, in agreement with the Adler theory of coupled oscillators.
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prefactor a = 3.66(193) MHz/ VW,

8.4. DISCUSSION

We can also use the device to generate a microwave frequency comb, an alternative to
recently demonstrated four-wave-mixing methods [21] The time-frequency duality im-
plies that a voltage modulation applied to the junction will create a comb in the fre-
quency domain [22]. By configuring the device in the on-resonance injection-locked
regime (P;,; = —110dBm in Fig. 8.4c) and applying a small ac excitation frequency
fmod = 111Hz to the dc bias (see chapter 8.5), we generate a comb around the central
pump tone, with frequency separation 111 Hz. The total width of the comb is set by the
amplitude of the modulation, as well as the input power of the injection lock.

Our results conclusively demonstrate lasing from a dc-biased Josephson junction in
the strong coupling regime. Analysis of the output emission statistics shows 15us of
phase coherence, with no sub-threshold behavior. The Josephson junction laser does
not suffer from charge-noise-induced linewidth broadening inherent to semiconductor
gain media [10, 23], and thus reaches an injection locked linewidth of < 1 Hz. The device
produces frequency tunability over 50 MHz via direct tuning of the cavity frequency and
over > 100MHz through the generation of injection-locking sidebands. Additional fre-
quency control may be achieved by using a broadband tunable resonator [24], and pulse
control may be provided with a tunable coupler. The phase coherence is likely limited by
fluctuations in Ej, either due to 1/ f-dependent flux noise from magnetic impurities[25],
or due to defects within the Josephson junction, as well as thermal fluctuations in the
biasing circuit that vary Vj,. We anticipate that improvements to the magnetic shield-
ing and passivating magnetic fluctuators, together with using a cryogenically generated
voltage bias will further stabilize the emission. In this case the device would perform at
the quantum limit, with a linewidth that would then only be limited by residual fluctua-
tions in the photon number in the cavity. Along with the high efficiency, the possibility
of engineering the electromagnetic environment and guiding the emitted microwaves
on demand lends this system to a versatile cryogenic source for propagating microwave
radiation.

8.5. SUPPLEMENTARY MATERIALS

8.5.1. DEVICE DESIGN AND FABRICATION

A 20nm NDbTiN film was reactively sputtered on a cleaned 2" sapphire substrate (C plane,
350pum) in a Ny/Ar environment from a NbTi target (65:35 Nb:Ti, 99.95% purity). An
SFg/0, dry etch was then used to define the CPW resonator, coupling capacitors and
spiral inductor. The Al/AlOx/Al SQUID (Al thicknesses 35 nm/65nm) was then formed
using standard double angle evaporation and lift off techniques. To ensure good electri-
cal contact between the Al and NbTiN layers, the sample was exposed to a short HF wet
etch (30s, 21:1 H,O:Buffered HF) to remove residual oxides and resist residue from the
surface of the NbTiN film prior to the Al double angle evaporation. The junction sizes
were ~ 180nm x 150nm, and had a total normal state resistance of Rp = 2.4kQ, with
an estimated junction capacitance Cy = 2{F per junction. The device is therefore in the
strongly underdamped regime (8¢ = ZeICRIZDC]/h > 1).
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The emission frequency of the laser is set by the resonant frequency of the bare cavity
wo = 27 f = 1/VLC, which is determined by its geometric design as well as the kinetic
inductance of the thin NbTiN film (L = Lg + Lg). For our geometry, which consists of
a 30 um wide central conductor of length A/2 = 5650um, with 1.5um spacings to the
ground plane, with C ~ 1.4pF and Lg ~ 1.2nH determined using elliptical integrals [26],
while Ly ~ 4.2nH is determined experimentally for the film from characterization res-
onators. Based on this we calculate a kinetic inductance fraction a = 0.78. The total
impedance Z(w) seen by the tunneling Cooper pairs consists of the combination of the
impedance of the Josephson junction and that of the parallel LC resonance with finite Q
factor. As the capacitance of the resonator is much greater than the junction (C > Cj),
the impedance is dominated by that of the resonator. The capacitance of each of the
coupling capacitors was simulated to be 11.1 fF, which results in a calculated coupling
quality factor of Q, ~ 104, giving ki, = Koy = 0.27MHz. The intrinsic quality factor
of the resonator without the SQUID was much higher. Bare resonators fabricated on
the same film showed Q; > 10°. However, the presence of the SQUID provides an ad-
ditional damping mechanism due to the finite resistance, reducing the loaded quality
factor Ql’1 =Q;'+ Q;I +Q;! ~ 1200, resulting in a total cavity decay rate x = 4.7 MHz.

8.5.2. MEASUREMENT CIRCUIT

A complete circuit showing both the low frequency and microwave measurement schemes
is shown in Figure 8.5. The device was mounted on the mixing chamber of a dilution
refrigerator inside a light-tight radiation shield painted with Aeroglaze Z306, with an ad-
ditional tight-fitting lid encasing the PCB to suppress unwanted environmental modes.
The components marked in the dashed box are located on the PCB close to the sample
in order to minimize parasitic capacitances and additional resonances in the circuit.

Low NOISE BIASING SCHEME

We adopt a similar approach to Refs [7, 8] for the design of the low noise biasing scheme
to measure the tunneling current and provide a stable voltage bias to the device. The
bias voltage is provided by an on-chip voltage divider circuit consisting of a 100 Q shunt
resistor and 1kQ resistor in series with the device which is driven by a low noise opti-
callyisolated DC current source Ips4s located at room temperature. The current through
the device Ip is then measured via the voltage drop across the 1kQ reference resistor.
Calibration of the resistors at low temperature was performed by measuring the circuit
with the SQUID flux biased to a point of minimum Josephson coupling. All data pre-
sented has the applied bias voltage corrected for the voltage drop over the 1kQ resistor
according to V3, = 100145 — 11001p. Additional filtering for the circuit is provided by
the two 100 uF chip capacitors, which reduces the voltage fluctuations due to thermal
noise across the 1kQ resistor to approximately 40 pV, reducing the corresponding noise
in the frequency domain, 6 f = &hv”, from several MHz to ~ 30 kHz, which is well within
the bare linewidth of the resonator. Additionally, all low frequency lines are heavily fil-
tered outside the PCB with multi-pole RC and PI low pass filters located on the mixing
chamber of the dilution refrigerator that filter in the range 80kHz — 80 GHz.



8.5. SUPPLEMENTARY MATERIALS 115

SR560
>N s
>
I
Agilent Agilent LO RF
8244C 8244C
Q
R&S ZVB R&S
N/A FSP
SIA
Keithley|
Aecroflex kg i srs30 | 7572 <9040
8320 Miteq
AMF 2-8 GHz
+29 dB
m m m
I::l 300 K
Low Noise Factory +44 dB 4K
LNC 4-8A
-10 dB K
26 dB —
m)
___________ 1 T
PCB |
L1
1
1
1
1
1
L
=
1
1

Minicircuits LFCN8O ®Marki 1Q4509LXP Iﬁ Pasternack PES212

S
Minicircuits LFCN80 +LFCN1440 Minicircuits ZFSC-2-10G+ Quinstar CTH0408KC
=l LFCN2850+LFCN5000 1 2
2 pole RC LPF, 80 kHz cutoff = minicircuits BLP 15+ Quinstar CWJ1019K414
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MICROWAVE MEASUREMENTS
Measurements of the free running laser emission shown in Fig. 8.2 and Fig. 8.7-8.9 of
the Supplementary Information were recorded with a Rohde and Schwarz FSP spectrum
analyzer with a resolution bandwidth of 10 kHz, well below the bare emission linewidth.
During these measurements the input line to the cavity was terminated with a 50 Q
impedance at the top of the fridge. This together with the significant cold attenuation
inline assures that the thermal contribution of photons to the cavity is negligible.
Measurements of the emission statistics shown in Fig. 8.3 were performed with a
standard heterodyne demodulation setup. Briefly, the amplified output of the free run-
ning laser emission was mixed with a local oscillator signal down to an intermediate
frequency (f;r = 2MHz in Fig. 8.3 b)-c), fir = 12.5MHz in Fig. 8.3 d)-f)). The individ-
ual I and Q components were then filtered, further amplified, and then digitized using a
fast acquisition card (Alazar 9850). The digitized signal was Fourier transformed in soft-
ware before being stored. The input to the cavity was terminated with a 50 Q impedance
during these measurements. In the injection locking measurements in Fig. 8.4 and Fig.
8.14, a microwave tone was applied at the input of the cavity, and the response again
recorded with the spectrum analyzer. In Fig 8.4 the resolution bandwidth was 3 kHz,
while in Fig. 8.14 the resolution bandwidth was 10 Hz. During these measurements,
the input power was adjusted with an inline variable attenuator (Aeroflex 8320). The
injection-locked linewidth measurements in Fig 8.11 were carried out with a Rohde and
Schwarz FSV spectrum analyzer with a resolution bandwidth of 1 Hz and applied power
Pjinj = —113dBm. We believe that this linewidth is still measurement limited. The bare
cavity linewidth in Fig 8.10 was recorded by measuring the cavity transmission using a
Rohde and Schwartz ZVB network analyzer and applied power P;;; = =140 dBm.

SHOT NOISE CALIBRATION OF THE AMPLIFIER CHAIN

To calibrate the amplifier chain, we measure the shot noise emitted from the device
when it is biased in the resistive regime, well above the superconducting gap V;, > 2A ~
400peV [27]. The shot noise current spectral density in this regime is given by S; =
elp = %. The measured shot noise is perturbed by the presence of the cavity, as well
as the coupling capacitors. To account for this, we model the cavity as a parallel LCR
circuit coupled to a dissipative resistance Rp and assume the cavity is driven by the
shot noise current Ip. The spectral density of the voltage noise at the cavity output is
Sv(f) = %i(wg_w2)2+1(ww0/ol/)2. Here Qp = woRpC = 35 is the measured loaded quality

factor taking into account the additional dissipative resistance in the high bias regime.
The voltage noise is given by integrating over the cavity resonance, V> = [ 7Sl Hdf =

elpQy/4woC?. The noise power at the output of the cavity is given by Pc = kouE =
Kou,CV,%, where x4y, = K10:/2 is the decay rate of photons out of the output port of the
cavity. This noise is then amplified by the amplifier chain with gain G to give the noise
power Py =GPc =G e21 gcoé' after amplification. Here Q, = wo/k s is the coupling quality
factor of the circuit. The measured noise power Py as a function of Ip integrated across
a resolution bandwidth of 10 MHz is shown in Fig. 8.6. A linear fit to this data gives

G = (Pn/Pc) = 89dB.
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Figure 8.6: Shot noise characterization of the microwave setup. The noise power Py emitted from the device
is measured when it is biased in the resistive regime, well above the superconducting gap V, > 2A ~400pueV. A

linear fit to this data gives G = (Py/Pc) = 89dB.
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8.5.3. EXTENDED DATA

FLUX TUNING OF THE JOSEPHSON COUPLING AND EMISSION FREQUENCY
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Figure 8.7: Flux tuning of the Josephson coupling and emission frequency. a) The Josephson coupling strength
is tuned by the application of a perpendicular magnetic field through the SQUID loop. The supercurrent and
subgap emission features show a characteristic SQUID oscillation with periodicity ~ 1 mT, which is in good
agreement for a SQUID of area ~ 1.5 pmz. The arrows show the approximate values for the magnetic flux
tuning for the data shown in (c - f). b) Application of a larger perpendicular magnetic field shifts the resonant
frequency of the cavity, tuning the laser emission over a frequency range of more than 50 MHz. Shown is
the power spectral density S(f) as a function of perpendicular magnetic field By at fixed voltage bias V}, =
160pV. In a) and b), the applied external magnetic field has a small offset from the true magnetic field due
to hysteresis in the superconducting magnet and residual magnetic fields in the setup. c) — f) Power spectral
density S(f) of the emission for increasing Josephson couplings corresponding to the location of arrows in a).
By tuning the applied magnetic flux, the device evolves from weak coupling between the SQUID and the cavity
to being strongly coupling, where significant line narrowing takes place. The current spikes present at low bias
voltages in f) occur due to instabilities in the load circuit at low bias, and correspond to retrapping to the zero-
voltage state, as is common for many measurements of voltage biased Josephson junctions. As these points
are analogous to the case of a zero bias supercurrent flow, they are not accompanied by photon emission.
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OPERATING REGIMES UNDER LASING
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Figure 8.8: Operating regimes of the Josephson laser. Power spectral density S(f) over a wider range of applied
voltage bias at large Josephson coupling. (i) Dissipationless supercurrent. At V3, = 0, Cooper pairs can directly
tunnel across the junction without additional energy being dissipated. (ii) Stimulated emission. At a large
Josephson coupling and a voltage bias equal to a multiple of the cavity resonance, many photons are released
into the cavity. The cavity photon population is large enough that the junction can reabsorb and re-emit some
of these photons. (iii) Quenched stimulated emission. When the voltage bias exceeds the superconducting gap
eV}, > A, absorption of cavity photons can also allow quasiparticles to tunnel across the junction, damping the
junction and quenching the emission (iv) Resistive transport. When the voltage bias exceeds twice the super-
conducting gap eV}, > 2A, direct quasiparticle transport can take place without any accompanying photon
emission.
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TEMPERATURE DEPENDENCE OF LASING
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Figure 8.9: Temperature dependence of the emission. a) Power spectral density S(f) of the emission as a func-
tion of voltage bias for different sample temperatures. b) The emission cutoff point V; scales strongly with
temperature close to the superconducting critical temperature of Aluminium, indicating that the upper cutoff
of the emission V, is set by excitation of quasiparticles that damp the junction.
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LINEWIDTH AND OUTPUT POWER MEASUREMENTS
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Figure 8.10: Linewidth narrowing under lasing. Normalized cavity transmission with the device lasing (red)
and with the device off (grey). The device shows linewidth narrowing of more than two orders of magnitude
when configured for lasing. The transmission when the laser was not lasing was measured at V}, = 31V,
between the second and third emission peaks in Fig. 8.2a), while the trace when the laser was emitting was
recorded at Vj, = 162V in Fig. 8.2¢). For both measurements P;, j = —140dBm, below the single photon power
in the cavity.

By integrating the emission data in Fig. 8.11a), we estimate the output power P,,; =
[S(fHdf = 0.255pW. The DC input power to the device is calculated as P;, = IpV}, =
0.81pW, where Ip = 5nA and V}, = 162V, which gives a power conversion efficiency
Poyus! Pip>0.3.

The quantum limited laser linewidth is predicted by the Schawlow-Townes formula [28]:

8.1)

Here, P, is the power at the cavity output and y the linewidth of the atomic tran-
sition, and is valid in the limit where y < k, where « is the cavity linewidth. In the case
where k < v, as is common for many semiconductor-based laser systems, this expres-
sion is modified by replacing y with an effective linewidth l;% =y~ +x~1, which tends
to Ist = x for k < y [29]. In our case, the atomic transition is the voltage bias on the
Josephson junction V;, and its linewidth is set by the residual voltage noise, which is of
order 30 kHz (see Section 8.5.2), much less than k. Using the output power calculated
from by integrating the emission data in Fig. 8.11a), we calculate the Schawlow-Townes
linewidth to be ~ 14mHz.

NOISE BACKGROUND CALIBRATION AND PHOTON NUMBER DISTRIBUTION
The measured power spectral density is given by N(f) = GINyffser + Nyac + nS(f)/hf],
where G is the gain of the amplifier chain, N, is the occupation of the cavity due to
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Figure 8.11: Emission linewidth of the Josephson laser. Power spectral density S(f) of a) the free running laser
and b) the injection locked laser, measured in the large Josephson coupling regime. In free running mode,
the laser is well fit by a Lorentzian function from which we extract a full-width at half maximum linewidth
o = 21.4kHz. This corresponds to a laser coherence time 7., = 1/(wo) = 15us and a coherence length I}, =
Tcoh € = 4.45km. When injection locked, the injection locked linewidth of the laser is ~ 1 Hz, which is limited
by the linewidth of the injected tone.

thermal photons, and Ny fse; is the additional number of photons generated by the cir-
cuit including the first stage of amplification referenced back to the output of the cavity.
We assume a collection efficiency n = fcapiefcaviry = 0.013. Here ncapiry = Kour /% = 0.06
describes the proportion of photons in the cavity escaping from one port of the cav-
ity, while n.4p7e = 0.2 is due to the finite attenuation between the output of the cav-
ity and input to the cryogenic amplifier due to the insertion loss of the circulator and
isolator as well ash?dditional cable losses, which we estimate to be ~ 7dB. We esti-

mate Nyqc = 1/(e*87 —1) =~ 0.015 assuming an effective cavity temperature T = 65mK.

The additional photons generated by the cryogenic amplifier with noise temperature
hf
Tamp = 2.1Kis Ngmp = 1/(e*s"@m» —1) = 7. The noise offset is calculated as Ny pse; = (1+

Namp)Mcabie — 1 = 40, from which we calculate a noise number Nypise = 2Noffser = 80
[30]. Asit is difficult to properly calibrate the mixer for such low input power, we only use
the data from one mixer port in this calibration. Since we do not detect the radiation at
the second output port of the mixer the noise level is effectively increased by a factor of
two. This is due to the backfolding of noise at frequencies which had a positive detuning
from the local oscillator

We first calibrate the additional noise of the detection circuit by measuring the emis-
sion from the cavity when the laser is off, corresponding to a bias point V}, = 18V in Fig.
8.2a). The IQ histogram [ D(I, Q) (I? + Q*) d1dQ of the radiation emitted from the cavity,
~(2+Q?) )

2
Zath

shown in Fig. 8.3d), is well fit by a 2D Gaussian distribution of the form exp (
We scale the axes of the histogram such that the width o5, = v/ Nypise/2 = 6.36, as ex-
pected for thermal amplifier noise. In contrast, when the device is lasing, the IQ his-

togram takes on a distinctly different shape, resembling a donut of radius A= v N = 172
and width o; = 6.89. Here the radius A corresponds to the average coherent amplitude of
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Figure 8.12: Injection locking - Sideband range. Power spectral density S(f) as a function of frequency of the
injected tone for an input power P;, ; = —90dBm showing creation of sidebands spanning more than 100 MHz.

the system, while the finite width o; = /(26 A2 + N,,i5¢)/2 is a result of amplitude fluc-
tuations in the cavity emission § A = 2.66 being broadened by the thermal noise from the
amplifier chain. The axes of the IQ histogram acquired in Fig. 8.3e) is scaled consistently
with the one acquired in Fig. 8.3d).

To extract the photon number distribution we average the acquired signal across all
27 df

phase configurations [;” §2exp[ — [I+Acosf]*/207 - [Q + Asin0]*/207]. By removing
the effect of thermal noise from the amplifier chain, we can reconstruct the distribution
at the output of the cavity, which takes the form of a broadened Gaussian p, « exp|[ —
m-N)2/2NQ1 + 46A2))], centered around N = 29600, as shown in the red curve in Fig.
8.3f). In contrast, for a perfectly coherent source, we would expect the emission to be in
the form of a shot noise limited Poissonian distribution, which can be approximated by
a Gaussian distribution of the form p,, o< exp[ — (n—N)?/2N] in the limit of large N, as
shown in the blue curve in Fig. 8.3f). The residual fluctuations in the cavity amplitude

are most probably due to E; fluctuations due to materials imperfections in the junction.

8.5.4. INJECTION LOCKING

We compare our injection locking data in Fig. 8.4 to the predictions of the Adler theory
for coupled oscillators [20]. Following from [17, 31], for a given input power P;,j, the
frequency range A f over which the input signal can be locked is given by

Af = CKKI\/Pinjlpout = a\/Pinj~ (8.2)
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Here the prefactor Cx = 21/Ki;Kou:/k = 0.11 accounts for internal cavity losses. This
gives a = 1.07MHz/v'W, which is in reasonable agreement with the experimentally de-
termined value of & = (3.66 + 1.93) MHz/vW, as extracted from the fit to the data in Fig.
8.4. Outside the region of injection locking, the injection of an off-resonant tone at fre-
quency f;,; results in generation of higher harmonics to the bare emission at frequency
fo = 5.65067GHz. As the frequency of the injected signal approaches that of the bare
emission, both the emitted signal and higher harmonics are pulled towards the injected
tone until they are locked across the frequency range Af. The positions of the pulled
emission signal and the nth harmonics are given by

fa=finj+(n+1)fy (8.3)
where
AfI2 )
=(fo- finih/1-|———) 8.4
fi= o= finy) (fo_fmj 8.4

Figure 8.13a) shows the calculated positions of the pulled emission signal f, (n = 0) and
higher harmonics located at n=-2,1,2,3,4 overlaying the raw data for an input power P =
—90 dBm, which results in an injection locking frequency range of A f = 5MHz. As seen
from Eq. 8.3, the harmonic at n = —1 overlaps with the injected input tone, and so is not
observed.
Adler’s equation also predicts the relative powers of the sidebands when compared to
the free emission power.
. 2n
PalPy = laglagf? = (L ni £ I 18T 12 (8.5)
(fo— finj + fn) —iAf12

Linecuts of the injection locking data in Fig. 8.13a) are shown in Fig. 8.13b)-d). Fits to
the experimental data are shown as black solid lines. Each emission peak is fit with a
Lorentzian lineshape, with the input frequency fit with a Gaussian of width o = 10kHz.
Table 8.1 shows a comparison of the experimental and calculated harmonic frequencies
[n for each of the sidebands and the pulled emission, together with their relative emis-
sion power P,/ Py from solving Eq. 8.5. Frequencies are extracted by fitting the raw data
with a multi-peaked Lorentzian function.

FREQUENCY COMB GENERATION

Optical frequency combs have generated significant interest in recent years [32], mak-
ing it possible to extend the accuracy of the atomic clocks from the radio to the optical
frequency region, leading to breakthroughs in optical metrology, high precision spec-
troscopy and telecommunication technologies. Recently, microwave frequency combs
have also been generated using four-wave mixing in superconducting resonators [21].
Here we demonstrate a similar frequency comb by applying a voltage modulation to
the Josephson junction (Fig. 8.14a), as recently described theoretically in [22]. As an
example, we configure the device in the on-resonance injection locked regime (P;y; =
—110dBm in Fig. 8.4c) and apply a small ac excitation of frequency fioq = 111 Hz to the
DC bias. This generates a comb around the central pump tone with frequency separa-
tion 111 Hz, as seen in Fig. 8.14b). The total width of the comb is set by the amplitude of
the modulation (Inset, 8.14b), as well as the input power of the injection lock signal.
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fin (GHz) 5.6447 5.6481 5.6619

Calc. Exp. Calc. Exp. Calc. Exp
fe (GHz) 5.650 5.650 5.650 5.650 5.651 5.651
fi (GHz) 5.656 5.656 5.651 5.652 5.640 5.640
f> (GHz) 5.662 5.662 5.653 5.654 5.629 -
f3 (GHz) 5.667 - 5.654 5.656 5.618 -
f1 (GHz) 5.673 - 5.656 5.658 5.607 -
f-2 (GHz) 5.639 - 5.647 5.646 5.673 -
Py /Py 29%x1072 | 1.1x1072 | 22x107! | 1.2x107! | 8.1x1073 | 3.5x1073
Py /P, 88x107% | 32x107% | 48x1072 | 1.0x1072 | 6.5x107° -
P3/ Py 2.6x107° - 1.0x1072 | 1.6x107% | 5.2x1077 -
P4/ Py 7.7x1077 - 23x1073 | 93x107* | 4.2x1079 -
P_»/Py 7.7x1077 - 23x1073 | 93x107* | 4.2x1079 -

Table 8.1: Calculated and experimentally determined peak positions and relative intensities of sideband har-
monics under injection locking.
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Figure 8.13: Injection locking - Comparison to theory. a) Power spectral density S(f) as a function of frequency
of the injected tone for an input power P;,; = -90dBm. The emission is injection locked for a frequency
range Af = 5MHz. Overlaying the data are the calculated positions of the pulled emission f, and sidebands
f-2,1,2,3,4. Faint modulation sidebands can be seen at f, + 10MHz due to noise on the input line to the cavity.
b) - d) Linecuts of a) corresponding to b) f;;; = 5.6447GHz, ¢) fi,j = 5.6481GHz and d) fj,; = 5.6619GHz.
The solid lines are fits to S(f).
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Figure 8.14: Frequency comb generation. a) - b) Low frequency (fac = 111Hz) modulation of the voltage bias
across the SQUID under injection locking conditions generates a frequency comb of phase coherent signals
spaced fac in frequency around the center emission frequency. (Inset) The comb width, N1, is controlled
by Vinod, the amplitude of the modulation on the voltage bias.
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Figure 8.15: Circuit schematic. Circuit diagram of a voltage-biased Josephson junction in series with a res-
onator. The Josephson energy of the junction E;(®.x¢) can be tuned by an external magnetic flux ®¢y;.

8.5.5. NUMERICAL MODEL

We model the circuit as an LC resonator in series with a dc-SQUID with an applied volt-
age bias shown in Fig. 8.15. We begin our analysis with the single mode resonator ap-
proximation as studied in Ref.’s [14, 33, 34], with the equations of motion

Cp=L""¢—yp+¢y Eysin(2nfit+¢), (8.6)

with f7 the Josephson frequency, ¢ the resonator phase variable, C and L the capacitance
and inductance of the main resonator harmonic [ fy = 1/(27VLC)], and y the dissipation
rate. The drive term is proportional to E; and it is characterized by a dimensionless
coupling strength A = E;/ (pg Cwé. Solving the time evolution numerically, we find that
a strongly detuned drive n > 1 cannot produce a response that is only weakly depen-
dent on f even for A 2 1, contrary to the experimental observations (see left panels in
Fig. 8.16).

Going beyond the approximation of Ref. [14] we find that a necessary extension of
the model allowing for efficient down-conversion from large r is the effect of the higher
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resonator modes leading us to:

M
Cp; = iszl(p,- —YQi +¢62E]aisin (Zﬂf]t+ Z aiq)i) , 8.7)
i=1

with ¢; the phase variables of M resonator harmonics. Due to the strong nonlinearity of
the equations of motion at small y and large Ej, including the higher harmonics modes
is a necessary extension of Eq. (8.6). We also verify that including Kerr nonlinearity or
including the load circuit in the single mode dynamics (8.6) are not alone sufficient to
reproduce the lasing behavior. The variation of the coupling strengths a; of different
modes to the Josephson junction is geometry-dependent, however we verify that the
specific ratios of a; do not influence our conclusions. For simplicity we present the re-
sults for a; = 1. A precise simulation of the coupling to the transmission line is beyond
the scope of Eq. 8.7. In order to estimate the emitted power we therefore assume that all
of the dissipation happens due to emission into the transmission line. This is supported
by comparing the intrinsic resonator quality factor Q = 10° with the quality factor of the
resonator coupled to the transmission line Q =~ 2-10*. This allows us to estimate the
emitted power spectrum using S(f) =y fz(p?, with ¢ the Fourier component of ¢ at
frequency f. Our numerical results are summarized in Fig. 8.16. The mode mixing re-
sults in approximate equipartition of emission power between the different resonator
modes, and the number of available resonator modes determines the higher cutoff for
the efficient down-conversion of f7 into the main harmonic of the resonator. A low E;
produces a series of disconnected peaks, as shown in the top panels of Fig. 8.16.

Studying the response of the lowest resonator harmonic more closely (see Fig. 8.17),
we observe several features similar to the experimental observations. Specifically, the
linewidth exhibits periodic modulation, becoming broader on resonance. The emission
amplitude is continuous until a certain upper threshold, above which it separates into
disconnected intervals.

Finally, we relax the assumption of equal mode spacing, unexpected in a realistic
line resonator. To study the effect of incommensurate mode frequencies, we consider
the detuning of mode frequencies by a small random amount: w; = (i + r;)wg for i >
1. We choose detuning r; to be a uniformly distributed random variable in the interval
[-0.1,0.1] or [-0.3,0.3]. Our results are shown in Fig. 8.18. We observe that the detuning
of the higher harmonics does not change the overall spectral shape of the emitted signal,
except for washing out the resonant peaks corresponding to the frequencies of the higher
modes.
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Figure 8.16: Dependence of the numerical emission spectra for different coupling strength and numbers of

modes of the lowest three resonator modes.
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9.1. RESULTS

The main conclusions from the previous chapters are:

chapter 4 Measurements of QPC devices with varying contact preparations show that
both dry etching steps, O,-plasma and He milling, are essential to create high qual-
ity contacts. Moreover we find that electron scattering in our nanowire QPCs is
dominated by surface scattering which can be strongly reduced by extended sam-
ple evacuation immediately before cool down. This enabled the observation of
ballistic transport in devices with channel lengths of up to 400 nm.

chapter 5 By using the improved contact recipe discussed in chapter 4 in combina-
tion with a high quality dielectric we are able to reliably fabricate ballistic InSb
nanowire devices. We find the energy spacing of the first subband E; = 17meV
and the g-factor of the first three subbands g =39+ 1 and g»3 =40 + 1. Studying
the subband evolution reveals the emergence of an orbital degeneracy between
the second and third subband for magnetic fields aligned perpendicular to the
nanowire axis.

chapter 6 We observe a reentrant conductance feature in a InSb nanowire QPC con-
sistent with the expected signature of a helical gap. By measuring the evolution
in a linearly increasing as well as a rotating magnetic field we confirm that this
feature originates from spin-orbit interaction. Comparisons with simulations ex-
tract an estimated spin-orbit energy Eso = 6.5meV which corresponds to Isp =
20.48nm and ar = 2.66eVA. Measurements of a second device give Esp = 5.6 meV,
Iso = 22.04nm and ag = 2.47eVA. This is significantly larger than earlier values ex-
tracted for the spin-orbit strength in our nanowires.

chapter 7 We demonstrate microwave readout of a InSb nanowire double quantum dot
using a superconducting CPW resonator and extract a electron-photon coupling
strength of g./2m ~ 150 MHz.

chapter 8 We conclusively demonstrate lasing from a dc-biased Josephson junction in
the strong coupling regime. Analysis of the output emission statistics shows 15 s
of phase coherence, with no sub-threshold behavior. The Josephson junction laser
does not suffer from charge-noise-induced linewidth broadening and reaches an
injection locked linewidth of < 1Hz. The device produces frequency tunability
over 50 MHz via direct tuning of the cavity frequency and over > 100 MHz through
the generation of injection-locking sidebands

9.2. STRENGTH OF THE SPIN-ORBIT INTERACTION

Most approaches to model SOI in nanowires start with well understood models for three
and two dimensional systems [1] and reduce them down to one dimension, similar to the
approach take in chapter 2. In nanowires, however, confinement effects are very pro-
nounced and can strongly modify such simple models [1]. Because Rashba SOI arises
from broken structural inversion symmetry, it is particularly sensitive to differences in
the device geometry and nanowire surface which change the confinement potential. In
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| Eso | Iso[nm] | agleVA]
Spin-orbit qubit [2] 28-51peV 230-310 | 0.18-0.24
Weak antilocalization [3] | 0.25-1 meV 50-100 0.5-1

Helical gap (chapter 6) 5.6-6.5meV 20-22 2.47-2.66

Table 9.1: Comparison of Egp, Isp and ag

experiments this is reflected by the fact that three different measurements of the SOI in
similar InSb nanowires found variation of a ( Esp ) by a factor of more than 10(100). Ta-
ble 9.1 summarizes the experimental values extracted from these measurements. In the
following paragraph I will compare the different experiments and discuss the observed
differences.

The first experiment that could directly extract the strength of the SOI was performed
in InSb nanowire spin-orbit qubits [2]. SOI induces an anticrossing between the hy-
bridized energy levels inside a double quantum dot which could be measured through
qubit spectroscopy. Additionally, angle dependent measurements resolved the orienta-
tion of Bsp, which was found to be oriented perpendicular to the nanowire and parallel
to the substrate. This is consistent with Rashba SOI caused by a broken structural in-
version asymmetry from an electric field oriented perpendicular to the substrate plane.
The measured spin-orbit strength ag = 0.18-0.26 eVA, Iso = 230-310nm and Esp = 28—
51 peV is significantly smaller than the values we extract in chapter 6. To understand
this difference one needs to consider the different measurement regimes which directly
influence SOI. The confinement inside a quantum dot produces a very different electro-
static environment than a QPC, where electrons propagate freely along the nanowire. In
a second experiment, weak-antilocalization (WAL) was measured in dual (top and bot-
tom) gated InSb nanowires [3]. WAL typically assumes diffusive bulk transport and to
account for this, long diffusive channels were used. Additionally, a new model was de-
veloped which is applicable in a quasi 3D nanowire system, when the nanowire width
W is comparable to the electron mean free path (W/l, = 1 —2). These measurements
provide a more realistic estimate for the spin-orbit strength of 1D electron transport in
a high conductance regime, where many subbands are occupied. In agreement with
the earlier argument about the role of confinement, the extracted strength of the SOI is
about ten times larger than the value measured in quantum dots; ag = 0.5-1eVA, Iso =
50-100nm and Esp = 0.25-1 meV. These measurements provide a first estimate of the
SOI experienced by propagating electrons inside the nanowire which, however, only ap-
ply in a diffusive multi subband regime. Compared to this the first subband experiences
the lowest confinement and is therefore expected to experience the strongest SOL.

Besides this we also have to take the selectivity of our experiments into account. The
simulations in Fig.6.12 and 6.14 show that the visibility of a helical gap depends crucially
on the QPC channel length. Within the current experimental limits, only devices with
exceptionally strong SOI will show up in measurements. For our results we fabricated a
large number of QPCs and only two devices showed clear signatures of a helical gap. It
is possible that some of them did not show a helical signature because they had weaker
SOL. In that case it would very valuable to understand what factors caused such excep-
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tionally strong SOI. This could be either due to external factors like a specific distribution
of surface dopands causing stronger electric field gradients or it could also be intrinsic
to the nanowires. Very recent measurements of InSb nanowires with atom probe spec-
troscopy [4], found a residual Arsenic content of up to 4 % in nanowires grown under
similar conditions. Such contaminations could further modify SOL. It has also been pro-
posed that a finite Dresselhaus SOI component might reemerge in nanowires. Typically
Dresselhaus SOI is assumed to be negligible because it vanishes for electrons moving
along the [111] direction [1] - the growth direction of our nanowires. This assumption in
only strictly true in translationally invariant 2D systems. Symmetry breaking because of
the finite system size may be enough to induce a finite Dresselhaus component in our
devices. We believe that in combination these effect can explain the surprisingly large
values of the SOI in our measurements.

In the topological regime, the size of the induced topological gap strongly depends
on Esp and a good understanding SOI in nanowires is important to optimize the homo-
geneity and size of the topological gap. The measurements presented in chapter 6 are
therefore not only important as experimental confirmation for the non superconduct-
ing side of Majorana zero modes (MZM), they also take the first step towards a better
understanding of the SOI in the lowest subband. The biggest remaining difficulty is iden-
tifying a reliable technique that can reliably measure and compare the SOI of individual
subbands across many different nanowires. Because helical gap measurements are too
sensitive to the device geometry, they will not work for wires with weaker, SOI unless the
mean free path can be significantly enhanced.

9.3. CONSEQUENCES FOR MAJORANA DEVICES.

The results presented in this thesis are exemplary for the impressive improvements that
research on semiconducting nanowires has seen over the past years and demonstrate
that InSb nanowires continue to be a promising platform for studying Majorana physics.
After the initial signatures of Majorana bound states in tunnel spectroscopy [5-7], many
follow up experiments have deepened our understanding of hybrid nanowire-super-
conducting devices [8, 9] and device simulations also continuously improve [10-12].
New experiments are now attempting to directly demonstrate the non-Abelian statistics
of MZM for which many different designs have been suggested. First proposals used
nanowire T-junctions to either physically move the topological edge with local gates
[13] or to tune the interaction between different MZMs [14-16]. Motivated by this, the
nanowire growth advanced enough to create X- and T-shaped nanowire structures [17,
18]. However, the interplay between diameter dependent confinement, orbital effects,
and surface states can create a strongly anisotropic subband dispersion with magnetic
field as was shown in chapter 5. In a T-structure, the magnetic field always has a per-
pendicular component to at least one of the nanowire arms which modifies the size of
the topological gap through orbital effects and subband degeneracies [10]. To avoid this,
newer designs for braiding circuits avoid T-shapes and use parallel nanowires where in-
dividual MZM are coupled by superconductors and gate defined quantum dots [19-22].
Readout of the quantum dots can then be performed either with a local charge sensor or
with a superconducting resonator similar to chapter 7 and reference [23]. All the individ-
ual building blocks of these different braiding circuits have, in principle, been developed



9.4. FUTURE EXPERIMENTS 137

and the research in the past years has significantly increased our understanding of the
underlying physics . Nevertheless important questions such as the size and interactions
strength of MZM and the relevant time scales of individual gate operations and braiding
operations still remain open.

9.4. FUTURE EXPERIMENTS

In the final part of this chapter some additional follow up experiments are proposed.
They can further improve the understanding of the physics and material properties in
our nanowire devices and explore new physics that emerges through electron-photon
interaction.

1. Using QPCs for nanowire characterization. The straightforward fabrication and
high device yield make QPCs attractive as standard test devices to study nanowire
properties and to benchmark fabrication steps. So far the individual device param-
eters like subband spacing, g-factor and orbital effects vary strongly between indi-
vidual devices. Getting a better understanding of the underlying mechanisms by,
for example, looking at the differences between individual growth batches, would
be an important step to tailor the nanowire growth for braiding experiments.

2. Spin-orbit induced subband anticrossings. Measurements of the subband dis-
persion in a magnetic field, can not only be used to extract information about the
subband spacing, g-factor and orbital effects. At the correct magnetic field ori-
entation, the spin-orbit coupling also induces an anticrossing between subbands
of opposite spin orientation. Measurements in GaAs hole QPCs [24] demonstrate
this, and use it to extract a subband specific spin-orbit strength. In our nanowires,
the limiting factor would be the reduced visibility of higher subbands, but in short
QPCs it should be possible to observe an anticrossing in the lower subbands and
get an independent estimate for Egp, @ and Iso.

Over the past years there has been growing interest in embedding semiconducting struc-
tures inside microwave resonators. Many different experiments studied the emission of
quantum dots and (superconducting) tunnel-junctions, as well as their interaction with
microwave photons [25, 26]. Chapter 7 demonstrates that nanowires are perfect candi-
dates for such experiments, because they are easy to integrate into the existing fabrica-
tion and provide efficient coupling to the resonator. A single semiconducting nanowire
contacted by either normal or metallic contacts can act as a flexible and gate tunable
emitter.

3. Capacitative sensing of a QPC. One simple, yet interesting experiment along such
lines would be measurements of a nanowire QPC embedded inside a microwave
resonator. They can be performed in the existing setup used in chapters 7 & 8 and
would only require minor adjustments to the sample design. Simply replacing the
five fine gates of the nanowire double quantum dot by one wide gate and using the
new contact recipe is enough. The resonator response can be used to capacitively
measure the nanowire subband dispersion, analogous to SET reflectrometry mea-
surements. As alternative method for detecting the helical gap, this circumvents
the sensitive geometric requirements of conductance measurements.
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4. Nanowire Josephson junction laser. Another possibility is to replace the nanowire
contacts by a superconductor, which creates a gate tunable nanowire Josephson
junction. At strong coupling, this is a direct extension of the results of chapter 8
only now with a coupling that can be tuned by a local gate that would allow much
faster tuning of the emission and promises on-chip generation of fast microwave
pulses. First experiments with this system are already on the way and have not
only demonstrated gate control but also showed a reduced linewidth.

Even more fascinating experiments are possible when we transfer the methods devel-
oped in quantum optics into the microwave regime and use them to study solid-state
emitters [27, 28]. Pioneering experiments have successfully demonstrated that this is
possible with circuit QED and superconducting qubits. Two key quantities of interest in
quantum optics are the first and second order correlation functions gV (r) and g® (7).
The first order function measures amplitude correlations and is well known from clas-
sical interference experiments. In the second order function intensity correlations are
measured, which gives information about photon statistics. Assuming the electric field
inside the resonator consists of only a single mode, reduces g to a very simple form
that only depends on the photon creation and annihilation operators a, a':

+
W) = (a (Oza(T» o1
(a'a)
R GHCLUGLIGLIO) 92
(a'a)?

g (1) measures the probability of a second detection (delayed by time 1) after a first
photon was observed. In chaotic light, for example from a thermal source, photons
bunch together which increases the change of a correlated detection around 7 = 0. In
fact it can be shown that any light emitted from a classical source satisfies g (0) =
g? (1) = 1. Only quantum emitters which can create sub-poissonian photon distribu-
tions, for example anti-bunching, show g(z) (0) < 1. Measurements of g(Z) can therefore
be used to identify single photon sources. Different from the two experiments suggested
above, such measurements have to operate at the single photon level. In optical sys-
tems, efficient single photon detectors are available for this. However in the microwave
regime, photon energies are orders of magnitude lower which makes single microwave
photon detection difficult. In principle it is possible to extract g in the existing hetero-
dyne setup used for the measurements in chapters 7 and 8. However, the noise added
in the detection chain will dominate the signal and require excessively long measure-
ment times. Reference 29 estimates that the amplifier noise alone is 700 times stronger
than the single-photon power. It also demonstrates an elegant way to improve on this
by including an on chip beam-splitter at the cavity output and amplifying both output
ports of the splitter independently. This significantly reduces the amplifier noise, be-
cause most of it is uncorrelated and will average out. In Reference 29 this improved
the observed system noise temperature by over two orders of magnitude, from initially
10.6 K down to 80 mK. A second option is to replace the HEMT amplifier by a Josephson
parametric amplifier which also significantly reduces noise.

5. Quantum light bulb. The photon emission of a voltage biased QPC has been stud-
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ied theoretically in great detail [30-35]. However, to my knowledge, no experiment
realization of this has been reported. Different to quantum dots, QPCs have no dis-
creet energy levels but rather a continuum of states. Photon emission or absorp-
tion therefore requires a finite bias voltage and happens as electrons flow across
the constriction and dissipate energy. Because the photon emission directly fol-
lows electron transport, this is a great tool to study the statistics of electron trans-
port through the QPC. At large bias voltages and high temperatures, many modes
inside the QPC are occupied and the emitted light is expected to mirror a thermal
source with a gaussian photon distribution. If however the temperature can be
lowered enough and only a single mode inside the QPC is occupied new interest-
ing behavior is predicted. The electrons will then imprint their fermionic behav-
ior on the microwave photons and one expects to observe photon anti-bunching
which can be revealed by measuring the second order correlation function g ().
Experimentally this requires operation at finite magnetic field to break the electron
spin degeneracy and occupy only a single subbands. The high g-factor of InSb re-
duces the required field and CPW resonators made of NbTiN that can operate up
to several Tesla have already been developed in our group. References [31, 33] es-
timate the visibility of antibunching at realistic experimental conditions and find
that it is lost if the temperature exceeds the resonator bandwidth kg T > 0.257y.
This means, overcoupled resonators are required such that individual photons are
emitted fast enough before exciting a second photon inside the cavity.

6. Josephson and Majorana radiation. Emission from AL/AlO2/Al Josephson junc-
tions also attracted great interest [36-40] and demonstrated emission of non-classical
states of light. Similar effects can be expected from a nanowire Josephson junction,
with the added advantage of gate tunability. Measurements at finite magnetic field
can also be used to study the emission of a topological Josephson junction such as
proposed in references [41-47].
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