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PREFACE

Long before the completion of this Dissertation titled ‘Development and Elec-
tronic Phenomena of Etched Bulk-Insulating Topological Insulator Nanowires’
it was envisioned to be about the fabrication and evaluation of qubits based
on Majorana fermions. Although the topics are linked, the unexpected different
learnings presented in this work are just as interesting to me as the initial idea,
partly because they serve as an example of how science and maybe life is an
endeavour whose final destination is rarely as envisioned, but an endeavour that

can bear other totally unforeseen fruit.

Coming from a background that combines materials science and physics, I came
to cherish both worlds, the tantalizing theoretical descriptions of physics that de-
scribe almost magical manifestations of nature as well as the sometimes challeng-
ing but always promising reality of novel quantum materials. Research guided
by both enables to aspire to potentially world-changing long-term goals, but at
the same time allows to find many exciting surprises along the way. In this sense,
the results presented in this work stand in a broad context of Majorana research
and topological quantum computation, but actually focus on foundations and
findings during the journey, namely electronic phenomena in topological insu-
lator nanowires such as a giant magnetochiral anisotropy. May this work serve

other scholars full of curiosity and pioneering spirit as a stepping stone.

Matthias Rofsler
Castelvecchio (Pescia), September 2023
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ABSTRACT

Topological quantum matter serves as a fertile ground to study novel transport
phenomena as well as fundamental aspects of modern condensed matter physics
since about two decades. More recently it was realized that topological insula-
tor nanowires (TINWs) that exhibit quantum-confined topological surface states
(TSS) with peculiar spin-physics can, when proximitized by a superconductor,
harbour exotic quasi-particles with non-abelian exchange statistics called Ma-
jorana bound states (MBS), which are of great fundamental and technological
interest [1].

In this work, a TINW platform was developed and experimentally investigated
that provides the necessary ingredients to realize next-generation proposals to
study and manipulate such quasi-particles. The prepared TINWs were etched
from the bulk-insulating 3D topological insulator material (Bi;_,Sb,).Te; (BST)
and have been electrically probed in low temperature transport measurements [2,
3]. In such experiments, after proving the existence of the TSS, manipulation of
the TSS enabled the discovery of a non-reciprocal transport effect that occurs due
to a large magnetochiral anisotropy (MCA). Furthermore, after proximitizing the
TSS with a superconductor, S-TI-S Josephson Junctions on TINWs of varying
width have been studied.

Key ingredients for advanced detection and control techniques for MBS are a
well-controlled and high material quality, confirmation of the existence and reli-
able control of the TSS as well as sufficiently robust induced superconductivity
in a nanowire platform that is compatible with scalable device designs [4, 5].
While the potential for a larger size of the relevant energy scale in such TINWs
compared to other materials makes 3D topological insulators (TI) an attractive
material class for studying MBS [6], the preparation of bulk-insulating narrow
TINWs with fabrication techniques that are compatible with advanced proposals,
which require several deterministically branched and interconnected NWs, has
not been reported before [4, 5]. Additionally, inducing robust superconductivity
in a reproducible manner is not easily achieved in such bulk-insulating wires [7].

For these reasons, not all the requirements for experiments for an unambiguous
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detection of MBS in 3D TINWs had been met before.

To tackle these challenges, here a versatile approach to prepare TINWs etched
from bulk-insulating Molecular-beam epitaxy (MBE) grown thin films of the 3D
TIBST has been developed which fulfills the aforementioned requirements. From
low temperature transport measurements it is shown that narrow NWs prepared
in this way maintain the high quality of the as-grown material, are gate-tuneable
as well as bulk-insulating and show magnetic-field-dependent electrical resis-
tance oscillations that are consistent with theoretical expectations, a manifesta-
tion and proof of the existence of the TSS [3]. Furthermore, a well-controllable
rectification effect stemming from magnetochiral anisotropy in the TSS has been
discovered that can be quantified by a coefficient |y| ~ 100000 A~*T~!, an extraor-
dinarily large value for a normal conductor [2]. Additionally, S-TI-S Josephson
junctions have been studied to investigate and improve induced superconductiv-
ity in such TINWSs. Here, in experiments with microwave irradiation a fractional
Josephson effect has been observed that reveals transport signatures previously
associated with an unconventional 47-periodic supercurrent contribution that
could be indicative of MBS [3, 8].

These results demonstrate that TINWSs can be realized by top-down patterning
from planar 3D TI BST thin films in a quality at least on par with previously exist-
ing preparation techniques, that they can be well used to study novel electronic
transport phenomena that arise from discrete TSS and that they can further be
successfully proximitized with a superconductor to study unconventional super-
conducting transport, all of which is interesting from both a fundamental point
of view as well as for potential technical applications such as novel diode effects

and topological quantum computation [6, 7, 9].



KURZZUSAMMENFASSUNG

Topologische Quantenmaterie dient seit etwa zwei Jahrzehnten als fruchtbarer
Boden fiir die Untersuchung neuer Transportphdnomene und grundlegender As-
pekte der modernen Physik der kondensierten Materie. In jiingerer Zeit wurde
erkannt, dass topologische Isolator-Nanodrdhte (TINWs), die quantenbegrenzte
topologische Oberflichenzustiande (TSS) mit besonderer Spin-Physik aufweisen,
exotische Quasiteilchen mit nicht-abelschen Austausch-Statistiken beherbergen
konnen welche als gebundene Majorana Zustande (MBS) bezeichnet werden und
von grofiem fundamentalem und technologischem Interesse sind [1].

In dieser Arbeit wurde eine TINW-Plattform entwickelt und experimentell un-
tersucht, die die notwendigen Zutaten zur Realisierung von neusten Vorschla-
gen zur Untersuchung und Manipulation solcher Quasiteilchen liefert. Die pra-
parierten TINWs wurden aus dem volumenisolierenden topologischen 3D Iso-
latormaterial (Bi;_,Sb,).Te; (BST) gedtzt und in Tieftemperatur Transportmes-
sungen elektrisch untersucht [2, 3]. In solchen Experimenten ermoglichte der
Nachweis der Existenz und die Manipulation des TSS die Entdeckung eines
nicht-reziproken Transporteffekts der aufgrund einer besonders grofien magne-
tochiralen Anisotropie (MCA) auftritt. Dariiber hinaus wurden nach der Kop-
plung des TSS mit einem Supraleiter S-TI-S-Josephson-Kontakte auf TINWs un-
terschiedlicher Breite untersucht.

Schliisselkomponenten fiir Nachweis- und Kontrolltechniken fiir MBS sind eine
gut kontrollierte und hohe Materialqualitét, die Bestdtigung der Existenz und
die zuverldssige Kontrolle der TSS sowie eine ausreichend robuste induzierte
Supraleitung in einer Nanodrahtplattform, die mit skalierbaren Probendesigns
kompatibel ist [4, 5]. Wahrend die grofsere relevante Energieskala von TINWs
sie im Vergleich zu anderen Vorschldgen zur Untersuchung von MBS zu einer
attraktiven Materialklasse macht [6], so ist die Herstellung von volumenisolieren-
den schmalen TINWs mit Fertigungstechniken die mit fortschrittlichen Experi-
menten kompatibel sind, die mehrere deterministisch verzweigte und miteinan-

der verbundene NWs erfordern, bisher nicht gelungen [4, 5]. Weiterhin ist es
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nicht einfach robuste Supraleitung in reproduzierbarer Weise in solchen volu-
menisolierenden Drahten zu induzieren [7]. Aus diesen Griinden waren bisher

nicht alle Anforderungen fiir Experimente fiir einen eindeutigen Nachweis von
MBS in TINWs erfiillt.

Um diese Probleme anzugehen wurde in dieser Arbeit ein vielseitiger Ansatz zur
Herstellung von TINWSs entwickelt, die hier aus Molekularstrahlepitaxie (MBE)
gewachsenen Diinnschichten des volumenisolierenden 3D TI BST gedtzt wurden
und die die oben genannten Anforderungen erfiillen. Anhand von Tieftemperatur-
Transportmessungen wird gezeigt, dass die auf diese Weise hergestellten schmalen
NWs die hohe Qualitdt des gewachsenen Materials beibehalten, gate-tune-fahig
sowie volumenisolierend sind und magnetfeldabhidngige elektrische Widerstand-
soszillationen zeigen, die mit den theoretischen Erwartungen tibereinstimmen -
eine Manifestation und ein Beweis fiir die Existenz der TSSs [3]. Dartiber hinaus
wurde ein gut kontrollierbarer Gleichrichtereffekt entdeckt der aufgrund einer
magnetochiralen Anisotropie in den TSS entsteht und durch einen Koeffizienten
7| ~ 100000 A~'T~! quantifiziert werden kann, ein auflerordentlich grofler Wert
tiir einen normalen Leiter [2]. Abschlieffend wurden S-TI-S Josephson-Kontakte
untersucht um die induzierte Supraleitung in solchen TINWs unterschiedlicher
Breite zu studieren und zu verbessern. Hier wurde in Experimenten mit Mikrow-
ellenbestrahlung ein fraktionierter Josephson-Effekt beobachtet der Transportsig-
naturen offenbart die zuvor mit einem unkonventionellen 47r-periodischen Su-

perstrombeitrag in Verbindung gebracht wurden, ein moglicher Hinweis auf
MBS [3, 8].

Diese Ergebnisse zeigen, dass TINWs durch Top-Down Strukturierung planarer
3D TI BST Diinnschichten in einer Qualitit realisiert werden konnen die min-
destens gleichwertig mit der der bisher existierenden Praparationstechniken ist.
Des Weiteren wurden solche TINWs erfolgreich zur Untersuchung neuartiger
elektronischer Transportphdnomene verwendet die aufgrund der diskretisierten
TSS entstehen, und konnen aufierdem erfolgreich mit einem Supraleiter prox-
imitiert werden um unkonventionellen supraleitenden elektrischen Transport
zu untersuchen. All dies ist von grofiem Interesse sowohl fiir die Grundlagen-
forschung als auch fiir potenzielle technische Anwendungen wie neuartige Dio-
deneffekte oder topologische Quantencomputer-Technologie [6, 7, 9].



Chapter 1

INTRODUCTION

The dawn of topological effects in low-temperature electrical transport experi-
ments caused a paradigm shift in the understanding of modern condensed mat-
ter physics. Topological insulators (TIs), a material class with a bulk-insulating
interior and metallic surface states, are a prime example of quantum matter that
enabled pioneering studies of the manifestations of topology in nature in the last
two decades. More recently, considerable interest shifted towards the idea that
topologically non-trivial electronic states can host quasi-particles with uncon-
ventional exchange statistics. Originally proposed by Ettore Majorana in 1937,
Majorana fermions are described as particles that are their own antiparticles,
meaning that they obey the quasiparticle operator relation 45 = 4! [10]. While
such particles have not yet been observed in nature, emergent quasiparticle ex-
citations that mimic their properties could potentially be realized by inducing
superconducting pairing into the spin-momentum locked topological surface
states (TSS) of TIs and TI nanowires (NW) [1, 6, 11, 12]. If such particles are spa-
tially localized and their ground state lies at zero energy the system’s excitations
are called Majorana zero-modes (MZM) or Majorana Bound States (MBS). Apart
from fundamental interest, well-separated pairs of such states can be used to
form a quantum-bit which enables applications in topologically protected quan-
tum computation that benefit from their unconventional non-Abelian exchange
statistics and non-locality [4, 5, 13, 14].

The observation of signatures consistent with the understanding of localized Ma-
jorana states at that time has been reported for various systems, such as atomic
chains of ferromagnetic iron on the surface of superconducting lead [15] and
proximitized quantum anomalous Hall insulators [16], but most importantly for
semiconductor nanowires with strong spin-orbit coupling, i.e. InAs and InSb [17,
18]. These results triggered excitement for technological application as in par-
ticular hybrid systems of III-V semiconductors and also 2D TIs based on HgTe

[19] could be well-compatible with scalable fabrication techniques required for
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large scale utilization in topological quantum computing [5, 14]. In recent years
however, some results in these systems have been put to debate [20-22].

Nanowires made from 3D TIs have been proposed to host MBS that are compa-
rably stable due to the large relevant energy scales involved [6]. Such TINWS,
whose TSS exhibit a characteristic Dirac-nature as well as spin-momentum lock-
ing, have been realized in various ways in the past such as by Vapour-Liquid-
Solid (VLS) growth [23-27], exfoliation of a bulk single crystal [28, 29], sandwich-
ing between different materials [30], selective-area-growth (SAG) [31, 32], and
top-down etching of a 2D film [33, 34]. Among them, the SAG and top-down etch-
ing techniques offer a large design flexibility and hence are particularly appeal-
ing for quantum devices and advanced theoretical proposals [4]. However, early
binary TI compounds commonly exhibit a significant residual bulk-transport
contribution that can complicate the unambiguous interpretation of measure-
ment results and there has been no report of a successful tuning of the chemical
potential to the charge neutrality point in NWs fabricated with these methods
[7]. When coupled to a superconductor, a fractional Josephson effect can be ob-
served in transport measurements on S-TI-S Josephson Junctions that are subject
to microwave-irradiation. In the presence of Majorana states a 47 periodic su-
percurrent contribution is expected that can be reflected in a suppression of the
so-called Shapiro steps in such measurements. This indeed has been observed
successfully in planar HgTe and SAG 3D TI junctions [34—40]. Only recently
however a first report addressed the question of how such transport signatures
would change in narrow TINWSs subject to a parallel magnetic field, which is
required to manipulate the TSS to study MBS [34], and the role of large residual
bulk-carrier contribution in many of the previous reports remains unclear. In any
case, existing experiments cannot provide unambiguous evidence for MBS for
which reason TINWs compatible with next-generation detection proposals are
desired [41].

In this work the successful preparation of bulk-insulating TINWs etched from
provided Molecular-beam epitaxy (MBE) grown (Bi;_,Sb,).Tes thin films as well
as an experimental study of electronic transport phenomena both in normal-state
and superconducting transport on such wires is presented. This was achieved by
careful study and tuning of the relevant nanofabrication parameters of electron-
beam lithography, Ar- and wet-etching to minimize adverse effects on the ma-
terial during the preparation process. After testing various interface cleaning



recipes, buffer layers and superconductors to proximitize such TINWs, the detri-
mental role of surface oxidization was tackled by prompt ex-situ capping of the
as-grown material with Al,Os. A procedure for timely and non-damaging re-
moval of this capping was developed that allows to minimize the exposure of
the TI surface to ambient conditions to only a few minutes while still benefiting
from the versatility of widely available ex-situ fabrication techniques.

From low-temperature measurements on such TINWs it is shown that the devel-
oped easily accessible and flexible preparation procedure preserves the pristine
quality of the as-grown BST thin film. In contrast to most previous reports, such
NWs are bulk-insulating, the chemical potential can be tuned easily to the CNP
by electrostatic gating and characteristic periodic oscillations in electrical resis-
tance both as a function of externally applied magnetic-field and gate-voltage are
observable. Although these oscillations show irregularities that likely stem from
coulomb disorder, they are unambiguous evidence for the formation as well as
control of the TSS of interest and allow for a comprehensive characterization of
the NWs.

When studying induced superconductivity in such TINWs, a successfully in-
duced supercurrent across S-TI-S Josephson junctions on wires of varying width
revealed signatures of a 47 periodic supercurrent contribution in Shapiro mea-
surements, something that in previous reports has been associated with the for-
mation of MBS [8, 34, 40, 42].

Additionally, a previously unexpected manifestation of the TSS in TINWs was
discovered, the occurrence of a giant magnetochiral anisotropy (MCA). Follow-
ing a theoretical prediction, a non-reciprocal transport effect in TINWs that is
characterized by an outstandingly large MCA rectification coefficient |y| ~ 100000
A~'T~! was confirmed experimentally in low-temperature measurements. This
effect is highly controllable by gate voltage and magnetic field, both which are
responsible for the underlying manipulation of the spin polarized subbands that

give rise to this effect.

As non-reciprocal responses in quantum materials touch on fundamental aspects
of modern condensed matter physics such as broken symmetries, topology, quan-
tum confinement and correlations, MCA based on an intriguing combination of
these aspects points to an unexplored playground to substantially enhance the
size of non-reciprocal transport effects. Furthermore, for the first time a TINW
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preparation protocol provides all the ingredients required to experimentally ex-
plore advanced detection and control proposals for MBS - preparation of bulk-
insulating TINWs with well-controlled TSS from material grown in large scale
and with reliable quality, that can be successfully proximitized and that can be
patterned in planar branched structures [4, 5, 14]. Therefore in conclusion, these
results give evidence that etched 3D TINWs are a versatile and scalable platform
to investigate highly interesting novel transport phenomena such as Majorana
states and (potentially superconducting) diode effects [6, 9]. Thereby the pre-
sented work serves as a steppingstone to enable further fundamental research
on TINWSs and their technical applications in for example rectifiers and topologi-

cal quantum computation.

The contents of this work are structured as follows: First, in Chapter 2, a few
theoretical concepts to introduce 3D TIs and more specifically TINWs are briefly
reviewed to explain the underlying mechanisms of the observed transport effects.
From a generalization of the considerations of topological classification derived
from the Quantum Hall-effect, in systems with strong spin orbit coupling topo-
logical surface states can arise due to the bulk-boundary correspondence. When
a 3D Tl is formed into a nanowire, the resulting discrete surface state subbands
with characteristic Dirac-nature and helical spin polarization due to spin momen-
tum locking can give rise to interesting transport phenomena, especially when
coupled to a superconductor, as studied in this work.

In Chapter 3 practical context is given on the used material and some of its defin-
ing properties as well as on key nanodevice-fabrication and low-temperature
measurement techniques. (Bi;_,Sb,).Te; is a compensated 3D TI that can be
grown as a thin film by MBE and with well-controlled quality, but that is also
adversely effected by intrinsic disorder from charge compensation. When pat-
terning such a surface-transport-dominated material treatment conditions need
to be adjusted carefully to not harm the quality of the surface states. In this re-
gard relevant technical developments during this work are described and the

used low-temperature setups for transport measurements are introduced.

In Chapter 4 the successful preparation of etched bulk-insulating TINWs as well
as the experimental study of electronic transport phenomena both in normal-
state and superconducting transport across S-TI-S Josephson junctions on such
wires is presented. It is shown that the developed easy to adapt preparation pro-

cedure preserves the pristine quality of the as-grown BST thin film and that in



contrast to most previous reports, such NWs are bulk-insulating. In the NWs pre-
pared here, the chemical potential can be tuned easily to the CNP by electrostatic
gating and characteristic periodic oscillations in electrical resistance both as a
function of externally applied magnetic-field and gate-voltage are observable,
both consistent with expectations and proof for the formation of TSS. Addition-
ally, transport across S-TI-S Josephson junctions on such wires of varying width
gives rise to signatures of a 47 periodic supercurrent contribution in Shapiro
measurements. This has previously been considered evidence for the presence
of Majorana Bound States, but trivial explanations need to be ruled out carefully
[8, 34, 40-44].

In Chapter 5, a previously unexpected manifestation of the TSS in TINWs is re-
ported, the occurrence of a MCA. After theoretical prediction and consecutive ex-
perimental confirmation, non-reciprocal transport in TINWs that is characterized
by a outstandingly large MCA rectification coefficient |y| ~ 100000 A~*T ! is in-
vestigated. Though this effect is only observed at low temperatures, in TINWs
it is highly controllable via gate voltage and magnetic field, and serves as yet

another example of the good theoretical understanding achieved for TINWs.

In the end, a brief summary and outlook is given in Chapter 6 which covers
challenges and perspectives for the here presented TINW platform. Further sup-
plementary information can be found in the Appendix in Chapter 7.
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Chapter 2

THEORETICAL CONCEPTS

The contents of this work cover some topics that are commonly only briefly
touched upon in typical condensed matter physics coursework. Therefore the
purpose of this chapter is to provide a basic understanding of the relevant con-
cepts. Since it is aimed at non-expert undergraduate and graduate researchers,
the extent of review is limited and should serve as guidance for further study.
More extensive discussion can be found in a number of specialized references
[41, 45-51].

In the first section 2.1 the most important aspects of topological matter are briefly
introduced, with a focus on the properties of 3D topological insulators (TIs).
Section 2.2 reviews the consequences of size quantization in low temperature
transport experiments when such a TI is formed into a nanowire (NW). This
includes the existence of characteristic resistance oscillations in the presence of
varying magnetic field and electrostatic-gating as well as a giant magnetochiral
anisotropy, all evidence for topological surface subband states. A plethora of in-
teresting effects has been predicted to arise from combining such TINWs with a
superconductor, most strikingly the potential presence of Majorana bound states.
Therefore basic concepts of superconductivity relevant in the context of this work
and phenomena that are necessary to understand the experimental findings will

be reviewed briefly in section 2.3.
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2.1 Topological Insulators (TI)

In this section, after a brief contextualization, basic concepts of Topology and
developments leading to the discover of 3D TIs are discussed. Their most fun-
damental features are introduced, including the guaranteed presence of a topo-
logical surface state characterized by spin-momentum locking and a linear Dirac
dispersion, which serves as a baseline to understand effects that arise specifically
in TINWs discussed later.

2.1.1 Band theory and quantum Hall effect

The understanding of the electronic transport properties in solids is governed by
band theory, one of the most fundamental concepts in condensed matter physics.
Pioneered by Bloch, it is based on the idea that in a periodic crystal-lattice the
overlapping orbitals of individual atoms form bands in which electronic states
can be unevenly distributed and charge carriers experience collective excitations.
If electrons occupy all states up to the Fermi-energy E; and if the next available
states are separated by an energy gap electronic transport is not easily possible.
This provides a profound explanation why materials such as metals conduct well
while some others, e.g. insulators such as quartz, do not and is at the heart of
extensive research on how to control electronic transport that caused tremendous
technological progress in the past century. In 1980, however, the previously estab-
lished understanding was challenged by the discovery of the integer quantum
Hall (QH) effect. Von Klitzing et al. found that edge channels with an exactly
quantized Hall conductivity of o, = n x €*/h with n € A can arise in perpendic-
ular high magnetic fields and at low temperatures in a two-dimensional electron
system though its bulk remains insulating. This exact quantization based on fun-
damental constants is striking as it points at a fundamental macroscopic origin
of this quantum phenomenon [52, 53], a finding that was awarded with a Nobel

Prize only a few years later.

2.1.2 Topology

TKNN, Chern number and connection to the quantum Hall effect

In 1982, Thouless, Kohmoto, Nightingale, and den Nijs (TKNN) realized that the

QH-effect was a result of topological properties of the electron’s wavefunctions
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[54]. In mathematics, topology deals with the properties of objects by characteriz-
ing whether they are invariant under smooth deformations. Objects can be clas-
sified for example by a topological invariant called genus g, which is commonly
introduced by considering whether an object can be smoothly transformed into
another while preserving a defining property, e.g. a hole. Similarly other sys-
tems like the electronic bands of a TI can be classified by an integer topological
invariant n € Z called Chern number which specifies whether they can be contin-
uously deformed into one another. In general, the availability of such invariants
is determined by the dimensions and the symmetry class of a system, which de-
pends on the presence of e.g. time-reversal and crystal symmetries, and are of
either integer value Z, even integer 2Z or binary value Z, [55, 56]. The associated
Chern number can be intuitively understood as a geometric phase acquired from
moving a vector k associated with a Bloch-wavefunction |u,,(k)) around a closed
loop in a parameter space, e.g. the Brillouin zone boundary [57, 58]. When k; is
moved from the north pole of a sphere via a closed path P while keeping its
direction fixed southwards, upon arriving back at the north pole this results in
an additional rotation of k; by a geometric phase angle ®. A quantum mechan-
ical analogue proposed by Berry is called Berry phase and can be expressed by
the line integral of the Berry connection A,, = i (u, V| uy), from which also a
surface integral called Berry flux 7, = V x A,, can be calculated [57]. The Chern
number then is the total Berry flux in the whole Brillouin zone calculated via
1 2

M = 5 d“kF,, (2.1)
where n,, is an integer and the total Chern number being the sum over all occu-
pied bands, n = 22:1 n,,. TKINN realized that the QH-effect can be described in
a Hilbert space whose topological invariant also called TKNN invariant or fill-
ing factor v € Z is intimately related to the Chern number. This factor v allows
to distinguish topologically trivial insulating regions (v = 0) from topologically
non-trivial regions (v # 0) and is linked to IV of the quantized Hall conductance

oy, thereby revealing the effect’s connection to concepts of topology.

Generalization to quantum spin Hall effect

Topological phenomena can also occur in the absence of an external magnetic
tield, for example being driven by the electron’s motion and the associated spin-
orbit coupling (SOC). Around 2005, first Kane and Mele [59, 60] and later Bernevig
and Zhang [61] proposed generalizations that allowed to predict the existence of

edge states in 2D materials, leading to concrete proposals for a quantum spin Hall



14 Chapter 2. Theoretical concepts

insulator. A key breakthrough was to recognize that a non-trivial Z, topology
can be present in ordinary insulators without breaking time-reversal symmetry
(TRS) by a magnetic field. This eventually lead to the experimental observation
of edge-state transport in CdTe/HgTe/CdTe quantum wells that resembled that
of the one-dimensional channels with quantized conductance known from the
QHe-effect, but this time in zero magnetic field. This made the first observation
of the QSH-effect a milestone in exploring topological effects in nature [62, 63].

Although historically effects stemming from topology were first discovered in
quantum materials, understanding these effects has begun to influence many
other fields of physics like photonics [64-67], microwave systems [68], classical
electronics [69], cold atoms [70, 71], acoustics [72] or mechanics [73]. In the fol-
lowing the discussion will be focused on strong 3D TIs as well as key features
of relevance for transport experiments in this work. Several in-depth reviews
are recommended for further study to understand why topological order is of
such fundamental and growing interest, especially in the context of dissipation-
less transport and emergent particles with fractional charge or peculiar exchange
statistics [1, 46—48].

2.1.3 3D Topological Insulators

The underlying topological classification of the aforementioned 2D systems can
be generalized to 3D TIs where a set of four Z, topological invariants (vy; v1, v, v3)
calculated from bulk properties is required [1]. In a time-reversal symmetric elec-
tronic system, energy eigenstates come in Kramers pairs, i.e. bands where the
+k and —Fk states are at the same energy. At specific positions in the periodic
Brillouin Zone (BZ) (called TR-invariant momenta (TRIM)) these eigenstates are
degenerate. In the case of a non-trivial Z, invariant the Kramers pairs have to
”switch partners” at the BZ-boundary which leads to a guaranteed crossing of the
surface or edge states with the Fermi energy inside the bulk gap, resulting in the
appearance of topologically-protected metallic surface states with an odd num-
ber of crossings (Figure 2.1 a). As a consequence, at all interfaces to an ordinary
(i.e. topologically trivial) insulator, e.g. the vacuum, n-dimensional TIs are nec-
essarily associated with (n-1)-dimensional gapless metallic spin-non-degenerate
surface/edge states (Figure 2.1 b).

The energy dispersion of these gap-crossing eigenstates resembles the linear dis-
persion of a single 2D Dirac cone with helical spin polarization, which means that
the direction of the surface state’s spin is locked perpendicular to the momen-

tum £, thereby also termed spin-momentum locking (Figure 2.1 c). At low energy
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Figure 2.1: Topological surface states due to bulk-boundary cor-
respondence. a, Illustration of the energy dispersion of the spin
non-degenerate edge states of a 2D TI forming a 1D Dirac cone
b, Schematic of the 2D helical surface state in real-space at the in-
terface between a 3D TI and a trivial insulator, e.g. the vacuum. ¢,
Energy dispersion of the spin non-degenerate surface state of a 3D
TI forming a 2D Dirac cone at the I'-point of the surface Brillouin-
zone. Adapted with permission from Ref. [1] (c) (2013) The Physical
Society of Japan.

this dispersion can be approximated by the Dirac equation for free particles and
results in energy eigenvalues of £ = +¢y/p? + m2c2, thereby resembling the be-
haviour of relativistic Dirac particles. Notably, particles acquire a Berry phase of
7 upon full rotation on the Fermi surface so that interference of time-reversed
scattering paths is altered, for example causing antilocalization or a band gap
opening at the Dirac point in the case of quasi-1D nanowire systems, as will be

discussed later.

It is noteworthy that in 3D TIs, when the chemical potential is far away from the
Dirac-point, deviations from linear dispersion and second-order effects can take
place that lead to for example hexagonal warping of the Fermi surface, as visu-
alized by angle-resolved photoemission spectroscopy [74]. Furthermore, TSS are
commonly associated with a vague notion of topological protection. First, as gov-
erned by the Z, topology, the gapless surface states are not allowed to vanish as
long as TRS is preserved, making them robust against impurities and distortions,
e.g. from physical surface treatments. Also scattering from carriers with momen-
tum k into the —F state is suppressed due to the helical spin polarization and
thereby spin mismatch, see Figure 2.1 c (though the probability for backscatter-
ing to other states remains finite). Additionally the 7-Berry phase associated with
the Dirac-like nature of the carriers affects destructive self-interference, thereby

reducing weak localization of time-reversed paths.
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Fundamental interest in the aforementioned properties as well as the hope for ap-
plications from spintronics to topological quantum computation caused a surge
in research on 3D TlIs in the past two decades [7]. In particular, TINWs prepared
from such TIs are of special interest as will be discussed in the following.

2.2 Topological Insulator Nanowires (TINW)

In condensed matter physics, interesting phenomena can arise when the dimen-
sionality of a system is reduced or size-quantization effects start to play a role,
as for example in the case of 2D electron gases, Graphene or quantum dots, all
which enabled the observation of groundbreaking new physical phenomena [75-
77]. As done with III-V semiconductor NWs and carbon nanotubes, quasi-1D
TINWs are a natural next step to explore the properties of topological surface-
states (TSS). In such TINWs, discrete TSS arise from size-quantization which
allow for novel transport effects. In particular, for electrons on the TI surface an
axial magnetic flux can cause a topological phase transition and the interplay of
strong spin-orbit coupling together with inversion symmetry breaking can facili-
tate a gate-tuneable giant magnetochiral anisotropy effect. Both will be outlined

in the following.

2.21 Size quantization of topological surface states

Given the exotic properties of TIs, it is appealing to consider the consequences
that arise when the 2D surface states of a 3D TI are reduced to quasi-1D. This can
be achieved by various techniques including vapour-liquid-solid (VLS) growth
[23-27], exfoliation from a bulk single crystal [28, 29], sandwiching between dif-
ferent materials [30], selective-area-growth (SAG) [31, 32] and top-down etching
of a 2D film [33, 34]. Owing to a combination of a reduced bulk-to-surface ra-
tio and the use of compensated TIs like (Bi;_,Sb,).Tes (BST) such TINWs show
surface-dominated transport and behave analogous to a quasi-ballistic metal-
ring [78] or a hollow metallic cylinder [79]. In such TINWs where phase coherent
transport is maintained around the perimeter of the NW the surface states are
confined, resulting in a quantized circumferential momentum &, which leads to
discrete surface state subbands with an energy-level spacing that depends on
the perimeter [6, 80, 81]. Here, the presence of an axial magnetic field B causes

charged particles on the surface to pick up a phase when encircling a magnetic
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flux, leading to Aharonov-Bohm (AB) or Altshuler-Aronov-Spivak (AAS) inter-
ference effects [82]. A unique feature of TINWs is that the helical spin-texture
of the spin-momentum locked surface states dictates that a particle travelling
along the axial direction k| picks up a Berry phase of 7 in case it encircles the
circumference, which is due to a 27 rotation of the spin. In the absence of symme-
try breaking and for an idealized cylindrical TINW, although generalizable to an
arbitrary cross-section [83, 84], this results in a TSS subband energy dispersion

given by

B8 = o (L BIY 2>

where vr is the Fermi velocity, R is the wire radius, and &, = h/e is the flux quan-
tum in the presence of an axial magnetic flux ® threading along the nanowire [6,
7]. Figure 2.2 a shows a schematic of the resulting subband structure, which is
particularly interesting when the flux is modulated. In the absence of B or for a
flux @ = n®,, with n € N, the above expression eq. (2.2) results in the formation
of spin-degenerate surface state subbands indexed by ¢ = 1, +3 ... with ¢ the
angular momentum quantum number. These surface subbands are then gapped
by an energy that depends on the perimeter of the NW, as visualized in Figure
2.2 a. In contrast, a half-integer flux ® = (n + 1)®,/2 gives rise to a topologically
protected non-degenerate gapless 1D mode with k; = 0 crossing the Dirac-point
due to the AB-phase cancelling the Berry phase. Therefore, depending on integer
multiples of ®(/2, a spin-non-degenerate 1D mode is present or absent that can
close the bulk band gap. This 1D mode is of special interest as it is predicted to

host fermionic Majorana states when proximitized by a superconductor [6, 85].

2.2.2 Characteristic resistance oscillations

Since a change in axial magnetic flux can drive periodic topological transitions
by closing as well as reopening the energy gap via a gapless mode, this can mod-
ulate the available density of states (DOS). Thereby the resistance maxima of the
AB oscillations (ABO) occur at either integer ® = n®, (0-ABO) or half-integer
¢ = (n+1)Py/2 (m-ABO) multiples of ®,, depending on the location of the Fermi
level [82]. This characteristic m-phase shift of the ABO in TINW as a function of
u, which is varied by the gate-voltage, is demonstrated in Figure 2.2 b. It shows a
colormap of the normalized change in the resistivity, Ap/Apmax as a function of
both axial magnetic flux ® (normalized by ®,) and the carrier density nqe, near

the CNP (normalized by the value n at the edge of the first subband) as expected
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Figure 2.2: Discrete topological surface state subbands in a TINW.
a, Schematic of the quantized topological surface state energy sub-
bands formed in a TINW as a function of momentum £ for an axial
magnetic flux ¢ of 0, ®9/4, and ®(/2. Red lines indicate a gapless
spin-non-degenerate 1D mode. Dashed horizontal lines mark char-
acteristic positions of Fermi energy Er relevant for a peak in the
resistance oscillations. b, Color mapping of the normalized change
in the resistivity, Ap/Apmax, expected from theoretical calculations
as a function of both axial magnetic flux ¢ (normalized by ®() and
the carrier density n near the CNP (normalized by the value nj at
the edge of the first subband). n is controlled by variation of the
chemical potential ; via electrostatic gating. White vertical dotted
lines denote the three positions of Er marked in panel a. At a fixed
Er, Ap oscillates with ®. The oscillation phase shifts depending on
n, in total causing a checker-board-like pattern.

from theoretical calculations. For these calculations the surface states of the wire
are described by the 2D Dirac equation and disorder is taken into account by
adding a small density of randomly located local scattering potentials so that by
using a T-matrix approximation resistivities could be obtained in a fully analyti-
cal way [26]. The oscillations observed in Figure 2.2 b are then mainly the result
of the increased scattering rate that arises at the minimum of a subband due to
the van-Hove singularity, a divergence in the density of states at k-points where

an extremum of the dispersion relation E (k) takes place.

A consequence of this band structure is that characteristic oscillations in resis-
tance R also occur as a function of the chemical potential 4, i.e. as a function
of gate-voltage V;. The positions of the maxima and minima in R(V) relative
to the charge-neutrality point depend on the charge density n « p? and follow
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a characteristic quadratic trend in the gate voltage AV = (V — Venp). These
positions can be determined from the expected subband spacing, which is set by
the perimeter, and the gate-induced change in chemical . that depends on the
gate-capacitance C'. Although the spacing of gate-voltage resistance oscillations
is sensitive to a good estimate of C, it can be argued that C' can be modelled well
by an electrostatic model that includes the dielectric environment, thanks to the
simple slab-like geometry of the thin-film based devices. C' can then be obtained
by solving the Laplace equation using a finite element method and only two
simple assumptions need to be made, that the nanowire can be modelled as a
perfect metal and that effects of quantum capacitance can be neglected in such a

wire geometry [26].

By combining the analysis of magnetic-field dependent AB-oscillations and gate-
modulated subband resistance oscillations, consistency can be checked conve-
niently by i) comparing the cross-sectional area of the device obtained from
imaging to the area expected from the experimentally obtained ABOs, and ii)
by comparing the perimeter of the NW from imaging to the expected perimeter
resulting from oscillations in R(V), together allowing to obtain a comprehensive
insight into the TINW’s properties.

2.2.3 Magnetochiral Anisotropy

Chirality denotes that an object or system is not mirror-symmetric and cannot
be superimposed on their mirror image by any translation or rotation, as in the
case of hands or certain molecules. This property is of great relevance in vari-
ous scientifc contexts, e.g. in the questions on why there is a homochirality of
life on earth. Magnetochiral anisotropy (MCA) describes the interplay between
chirality and magnetic fields and was first observed as a difference in the be-
haviour of unpolarized light in chiral media in a magnetic field. Later it was also
found in a variety of other experiments e.g. with sound propagation, photo- as
well as electro-chemistry [86]. Anisotropic electronic transport is of great tech-
nical relevance and more specifically in TINWs, MCA arises as a consequence

of the confined topological surface states, thereby serving as a tool to study them.

In electrical transport, which is commonly well described by Ohm’s law, V' =
IRy, for small currents I the voltage drop across a material is proportional to a
constant resistance Ry. An unconventional additional contribution from MCA

can be described by an expansion term second order in current to the electrical
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resistance
R = Ry(1 +~BI), (2.3)

with B being the magnitude of an external magnetic field and 7 being the size
of the rectification stemming from non-reciprocal transport. Such an effect is
usually observed in systems that explicitly break inversion symmetry, so that a
difference R(+1) # R(—1) arises when a current flow in opposite directions is
compared. The most well-known example of this is a semiconductor pn-junctions,
a type of rectifier with great technological importance. However, a much greater
degree of control over the rectification effect can be achieved when a similar non-
reciprocity of resistance exists as a property of the material itself. To achieve such
a non-reciprocity necessitates that the inversion symmetry of the material is bro-
ken and in materials where such symmetry breaking resulted in strong spin-orbit
coupling (SOC) [87-94], large non-reciprocal effects were observed. However, the
fact that SOC is always a very small energy scale limits the possible size of any
rectification effect.

In heterostructures of topological materials it is possible to artificially break in-
version symmetry and to significantly enhance the size of non-reciprocal trans-
port effects [84]. In particular in quasi one-dimensional bulk-insulating three-
dimensional TINWs it is possible to artificially break the inversion symmetry
along the wire, for instance, by application of a gate-voltage from the top of the
TINW [26, 33, 84]. Such a gate voltage induces a non-uniformity of charge density
across the nanowire cross-section which breaks the subband degeneracy and re-
sults in a splitting of the subband at finite momenta. An additional consequence
is that the subband states develop finite spin polarization in the plane perpendic-
ular to the nanowire axis (i.e. yz-plane) with the states with opposite momenta
being polarized in opposite directions such that time-reversal symmetry is re-
spected. When a magnetic field is applied, the subbands can be shifted in energy
via the Zeeman effect (Figure 2.3 a) and MCA can be measured [2].

This can be explicitly shown by using the Boltzmann equation [91, 92, 94]. For
MCA of the vector product type y oc P - (B x I) with the characteristic vector
P in the yz plane, the rectification effect v,(u) of a given subband pair n = +
labelled by ¢ > 0 can be calculated as

63

Y=+ = o02hE S VKL R) = VikLL)] (2.4)
n==+
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Figure 2.3: Topological surface state subband splitting in a TINW.
a, Surface state subbands with finite spin polarization in yz-plane.
Subband degeneracy (dashed line) is broken because an applied
gate-voltage V, causes a non-uniformity of the charge density
across the nanowire cross-section and thereby breaks inversion sym-
metry. An additional applied magnetic field B out of plane causes
a Zeeman-shift of the spin-polarized subbands. b, Size of the MCA
rectification ~, as a function of chemical potential ;2 within a sub-
band pair. Anisotropic spin-polarization results in a giant MCA
with a characteristic sign-change as a function of x. Panels c-e show
the theoretically expected magnetic-field dependence of the 2nd
harmonic resistance Raq at the chemical potentials indicated in the
main panel. Reproduced with permission from Springer Nature
from [2].

Here e is the elementary charge, h is the Planck constant, oW is the conductivity
in linear response, 7 is the scattering time, V/'(k) = 50z¢/ (k) with €] (k) is the en-
ergy spectrum in the presence of symmetry breaking terms and finite magnetic
field B,and k/ j, ;. is the right (left) Fermi momentum of a given subband [2]. Due
to the non-parabolic spectrum of subbands, V;- (k) is large for a TINW, so that
a giant MCA can be expected where the quantities v, and v, are the contribu-
tions of the individual subbands. Interestingly, the behaviour of v, as a function
of chemical potential 1, shown in Figure 2.3 b, is as such, that when p is tuned
through a subband pair, v, will change sign depending on the chemical potential.
This makes the rectification effect due to the MCA highly controllable by both
magnetic field direction and by the chemical potential y within a given subband
pair, which can be experimentally adjusted by a small change in gate voltage.
Strikingly, for reasonable experimental parameters a theoretically expected size
of the rectification is found to easily reach giant values v ~ 5 x 10° T"'A~!, much
larger than in typical materials with a rectification coefficient |[y| < 1 A~'T!
[89-93]. This motivates to investigate MCA in TINWs as done in chapter 5.
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2.3 Proximity-induced Superconductivity in TINWs

Superconductivity is one of the most exciting phenomena in physics and under-
standing its quantum-nature laid the foundation for tremendous technological
progress. A particularly interesting idea in the context of this work is to com-
bine superconductivity with topological properties of for example a 3D TINW
by coupling it to a s-wave superconductor. This raised much excitement due
the possible formation of Majorana bound states (MBS) in such a hybrid system.
MBS are of great interest due to both their anyonic properties as well as due
to their potential use in topologically protected quantum computation technol-
ogy. “We shall not describe here the vast amount of theoretical results, which has
been derived from these equations” as renowned expert in superconductivity
and Cologne emeritus Gert Eilenberger put it already in 1968 [95], but rather
give a concise recapitulation of a few basic key concepts of superconductivity to
understand the experimental results of this work. This includes a brief recap of
BCS theory, the superconducting proximity effect in the context of BTK theory,
consequences for SNS Josephson junctions as well as the Josephson relations,
which eventually allows to discuss the RCS]-model to explain the observation of
a fractional Josephson effect in the presence of a 4w-periodic supercurrent contri-
bution. More comprehensive specialized reviews are recommended for further
reading [46-51].

2.3.1 BCS Theory

After first astonishing experiments on superconductivity [50, 51, 96-98], a phe-
nomenological description that reproduced essential features was provided 1935
by the London equations [99]. Nevertheless it took about half a century since the
first observation of superconductivity until the BCS theory proposed by Bardeen,
Cooper and Schrieffer established a microscopic picture in 1957 [100, 101]. Here,
the notion of quantum coherence and an associated length scale parameter lead
to a theory of energetically favourable pair condensation that results from at-
tractive phonon-mediated interactions. In consequence so-called Cooper pairs,
which are bosonic particles comprised of two carriers with opposite spin, form
due to electrostatic attraction when they interact with the ions of the crystal lat-
tice. If energetically favourable, at typically low temperatures the Cooper pairs’

bosonic nature allows them to condense into a lowest energy ground state due to
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the absence of the Pauli exclusion principle, which results in a macroscopic super-
conducting state described by a single wave function. This pair formation opens
an energy gap A ~ 1.75 k1. (with T, the critical temperature) in the fermionic
excitation spectrum which is equivalent to the energy needed to excite a quasipar-
ticle out of the ground state of the condensate. Within this gap, all electrons are
bound in cooper pairs so that the thereby freed-up single particle states manifest
in tails in the DOS just outside the gap. These superconducting correlations take
place on a length scale that depends on the largest available phonon frequency
(Debye cutoff frequency wp ~ 107 '?s) and the electrons’ Fermi velocity v ~ 10°
e on the order of ~100 nm for
typical metallic superconductors. An early success of BCS theory was to esti-

ms~!, which results in a coherence length &, =

mate the scaling of 7, in various materials via 7, = 1.140pexp [—1/ [UD(EFr)]]
where D(EF) is the electronic density of states at the Fermi level, U is an electron-
phonon coupling strength (depending on lattice site mass), and ©p the Debye
temperature. Experimental confirmation of this scaling for elemental supercon-
ductors and isotopes in first approximation implies that properties of the super-
conducting phase like the transition temperature depend on the carrier concen-
tration n which explains why semiconductors with orders of magnitude lower n
compared to metals are rarely superconducting, a fact relevant in the context of
proximity-induced and gate-tuneable superconductivity. Cooper pairing leads
to an energy dispersion similar to that of free particles but with an extra pairing
potential A. In the case of excitations smaller than A, all cooper pairs remain
in the same macroscopic quantum state with a joint total momentum £, result-
ing in a zero-resistance supercurrent. Another important consequence is that the
description by a single wave function can lead to quantization effects, e.g. in a
superconducting ring. Here the wavelength o = h/p must obey no = 277, i.e. fit
exactly n = 0,1,2... times into the confining ring to form a standing wave. From
this follows that a magnetic flux ¢ = h/2e must be quantized when threading a

superconducting ring [50].

Further theoretical descriptions exist, like the phenomenological Ginzburg-Landau
(GL) theory that deals with superconductivity especially close to phase transi-
tions in terms of free energy and a complex order parameter, or the generalized
mean-field theory Bogoliubov-de Gennes equations for inhomogeneous super-
conductors that are particularly useful to describe the interplay of topology and
superconductivity. However, discussion here is limited to theory directly rele-
vant for the later reported experiments and in-depth reviews are presented in

more appropriate detail elsewhere [50, 51, 102].
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Figure 2.4: Transport in a NIS tunnel-junction. a, Semiconduc-
tor model description of a NIS tunnel-junction. Density of states
versus energy for two scenarios of external bias U=0 and U > A/e.
Shading indicates occupied states. b, -V characteristic where a bias
U = A/e causes an abrupt tunnel current onset (red line) that can
be smeared by finite temperature thermal excitation (dotted line)
and for eU > A approaches regular ohmic behaviour (dashed line).
¢, Exemplary -V response for different interface scattering parame-
ter Z. Inset shows corresponding dI/dV response. Figures adapted
from [103, 104].

2.3.2 Andreev reflection and BTK theory: The superconducting

proximity effect

Given the notion of a gap A in the density of states (DOS) around Ef, similari-
ties to the semiconductor band model become apparent. Consider two bands, a
conduction and a valence band, that are separated by a gap which in supercon-
ductors is just small (typically A ~ 1 meV) compared to that in semiconductors
(typically A ~ 1 eV). When the superconductor (S) is connected to a normal
metallic lead (N) via a small insulating barrier (I) to form a NIS tunnel-junction,
only when a threshold bias eU > A is applied Ey is shifted in a way that allows
carriers to fill the accessible states above the gap in the superconductor such that
a current proportional to the tunnel rate and available DOS can flow (see Figure
2.4 a). This steep onset can be smeared by finite temperature thermal excitation
and for eU > A, the I-V characteristic asymptotically approaches regular ohmic
behaviour (Figure 2.4 b).

When reducing the picture to an unbiased NS-interface, due to the superconduct-
ing gap single particle transmission is not allowed and consequentially incident
carriers are either elastically reflected or, more interestingly, a process named
Andreev-reflection (AR) can take place that enables charge transfer across the
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junction, the supercurrent. Blonder, Tinkham and Klapwijk realized in the early
1980s in their BTK theory that by AR an incident electron (hole) is reflected
back into the normal region as a hole (electron) with opposite spin and momen-
tum while in the superconductor a charge-2e spin-singlet called cooper pair is
formed [50, 103]. This process is spin-dependent and can be inhibited by spin-
polarization, e.g. in ferromagnetic materials, an effect that is used for example
in point contact spectroscopy techniques like spin-polarized STM [105]. Ideal
AR doubles the conductance across the N-S interface, but in realistic systems
near-unity transparency of the interface is difficult to achieve. In non-ideal in-
terfaces a considerable amount of ordinary reflection takes place which can be
modelled by introducing a Dirac delta function tunnel barrier Hé(z) with H the
strength of the barrier [106]. An associated scattering parameter Z = H/hvy re-
lated to the probability of such normal reflection at the interface is connected to
the transmission coefficient called transparency 7" with

1

T = —— _ 2.
1+ 22 (2.5)

which governs the I — V' response and the diverging differential conductance
dI/dV of the junction outside of the superconducting gap caused by the large
DOS-tail (Figure 2.4 c). Even in low transparency junctions, an excess current /.,
commonly defined as the zero-bias voltage intersection of a linear fit to the / — V'
curve above a bias of 2A is an indication of a finite contribution from AR [103].

2.3.3 Andreev bound states in SNS-junctions

The limit of a low barrier strength is naturally obtained for a thin conducting
but not superconducting weak-link. When extending the system to consist of a
normal (N) metal, semiconductor or TI sandwiched between two superconduc-
tors, i.e. an SNS junction, particles can be trapped in the resulting quantum well
formed by total Andreev reflection against the superconducting regions [103].
As AR happens in series, similar to a particle in a box situation discrete-energy
states called Andreev-Bound States (ABS) emerge, in the simplest case an ABS
doublet of ground and excited state, that carry the supercurrent (Figure 2.5 a).
These states are in the most conventional form described by

E(¢) = +£A4/1— TsinQ% (2.6)

with a transmission coefficient 7. Thereby they usually exhibit (for 7" # 1) a 27
periodic current-phase relation (CPR) dependent on the phase difference ¢ =
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Phase ¢ (m)

Figure 2.5: Andreev bound states in SNS-junctions. a, [llustra-
tion of superconducting transport via the formation of Andreev
levels. A cooper pair incident from a superconducting lead with
an energy gap 2A transfers to the opposite electrode by successive
Andreev reflections of carriers in the normal region of length L. b,
Conventional Andreev bound states with different transmission co-
efficients T'. Quasiparticle poisoning at points close to continuum
states (grey) or nonadiabatic interband transitions can alter period-
icity.

¢, — @, between the two superconductors and an excitation spectrum within the
superconducting energy gap A with a minimum gap Aaps = 2Av1 — D at ¢,
= (2n+1)m emerges (Figure 2.5 b). Together, the intimate connection between AR
and phase-coherent propagation in the normal region can thereby be seen as the
microscopic origin of a proximity effect — an induced finite pairing potential giv-
ing rise to superconductivity in the normal region. This pairing occurs over a dis-
tance that depends on parameters such as transparency and the superconducting
coherence lengths 1g and 7y in the superconducting leads as well as the normal
region where the latter can be estimated as {&x = \/ hD/Apg. = \/ ErnL?/ A,
with D = vsl./2 the average diffusion constant of supercurrent-carrying elec-

trons, the induced gap Aj,q, lc the mean free path, v; the Fermi velocity, L the
length of the junction and the Thouless energy Ety, = hD/L* [106].
Additionally, if a DC bias I/ < 2A is applied and the inelastic scattering length
in the normal region ls > L, particles can undergo multiple Andreev reflections
(MAR) and hereby acquire energy when traversing the junction. This allows
them to overcome the superconducting gap and form additional dissipative con-
duction channels. Thereby, MAR explain the experimentally observed sub-gap
structures in the differential conductance d//dV that appear at the bias voltage
V, = 22 with n € N [107, 108].
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SNS junctions are commonly classified by comparing the length L of the normal
weak link to its mean free path /. and coherence length ¢,,. A junction is defined to
be in the short (long) junction regime for L < &, (L > &,,) and ballistic (diffusive)
for L < I, (L > l.). A ballistic junction results in a discrete ABS spectrum with
&n = h%, whereas a diffusive junction has a less well-separated potentially even
quasi-continuous spectrum of ABS. [109-111].

2.3.4 Majorana Bound states in proximitized TIs

It is intuitively clear that the induced superconducting state must be influenced
by the properties of the weak link of the planar Josephson Junction, e.g. the
topological properties of a TI. In fact, spin-momentum locking in the TI dictates
that although the commonly used s-wave superconductors provide cooper pairs
of two opposite-spin-1 particles the induced superconductivity must be p-wave-
like or “spinless” because only one spin-configuration is allowed for a specific
momentum £ [11, 48, 49]. In a Josephson junction with a finite 2D extension on a
3D TI, anumber N = W/\; of Andreev doublets carry the supercurrent, with 1V
the width of the channel. Due to the Dirac nature and the finite spatial extension
of the weak link the transmission coefficient T written as

cos?d

To= s @7)

1422

is angle-0-dependent, with Z being the scattering parameter. In consequence the
ABS spectrum is given by equation (2.6) with a 7y indexed by 6, with cos(f)=
\/1- % [41, 112]. In such a system an intrinsic single 47-periodic Andreev dou-
blet with perfect transmission occurs at transverse momentum k, = 0 (§ = 0)
since here Ty_y = 1 for any Z. This 47 mode, together with additional triv-
ial lower transmission oblique modes with k, # 0 that are not protected from
backscattering but still subject to spin-momentum locking (thereby called heli-
cal), carries the supercurrent across the junction. In the 1D-limit (¢ = 0, Ty—¢ = 1)

and presence of p-wave pairing for bound states generically described by

E(¢) = £A\/Tysin %5 (2.8)

consequently back-scattering is forbidden and the resulting 47-periodic state can
be identified to be a Majorana bound state, a hybridization of Majorana states
at each S-Tl interface [11, 12, 113, 114]. Complications to this simplified picture,
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which depend on microscopic details, exist, for example from an increased num-
ber of transport channels and scattering in long diffusive junctions or quasiparti-
cle poisoning. However, key features, especially the 4r-periodicity, are theoreti-
cally quite robust.

Considering not a planar junction but a NW formed from a TI and coupled to
a superconductor, the interplay of discrete degenerate surface state subbands
and an axial magnetic flux discussed in section 2.2 as well as the induced super-
conductivity can result in the appearance of a proximitized spin-non-degenerate
gapless 1D mode. Here, in particular at integer multiples of the flux ¢,/2 only
a single pair of nondegenerate Fermi-points exists for any chemical potential p
inside the bulk-band gap, which is typically ~300 meV. Superconducting pair-
ing in this flux-tuneable mode is expected to give rise to Majorana states at the
system’s boundaries under a wide range of conditions. This marks a distinct
advantage in terms of stability and control of MBS in comparison to alternative
platforms like for example InAs with a relevant energy scale of ~1 meV and is a
central motivation to study proximitized 3D TINWs [6, 85].

Observing the discussed gapless states in a TI-superconductor hybrid system
is of high interest as they are characteristic evidence for unconventional super-
conducting pairing that potentially enables the realization of Majorana fermions,
which are interesting due to their peculiar non-abelian exchange statistics and
promise for applications in topologically protected quantum computation [4].

For a comprehensive discussion the reader is referred to some of the many more
detailed reviews [6, 11, 41, 49, 114, 115].

2.3.5 Josephson equations

In transport across a weak link SNS junction the supercurrent is subject to the
Josephson effect which is a manifestation of the macroscopic quantum nature
of superconductivity. Consider the superconducting leads A and B to each have
a Ginzburg-Landau order parameter v4/5 = /i pe'?4/? (with carrier densi-
ties n4,p) that reflects the condensates” wave functions, then the supercurrent I
across the junction can be shown to be described by the two Josephson relations
[51, 116, 117]

L(t) = Isin(p(t)) + Y _ I, sin(mep(t)) (2.9)
dp _ 2¢V(t) (2.10)

dt h



2.3. Proximity-induced Superconductivity in TINWs 29

\/ \ , c
7N 0 217 AT BT

Figure 2.6: RCSJ model an washboard potential in of S-TI-S junc-
tion. a, Schematic of the measurement setup of a TINW Josephson
junction with wiring and microwave antenna. b, RCS]J circuit dia-
gram consisting of a resistor R, a capacitor C and a Josephson junc-
tion with a critical current /. ¢, RCS] washboard potential U(y) as
a function of ¢ for different values of current [ labelled I =0, I < I
and I > I. for a particle of mass M with damping 7. 27 and 47 peri-
odic current contributions result in varying potential barrier height
Ubar1,2- Increasing the I results in tilting of the potential, which can
further be varied by ac-driving /,. that influences the periodic trap-
ping from the varying potential slopes where yellow (green) bars
demotes OU/0¢p > 0 (< 0).

with V (¢) and I(¢) the voltage across and current through the Josephson junction
as well as I¢ the critical current. In most cases, particularly in the weak cou-
pling limit, the second higher order term in the first relation can be neglected.
The DC Josephson effect described by the first expression is characterized by a
non-dissipative tunnel current across the junction with a 27-current phase re-
lation (CPR) that is proportional to the sine of the phase difference across the
barrier, interestingly even in the absence of a external electromagnetic field. The
AC Josephson effect on the other hand arises as a consequence of the second
Josephson relation, which states that in the presence of a fixed voltage across a
Josephson Junction, i.e. in case of I > I, the phase-difference ¢(¢) will change
linearly with time, which in turn results in an AC-current with a frequency pro-

portional to the applied voltage.
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2.3.6 RCSJ-model and the fractional Josephson effect

A realistic and reasonably easy to compute description of the key I-V character-
istics of a Josephson Junction, e.g. on a TINW (Figure 2.6 a), under experimen-
tal conditions of AC and DC driving is the resistively (R) and capacitively (C)
shunted Junction (RCSJ)-model (Figure 2.6 b) [41, 50, 51]. Considering the Joseph-
son relations (2.9) and (2.10), the total current I;,; across the junction then results
from the individual contributions of supercurrent /5, normal-state contribution
Iy and displacement current I, given by:
2

Itat(go):]S+]N+ID:ICsinw+%%é—f+%sz (2.11)
with Ry the normal-state resistance and C' the geometrical capacitance.
Two practically relevant limits can be distinguished by introducing the Steward

McCumber-parameter
2e

fe = S IRC. (2.12)
which when considering the circuit’s resonant behaviour can be seen as a mea-
sure of the quality factor Q. When C'is vanishing, the circuit is called overdamped
(8. < 1) and the junction’s I-V curve shows no hysteretic behaviour. In the un-
derdamped case (5. > 1), I-V curves exhibit a hysteretic response, meaning that
when the excitation current is reduced below I, the voltage only drops to zero
once a retrapping current [ is reached. When introducing the Josephson energy

E; =10 ;—Le, the non-linear differential equation (2.11) can be expressed as

A\ % AN’ . dp d I
- . — - —(F (1 — — — =0 2.13
(26> Cdt2 + (26) R = +d¢( 7(1 —cosy Ic<p) (2.13)

and resembles that of a driven harmonic oscillator of the form

d?x dx
M— — U=0 2.14
gz TtV (2.14)

with mass M and damping 7 in the potential U also called washboard poten-
tial (WP) [51]. Particles in such a washboard potential can reside in stable equi-
librium points with vanishing phase-change and thereby a vanishing average
voltage drop V when considering the second Josephson equation (2.6) (Figure
2.6 ¢). An increase of I above I., however, makes the particle slide down the
WP along intervals of varying slopes as the local minima vanish. This can fur-
ther be modulated by an external AC driving I,. which eventually can lead to
plateaus at integer n multiples of hw,./2e called Shapiro steps that depend on
the interplay of external AC- and DC-driving, as shown in the following [118].
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Consider that the response of the system must be equal to the external driving,
ie. Loy (t) = Is(t) + In(t) + Ip(t). In the situation that the junction (temporarily)
exhibits a finite voltage in the case of I.,; > I¢, part of the current obviously
has to result from normal or displacement current contributions. This however
causes a time variation in /g based on the second Josephson relation so that for
fixed I.,; normal and displacement current must respond accordingly. These in-
terdependent changes results in a time-dependent voltage V(t) and a non-trivial
response of the Josephson current. For a Josephson junction driven by an AC-

and DC-source given as
V(t) = Ve + Vac cos(wact), (2.15)

in the simplest case of 5o < 1 an integration of the second Josephson equation

results in ) .
o(t) = o+ 5 Vact + ng S0 Wl (2.16)
so that ) .
L (t) = I.sin {gpo + —evdct + 26 Yac sinwact} ) (2.17)
h I Wac

Thereby the total current and its frequency are determined by an interplay of
both the constant contribution wg. = %Vdc and the sinusoidal phase variation.
By converting this expression to a Fourier series with a Bessel function it can be
shown that

Lot (t) o sin [pg + (Wae — Nwac)t] - (2.18)

Thereby it follows that in the case of wge. = nw,. Or

h
Vie = Vo = n—wqe (2.19)
2e

with n € N the AC-driving w,. can cause a time-independent response termed
Shapiro step [51, 118]. Such AC-driving is typically performed with a microwave
source at w,./2m ~ 1 — 10 GHz so that steps appear in an experimentally well
accessible constant spacing of ~ V. Since interestingly this only depends on
external driving frequency and universal constants, Shapiro steps are in fact used
to define the voltage-standard [51].

Washboard potential with 47-periodic contribution: Suppression of odd Shapiro
steps

It has been suggested that an additional 47-periodic supercurrent contribution,

that in the case of a topologically non-trivial Josephson junctions potentially
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stems from gapless MBS, causes a total Is(y) = I>"sin(y) + I27sin(p/2) which
could be reflected in the junction’s Shapiro response [8, 114, 119]. Again neglect-
ing capacitive contributions (as in most cases justified in experiments), in a 25-RS]J
model with two supercurrent contributions the washboard potential gets slightly
modified such that consecutive potential barriers Uy, 12 vary in height (Figure
2.6 c). Hereby the particle may only be trapped at every second potential mini-
mum so that integer Shapiro steps at twice the separation voltage are dominant
and odd steps can vanish [8, 119]. The typical time scale for the phase to adapt

h

to a drive current change is the phase relaxation time 7; = 5z which results

in a cutoff frequency 1/7;. Thereby Shapiro steps should theoretically appear

in the condition of f,;7; < 1 [38]. This intuitively shows that I.Ry of a Joseph-

son junction must be sufficiently large and the absence of clear step-like features

_h__
2eRI2T

in total f73™ < fu7i™ < 1 and thereby a sufficiently large 4r-

can correlate with the junction quality. Further, with separating 77" =
and 7/" = ',
periodic contribution is required to influence the junction dynamics in a way that
odd steps are suppressed. Theoretically this effect is robust in the case that f,,
and rf power are sufficiently low. Evidence for a 4r-contribution can further be
complemented by studying the residual supercurrent at the first resistive node
that correlates with 7™ [38]. In cases where coupling to the junctions is difficult
to achieve at low rf power Josephson emission experiments can be an alternative

[19, 120].

Suppression of the first Shapiro step only

In many previously reported experiments on topological systems where a 4x-
periodic contribution was expected only a first missing Shapiro step was ob-
served however [3, 30, 34-38, 40, 121, 122]. In underdamped Josephson junctions,
this was shown to be related to hysteresis from capacitive effects [123]. In over-
damped junctions, as the case in this work, the 2-RS] model can be extended
to account for thermal effects from Joule overheating to explain this persistence
of higher order odd Shapiro steps [38]. Hereby, quasiparticle poisoning (QP),
that means parity switching events stemming from interaction with especially
unpaired continuum states outside the superconducting-gap that affect many su-
perconducting technologies, is thermally activated. Signatures of a 47-periodic
contribution, despite being expected, can then vanish because the responsible
bound state itself that relies on parity conservation is adversely affected. QP and
other dynamical transitions particularly at symmetry points close to other bound
states or the bulk continuum may alter the phase periodicity and thereby /5, and

I in the case that the quasiparticle poisoning time 7gp ~ ps is similar to the
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junctions phase relaxation time 7; [5, 8, 38, 41, 114, 119, 124-127]. Via an increase
of the effective quasiparticle temperature 7;,, poisoning of the 47 mode from
stochastic parity changes then suppresses all but the first step for 7qp < 7. Esti-
mating the dissipated power in the junction, which was suggested to be an expla-
nation for the varying amount of suppressed odd Shapiro steps seen in different
experiments [38], allows qualitative comparison to other works. To improve, QP
poisoning could potentially be reduced by breaking time-reversal symmetry via
a Zeeman contribution from an out of plane B-field or magnetic impurities, e.g.
from Vanadium electrodes, so that the QP continuum gets separated from the
sub-gap states by a small magnetic field dependent gap dop [38, 128]. Further
problematic complications by large parallel capacitance in backgated substrates
have been reported, too [129], so careful experimental design is required to miti-

gate unfavourable effects.

Non-topological origins of missing Shapiro steps

Apart from topological reasons, also some trivial mechanisms have been reported
to cause missing Shapiro steps. For instance, simple hysteresis effects in the /-V/
response due to Joule heating can suppress or hide low order steps. This how-
ever can be accounted for by measuring at elevated temperatures [30, 37, 38, 130].
In the case of near unity-transparency, uncommon in experiments with 3D-TI
Josephson junctions, non-adiabatic Landau-Zener transitions (LZT) especially at
the anti-crossings at ¢,, = (2n+1)m between in other cases usually well-gapped
ABS can cause a response that mimics a 47 periodicity [131]. Particularly in high
transparency high mobility InAs the observation of missing Shapiro steps, some
consistent with the 47 periodicity of a topologically non-trivial junction, have
been reported although the measured system was undoubtedly in a topologi-
cally trivial phase [43, 44, 131]. This has been suggested to be caused by mode-
to-mode coupling effects governed by spin-orbit coupling and can potentially be
suppressed by magnetic fields [44]. In long diffusive SNS junctions with a much
denser ABS-spectrum, LZT could in a similar fashion affect the periodicity in
unexpected ways [132].

In conclusion, the absence of Shapiro step features is not strictly linked to a 4n-
periodic CPR nor, even if such a relation is present, necessarily linked to uncon-
ventional physics like MBS. As some alternative explanations exist, reviewed in
more detailed elsewhere [41, 43, 133], such experiments can never give conclusive
proof, partly because they are based on the hypothesis that I, is unaltered dur-

ing the experiment, which however could not be true e.g. due to QP poisoning.
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Nevertheless, careful considerations can rule out many of the trivial explanations.
This motivates why dynamical driving such as Shapiro experiments carried out
in the low frequency and power limit serve as a helpful technique to search for ev-
idence for the existence of gapless 4r-periodic bound states in superconductor-TI
hybrid devices.

2.3.7 Magnetic field effects: Fraunhofer pattern

Besides microwave irradiation, also magnetic fields can be used to alter the junc-
tion dynamics. Due to the finite size of a Josephson junction, particles traversing
the junction can pick up a different phase when a magnetic flux is threaded out
of plane perpendicular to the current direction. When assuming a homogeneous
current distribution, the resulting critical current can be described by the expres-
sion:

I(B) = 1.(0) - @ (2.20)

P
o)

with ® = 2\, + L) - W - B, &, = h/2e the flux quantum, L the channel length of
the junction, W the width of the junction and ), the London penetration depth
[51]. Minima occur when the junction area A.; encloses one magnetic-flux quan-
tum @, i.e. Ac;y = ®o/B,, and this pattern called Fraunhofer pattern resembles
the optical diffraction phenomena of a slit (see Figure 2.7). This allows insight
into the expected and effective junction area and the current-distribution inside
the Josephson junction, that is whether it is homogeneously distributed, more
SQUID-like with distinct edge-channels or inhomogeneous due to local fluctu-
ations like interface transparency, material inhomogeneities or junction length
[108]. Unconventional features like a non-zero first minimum or suppressed odd-
index lobes could theoretically also stem from a nonsinussoidal current phase
relation and the presence of Majorana zero-modes [134, 135].

Applying a magnetic field in other directions can lead to further interesting con-
sequences such as effects stemming from the topological surface states in TINWs
as discussed earlier, finite-momentum cooper pairing [136, 137] or a supercon-
ducting diode effect in the presence of strong spin-orbit coupling [9, 138, 139], all
which however are beyond the scope of this work.



2.3. Proximity-induced Superconductivity in TINWs

35

=
o
T
1

=0)
o o
o 0

Ic(D)/Ic(P
o
N

©
N
T
1

0.0 '
—4 -2 0 2 4

B (®/®g)

Figure 2.7: Fraunhofer pattern. a, Dependence of the critical cur-
rent Ic(®)/Ic(® = 0) of a Josephson junction subject to an out of
plane magnetic field B in units of the flux quantum ®, showing a
characteristic Fraunhofer interference pattern.
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Chapter 3

EXPERIMENTAL METHODS

Preparing nanodevices of a delicate quantum material and measuring their quan-
tum transport properties at ultra low temperatures is a feat that requires ad-
vanced nanofabrication tools and experimental machinery. This chapter provides
a basic understanding of the material and tools used in this work, which is re-
quired to understand which challenges have been overcome. This gives a practi-
cal context to better understand the later presented experimental results. Further
information can be found in dedicated literature on these topics [1, 7].

First the compensated 3D TI material (Bi;_,Sb,).Te; (BST) and some of its proper-
ties are introduced. Since careless patterning of such a surface-transport-dominated
material could harm the quality of the surface state and since interface cleaning
is necessary for proximitization with a superconductor, treatment conditions as
well as some key fabrication techniques used for the preparation of etched TINW
devices are discussed. In the end the chapter closes with a concise description of

the low-temperature measurement setups used in this work.
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3.1 The 3D-TI (Bil_Q;be)QTeg

Paramount to the success of most solid state physics experiments is the material
platform, the physical realm that manifests the effects to be studied. Hence, to
evaluate measurement results, thorough understanding of the material is impor-
tant. In the following, a brief description of the prototypical 3D-TI (Bi;_,Sb,),Te;
(BST) used in this work is given and some remarks on its general electronic trans-

port properties as well as coulomb-disorder are made.

Ternary 3D topological insulator (Bi;_,Sb,);Te;

To obtain a topological insulator, strong spin—orbit coupling is required to cause
a band inversion across the bandgap. This suggests that heavy-elements and
small-bandgap semiconductors are promising material candidates. Following a
ground-breaking proposal of Fu and Kane [140] in 2007, the first experimentally
identified 3D-TI was Bi,_,Sb,, studied by angle-resolved photoemission spec-
troscopy (ARPES) [141]. Following these developments and further theoretical
work [142, 143], the Bi-based binary chalcogenides Bi,Ses, Bi, Tes, and Sb,Te; were
predicted to be 3D TIs, too. This was soon confirmed by seminal experimental
studies that gave evidence for the existence of the key features of topological in-
sulators - a bulk energy gap together with spin-polarized metallic surface states
in a Dirac-like band structures - with various experimental techniques such as
ARPES, scanning tunnelling microscopy/spectroscopy (STM/STS) as well as
magneto-transport experiments [1]. However, the surface state contribution to
transport compared to that of the bulk was low, typically only a few percent for
Bi,Ses, BiyTe; or their early successors like Bi; Te;Se. Therefore, to advance, it was
desired and explored to minimize bulk carriers by doping, thinning, nanostruc-
turing and electrical gating [1]. A key step forward was intermixing alloys of
BiyTe; and SbyTe; to grow (Bi;—,Sb,).Tes (BST), a practicable effort considering
both compounds have the same tetradymite crystal structure and similar lattice
constants [1]. The underlying idea is the following: As shown schematically in
Figure 3.1 a, as-grown Bi,Te; is n-type due to antisite defects in the crystal, has a
buried Dirac point in the BVB and a Fermi level (Er) residing in the bulk conduc-
tion band (BCB). Sb,Te; however is p-type, with its Dirac point within the bulk
gap and Ep in the BVB due to hole-type bulk carriers induced by Sb-Te anti-site
defects (Figure 3.1b). But when combining the two to grow the ternary chalco-
genide (Bi;_,Sb,).Te; (Figure 3.1 c), this allows for beneficial band engineering
to shift the Fermi energy Er and Dirac point into the bulk gap by systematically
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compensating donors and acceptors by tuning the ratio of bismuth and antimony
[1, 144]. The resulting band structure has been visualized by ARPES for example
by Kong et al. [145]. In Figure 3.1 d, when the Sb content is increased to about x =
0.5, both the Dirac point and E lie unburied within the bulk energy gap. Typical
broad electronic spectra originating from the bulk states together with the single
Dirac cone that forms the topological surface state band (SSB) can be seen, the
latter indicated by the sharp linear dispersion in the band spectra and the hexa-
gram Fermi surfaces inherited from pure Bi,Te; [74, 146, 147]. In Figure 3.1 e it
gets apparent how this depends on the exact composition. When increasing the
concentration of Sb added to Bi,Tes, Er exhibits a systematic downshift from the
BCB to the BVB via a bulk insulating state. This also has notable consequences
for the electronic transport properties, as shown in Figure 3.2 and discussed fur-
ther below. For a more detailed review of TI materials, established literature is
recommended [45-47, 148].

Structural features

(Bi;_,Sb,):Tes is commonly grown by molecular-beam epitaxy (MBE) as a thin
tilm and consists of covalently bonded quintuple layers with a thickness of about
1 nm where individual layers are weakly coupled via van der Waals force in c-
direction with a lattice constant of about 3 nm (Figure 3.1c). Low roughness,
absence of pin-holes stemming from crystal defects and well developed triangu-
lar terraces of individual BST-quintuple layers are qualitative indications of good
quality material [148, 150]. In this work thin films MBE-grown on (0001) sapphire
substrates of about 0.5x0.5 to 2x2 cm? have been used. Also (111) Si/SiO,, (111)
SrTiO3, (111) InP or (111) GaAs can be used as epitaxially compatible growth sub-
strates and considerations on which to grow usually center around the resulting
quality, i.e. low carrier density and low defect density reflected in higher mobility.
However, also the need for backgating (possible on InP, Si/SiO,) or concerns on
unintentional doping (with Si substrates) can be taken into account. Although
not atomically flat like the surface of TI-flakes exfoliated from single crystals, the
material quality and thickness of wafer-scale MBE-grown TI thin films is very
well-controlled, homogeneous and reliable which makes them a first choice for
applications at scale. For in-depth discussions on the MBE-growth of BST, espe-

cially the material used in this work, References [148, 150] are recommended.
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Figure 3.1: Composition dependent bandstructure of
(Bi;_,Sb,)>Tes. a, Schematic of the bandstructure of BisTes
with a buried Dirac Point and Er in the bulk-conduction-band.
b, Schematic of the bandstructure of SbyTes with the Dirac Point
in the bulk-band-gap and Er touching the bulk-valence-band. c,
Schematic visualization of the tetradymitetype-type BST quintuple
layer (thickness ~1 nm) stacking order. d, Three-dimensional
illustration of the band structure of Biy 5Sby 5)2Tes. The topological
surface state band forms a single Dirac cone with a characteristic
hexagram Fermi surface. e, ARPES Fermi surface maps along the
K-I'-M points of (Bi;_,Sb;)2Tes bulk single crystals with increasing
ratio of Sb to Bi. Er exhibits a systematic downshift from the BCB
to the BVB via a bulk insulating state at around x = 0.5. Panel a,b,
adapted with permission from Springer Nature from [144], Panel
c,d,e, from [149].

Coulomb disorder

Throughout the tremendous progress achieved since the advent of TIs, growth
and composition related disorder in TI-alloys was considered a challenge that can
affect transport experiments. For conceptual reasons mentioned above achieving
well-compensated TIs via donor-acceptor-compensation comes hand in hand
with the formation of electron-hole puddles that cause Coulomb disorder [151-
154]. Similar effects are known in ordinary semiconductors and graphene for
many years [155-159] and in TIs, for example for the quaternary compound
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BiSbTeSe, (BSTS2), it has been put forward that from theory considerations po-
tential fluctuations of ~10 meV could arise just from such coulomb impurities
[160]. For BST-NWs, if considering a concentration of Coulomb impurities of
N > 10" em™?, the coulomb potential fluctuation I is claimed to be potentially
on the order of A,,;, with A, being the NW’s subband gap [154]. Experimen-
tally, electron-hole puddles have been observed by STM for example in Mn- and
Ca-doped Bi,Tes, BisSe; [161] and in BSTS2, where from optical spectroscopy
bulk-puddles have been found to have a size of 0.1-3 ym [162, 163]. In cleaved
BSTS2 crystals studied by STM, Knispel et al. found surface potential fluctuations
on a length scale of ~50 nm with I" = 8-14 meV at 5.5 K [164]. However, most of
these reports focus on bulk crystals, and for thin films and more so nanowires,
the situation is expected to be much more favourable. Due to the different as-
pect ratios and reduced bulk-contribution as well as additional screening effects
caused by the metallic surface state, puddle formation is anticipated to be sup-
pressed [165] and in devices for transport studies, metallic gates and electrodes
are expected to further screen such potential fluctuations favourably [154]. Never-
theless, defect chemistry and engineering remain important topics in TI research

that need to be taken into account [45].

Electronic transport properties

In total, the non-trivial defect landscape in TIs is eventually reflected in their
mesoscopic transport properties. Considering the electron mobility for example,
in BST on sapphire it usually doesn’t exceed 1 ~ 1200 cm?/Vs in the commonly
available material, with /4 ~120 nm as found by Yang et al. [166, 167]. In Bi,Ses,
one of the most well-ordered materials of the Bi-compound family, one can find
pu < 2000 cm?/Vs, lpmpp ~50 nm and a phase coherence length of /3 ~1 pm.
For the most insulating TI to date BSTS2, a surface mobility y ~ 2900 cm?/Vs
was achieved with a surface carrier density of nyp = 1.5 x 10" cm 2. Typically
found carrier densities of nyp < 1 x 10" cm ™2 are considered bulk insulating,
which can be derived from band calculations, while nsp < 1 x 102 cm™2 has
not been observed for BST so far, likely due to residual carriers originating from
aforementioned impurity states [165].

A practical way to judge on how dominant the topological surface state contribu-
tion is to the total transport is to look at the temperature dependence of the electri-
cal conductivity. For bulk-insulating TIs, at low temperatures the contribution of
the bulk should be suppressed since Er resides within the bulk-band gap. When

considering the total sheet conductance to be a sum of a thermally activated bulk
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conductance and a metallic surface conductance G**(T') = G**(T') + G**(T)
with G"*(T) = tog exp (— Eq ) with thickness ¢ of the TI, o, as the high tem-

k BT 4
perature conductivity of the bulk, F, the bulk gap, Boltzmann constant kz and

temperature T, G is dominated by G**" for low temperatures k,T < E, [168].
This results in the typically observed flat to increasing resistance during cool-
down found in bulk insulating TIs like BST and BSTS2 and allowed to show that
the surface state contribution e.g. in BSTS2 dominates strongly in samples of
<100 nm thickness and at low temperatures [151, 169-171].

These transport properties, important to be considered when selecting material
for device fabrication, usually depend strongly on the exact stoichiometric com-
position. For BST, Zhang et al. for example showed how different Sb-contents
change the position of the Dirac point (DP) with respect to BVB and Er (Figure
3.2a,b), which results in a change of the systems sheet-resistance by up to a factor
of 4 (Figure 3.2 c) [144]. This most dominantly originates from a change in the
carrier density n,p by more than one order of magnitude (Figure 3.2d), but also
electron mobility p increases significantly when E is close to a well unburied DP
(Figure 3.2 e). Figure 3.2 f shows the R(7')-behaviour of various compositions. As
discussed above, the flat to increasing resistance upon decreasing temperature
occurs because thermally activated bulk-carriers are frozen out, in stark contrast
to a metallic composition where R would just decrease with decreasing temper-
ature due to reduced electron—-phonon scattering. This serves as good evidence
for surface-dominated transport in these compositions [144, 167].

The abovementioned properties are usually obtained for thin films with a thick-
ness 6 < t < 30 nm. This is not too thick, which would unnecessarily increase
the bulk-to-surface ratio and roughness, but also not too thin, since for ultrathin
films surface-state hybridization starts to come into play which can cause the
material to become a conventional insulator or a two-dimensional quantum spin
Hall system [80, 172]. Appearance and transport properties of a typical piece of
pristine bulk-insulating BST thin film deemed promising for device fabrication
are shown in the supplementary information of chapter 4. Good material shows
a morphology with characteristic well-developed quintuple layer step-terraces
of ~1 nm as well as a temperature dependence of the sheet resistance R,, that
shows the typical mostly flat but towards low temperature increasing behaviour
expected for bulk-insulating TIs. From the magnetic-field dependence of the Hall
resistance R, typically a carrier density of n ~ 1.8 x10'* cm™* as well as a mo-
bility ¢ ~ 600 cm?/Vs can be calculated from dR,,/dB at B=0Tand T =2
K.
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Figure 3.2: Composition-dependent transport properties of
(Bi;_,Sb;)2Tes near the I' point. a Varying relative position of the
Dirac point (DP) with respect to the BVB and b position of Er
with respect to the Dirac point depending on the composition of
(Bi1—4Sby)2Tes. ¢, Sheet-resistance changes by up to a factor of ~4
depending on the Bi-Sb-ratio. d, Carrier density nop can vary by
more than one order of magnitude depending on the composition.
e, Electron mobility 1 can be strongly increased depending on Sb-
composition and amount of surface-dominated transport. f, R(T)-
curves of various compositions with increasing Sb content from x
= 0 to 0.94, highlighting the characteristic behaviour of increasing
resistance with decreasing temperature due to the freezing out of
bulk-carriers in well bulk-insulating samples. Adapted with per-
mission from Springer Nature from [144].

3.2 Nanodevice-Fabrication techniques

Creating nano-devices from novel materials enables many interesting ways to ex-
plore their properties, e.g. by manipulating aspect ratios, probing nanostructures
such as NWs or by enabling more complex experiments by adding experimental
tuning knobs or physical ingredients, for example when realizing superconduct-
ing hybrid devices and asymmetric SQUIDs. This section contains information
on device fabrication procedures to prepare top-down etched TINWs from MBE-
grown (Bi;_,Sb,).Tes thin films. The knowledge presented here has been accu-
mulated and refined by both the author as well as various senior members of
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Ando-Lab and is subject to continuous further improvement. First, a general fab-
rication workflow is described, followed by remarks on fabrication related deteri-
oration of TIs. The third section contains key procedures to prepare normal-state
as well as superconducting TINW devices. For a full list of fabrication parame-

ters, see the Appendix 7.1.1.

3.2.1 Fabrication process in general

In general, the fabrication work flow to prepare the top-down etched TINW de-
vices reported in this thesis evolves around the steps depicted in schematic Fig-
ure 3.3. After obtaining suitable quality BST on sapphire (Figure 3.3 a), cleaning,
electron-beam lithography (EBL) as well as wet- and dry-Ar-etching were used
to pattern and etch the NWs and trenches that separate individual bond pads
(Figure 3.3 b). Next, contact leads were patterned via EBL and Pt/ Au or various
superconductors are deposited via thermal or sputter deposition after gentle con-
tact cleaning procedures that are described in detail in the next section (Figure
3.3 ¢). In the case of top-gated devices, the sample was furthermore covered with
a protecting dielectric (Al,O3) (Figure 3.3 d) and optical laser lithography or EBL
and wet-etching was used to open up the contact pads as well as to pattern and
deposit the top-gate (Figure 3.3 e). An exemplary result, a normal-state-transport
TINW device before topgate deposition is shown in Figure 3.4. Such devices have
contacts with a smaller area contacting the NW, here called finger-contacts, which
usually show higher parasitic capacitive contributions to the contact resistances,
but allow to probe shorter channels due to the high accuracy possible when plac-
ing them via EBL. Such contacts are suspected to dope the local surroundings
with electrons and were found to reduce the gating-efficiency, probably by Fermi-
level-pinning [173]. Contacts here called film-contacts in comparison have a large
contact area between contact-metal and TI film and are far away from the NW,
while the NW itself is connected via leads of remaining TI-film. These TI leads
are formed by etching and are therefore subject to more strict design limitations,
but allow for lower-resistance contact interfaces with vanishing capacitive contri-
butions. Critical fabrication steps are discussed in the next subsection while more
general notes on the used standard nano-fabrication processes can be found in

section 7.1.1 and in reference [174].



3.2. Nanodevice-Fabrication techniques 45

a gst

L

Sapphire 4 ot EBL: Etching of NW 2nd EBL: Contacts

d e
AlLO4
op-gate

Low temperature Etching Al,O, in contact area

Figure 3.3: Schematic of typical process flow to fabricate TINW
devices. a, Fabrication starts with BST on a sapphire substrate. b,
Electron-beam lithography (EBL), dry- and wet-etching are used to
pattern the NWs and trenches that separate individual bond pads.
¢, Contact leads are prepared via EBL and deposited via thermal or
sputter deposition after contact cleaning. d, Optionally, the sample
can be covered with a protecting dielectric (Al2Os3). e, Optical laser
lithography or EBL can be used to open up the contact pads for
bonding via wet-etching and to pattern and deposit a topgate.

3.2.2 Conserving the properties of Topological Insulators

It has been noticed that for TIs several ambient and fabrication-related condi-
tions can be linked to changes, i.e deterioration, of the transport properties of the

material.

¢ Oxidization
Though very important for devices with large surface to bulk ratios, i.e.
nanowires, and contact interfaces, especially to superconducting electrodes,
the degree and speed of oxidization of TI-surfaces is barely understood
[175]. In early reports, Bi;Se; and Bi,Te; appeared to have a likely self-
limiting oxidization that happens comparably slow on experimental rele-
vant timescales, but consecutive studies reported conflicting findings and
interpretations [145, 176-183]. Initially it was anticipated that BST would
behave similar to these two, but first studies on BST indicated a much dif-
ferent behaviour. Volykhov et al. found for cleaved crystals of SbyTe; in-
vestigated with ARPES and DFT a fast surface oxidation under ambient
conditions, rapid reaction with molecular oxygen and slow reaction with

water [175]. Reaction with water was also observed in our samples which
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Figure 3.4: Typical etched TINW device for normal-state transport
experiments. a, False-color scanning electron microscope (SEM) im-
age of a TINW device (yellow) on sapphire (black) with finger- and
film-contacts (light-grey) covered with a dielectric and a topgate
(green). b, Zoomed SEM image of an etched TINW with thickness
t=15 nm, width w ~ 100 nm and a side-wall roughness of <10 nm
before contact deposition.

when exposed to H,O over the course of days became quasi-transparent.
In humid air, SbyTej; is claimed to oxidize by more than 2 nm on the time
scale of a few hours, strikingly much faster than other tetradymite TIs [175].
In a consecutive study on (Bi;_,Sb,).Te; that was able to access shorter
timescales, Volykhov et al. find that for typical Sb-rich compositions of BST-
crystals, 30 min in only p(O;) = 0.5 mbar are enough to form a 1-2 nm thick
oxide layer on the surface [184]. MBE-grown thin films in comparison are
known to oxidize even faster in general [176]. For BST in particular the
characteristic step-edges of BST are expected to further promote oxidiza-
tion from the sides due to dangling-bonds, thus additionally facilitating
proliferation of the oxide layer into the material from the sides [185], some-
thing that could be investigated by conductive atomic force microscopy
[186]. These findings serve as a motivation to reduce oxidization related
aging as much as possible, for example by capping films as soon as possible
after growth ex-situ, e.g. with ALD-grown Al,Os, or by storage in vacuum
and PMMA-capping. Even more protective should be in-situ capping with-
out breaking the growth chamber’s vacuum, which potentially could be
done with Al,O3, Se (>120 C° bake-off temperature, which is expected to
cause unstudied changes in the material), Te (doping of film to be compen-

sated, very rough on RIE-removal and easily oxidized residues) or Ti/ Al
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(individually found to diffuse into TIs). Further studies are required to un-
derstand the details, but thorough interface cleaning or in-situ deposition
of the superconductor [37, 40] can serve as a remedy to form transparent

contacts.

¢ Heating
Elevated temperatures can also facilitate undesired deterioration by accel-
erating above-mentioned oxidization reactions. Additionally, incorporated
Tellurium starts to evaporate, which in consequence increases the Te defect
density, adds n-type carriers and slightly changes the whole band structure,
i.e. shifting F'r and the position of the Dirac Point due to compositional
changes [187]. Fabrication recipes therefore are tuned to lower tempera-
tures, e.g. baking only at < 120 C° or depositing alumina only at 80 C°, and

metal deposition related heating should be considered.

¢ Plasma and electron irradiation

Ion-bombardment is reported to be linked to physical damage on unpro-
tected sample surfaces and side walls, which can degrade transport prop-
erties like phase coherence length [188-191]. Plasma-exposure also causes
exposure to high temperatures, with unknown consequences for uncov-
ered surfaces. Oy-plasma is suggested to form an insulating oxide layer
on BiySe; [192]. Due to these circumstances, low ion energies as well as
short etching times are favoured and potentially damaged side walls are
removed with an additional wet-etch. Also electron irradiation during EBL
and SEM-imaging is commonly associated with harmful changes to the
sample such as ionization damage or hydrocarbon contamination [193].
For this reason, acceleration voltages are preferably kept low (< 10 kV) if
possible and SEM-imaging is reduced to a minimum.

Altogether, the mentioned fabrication processes commonly result in a slight
fabrication-related shift of the Fermi-Energy E in the final devices compared
to the pristine material. For example, the procedures described in subsection
7.1.2 are empirically found to cause a shift of Er towards p-type transport in BST.
To be more specific, more conductive n-type samples tend to shift to more insu-
lating n-type behaviour, while insulating n-type tends to shift across the Dirac
point to low carrier density p-type transport characteristics. Note that this is not
well understood and is material dependent, as BSTS; and Bi,Se; were reported
to shift towards n-type [171, 194]. As a consequence, mostly n-type BST films are
selected for device fabrication which, if chosen correctly, shift to be closer to CNP
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after fabrication. Starting with p-type insulating films is found to frequently re-
sult in more bulk conducting p-type samples after fabrication. This is consistent
with the changes caused by aging in ambient conditions and points to similar
origins [195].

Process parameters used in this work are based on recipes that were empirically
optimized such that a degradation is minimized and the transport characteris-
tics of the final devices remain very similar to the properties of the pristine as-
grown material. This is showcased in chapter 4 which reports nearly as-pristine
transport properties for a Hall-bar fabricated by exposure to these fabrication

conditions.

3.2.3 Key fabrication processes in detail

To ensure reproducibility, most critical fabrication steps developed during this
work are discussed and commented on in some detail in the following. Addi-
tional notes can be found in 7.1.1.

Protective Al,O; capping

To reduce oxidization of the top-surface as discussed in section 3.2.2, the sam-
ples should be capped as soon as possible after growth. This can be done with
Al, O3 deposited by Atomic Layer Depositon (ALD) that seals off the material
from ambient conditions. The capping can be carried out in a way that ensures
less than 60 s exposure to ambient conditions, but is more typically done in a
time-scale of 2-10 minutes. The reason is that the fastest capping procedure leads
to inhomogeneous island-like growth of the Al,O3 only on BST’s terrace-edges,
which does not properly protect the sample. This hints to modifications of the
top-surface in atmosphere happening on a minute-time-scale which seems to
enhance the used Trimethylaluminium’s (TMA) ability to chemisorb to the sur-
tace via unbonded hydroxy groups. To comply with practical considerations
regarding the fabrication process flow, i.e. heating, cap-removal etch-times and
controllability, the Al,Os is deposited with a thickness ¢t = 4 nm at 80 C°. For
such a capping procedure it was shown that the transport properties of a sample
show no significant changes on a timescale of at least one week when stored at
ambient conditions [195]. Therefore, if such capped samples are stored in vac-
uum or a desiccator, negligible changes on experimentally relevant timescales
are expected. For the removal of the Al,Oj; cap in areas that directly contact the
nanowire, Transene-D Aluminium etchant is used just before metallization. In-

terestingly, Transene-D is found to be quite selective towards BST as no change
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in height or appearance was measured for BST exposed to the commonly used
conditions for up to 15 minutes. These findings are in agreement with other re-
ports that highlight Transene-D’s good selectivity towards elements with similar
properties compared to Bi, Sb and Te [196] and allow to use Transene-D for e.g.
~10 s to remove a protective Al,O3 cap of ~4 nm without harming the material
itself notably (see 7.1 for further details).

Transfer in Nitrogen atmosphere

To form good superconducting contacts, the interface between electrode and
material should be as clean as possible. Thereby exposure of the contact areas
to air after development and Al,O; cap removal and potential reoxidization
should be minimized. This can be achieved by a process that involves trans-
ferring the sample to the metal deposition chamber in a Ny-atmosphere by using
a Sigma — AldrichAtmos bag (2564451). For further details, see 7.1.

Ar-InSitu-Cleaning

Cleaning surfaces in situ with Ar-ions right before contact deposition is a com-
monly used technique to promote high quality interfaces between superconducting-
or normal electrodes and the material [197-200]. Ar-atoms are ionized in a plasma
in the UHV-environment of the deposition machine and accelerated towards the
sample surface, similar to an Ar-plasma dry etch, just with much lower energies.
In this way adsorbates are removed and a gentle milling of the first few oxidized
layers of the material can be achieved. Literature suggests that for Bi,Se; and
Bi,Te; a self-limiting oxide of thickness of 1-2 nm could be expected, while for
BST, which is much less well studied, it could be slightly thicker (2-3 nm) on
experimentally common time-scales [175, 179, 184].

To test the effectiveness of Ar-InSitu-cleaning for BST, the consequences of re-
moving 1-2 nm of material from the surface in-situ have been investigated for
the available Mantis UHV sputter deposition machine. Devices consisting of two
gate-tuneable Hall-bars in series were fabricated, while one channel was treated
with the to be tested cleaning procedure and the other channel was kept pristine.
Transport experiments remained inconclusive due to considerable variations in
the results, but already from simple imaging it became obvious that even low
power insitu Ar cleaing at 30 s or longer led to visible surface modifications that
were deemed detrimental. This motivated to reduce the cleaning times and to
only focus on the removal of adsorbates. Further details can be found in section
7.1.
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Superconducting Contacts

The best way to form reliable and highly transparent superconducting junctions
on BST is still subject of research. A promising route was realized by Bai et al.,
who found that Pd-electrodes deposited on BST react with it, thereby forming
a PdTe/PdTe;-like phase that is a superconductor (denoted S’) on its own. This
layer forms a quasi-epitaxial interface with the remaining BST, resulting in a
highly transparent S-S’-TI-S’-S interface with a 7> of ~1 K [30]. Considering chal-
lenges to control the diffusion in this approach, the here reported work focused
on conventional contacting with typical superconducting contact metals. A list
of the combinations tried is listed in Table 3.5 and further details are described
in section 7.1. Best results were obtained with Nb (see chapter 4).

It is noted that surprisingly a contact cleaning recipe that resulted in highly
transparent contact interfaces for BSTS, flakes [108] gave unpromising results
for BST which suggested not yet understood differences between the two ma-
terials. It was suspected that BST and its surface terraces structure are more
prone to oxidization compared to the atomically flat and terminated surfaces
of exfoliated flakes, a suspicion that was later supported by first emerging re-
ports on the oxidization mechanisms in BST, see subsection 3.2.2 [175, 184]. Only
in-situ cleaning together with capping as well as cap-removal just before met-
allization enabled successful proximitization. Additionally it is put to debate
whether sputter-deposition of contacts may be advantageous over thermal de-
position since plasma and bombardment could act as a gentle in-situ clean and
may overcome mild surface oxidization by soft implantation of Nb into the first
few BST-layers, a hypothesis that would be interesting to be confirmed via TEM-
studies.

In sum, achieving high quality Josephson junctions on 3D TIs is likely not so
much determined by the contact metal as it is determined by details of the con-
tact interface conditions, as also apparent from for example work on fine-tuned
in-situ cleaning and sulfur-passivation contact preparation in InAs-NWs [198-
200], and by scattering in the channel itself, i.e. materials properties. Also, as
reported also for BSTS, flakes [108] and Graphene [201, 202], the robustness of
the induced superconductivity is linked to the system’s carrier density which
could contribute to well induced superconductivity in more conducting Bi,Se;
[38, 137], BiyTes [203, 204] as well as in more bulk-conducting BST-samples [37,
40, 174]. This highlights the necessity to report carrier concentrations and gating-
curves for thorough evaluation of the situation and points to the need for further

answers potentially found in materials science.
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SC Combination Observations
Nb Best results, inconsistent yield, low transparencies & no MAR
Nb Nb/Au Same as above, capped for re_:duced time-dependent
degradation
(Pt/Pd)/Nb Tried on uncapped films — not working
V or V/(Al/Au) Problems with strain as also seen in flake devices
Difficult to achieve/control narrow JJ-gap from two-step
Pt/V/(+ different caps) deposition in different chambers of e.g. (sputtered) Pt and
(thermal evaporated) V
Add Ti as adhesion buffer layer - Strain problem remains and
devices always show several kQ contact resistance R, &
v TiIVIAI) degradation over time (noticeable not in Ar-box, but during
bonding / at ambient conditions — later added Al cap to
prevent V-oxidization). Also difficult liftoff, unreliable to get
<80nm JJ-gaps
TIAV/AI Ti/V strain issue solved by P. Umesh by adding Al to the
stack. BST JJs still show high R, & aging
TIAINV/AVALD ALD-capped stack to .st.op degradation: Prqpestatlon R, still
not promising and no SC transition
TiAl Degradation of 2 (MR) + 3 (DF) batches, all with degrading
Probestation R, on timescale of ~1 day - suspecting Ti issue
Alloying of Pt/Al: Forms grains (appearing as “holes” in
Pt/Al
Al contacts)
Pd added to prevent alloying - Unsuccessfully due to difficult
PUPA/AI to achieve narrow JJ-gap from multi-chamber sputter +
thermal deposition (that also may be dirty despite in-situ
surface cleaning).
Pd PdTe2 Difficult to control diffusion, see Bai et al.
Ta Ta Strain problems known from BSTS2 flakes

I:I Successful I:I Unsuccessful I:I on-going I:I Not pursued

Figure 3.5: List of considered combinations of superconducting
electrodes and buffer-layers. This work focused on Nb and Ti/Al,
with contributions to tests with V and related stacks, see [174]. Avail-
able buffer layer materials were Ti, Pt and Pd as well as supercon-
ducting electrode materials Nb, V, Al and Ta. Combinations involv-
ing Ti regularly showed insufficient performance, while Pd and Ta
were ruled out for etched TINWs based on reasoning derived from

other works [30, 205].
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3.3 Low-temperature measurement techniques

Modern condensed matter physics experiments are frequently conducted at tem-
peratures much lower than the baseline temperature of outer space (~2.7 kelvins
or -270°C [206]). In the following, the different low temperature measurement se-
tups that were used depending on the required temperature and magnetic field
ranges are briefly discussed by outlining their key features.

The typical wiring scheme used for almost all measurements is shown in Fig-
ure 3.6. As depicted, using a Josephson-Junction as an example, four contacts
of the device are wired to the outside measurement electronics. Two outer con-
tacts carry current in and out which is generated by converting the AC voltage
output of a Lock-in via a resistor box. The two inner leads are used to measure
the voltage drop across the device area of interest. In this quasi-four-terminal
configuration, contributions from the contacts can be neglected. Depending on
the setup that the sample was measured in, the signal passes through several
stages of filtering and shielding on its way to and back from the sample.

For all experiments involving superconductors as well as experiments which
make use of different field directions, dry dilution refrigerators (Oxford Instru-
ments TRITON 400) with a base temperature ~8-30 mK and equipped with
6/1/1-T superconducting vector magnets were used. Detailed descriptions on
the operation principles of such systems are widely available in literature [207,
208]. For a more general discussion on the operation principles of dilution refrig-
erators, Pobell et al. give an instructive review [209]. To reduce electromagnetic
noise, the electrical lines of the fridges are equipped with self-made RC-low-
pass filters at room temperature, at the 4 K-plate and with additional RC- and
copperpowder-filters at the mixing chamber plate. The fridges are referenced to
ground either via a dedicated clean ground or via a series of diodes to enable a
filtered non-fluctuating ground connection. The samples were wirebonded to a
chip-carrier fitting into a QDevil sample holder with further on-chip RC-filtering
[210] and line-filtering in the fridge [30]. Current and voltage are measured with
a low-frequency lock-in technique, widely discussed elsewhere [211], at low fre-
quencies around 13.37 Hz using NF Corporation LI5640, LI5640 or Stanford Re-
search SR830 and SR860 lock-in amplifiers. For Josephson-Junction experiments,
a DC current is superimposed by using a DC voltage source (Keithley 2450) and
converting its DC output to a current via a 10 M2 resistor. In experiments with
gating, the gate voltage was applied by using a Keithley 2450 connected via 1

GQ resistor to limit leak currents.
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Figure 3.6: Typical measurement setup for low-temperature trans-
port. Schematic of the minimum electronic wiring and filtering in
a quasi-4-terminal measurement in a dry dilution refrigerator. Four
contacts of the sample are connected via various stages of shielding
as well as electronic and thermal filtering to the outside measure-
ment electronics, consisting of Lock-in amplifiers and DC-voltage
sourcemeters. The sample resides close to the coldest point of the
dilution refrigerator, the mixing chamber (7" < 30 mK), which is
surrounded by the inner vacuum chamber (IVC, T' =~ 3 K) and the
outer vacuum chamber (OVC, T' = 300 K).

Experiments which benefit from stronger magnetic fields and relaxed tempera-
ture needs have been carried out in an Oxford HeliozV L *He cryostat, a system
that can be operated in a temperature range from 0.25 K to about 30 K and with
tields up to 13 T. Here, a top-mounted RC-filter box is used to reduce electromag-
netic noise. Further operation principles of this low temperature system are de-
scribed in more detail elsewhere [212]. The most simple transport measurements
like Hall-characterization of films were performed in a Quantum Design Phys-
ical Properties Measurement System (PPMS), a fully automated measurement
setup reaching temperatures of 2-400 K which is equipped with a 9 T magnet
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[213]. It is noted that the systems grounding conditions make the measurement
of nanowires difficult as electric discharge can be a problem.

For experiments with high-frequency radiation fed to the sample to investigate
the Shapiro-response, a R&S SGS100A microwave source was used to provide a
RF signal of typically 1-10 GHz which is routed via an unfiltered stainless steel
coax radio-frequency-line (RF-line) to a bond-pad of the chip carrier or an an-
tenna a few centimetre away from the sample. From there the signal is radiated
into the sample chamber, thereby affecting the devices. To reduce noise from out-
side the fridge, a DC-block or band-pass filter can be added on the rf-connector
at which the microwave source is attached to the fridge. Further details of the
wiring, filtering and thermalization of the used equipment have been discussed
earlier elsewhere [30].
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4.1 Introduction

Topological Insulators are of fundamental interest as they host peculiar topolog-
ical physics, can be useful in spintronic applications and can allow studies on
Majorana states that could enable technology for fault-tolerant topological quan-
tum computing [1, 7, 14]. One route to observe Majorana bound states (MBS) is
to reduce the dimensions of a 3D TI into a NW. As a consequence of quantum
confinement of the 2D Dirac surface states, quasi-one-dimensional (1D) topolog-
ical surface state (TSS) subbands arise and by means of a parallel magnetic field
the system can undergo a transition to a topological phase which is expected
to be much more robust compared to competing material platforms [6]. The re-
sulting spin non-degenerate gapless TSS mode can, when coupled to a s-wave
superconductor, give rise to the formation of MBS which should be reflected in
e.g. a 4m-periodic contribution to the supercurrent of a S-TI-S Josephson junc-
tion [8]. The crucial ingredients, existence and control of the 1D TSS mode as
well as robust induced superconductivity, are thereby milestones on the way to
further advanced probing of MBS in 3D TIs. These concepts are realized best in
materials of highest quality to benefit from clean transport and contact interfaces.
Experiments should happen close to the Dirac point of a bulk-insulating system
to reduce unwanted trivial contributions and it is desired that the developed

platform is compatible with next-generation MBS detection proposals [4].

Earlier work established the preparation of TINWs by various techniques such
as Vapour-Liquid-Solid (VLS) growth [23-27], exfoliation of a bulk single crys-
tal [28, 29], sandwiching between different materials [30], selective-area-growth
(SAG) [31, 32] or top-down etching of a 2D film [33, 34] and reported a multitude
of evidence for the existence of discrete TSS subbands. However, bulk contri-
bution especially in the early binary TI compounds tends to be significant and
tuning the chemical potential to the charge neutrality point (CNP) of the Dirac
dispersion is rarely achieved. Furthermore for a long term perspective, few exist-
ing reports meet the requirement of providing reliable and high material quality
in structures that can be patterned, connected and scaled easily [4, 5,7, 14], a
strategy that is also pursued by competing large-scale endeavours based on III-V
semiconductor materials [214, 215]. SAG and top-down etching techniques meet
these requirements and hence are appealing. However, successful tuning of the
chemical potential to the CNP in NWs fabricated with these methods was yet to

be reported as in the case of SAG it is difficult to selectively grow for example
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(Bi;_,Sb,);Tes (BST) [144] in a bulk-insulating composition [31, 32] while top-
down etching has been applied only to HgTe [33, 34] in which the CNP is buried
in the bulk valence band.

In the following work, the first successful fabrication of bulk-insulating TINWs
from top-down etching of MBE-grown high quality BST thin films is described
[3]. In normal-state transport experiments it is shown that the pristine quality of
the material is preserved, that the chemical potential in such NWs can be tuned
to the CNP by electrostatic gating and that the peculiar TI-subband physics can
be controlled as anticipated, which manifests in gate- and field-dependent resis-
tance oscillations that are consistent with theoretical expectations. Furthermore,
superconducting pairing is successfully induced across S-TI-S Josephson junc-
tions on TINWs of varying width and signatures of a 4r-periodic supercurrent
contribution previously associated with MBS-physics are observed in Shapiro
measurements. This versatile TINW preparation approach only relies on widely
accessible technology and is solely limited by independent material improve-
ments. Thereby this work contributes to establish etched TINWs as a promising
new platform to advance the search for novel transport phenomena and MBS in
TIs.

Reference: Rofiler, M,; Fan, D.; Miinning, F,; Legg, H. F.; Bliesener, A.; Lippertz,
G.; Uday, A.; Yazdanpanah, R.; Feng, ].; Taskin, A. A.; Ando, Y. Top-Down Fabri-
cation of Bulk-Insulating Topological Insulator Nanowires for Quantum Devices.
Nano Letters 23 (7), 2846-2853 (2023).

Author contributions: Y.A. conceived and supervised the project. M.R. fabri-
cated the devices, performed the experiments and analysed the data with help
from D.F, EM., HEL, ].F. and Y.A. The material was provided by A.B., G.L, A.U,,
R.Y.R.and A.T. M.R. and Y.A. wrote the manuscript with inputs from all authors.



58 Chapter 4. Bulk-Insulating TINWs for Quantum Devices

4.2 Results

4.2.1 Abstract

In a nanowire (NW) of a three-dimensional topological insulator (TI), the quantum-
confinement of topological surface states leads to a peculiar subband structure
that is useful for generating Majorana bound states. Top-down fabrication of
TINWs from a high-quality thin film would be a scalable technology with great
design flexibility, but there has been no report on top-down-fabricated TINWs
where the chemical potential can be tuned to the charge neutrality point (CNP).
Here we present a top-down fabrication process for bulk-insulating TINWs etched
from high-quality (Bi;_,Sb,),Tes thin films without degradation. We show that
the chemical potential can be gate-tuned to the CNP and the resistance of the NW
presents characteristic oscillations as functions of the gate voltage and the paral-
lel magnetic field, manifesting the TI-subband physics. We further demonstrate
the superconducting proximity effect in these TINWs, preparing the groundwork

for future devices to investigate Majorana bound states.

4.2.2 TINWSs for quantum devices

In the two-dimensional (2D) Dirac surface states of a three-dimensional (3D)
topological insulator (TI), the electron spin axis is dictated by the momentum of
the electron, a property called spin-momentum locking [45]. This feature is useful
not only for spintronics [7] but also for generating non-Abelian Majorana bound
states by using the superconducting (SC) proximity effect [17], which may open
the door for fault-tolerant topological quantum computing [14]. For the creation
of Majorana bound states, reducing the dimensions of a 3D TI into a nanowire
(NW) is useful [6]. The quantum confinement of the 2D surface states into a NW
leads to the appearance of a series of one-dimensional (1D) subbands, offering
an interesting platform for various quantum devices [7]. Although the subband
structure with well-defined angular momentum ¢ derived for a circular nanowire
cross-section is usually considered for its mathematical ease, the subband struc-
ture itself is independent of the shape of the cross-section [83]. To utilize the
unique characteristics of these subbands for quantum devices, it is often impor-
tant to tune the chemical potential to the charge neutrality point (CNP) of the
Dirac dispersion [2, 9, 84]. This means that a TINW should be bulk-insulating to

become useful.
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In the past, TINWs have been fabricated by various techniques: Vapour-Liquid-
Solid (VLS) growth [23-27], exfoliation of a bulk single crystal [28, 29], sandwich-
ing between different materials [30], selective-area-growth (SAG) [31, 32], and
top-down etching of a 2D film [33, 34]. Among them, the SAG and top-down
etching techniques offer a large design flexibility, including the possibility to
fabricate curved or branched NWs and NW-circuits, and hence they are particu-
larly appealing as the NW-fabrication techniques for quantum devices. However,
there has been no report of a successful tuning of the chemical potential to the
CNP in NWs fabricated with these methods. In the case of SAG, it is difficult
to selectively grow a TI material, for example (Bi,_,Sb,),Te; (BST) [144], in the
bulk-insulating composition [31, 32], while the top-down etching has been ap-
plied only to the TI material HgTe [33, 34], in which the CNP is buried in the bulk
valence band. In this paper, we report successful fabrication of bulk-insulating
TINWSs with a top-down etching of BST thin films, and we show that the chemi-
cal potential in such NWs can successfully be tuned to the CNP by electrostatic
gating. We further demonstrate that these NWs exhibit the peculiar TI-subband
physics and can be used for superconducting devices to search for Majorana

bound states.

4.2.3 Preparation and transport characteristics

The etched TINW devices have been prepared from bulk-insulating (Bi;_,Sb, ). Tes
(BST) thin films grown by molecular-beam epitaxy (MBE), because BST films are

suitable for surface-transport studies [144, 149, 167, 216-219]. Since air-exposure

and heating tend to alter the properties of TI films [184, 220, 221], our films are

ex-situ capped with Al,O3 in an atomic-layer-deposition (ALD) machine imme-
diately after the growth (the film is briefly exposed to air during the transfer)

and the process temperatures during the device fabrication are limited to < 120

°C.

Figure 4.1a shows a schematic of our top-down fabrication process. After the pat-
terning with electron-beam (EB) lithography, dry-etching with Ar plasma is per-
formed first to remove unnecessary parts of the BST/Al,Oj3 film. Subsequently,
a chemical wet-etching with diluted H,O,/H,SOy is carried out to remove dam-
aged edges of the remaining BST to obtain NWs with a smoother edge. Next,
the contact areas are exposed by employing EB lithography and removing the

Al,O5 capping layer in heated Transene Type-D etchant; the exposed BST surface

is then cleaned in diluted HCI and further by low-power Ar plasma in the met-
allization machine. The electrodes (either Pt/ Au or Nb) are sputter-deposited in

UHV. For our top-gate devices, we deposited a 50-nm-thick Al,O3-dielectric in
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Figure 4.1: a, Schematics of the fabrication process: an MBE-grown
BST thin film capped with Al;O3 is patterned with EB lithography
and physically etched with Ar plasma into nanoribbons; consec-
utive chemical wet-etching is carried out to obtain NWs with a
smooth edge; after ex- and in-situ contact cleaning, Pt/Au or Nb
electrodes are sputter-deposited. Some devices are encapsulated by
an Al,Oj dielectric and a Pt/ Au top gate is fabricated. b, AFM im-
age of the surface of a BST grown on sapphire with characteristic
quintuple-layer terrace steps. Scale bar 1 ym. ¢, SEM image of a
long NW with a width of 120 &+ 20 nm and a thickness of 15 + 2
nm. Scale bar 1 ym. d, SEM image of a NW-network. Scale bar 10
pm. e, Vg-dependence of the sheet resistance R at 2 K of a 500-
nm-wide Hall bar prepared with the aforementioned fabrication
process. f, B-dependencies of R, of the same Hall bar at different
Vi values that are color-highlighted in panel e; inset shows the car-
rier density npay calculated from the Hall coefficient, with which a
mobility of ~600 c¢m?2/Vs can be estimated, confirming the absence
of degradation in the fabrication process. g, Vz-dependence of the
four-terminal resistance R in Device 1 measured between contacts
4-5 (see Supplementary Figure 4.8) at 7.2 K. Thin red lines show
the results of 10 uni-directional Vz-sweeps and the thick black line
shows their average. Inset shows the R(V(;) behavior near the CNP;
dashed vertical lines mark the peak positions expected from theory
(blue line) for a gate capacitance Cz = 55 pF obtained from a simple
electrostatic model. Reproduced with permission from ACS.
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the ALD machine and then fabricated the top-gate electrode with Pt/ Au. Further
details are described in the Methods section.

An atomic-force-microscopy (AFM) image of the surface of a typical pristine BST
thin film used in our work is shown in Figure 4.1b. The well-developed terraces
with the step height of ~1 nm are a signature of high-quality epitaxial growth. As
shown in Figure 4.1c, etched NWs can have arbitrary channel lengths with only
small fluctuations in the width; the NW pictured here had the width w ~ 120 +
20 nm and the thickness ¢ ~ 15 £ 2 nm (see Supplementary Figure 4.9 for higher-
magnification images). With such dimensions, the quasi-1D subbands in the NW
have an energy spacing of several meV [7, 26, 85]. Figure 4.1d showcases that
this approach allows to fabricate advanced geometries and arbitrary complex
networks of bulk-insulting TINWs.

To characterize the properties of the BST film after the NW-fabrication process,
we fabricated a relatively wide “ribbon” with a width w = 500 nm, for which
the Hall measurement is possible (note, in contrast, the Hall voltage would not
appear in a strictly 1D system, and hence the interpretation of the Hall measure-
ment is difficult in a quasi-1D system). The sheet-resistance R of such a ribbon
sample at 2 K is shown in Figure 4.1e as a function of the gate voltage V¢, and
Figure 4.1f shows the magnetic-field dependence of the Hall resistance R, of this
ribbon sample for three V;; values. The peak in R(V(;) corroborated with a sign
change in R, gives clear evidence for the CNP-crossing and the bulk-insulating
nature of the ribbon after the NW-fabrication process. The Ry and R, data for
Vi = 0 V give the hole density p = 1.8 x 10'* cm™? and the mobility x = 600
cm?/Vs, which are close to the values of the pristine material (Supplementary
Figure 4.6). These results demonstrate that our NW-fabrication process causes
little degradation in bulk-insulating BST.

Once the width of the ribbon is reduced to the “nanowire” regime, which is typ-
ically realized for w < 250 nm, the subband physics starts to show up [7, 26].
One characteristic feature is the V;-dependent oscillation of the NW resistance R.
Such a behavior observed in a w ~ 150 nm NW (the device picture is shown in
Supplementary Figure 4.8) is presented in Figure 4.1g, where thin red lines show
the results of 10 uni-directional Vi-sweeps and the thick black line shows their
average. One can see that the pattern of the oscillations is disordered but is essen-
tially reproducible. As shown in the inset of Figure 4.1g for a smaller V; range
near the CND, reproducible maxima and minima with a characteristic quadratic
spacing can be identified. This feature has been elucidated in VLS-grown NWs
[26] to be not due to universal conductance fluctuations but to originate from the

regular change in the density of states that occurs when the chemical potential
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crosses the edge of the quantum-confined subbands. The expected positions of
the maxima in R(V{;) can be calculated by using the gate capacitance Cz = 55
pF/m estimated from a simple electrostatic model (see Supporting Information),
and the theoretically expected positions are in reasonable agreement with the
experimentally observed peaks near the CNP. Although resistance oscillations
that are likely due to subbands are also visible away from the CNP, the fitting
of these peaks is complicated by the Vi; dependence of capacitance and the fact
that away from the Dirac point the spacing of subbands is no longer constant in
energy. For this NW, we have also estimated the mobility . from the R(V(;) data

and found no evidence for degradation (see Supporting Information).

4.2.4 Phase shift of Aharonov-Bohm oscillations
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Figure 4.2: a, Color mapping of the resistance change AR in Device
1 at 2.4 K as a function of Vi and the parallel magnetic field B,
presenting occasional m-phase shifts in the AB oscillations. Lower
panel shows the R(V(;) behavior at B = 0 in the same V; range, with
dashed lines indicating the positions of individual magnetic-field
sweeps. b, AB oscillations at various temperatures from 0.3 to 3.4
K measured near the CNP at Vz = 3.46 V. ¢, Fourier transform (FT)
of the AR(B) data shown in b. Dotted vertical lines indicate the
frequencies corresponding to &y = h/e and ®(/2. d, Exponential
decay of the FT amplitude A,,,q, with T" obtained from the data in ¢
and supplementary Figure 4.12. Reproduced with permission from
ACS.

It is well known [23-25, 28, 32, 33, 183, 222] that the quantum-confined subbands
in TINWs also give rise to oscillations of R in parallel magnetic fields with the
period of the flux quantum ®;, = h/e. This phenomenon is called Aharonov-
Bohm (AB) oscillations, because it stems from the flux through the nanowire
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cross-section affecting the quantum-confined surface states that are localized at
the perimeter of the nanowire [2, 80, 81]. Since the application of V; leads to
oscillations in R as well, the AB oscillations in TINWs are known to present V-
dependent m-phase shifts [25, 28, 183, 223]. To observe this interplay between V¢
and B, we applied a magnetic field B parallel to the NW at various V;; values
changed with small steps, and traced the dependence of i on B and V. Figure
4.2a (upper panel) shows a color mapping of AR in the plane of B vs V;, where
AR = R(B) — f(B) with f(B) a smooth background; the lower panel presents
the R(Vi;) behavior at B = 0 T for the same gating range, showing that several
subband crossings are occurring in this Vi range. Although the periodicity in
B is often distorted in Figure 4.2a, the approximate period of the B-dependent
oscillations, ~1.3 T, is consistent with ®, for the cross-section of this NW (150 x
30 nm?). One can see that sudden 7-phase shifts occur at several V;; values, and
the occurrence of the sudden phase shifts seen in the upper panel is roughly cor-
related with the peak-dip features in the lower panel (see Supplementary Figure
4.11 for additional plots). Ideally, a regular checker-board pattern (Supplemen-
tary Figure 4.10) is expected in the plane of B vs V;; however, experimentally the
pattern is always distorted [25, 28, 33, 183] which may stem from orbital effects,
subband splitting due to gating [2], or disorder [223].

In our NW, the decay of the AB oscillations with increasing temperature is expo-
nential [25, 183, 224] rather than a power law [23], suggesting an approximate
phase coherence around the perimeter of the NW [25, 183, 224]. Figure 4.2b shows
AR(B) measured in the temperature range of 0.3 — 3.4 K near the CNP at V; =
3.46 V, and the Fourier transform (FT) of these data are shown in Figure 4.2c.
One can see that the dominant oscillation frequency corresponds to the AB os-
cillations with the period ®, = h/e, and the Altshuler-Aronov-Spivak (AAS)
oscillations [225] with period h/2e is essentially absent [23], which is typical
for a short TINW [183]. Figure 4.2d demonstrates that the decay of the maxi-
mum FT amplitude A, with temperature is well described by an exponential
behavior, Ay ~ exp(—bT"), which has been interpreted to originate from the
disorder-induced thermal length L, that changes as ~ 7' [224]. By putting
exp(—bT") = exp(L,/Lr) with L, the perimeter length (= 360 nm in the present
NW), b = 0.68 K~! obtained in our analysis corresponds to Ly ~ 0.53 um at 1
K, which is shorter than that in VLS-grown TINWs [25, 183, 224]. It should be
noted that, despite a subband spacing of a few meV, AB oscillations in our NWs
are very much suppressed already at 7' ~ 5 K (see Supplementary Figure 4.12),
which suggests that disorder also causes a considerable broadening of subband

features.
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4.2.5 Proximity-induced superconductivity

To see if our top-down fabricated TINWSs can be a viable platform to search for
Majorana bound states [6, 84], we have fabricated Josephson junctions (JJs) con-
sisting of Nb electrodes contacting the NW with a small separation (< 100 nm).
To ensure bulk-insulation in the NW, BST films with a particularly low carrier
concentration were chosen for the NW-fabrication (Supplementary Figures 4.13
and 4.14). The JJ devices, schematically depicted in Figure 4.3a, are measured in
a quasi-four-terminal configuration and can be exposed to rf radiation to study
their Shapiro response.

Figure 4.3b shows that in our Junction 1, which had a w = 400 nm TI ribbon
(see the SEM-image in Figure 4.3c inset), a well-developed critical current /. is
observed at 20 mK but /, diminishes at ~1 K, and at 1.8 K there is almost no sign
of superconductivity. The temperature dependence of /. allows for an estimate
of the interface transparency of the JJ, as was done in similar JJs [30, 37], which
gives a relatively low transparency 7 of ~0.5 (see Supporting Information). A
different method of estimating the interface transparency based on the excess
current observed in the I-V curve [226] also gives T ~ 0.5 (see Supporting
Information). Hence, there is room for improving the JJ properties by preparing
a more transparent interface, which we leave for future works.

When a perpendicular magnetic field B is applied to a usual J], the creation of
Josephson vortices in the junction leads to the appearance of a Fraunhofer pattern
in the B-dependence of I. [51]. Hence, the Fraunhofer pattern is an indication of
the phase winding along the width of the junction, which is not expected when
the JJ is formed on a NW having no degree of freedom along the width of the
junction. Indeed, whereas the Junction 1 made on a 400-nm-wide ribbon shows
a Fraunhofer pattern (Figure 4.3c), the Junction 2 made on a 80-nm-wide NW
just presents a monotonic decay of I. with B (Figure 4.3d). To the best of our
knowledge, our Junction 2 is the first successful J] made on a TINW having such
a narrow width of 80 nm. For Junction 1, the effective area A.g = 2.3 x 10713 m?
indicated by the periodicity of the Fraunhofer pattern (9 mT) is consistent with
the geometrical area considering the flux focusing effect [40, 108].

4.2.6 Shapiro-measurements

We have also studied the behavior of the Shapiro steps in our JJs under rf irradi-
ation. Figure 4.4 shows color mappings of the differential conductance d//dV
measured in three JJs as a function of the rf power P and the applied dc bias V.
normalized by %/ with f the rf frequency; in this type of plots, the horizontal
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Figure 4.3: a, Schematics of the measurements of our Tl-based J]. b,
Differential resistance dV /d[ as a function of dc current I, at vari-
ous temperatures for Junction 1 made on a 400-nm-wide TI ribbon.
¢, Color mapping of dV'/dI in the I4.-vs-B plane for Junction 1 at
20 mK, presenting a Fraunhofer pattern; dashed black line shows
the theoretically expected pattern for a conventional junction. In-
set shows a false-color SEM-image of Junction 1 with TI (red) and
Nb (yellow) on sapphire. d, Similar mapping of dV' /dI in the I4.-
vs-B plane for Junction 2 made on a 80-nm-wide TINW, showing
the absence of a Fraunhofer pattern. Inset shows a false-color SEM-
image of Junction 2. Scale bars indicate 500 nm. Reproduced with
permission from ACS.

lines appearing at Vg, = ng—i correspond to Shapiro steps with index n. Figures
4.4a and 4.4b show the Shapiro response of Junction 1 (made on a 400-nm-wide
TI ribbon) at 20 mK for 2.25 and 4 GHz, respectively. The 2.25-GHz data lack the
n = 1 step, while the 4-GHz data present all integer steps. At an intermediate
frequency of 3 GHz, the 1st Shapiro step was partially observed (Supplementary
Figure 4.17). The missing 1st Shapiro step has been reported before for TI-based
JJs [34-40] and was interpreted to be possible evidence for Majorana bound states
which endow 4r-periodicity to the JJ [12]. However, the Shapiro response alone
can never give conclusive evidence for Majorana bound states because other
mechanisms of nontopological origin can also cause the 1st Shapiro step to be-
come missing [34, 43,131, 133]. Our observation demonstrates that our top-down
fabrication process does not adversely affect the SC proximity effect in TIs and
can be useful for future studies of Majorana bound states.

If one interprets the missing 1st Shapiro step to be due to a 4m-periodic compo-
nent in the Josephson response [119], the characteristic crossover frequency fi.
for the appearance of the 1st Shapiro step can be linked to the amplitude of the
4m-periodic current Iy, via fi, = 2e RyI4/h with Ry the normal-state resistance
of the junction [35]. For our Junction 1, we infer fs, ~ 3 GHz, which gives I, ~
26 nA and I, /1. ~ 0.36.

Of particular interest is how such a Shapiro response changes when the TI-part
is narrowed into the NW regime [34, 40, 227, 228], but our Shapiro-measurement
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Figure 4.4: Color mappings of the differential conductance d//dV
at 20 mK in 0 T as a function of rf power P and dc bias Vg to
visualize the Shapiro steps. a,b, Data on Junction 1 (w = 400 nm)
for f =2.25 GHz and 4 GHz shown in a and b, respectively; the n
=1 Shapiro step is missing in a, while it is present in b. ¢, Data on
Junction 3 (w = 250 nm) at f = 3.5 GHz, where the n = 1 Shapiro step
is visible. d, Data on Junction 2 (w = 80 nm) at f = 1.8 GHz, where
no Shapiro step is visible. Reproduced with permission from ACS.

setup was not good enough for this purpose. For our Junction 3 (w = 250 nm),
3.5 GHz was the lowest f at which we could observe Shapiro steps, and the n
= 1 step was present (Figure 4.4c). In Junction 2 which had the narrowest NW
(w = 80 nm), we detected no Shapiro response at any frequency (Figure 4.4d).
This result tells us that the electromagnetic coupling between the TINW and the
microwave antenna should be improved, which is beyond the scope of this study.
Once a stronger coupling is achieved, it would be interesting to clarify the effect
of parallel magnetic fields on the TINW-based J]J to detect the possible genera-
tion of Majorana bound states [6, 34]. Trying to detect the microwave emission
from a voltage-biased JJ [19, 120] would also be a promising future direction for
proximitized TINWs.
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4.2.7 Conclusion

In conclusion, we established a top-down fabrication process for bulk-insulating
TINWs that are etched from MBE-grown (Bi;_,Sb,);Tes thin films while main-
taining the pristine material’s properties. In normal-state transport experiments,
characteristic resistance oscillations as a function of both gate voltage and parallel
magnetic field are observed, giving evidence that the characteristic TI-subband
physics manifests itself in our NWs. We further demonstrate that it is possible
to study the superconducting proximity effect in these TINWs by fabricating
Josephson junctions with ex-situ prepared Nb contacts, providing the foundation
for future devices to investigate Majorana bound states. The process established
here is based on widely available clean-room technologies, benefits from the
well-controlled properties of high-quality MBE-grown thin films, and enables
flexible design of NW geometries. Hence, the results presented here will widen

the opportunities for research using mesoscopic topological devices.

4.3 Supplementary Information

Properties of BST before and after the NW-fabrication process
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Figure 4.5: a, Temperature dependence of the sheet resistance R
of the 500-nm-wide Hall-bar device discussed in the main text.

Figure 4.5 shows the four-terminal sheet resistance R as a function of tempera-
ture 7" in the 500-nm-wide Hall-bar device discussed in the main text (Figs. 4.1
and 4.1f), showing the behavior typical for bulk-insulating (Bi;_,Sb,);Tes (BST)
thin films [144, 217].

Figure 4.6a shows the R(1) behavior of the pristine BST thin film used for this
Hall-bar device, and Fig. 4.6b shows the Hall resistance R,, of this film as a
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function of the magnetic field B, which gives an electron density nop = 4.7 x 102
cm 2. From these data, we extract the mobility 4 = 515 cm?/Vs for the pristine
film. This mobility is close to that obtained for the Hall-bar device (600 cm?/Vs)
after carrying out the fabrication process, indicating that there is essentially no

degradation in material’s quality.
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Figure 4.6: a, Temperature dependence of the sheet resistance R
of the pristine BST film used for the 500-nm-wide Hall-bar device
discussed in the main text. b, Hall resistance R, as a function of
magnetic field B of the same thin film.
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Figure 4.7: Temperature dependence of the sheet resistance R of
the pristine BST film used for the gate-tunable Device 1 used for
Fig. 4.1g and Fig. 4.2 of the main text. b, Hall resistance R, as a
function of magnetic field B of the same thin film.

Figures 4.7a and 4.7b show the Ry(T") behavior and the R, (B) behavior, respec-
tively, of the pristine BST thin film used for the gate-tunable nanowire (NW)
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Device 1 before fabrication. These data indicate that the pristine film was a typi-
cal bulk-insulating BST film with nop = 7.7x 10" em™2 and p = 370 cm?/ Vs.
Note that the chemical potential tends to shift slightly towards the hole-doped
side after the fabrication process, resulting in the 500-nm-wide Hall-bar device
and the NW Device 1 to become p-type after the fabrication compared to the
initially n-type pristine films.

Gate-tunable nanowire device image and wiring

Figure 4.8 shows a false-colour scanning electron microscope (SEM) image of
gate-tunable Device 1 together with an electric circuit diagram indicating the
four-terminal measurement configuration. In this device, a NW with width w ~
150 nm (red) fabricated from a 30-nm-thick BST thin film and capped with Al,O;
is connected via Pt/ Au leads (dark yellow) to the measurement circuit. A Pt/Au
top-gate electrode (green) on top of the transport channel is used to vary the
chemical potential. The resistance of the nanowire was measured between the
voltage contact pair 4-5, while the current was set to flow from contact 1 to 7.

Figure 4.8: False-colour SEM image of Device 1 with schematics of
the electrical wiring. The Pt/Au leads are colored in dark yellow,
the TINW in red, and the top-gate electrode in green. The four-
terminal resistance of the NW was measured between the voltage
contact pair 4-5. Scale-bar is 5 ym.

Figure 4.9 shows SEM images with varying magnification of a 130 nm wide and
35 um long NW after dry- and wet-etching as described in the main text, but prior
to the removal of the Al,O; capping layer, contact formation, and deposition
of a top-gate. The roughness of the edge is typically around 10 nm per side,
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Figure 4.9: SEM images with varying magnification of a 130 nm
wide and 35 ym long NW after dry- and wet-etching, but prior
to the removal of the Al;O3 cap and subsequent fabrication steps.
Scale bars indicate 5 um in a, 500 nm in b, and 100 nm in c.

depending on the duration of the wet-etch as well as on local defects which can
affect the lateral etch-speed.

Gate-voltage dependent resistance oscillations in TINW

In TINWs , the resistance oscillates as a function of the gate voltage (V) due to the
subband structure (see Fig. 4.10b) [26]; the positions of the minima and maxima
relative to the charge-neutrality point (CNP) are set by the perimeter length Lp
and the capacitance of the device, C, as discussed in detail in a previous work
[26]. The spacing of the Vi;-dependent oscillations is most sensitive to C'. This C
can be reasonably estimated, thanks to the simple slab-like geometry of the thin-
tilm based devices. By using an electrostatic model for our geometry - including
the dielectric environment - and solving the Laplace equation using the finite
element method (in which we make a simple assumption that the NW can be
modeled as a perfect metal and that the effects of the quantum capacitance can
be neglected [26]), we obtain a capacitance C' ~ 55 pF/m for the parameters of
Device 1. This estimated capacitance and the dimensions of the device are used
for calculating the expected positions of the resistance peaks (vertical dashed
lines) and the theoretically expected oscillations in R(V(;) (solid blue lines) shown
in the inset of the main-text Fig. 4.1g. Note that the peak positions depend on the
charge density n o< (Er)?, such that the spacing of the V;-dependent oscillations

is approximately quadratic in the voltage difference from the location of the CNP.



4.3. Supplementary Information 71

In the main-text Fig. 4.1g, despite the variations in Lp and additional uncertainty
in the capacitance, the locations of observed resistance peaks correspond well
with the theoretically expected positions, especially for small subband indices ¢.
We note that in the actual NWs studied here, complications arise due to the fact
that the scattering-potential landscape in the NW changes with V(;, and this is
likely to be responsible for the random but reproducible V;-dependent resistance
oscillations whose amplitude (up to 0.5 k€2 in the main-text Figure 4.2g) is larger
than the amplitude of the oscillations due to subband crossings (up to 0.1 k(2 in
the main-text Figure 4.2g inset). Nevertheless, the differences in the amplitudes
as well as in the typical V;; intervals of these oscillations make it possible to

discern the latter despite the presence of the former.

Estimation of the mobility ;; in nanowires

Since the Hall resistivity cannot be measured on a NW, we tried to estimate
the mobility in a NW based on the R(V(;) behavior. Note that the total two-
dimensional carrier density in a TI thin film due to the surface states is approxi-
mately given by nop (kr) ~ 2- # k% = %, where kr is the Fermi wave vector
on the Dirac cone. From the known band structure of BST [144], we know that
kp ~ 0.06 A~" when the chemical potential is just touching the top of the bulk
valence band (BVB). The corresponding hole density in this situation (which we
call the threshold hole density pop 41,) is about 6 x 1071 cm 2.

Experimentally, when the chemical potential touches the BVB, the rate of change
in R with respect to V; becomes weaker; this situation corresponds to the region
where the slope of R(V;;) starts to flatten after rapidly decreasing with the sweep
of V4 to the negative direction. In high-quality BST thin films, a sheet resistance
Ry of 24 k(1 is typically observed in this region [144, 217, 219], which is also the
case in our Hall-bar device (see Fig. 4.1e of the main text); namely, the Hall mea-
surement in our Hall-bar device gives pop &~ 6 x 1072 em ™2 at V; = —10 V where
Ro=3.85 k) was observed. From Rp=2-4 kQ and pop ¢, =~ 6 x 10~ ?cm ™2, one ob-
tains the mobility u ~ 250-500 cm?/ Vs, which is actually the typical surface-state
mobility of a high-quality BST film [144, 217, 219].

Based on this knowledge, we tried to make a rough estimate of ;. from the R(V¢)
data of the NW shown in Fig. 4.1g of the main text, where a flattening of the
R(Vg) behavior occurs below Vi ~ —5 V. With w ~ 150 nm, L ~ 650 nm, and
R ~55kQat Vg = —5 'V, we obtain Ry ~ 1.3 k2, which gives u ~ 780 cm?/Vs

2

if pop tn = 6 X 10~2cm~2 is assumed as the carrier density. This result suggests

that at least no obvious degradation is caused in the process of NW fabrication.
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m-phase shift in the Aharonov-Bohm oscillations

nden/no

Figure 4.10: a, Schematic of the quantized subbands formed in a
TINW for the axial magnetic flux ® of 0, ®/4, and ®(/2. Red lines
indicate the gapless spin-non-degenerate 1D mode. Dashed hori-
zontal lines mark characteristic positions of Er relevant for a peak
in the resistance oscillations. b, Color mapping of the normalized
change in the resistivity, Ap/Apmax, expected from theoretical cal-
culations as a function of both axial magnetic flux ® (normalized by
®p) and the carrier density ngen near the CNP (normalized by the
value ng at the edge of the first subband). The latter is controlled by
gating. White vertical dotted lines denote the three positions of Er
marked in panel a. At a fixed Er, Ap oscillates with ¢ and the oscil-
lation phase shifts depending on ngep, causing a checker-board-like
pattern.

The subband structure formed in TINWs due to the quantum confinement causes
the density of states to oscillate strongly with energy or with the axial magnetic
flux, which manifests itself in terms of resistance oscillations when Ef or B is
swept [80, 81]. In our experiment, both resistance oscillations as a function of V¢
(see main-text Fig. 4.1g) and the Aharonov-Bohm (AB) oscillations as a function
of B (see main-text Fig. 4.2) were observed. In both cases, the oscillations are
mainly the result of the increased scattering rate that arises at the edge of each
subband (see Fig. 4.10a). A characteristic feature of the AB oscillations in TINWs
is a m-phase shift in the oscillations that occurs as Er is changed [81] (see Fig.
4.10b).
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Owing to the bulk-insulating nature and the gate-tunability of our devices, we
were able to investigate the occurrence of such a m-phase shift in the AB oscilla-
tions close to the CNP and with respect to features in R(V¢). Figure 4.11 shows
the change in resistance AR plotted vs the threading magnetic flux ® (in units of
the flux quantum ®, = h/e) close to CNP at selected V; positions (see inset show-
ing the R(V;) data in the relevant V; range). One can recognize m-phase shifts
in the oscillations plotted here, although the phase shift is sometimes smeared
due to irregularities. Interestingly, the phase shift is not observed when the CNP
(which is located at Vi; = 3.41 V) is crossed, which is a theoretically expected
behavior [6, 223], as one can see in Fig. 4.10b.
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Figure 4.11: a, Resistance change AR as a function of magnetic flux
® (in units of the flux quantum @) at selected Vi; positions showing
m-phase shifts in the oscillations. Inset shows the positions of the
selected Vi values in relation to the R(V(;) behavior near the CNP.

Temperature dependence of the Aharonov-Bohm oscillations

Complementing the main-text Figure 4.2, Figure 4.12a shows the data of AB os-
cillations in AR(B) for the full temperature range measured, i.e. 0.3 — 8.3 K, near
the CNP at V; = 3.46 V. Figure 4.12b shows the corresponding Fourier transform
(FT) of these data, which are used for extracting the temperature dependence of

the maximum FT amplitude A,,.« plotted in the main-text Figure 4.2d.
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Figure 4.12: a, AB oscillations in AR(B) at various temperatures
from 0.3 to 8.3 K measured near the CNP at V; = 3.46 V. b, Fourier
transform (FT) of the AR(B) data shown in a. Dotted vertical lines
indicate the frequencies corresponding to &y = h/e and (/2.

Properties of the pristine BST films used for the Josephson junc-

tion devices

Figures 4.13a and 4.13b show the Ry(7") behavior and the R,,(B) behavior, re-
spectively, of the pristine BST thin film used for the Josephson junction 1 before
fabrication. A linear fit to R,,(B) gives an apparent carrier density of 1.2x10"
cm 2, but this large value is an artifact of the cancellation of the electron and hole
carriers on the two surfaces to give a small R,,, which is often observed when
the chemical potential is very close the CNP.

Figures 4.14a and 4.14b shows the R(7") behavior and the R, (B) behavior, re-
spectively, of the pristine BST thin film used for the Josephson junction 2 and 3
before fabrication. These data indicate that the pristine film was a typical bulk-
insulating BST film with nyp = 1.8x10'? cm =2 and p ~ 600 cm?/ Vs.

Temperature dependence of the critical current in Junction 1

Figure 4.15 shows the temperature dependence of the critical current /. in Junc-
tion 1 (w = 400 nm). Here, /. was defined as the I4. value at which the junction
resistance reaches 10% of its normal-state resistance Ry. Following the analysis
of similar TI-based junctions [30], we fit the /.(T") data to the theoretical formula
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Figure 4.13: a, Temperature dependence of the sheet resistance Ry
of the pristine BST film used for the Josephson junction 1, whose
results are shown in Figs. 4.3b, 4.3¢, 4.4a, and 4.4b of the main text.
b, Hall resistance R, as a function of magnetic field B of the same
thin film.
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Figure 4.14: a, Temperature dependence of the sheet resistance R
of the pristine BST film used for the Josephson Junctions 2 and 3
used for Figs. 4.3d, 4.4c, and 4.4d of the main text. b, Hall resistance
R, as a function of magnetic field B of the same thin film.

given by Galaktionov and Zaikin [229], and the fit yields the interface trans-
parency 7 =~ 0.5.

Characteristic parameters of the Josephson-junction devices

The characteristic parameters of the three JJs reported in the main text are listed
in Table 4.1. L is the channel length of the J] obtained from the SEM image, w is
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Figure 4.15: Temperature dependence of /. in Junction 1 obtained
from dV/dI vs I4. at various temperatures up to 0.9 K. The red
dashed line is the behavior of the theoretical formula given by
Galaktionov and Zaikin [229] with T, ~ 1.1 K and transparency

T =~

0.5.

the width of the TI part, ¢ is its thickness, I. is the critical current, and Ry is the

normal-state resistance measured by applying a large dc current Iy, > I..

No.|L (nm)| w (um)| t (nm)| L. (nA)|L (nA)| Bx ()| REY () IBn (uV)| IREY (V)| Aina (meV)| el Rn/Aind| eI REY [ Aina| T
1] 70 400 14 86 852 | 238 242 20.5 20.8 1.25 0.02 0.02 0.5
2 65 80 16 4 22 1770 1763 7.1 7.1 1.1 0.01 0.01 0.5
3| 70 250 16 20 213 | 518 524 10.5 10.5 0.75 0.01 0.01 0.5

Table 4.1: Relevant parameters of the reported Josephson-junction
devices.

Figure 4.16 shows the /- curves measured on these three JJs. The excess current

I is identified from the I-V curve by measuring up to a high bias beyond V.
2ANp /e, where Ay, ~ 1.3 meV is the superconducting gap of Nb. The linear part
of the high-bias /-V' curve was extrapolated to V. = 0 and the intercept on the
I4c axis gives I,. R{(V is the inverse slope at high bias (i.e. Vi > 2A,4/¢) region.
In low transparency TI-based JJs containing a series of interfaces S-S5’-TI-S’-S, the
induced gap Aj,q in S’ is the relevant gap for the Andreev reflections at the S’/ TI
interface that affects the observed I-V curve, and the upper limit of 2A;,4 can be
inferred from the plot of dI/dV vs V. as the energy scale above which the d//dV
ceases to change with V.. In the upper inset of each panel in Fig. 4.16, this energy
scale is indicated by an arrow. The transparency 7 of the interface governing the
I-V curve can be estimated from the values of I, RI{I’V, and A4 by using the
Octavio-Tinkham-Blonder-Klapwijk (OBTK) theory [107, 226], and this estimate
gives a relatively low transparency of 7 ~ 0.5.
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Figure 4.16: a,b,c, I-V characteristics of Junctions 1, 2, and 3, re-
spectively, measured at 20 mK in 0 T. The red dashed line is a linear
extrapolation of the high-bias region to V. = 0V, used for the extrac-
tion of the excess current I, and the normal-state resistance Rf\,—V.
The lower inset in each panel shows a close-up of the main panel at
very low V., with the red arrow indicating /. and the black arrow
indicating /.. The upper inset in each panel shows the differential
conductance dI/dV as a function of Vj; thin grey line shows the
raw data and the thick black line is a smoothed curve, with the black
arrow indicating the upper limit of 2A;,q/e.

Shapiro-step data for Junction 1 at f =3 GHz

In the main-text Figure 4.4, we showed the Shapiro-step data only for f =2.25
and 4 Gz for Junction 1 (w = 400 nm). Figure 4.17 shows the Shapiro-response of
Junction 1 at f = 3 GHz as a function of the rf power P and the bias voltage V..
The 1st Shapiro step is partially observed at relatively high P.
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Figure 4.17: a, Color mapping of d//dV measured in Junction 1 on
a TI ribbon with w = 400 nm under rf irradiation at frequency f =3
GHz as a function of rf power P and applied dc voltage Vg, at B =
0Tand 7' =20 mK.
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5.1 Introduction

The widely-known Ohm’s law V' = IR, governs that for electric transport in
most materials for small currents I the voltage drop across a material is pro-
portional to a constant resistance R,. Directional transport however is of great
technological relevance as exemplified by semiconducting diodes that are om-
nipresent in wireless and computing technology. Diodes, or more general non-
reciprocal transport channels that explicitly break the relevant symmetries, can
produce a difference in resistance R as a current flows in one or the opposite
direction so that R(+1) # R(—I), an effect also termed rectification. Such non-
reciprocal transport effects have been observed in an increasing number of quan-
tum materials, typically with broken inversion symmetry and strong rashba spin-
orbit coupling, where rectification is particularly well controllable [87-92, 230-
234]. Magnetochiral anisotropy (MCA) is one of such effects and is described as
a nonreciprocal charge transport in which the measured resistance 12 depends
on an additional contribution that is linear in current I and externally applied
magnetic field B, i.e. R = Ry(1 + vBI) [87-90]. Here the rectification coefficient
v determines the size of the possible rectification effect and is typically small
(usually |y| < 1 A~'T~1[89-93]) as it relies on spin-orbit coupling, a relativistic
effect [87-89].

For MCA to occur both inversion and time-reversal symmetry need to be broken
[87-89] which can be achieved artificially in quasi-one-dimensional (1D) bulk-
insulating 3D TI nanowires (TINW). Application of a gate voltage from the top of
the TINW induces a non-uniformity of the charge density in the wire that breaks
the subband degeneracy and results in a splitting of the subbands as well as a
finite spin polarization that can lead to MCA when a magnetic field is applied
[26, 33, 80, 83, 84]. This approach provides an unexplored playground to substan-
tially enhance the size of non-reciprocal transport effects and makes TINWs an
interesting platform to search for a resulting possibly very large MCA. Addition-
ally upon tuning the chemical potential through the TINWSs topological surface
state subbands, 7 is expected to change sign depending on the chemical potential
. This makes the rectification effect due to the MCA highly controllable by both
the magnetic field direction and ;» which is experimentally easily adjusted by a
small change in gate voltage V.

In the following work, after theoretical predictions that suggest the existence
of this potentially giant rectification effect, expectations are confirmed by low-

temperature transport experiments on thin bulk-insulating (Bi;_,Sb,).Tes (BST)
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TINWSs in which a MCA response fully consistent with theory and a || ~ 100000
A~'T~! is observed, an outstandingly large MCA rectification coefficient in a
normal conductor [2]. This precise theoretical prediction and consecutive experi-
mental validation does not only showcase good understanding and control over
the underlying quantum effects present in TINWs, but could furthermore help to
develop new perspectives for technological applications for devices made from
TINWsS, especially in the context of the recently rapidly growing field of super-
conducting diode effects [9, 139, 235-240]. Nonreciprocal responses in quantum
materials touch on fundamental aspects of modern condensed matter physics
such as broken symmetries, topology, quantum confinement and correlations,
for which reason the discovered large and well-controlled MCA based on an
intriguing combination of these aspects points to promising new grounds for

research beyond the context of TINWs.

Reference: Rofller, M.*; Legg, H. F*; Miinning, F; Fan, D.; Breunig, O.; Bliesener,
A.; Lippertz, G.; Uday, A.; Taskin, A. A.; Loss, D.; Klinovaja, J.; Ando, Y. Giant
magnetochiral anisotropy from quantum confined surface states of topological
insulator nanowires. Nature Nanotechnology 2022, 17, 696-700.
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5.2 Results

5.2.1 Abstract

Wireless technology relies on the conversion of alternating electromagnetic fields
to direct currents, a process known as rectification. While rectifiers are normally
based on semiconductor diodes, quantum mechanical non-reciprocal transport
effects that enable highly controllable rectification have recently been discovered
[87-90, 230-234]. One such effect is magnetochiral anisotropy (MCA) [87-90],
where the resistance of a material or a device depends on both the direction of
current flow and an applied magnetic field. However, the size of rectification pos-
sible due to MCA is usually extremely small, because MCA relies on inversion
symmetry breaking leading to the manifestation of spin-orbit coupling, which is
a relativistic effect [87-89]. In typical materials the rectification coefficient v due
to MCA is usually [89-93] |y| < 1 A~'T~! and the maximum values reported so
far are |y| ~ 100 A~'T~! in carbon nanotubes [241] and ZrTe; [94]. Here, to over-
come this limitation, we artificially break inversion symmetry via an applied gate
voltage in thin topological insulator (TT) nanowire heterostructures and theoreti-
cally predict that such a symmetry breaking can lead to a giant MCA effect. Our
prediction is confirmed via experiments on thin bulk-insulating (Bi;_,Sb,),Tes TI
nanowires, in which we observe an MCA consistent with theory and || ~ 100000
AT a very large MCA rectification coefficient in a normal conductor.

5.2.2 Non-reciprocal transport due to broken symmetry

In most materials transport is well described by Ohm’s law, V' = IR,, dictat-
ing that for small currents I the voltage drop across a material is proportional
to a constant resistance R,. Junctions that explicitly break inversion symme-
try, for instance semiconductor pn-junctions, can produce a difference in resis-
tance I as a current flows in one or the opposite direction through the junction,
R(+I) # R(—I); this difference in resistance is the key ingredient required to
build a rectifier. A much greater degree of control over the rectification effect
can be achieved when a similar non-reciprocity of resistance exists as a property
of a material rather than a junction. However, to achieve such a non-reciprocity
necessitates that the inversion symmetry of the material is itself broken. Previ-
ously, large non-reciprocal effects were observed in materials where inversion
symmetry breaking resulted in strong spin-orbit coupling (SOC) [87-94]. How-
ever, since SOC is always a very small energy scale, this limits the possible size

of any rectification effect.
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The non-reciprocal transport effect considered here is magnetochiral anisotropy
(MCA), which occurs when both inversion and time-reversal symmetry are bro-
ken [87-94]. When allowed, the leading order correction of Ohm’s law due to
MCA is a term second order in current and manifests itself as a resistance of the
form R = Ry(1 + vBI), with B the magnitude of an external magnetic field and
where v determines the size of the possible rectification effect. MCA may also be
called bilinear magnetoelectric resistance [90, 242]. We note non-reciprocal trans-
port in ferromagnets [232, 233] does not allow the coefficient v to be calculated
and rectification of light into dc current due to bulk photovoltaic effects [243-245]

concerns much higher energy scales than MCA.

5.2.3 Giant magnetochiral anisotropy (MCA) in TINW

In heterostructures of topological materials it is possible to artificially break the
inversion symmetry of a material [84]; such an approach provides an unexplored
playground to significantly enhance the size of non-reciprocal transport effects.
In this context, quasi one-dimensional (1D) bulk-insulating three-dimensional TI
nanowires [26, 33, 80, 83, 84] are the perfect platform to investigate large possible
MCA due to artificial inversion symmetry breaking. In the absence of symmetry
breaking, for an idealised cylindrical TI nanowire — although generalisable to an

arbitrary cross-section [83, 84] — the surface states form energy subbands of mo-

13
315

around the nanowire, where the half-integer values are due to spin-momentum

mentum k along the nanowire and half-integer angular momentum ¢ = +

locking. The presence of inversion symmetry along a TI nanowire requires that
the subbands with angular momenta £/ are degenerate. It is possible to artifi-
cially break the inversion symmetry along the wire, for instance, by application
of a gate-voltage from the top of the TI nanowire [26, 33, 84]. Such a gate voltage
induces a non-uniformity of charge density across the nanowire cross-section
which breaks the subband degeneracy and results in a splitting of the subband
at finite momenta [84] (see Fig. 5.1c). An additional consequence is that the sub-
band states develop finite spin polarisation in the plane perpendicular to the
nanowire axis (i.e. yz-plane) with the states with opposite momenta being polar-
ized in the opposite directions such that the time-reversal symmetry is respected.
When a magnetic field is applied, the subbands can be shifted in energy via the
Zeeman effect, which suggests that an MCA can be present in this setup. Indeed,
using the Boltzmann equation [91, 92, 94] (see Supplementary Note 4), we find
an MCA of the vector product type v « P - (B x I) with the characteristic vector
P in the yz plane. For the rectification effect v,() of a given subband pair n = +
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Figure 5.1: Gate-tunable topological insulator nanowire device
and the theory of magnetochiral anisotropy: a, False-colour
scanning-electron-microscope image of Device 1 with schematics of
the electrical wiring; the Pt/ Au leads are coloured in dark yellow,
the TI nanowire etched from an MBE-grown BST thin film in red,
and the top-gate electrode in green. The resistance of the nanowire
was measured on different sections: Section 1, 2, 3, 4, 5 correspond
to the voltage-contact pairs 2-3, 3-4, 4-5, 5-6, and 2-6, respectively. b,
Schematic of MCA in TI nanowires. A gate, applied here to the top
of the nanowire, breaks inversion symmetry along the wire. Apply-
ing a magnetic field along the gate normal (z-direction) results in a
giant MCA rectification such that current flows more easily in one
direction along the wire than the opposite (indicated by red/blue
arrows). ¢, TI nanowire surface states form degenerate subbands
(dashed line). When a finite gate voltage is applied, inversion sym-
metry is broken and the subbands split (solid lines). A new mini-
mum occurs at ei, and the states possess a finite spin polarisation
in the yz-plane (red /blue colour). A magnetic field B shifts the sub-
band pair relative to each other in energy due to the Zeeman effect,
which is maximal for B along the z-axis, leading to an MCA (the
size of the shift shown here is not to scale and used for clarity). d,
Size of the MCA rectification ~, (see Eq. (5.1)) as a function of chem-
ical potential ; within a given subband pair. Due to the peculiar
dispersion of a TI nanowire, the curvature, >V} (k) = 9%¢](k), is
large and highly anisotropic at opposite Fermi momenta resulting
in a giant MCA. As the chemical potential . is tuned from the bot-
tom of the subband, , changes sign. Here, for clarity, we used B =1
T, see Supplementary Note 5 for further parameters. The panels e-g
show the theoretically expected magnetic-field dependence of the
2nd harmonic resistance Ry, at the chemical potentials indicated in
the main panel. Reproduced with permission from Springer Nature

2.
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labelled by ¢ > 0, we found

63

Y=+ = VB DR ACISERICSIE (5.1)
n==+

where e is the elementary charge, h is the Planck constant, ) is the conductivity
in linear response, 7 is the scattering time, V/ (k) = -5 07} (k) with &/ (k) describ-
ing the energy spectrum in the presence of symmetry breaking terms and of the
finite magnetic field B (see Fig. 5.1c and Supplementary Note 4), and £/ ;) is
the right (left) Fermi momentum of a given subband (see Fig. 5.1c). Due to the
non-parabolic spectrum of subbands, V;"(k) is large for a TI nanowire resulting
in the giant MCA. The quantities 7,” and v, are the contributions of the individ-
ual subbands. The behaviour of v, as a function of chemical potential y is shown
in Fig. 5.1d. We find that, as the chemical potential is tuned through the subband
pair, v, will change sign depending on the chemical potential. This makes the
rectification effect due to the MCA highly controllable by both magnetic field
direction and by the chemical potential ¢ within a given subband pair, which
can be experimentally adjusted by a small change in gate voltage. For reasonable
experimental parameters we predict that the theoretical size of the rectification
can easily reach giant values v ~ 5 x 10> T"'A~! (see Supplementary Note 5).
To experimentally investigate the predicted non-reciprocal transport behaviour,
we fabricated nanowire devices [7] of the bulk-insulating TI material (Bi;_,Sb,).Tes
as shown in Fig. 5.1a by etching high-quality thin films grown by molecular beam
epitaxy (MBE). The nanowires have a rectangular cross-section of height h ~ 16
nm and width w ~ 200 nm, with channel lengths up to several ym. The long
channel lengths suppress coherent transport effects such as universal conduc-
tance fluctuations and the cross-sectional perimeter allows for the formation of
well-defined subbands (see Supplementary Note 8). An electrostatic gate elec-
trode is placed on top of the transport channel for the dual purpose of breaking
inversion symmetry and tuning the chemical potential. The resistance R of the
nanowire shows a broad maximum as a function of the gate voltage V; (see
Fig. 5.2a inset), which indicates that the chemical potential can be tuned across
the charge neutrality point (CNP) of the surface-state Dirac cone; the dominant
surface transport in these nanowires is further documented in the Supplemen-
tary Note 7. Near the broad maximum (i.e. around the CNP), the Vi; depen-
dence of R shows reproducible peaks and dips (see Fig. 5.2a), which is a mani-
festation of the quantum-confined quasi-1D subbands realized in TI nanowires

[26] - each peak corresponds to the crossing of a subband minima, although the
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feature can be smeared by disorder [26]. To measure the non-reciprocal trans-
port, we used a low-frequency ac excitation current / = I,sinwt and probed
the second-harmonic resistance Ry,. The MCA causes a second-harmonic sig-

nal that is antisymmetric with magnetic field B, and therefore we calculated the
R,QA — RQW(B)—RQW(—B
w T 2

antisymmetric component ), which is proportional to v via
Ry, = 37RoBly ~ ivRBIy, where Ry is the reciprocal resistance (see Methods
for details).

In our experiment, we observed a large R, for Vi > 2 V with a magnetic field
along the z axis. The R, (B,) behaviour is linear for small B, (see Fig. 5.2b) and
R, increases linearly with I up to ~250 nA (see Fig. 5.2¢), both of which are
the defining characteristics of the MCA. The deviation from B-linear behaviour
at higher fields is likely due to orbital effects (see Supplementary Note 3). The
magnetic-field-orientation dependence of v, shown in Fig. 5.2d for the zz-plane
rotation, agrees well with v = ~, cos o, with « the angle from the z-direction and
7o the value at o = 0; the yz-plane rotation gave similar results, while MCA re-
mained essentially zero for the zy-plane rotation (see Supplementary Note 10).
This points to the vector-product type MCA, R4, o< P - (B x I), with the char-
acteristic vector P essentially parallel to y, which is likely dictated by the large
g-factor anisotropy [143] (see Supplementary Note 2). The maximum size of the
7] in Fig. 5.2d reaches a giant value of |y| ~ 6 x 10* A~'T~!. In addition, one
may notice in Figs. 2b and 2d that the relative sign of v changes for different
Ve values, which is very unusual. We observe a giant MCA with similarly large
rectification v in all measured devices, some of them reaching ~ 1 x 10° A~*T~!
(see Supplementary Note 13). Note that in the MCA literature, v is often multi-
plied by the cross-sectional area A of the sample to give 7' (= 7A), which is useful
for comparing MCA in different materials as a bulk property. However, in nano-
devices like our TI nanowires, the large MCA owes partly to mesoscopic effects
and +' is not very meaningful. In fact, the large MCA rectification of |y| ~ 100
A~'T~! observed in chiral carbon nanotubes [241] was largely due to the fact that
a nanotube can be considered a quasi 1D system. In the Supplementary Note 13,
we present extensive comparisons of the nonreciprocal transport reported for

various systems.

5.24 Controllability of MCA

A unique feature of the predicted MCA is the controllability of its sign with
a small change of V. To confirm this prediction, we measured detailed V-
dependence of R, in the Vi range of 5.1-5.5 V, where the chemical potential

appears to pass through two subband minima, because R(V(;) presents two peaks
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Figure 5.2: Non-reciprocal transport in (Bi;_,Sb,).Tes topolog-
ical insulator nanowire: a, Four-terminal resistance R measured
on Device 1, Section 1, at 30 mK in 0 T as a function of gate volt-
age Vi showing reproducible peaks and dips around the resis-
tance maximum, which are consistent with the response expected
from quantum-confined surface states [26]. Since the R value is
very sensitive to the details of the charge distributions in/near the
nanowires, the R(Vg) behaviour is slightly different for different
sweeps; thin red lines show the results of 15 uni-directional Vg
sweeps and the thick black line shows their mean average. Inset
shows the data for a wider range of V;, demonstrating the typical
behaviour of a bulk-insulating TI. b, Antisymmetric component of
the second-harmonic resistance, R4, for Vi = 2 and 4.32 V plot-
ted vs magnetic field B applied along the z-direction (coordinate
system is depicted in the inset); coloured thin lines show 10 (6) in-
dividual B-field sweeps for 2 V (4.32 V) and the thick black line
shows their mean. ¢, R5., measured for Vi =2 and 4.32 V in the B-
tield (applied in the z-direction) of 0.25 and 0.16 T, respectively, as a
function of the ac excitation current 1. The dashed lines are a guide
to the eye marking the linear behaviour. Error bars are defined us-
ing the standard deviation of 10 (6) individual B-field sweeps for
2V (4.32V). d, Magnetic-field-orientation dependencies of v at V5
=2 V (blue) and 4.32 V (red) when the B-field is rotated in the zz-
plane. Error bars are defined using the Min-Max method with 6 (8)
individual B-field sweeps for 2 V (4.32 V).. Solid black lines are fits
to v = vy cos a expected for MCA. The inset shows the definition
of a and the coordinate system. Reproduced with permission from
Springer Nature [2].
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Figure 5.3: Evolution of the non-reciprocal response with chang-
ing chemical potential: a, R vs V; data of Device 3, Section 5, in a
narrow range of Vi, in which the chemical potential is changed near
the CNP (for a wider range of V;, see Supplementary Fig. 5.15a).
The peaks in R occur when the bottom of one of the quantum-
confined subbands is crossed by the chemical potential; coloured
thin lines show 7 individual V; sweeps and the thick black line
shows their mean. b, Mean R, values at B, = 50 mT for vari-
ous gate voltages in the range corresponding to panel a. The zero-
crossings of R4 roughly correspond to the peaks and dipsin R(Vg),
and thereby are linked to the quantum-confined subbands. Error
bars are defined using the standard deviation of 10 individual B-
field sweeps. ¢, Averaged R4 (B,) curves at various Vg settings,
from which the data points in panel b were calculated (data points
and curves are coloured correspondingly). The systematic change
in the R4 (B.) behaviour as a function of gate voltage is clearly
visible. Reproduced with permission from Springer Nature [2].
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(see Fig. 5.3a). We indeed observe the slope of Rs. (B.) to change sign with Vg
(see Fig. 5.3b), and its zero-crossing roughly coincides with the peak or dip in
the R(Vi) curve (compare Figs. 5.3a and 5.3b). A change in sign of the slope
of Rs (B.) on either side of R(V) peaks is also observed in other devices (see
Supplementary Note 11). To obtain confidence in this striking observation, the
evolution of the Ry (B.) behaviour upon changing V;; is shown in Fig. 5.3c for
many Vi values. This sign change upon a small change of gate voltage also en-
dows the giant MCA in TI nanowires with an unprecedented level of control. In
addition, this V;-dependent sign change of MCA gives a unique proof that the
origin of the peak-and-dip feature in R(V};) is indeed subband-crossings.

5.2.5 Conclusion

The giant MCA observed here due to an artificial breaking of inversion symmetry
in TI nanowires not only results in a maximum rectification coefficient v that is
orders of magnitude larger than any previously reported, but this giant MCA is
also highly controllable by small changes of chemical potential. Although rather
different to the MCA of a normal conductor discussed here, we note that large
rectification effects of similar magnitude have recently been discovered in non-
centrosymmetric superconductor devices [230, 234] and in quantum anomalous
Hall edge states [233], where the controllability is comparatively limited. It is
prudent to mention that the MCA reported here was measured below 0.1 K and
it diminishes around 10 K (see Supplementary Note 12), which is consistent with
the subband gap of ~1 meV. Since TI nanowire devices are still in their infancy
[7], the magnitude and temperature dependence of the MCA could be improved
with future improvements in nanowire quality and geometry; for example, in a
20-nm diameter nanowire, the subband gap would be ~10 meV which enables
MCA up to ~100 K. The presence of the giant MCA provides compelling ev-
idence for a large spin-splitting of the subbands in TI nanowires with broken
inversion symmetry which can be used for spin-filters [246, 247]. Moreover, it
has been suggested that the helical spin polarization and large energy scales pos-
sible in such TI nanowires with broken inversion symmetry can be used as a
platform for robust Majorana bound states [84], which are an integral building
block for future topological quantum computers.
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5.3 Supplementary Information

5.3.1 Further theoretical descriptions

Model Hamiltonian and symmetries

Since the nanowires considered in our experiments are etched from thin films of
(Biy_,Sb, ). Tes, the exact crystallographic direction of the nanowire is unknown
and therefore in general the only remaining symmetries [143] of (Bi;_,Sb,).Te;
are inversion symmetry (Z : ¢ — —x,y — —y, 2 — —z) and time-reversal sym-
metry (represented as © = io, K, where K is complex conjugation and o; are
Pauli-matrices operating in spin space). To linear order a general Hamiltonian
satisfying these symmetries — for analytic simplicity we will use a cylindrical

nanowire — is given by

H(z,0) = g—i—ivp 0,09/ R—{cos (o, cosf — o, sinf) + sin p(o, sin b + o, cos )} 0, |,
(5.2)
where Jy/R = cos(0)0, — sin(6)0,, 2nr is the nanowire perimeter, vy is the Fermi-
velocity, and 6 is the angle measured from the top of the nanowire. The angle ¢
parameterises the direction of the spin-texture perpendicular to the wire axis. In
the [111] surface states of a bulk TI, an out-of-plane component (¢ # 0) can occur,
for instance, due to hexagonal warping effect [114]; in a nanowire, however, the
exact amount of rotation is theoretically undetermined due to the low symmetry
involving the side surface, and it will be determined by the experiment.
It can be see the Hamiltonian (5.2) has inversion symmetry since H(z,0) =
H(—z, 6+m) and also obeys time-reversal symmetry because H(x,0) = o,H*(x,0)0,.
Note that both these symmetries map a current, /, along the wire such that
I — —I and as such if either symmetry is present it requires that the resistance
R(I) = R(—1I) and no MCA can occur. As will be discussed below a non-uniform
potential 6.(6) # dpu(0 + ) through the cross-section breaks inversion symmetry
and time reversal symmetry can be broken via the application of an external

magnetic field.

Band structure and influence of gating
004 /2

Applying the spinor rotation U(f) = e

Urer (Y, 0) = Xrer 'R gives

and using the ansatz wavefunction

UTHU = vpa,l/R — vk (0, cosp + o.sing), 5.3)
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here k is the momentum along the nanowire and ¢ the angular momentum
around the nanowire. Due to the 27 anti-periodicity of U(6) the quantum con-

fined surface states of a TI nanowire are such that the states have half-integer

13

angular momentum ¢ = +3, 3, ...

around the nanowire and obey the dispersion

relation
eo(k) = Tvp k2 + (0/r)2. (5.4)

Application of a gate voltage, for instance, from the top of the TI nanowire, in-
duces a non-uniform chemical potential ;1(¢) = 1 + d(¢) in the nanowire cross-
section [26, 33, 84], where 1 is the chemical potential on the nanowire surface
(measured from the Dirac point) and ¢ = 0 is the angle from the direction normal
to the gate. The non-uniformity of chemical potential breaks inversion symmetry
and can result in a large spin-splitting of the subbands for finite momentum &
along the nanowire (see Fig. 5.1c main text). For an idealised circular nanowire
and non-uniformities smaller than the subband gap — although also valid for
larger non-uniformities — it has been shown that the dispersion is given by (see
Ref. [84] for details)

X (k) ~ eo(k) £ \/% (5.5)

and similarly —<7 (k) below the Dirac point. Here the bands are labelled by
¢ > 0 and p, is the nth Fourier coefficient of the non-uniform chemical potential
(@) = >, iy cosng assuming the potential is symmetric for +¢. The magni-
tude of the splitting does not depend strongly on the exact shape of the potential,
dpu(¢), other than through the components i, [84]. The band splitting due to such
a non-uniform potential is shown in Fig. 5.1c in the main text.
When inversion symmetry in the Hamiltonian (5.3) is broken by a non-uniform
chemical potential the states in the split-bands possess a finite spin polarisa-
tion s = (0, s,,s.) in the yz-plane that is perpendicular to the wire axis [84].
As a result, as discussed in the main text, when a magnetic field is applied
in the yz-plane the bands shift relative to each other by the Zeeman energy
+(gy1BsyBy + g:pps.B.)/2 with g,.) the g-factor in the y(z)-direction and y5 is
the Bohr magneton. Given that in (Bi,_,Sb, ), Tes the g-factor is highly anisotropic,
9-/9y =~ 20 [143, 248], we neglect the contribution g, s, B, which would be only
significant for very large s,/s.. As such, the situation can be modelled analyti-
cally by considering helical bands — valid in the limit of small non-uniformities —
such that the subbands 7 (k) above the Dirac point are given by

K pi2e
e (k) ~ ep(k) £ ——=—— + g, ups.B,/2 5.6
¢ (k) = e(k) e / (5.6)
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and similarly —¢5 (k) below the Dirac point (see Fig. 5.1c main text).

Influence of orbital effects

We can estimate the field strength at which orbital effects due to the out-of-plane
tield affect the MCA by considering the probability density of a state in a Landau
level without any confinement. Such a state is localised with the form [¢|?
e /25 where r the displacement on the surface and Iz = \/% the magnetic
length. As such a Landau level state will only be consistent with the confinement
of our W ~ 200 nm wide nanowire when (W/2)/2(p ~ 1, this corresponds to
a field strength of B ~ 0.15 T. Indeed, experimentally we find that at this field
strength the MCA begins to saturate (see e.g. Fig. 5.2b main text).

Orbital effects due to a magnetic field B, along the wire should also open a gap
in the dispersion [84]. However, for the small B = 110 mT field used in the ex-
perimental angular rotation « the size of such a gap will be very small — since
this field strength is considerably less than a flux quantum corresponding to a
field value B ~ 1.4 T for the given nanowire cross-section — as such orbitals ef-
fects will only alter the MCA from the perpendicular component for a very small
range of chemical potentials and only for o ~ 90° or a ~ 270° in Fig. 5.2d of the
experiment. Finally we note that for a magnetic field, 55,, parallel to the wire axis,
the Zeeman contribution can be entirely absorbed into the orbital contribution
[84], such that - — - — 39si15 B \where ® = BA with A the cross-sectional area

hvg /T
of the wire, the fundamental flux quantum ®, = /e, and % 9zt By is the Zeeman

energy due to the magnetic field parallel to the wire.

Linear and second order response conductivity from the Boltzmann equation

Since the gate and magnetic field break inversion and time-reversal symmetry,
respectively, an MCA is symmetry allowed for the setup shown in Fig. 5.1b. In
this section, we use the Boltzmann equation in the relaxation time approximation
to derive the conductivity expanded to linear and second order in electric field,
i.e. the linear and second order conductivity [92, 94]. This approach is valid in
the diffusive limit, relevant for the bulk-insulating TI nanowires in our experi-
ment [26]. We start by considering a scattering time which is independent of the
chemical potential 7(¢) = 7. Later in this section we will consider the influence
of broadening processes such as Coulomb disorder and the inclusion of the de-
pendence of scattering time on chemical potential.
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Boltzmann equation for 1st order conductivity: We begin by expanding the
distribution function of states in a given subband labelled by (¢, +) as f*¢ =

S 50+ £ 4 ..., where 5 is the nth order response to an electric field £
of the + branch of /th subband [92]. The distribution function to first order in F
within the relaxation time approximation of the Boltzmann equation is therefore
given by

=+,
j:j €TE 8f0 ’

40
1R o = eTEvi (k) Of

DeE (k)

(.7)

where v} (k) = +0,e7 (k) is the velocity and e the elementary charge. We use the
Fermi-Dirac distribution function for f;* = fo(c (k) — p).

Next, we calculate the current density j = j® + j® + ... expanded order by
order in electric field. We begin by utilising the first order distribution function
to calculate the current density j(!) which is first order in electric field E (with

coefficient given by the linear response conductivity ¢()) such that

iV = Be® :—ez Z /dk (5.8)

n=t¢=13 .
=Y S 7 [ Sl ete - (k)
n=Ee=13 .

222222

where in the second line we used that the Fermi-Dirac distribution at zero tem-
perature is given by T(k) = —0(p — £, (k)) and, as in the main text, k], and
k/; are right and left Fermi wave vectors for the = + branch of /th subband
(see Fig. 5.1c main text). In general, these wave vectors &/, , can be found by
numerically solving the equation /(k/ ;) = p. Note that if the band is not oc-
cupied then it will not contribute to the current density j. Finally, we also note
that setting magnetic field to zero (B = 0) and non-uniform chemical potential
to zero (6u(¢) = 0) we find that o™ (1) coincides with the result with the same

limit in Ref. [26] derived from the Kubo formula.

Boltzmann equation for 2nd order conductivity: The E? contribution to the
current density j? can be obtained similarly by using the first order of the distri-
bution function f;"* from above such that in the relaxation time approximation
[92] we arrive at

s eTE Of" B <e7’E>2 P f

2" h ok h ok2 - (5.9)
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Inserting this expression for f;* into the Boltzmann equation gives the compo-

nent of current density proportional to the square of the electric field as

. dk
P =0PE =) Y / e () o (5.10)

n=k =13
A dk o2t
= —¢ (T) >y / -t (k) ak‘g (5.11)
n=t =13
eTE\? dk 02¢]]
=—e (T) nz;[ z 122 /%U?(k‘) 952 o(p —ep)

ERCRRE

3
=—SE'Y Y P [VIka) Vi)

— 13
n=+ =13 ..

where V; (k) = 50%; (k) denotes the band curvature and the second line re-
quires integration by parts. We use this to aquire the MCA rectification coeffi-

cient
= W = Z e (5.12)

with 7, given by Eq. (1) of the main text. We note that for a purely parabolic
band, for example, in a Rashba nanowire where to good approximation ¢, (k) =
(k £ ky)?/2m, the quantity V;"(k) = 1/m is independent of the Fermi wavevec-
tors ki s if the magnetic field points along the spin-orbit interaction vector and,
thus, the two contributions ~;° of Eq. (1) in the main text would cancel each other.
Hence, the giant size of the MCA is a unique feature of the peculiar dispersion
of TI subbands and the fact the spin degree of freedom enters Dirac Hamilto-
nian of the TI surface states. In what follows we focus on the contribution of an
individual subband pair via 7,. We note that the precise magnitude of the har-
monics /1, depends on several experimental factors which are difficult to model
theoretically, these include the electrostatics of the nanowire setup, screening ef-
fects (e.g. from contacts), and the exact geometry of the nanowires. Using (5.11)
and the eigenenergies from (5.6) gives the result shown in Fig. 5.1d of the main
text. Finally, we note that 0@ is zero when the chemical potential is uniform in
the cross-section (i.e. 1, = 0 for all n) or when the magnetic filed is absent (i.e.
gupB,/2 = 0). In other words there is only a finite MCA when both inversion

symmetry and time reversal symmetry are broken simultaneously, as expected.
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Estimate of rectification effect:

To obtain a theoretical estimate of the size of the maximum possible MCA rectifi-
cation 7 in a typical nanowire, we first use the experimental fact that the Ohmic
resistance of a L ~ 5 pum nanowire (e.g. the resistance of Device 3, Section 5,
see Fig. 5.15) saturates at R ~ 60 k2 as function of gate voltage with only small
fluctuations around this value, these oscillation can be attributed to the quantum
confinement of surface states (see below). For the W ~ 200 nm and H ~ 16 nm
nanowires used in our experiment the presence of these fluctuations suggests
that the broadening due to disorder is smaller than the subband spacing, i.e.
7 > h/(1 meV) ~ 1 ps, in fact this value also fits well with the 0! ~ 0.1 um/kQ
found experimentally. Numerically calculating 0 (1) using (5.11) we find that
the maximum |¢®)| ~ €3(7/h)?(2500 meV nm?)/h close to the bottom of the sub-
band pair, here we use the small angular momenta ¢ = 3/2, Fourier coefficient
poe ~ Lv/r,v ~ 5 x 10° m/s, and B ~ 0.05 T with the g-factor g. ~ 50 [143]
and take a conservative estimate for spin component in the z-direction s. = 0.08.
Therefore, we estimate the order of magnitude for the maximal rectification -,

from a given subband pair as

lo@)| e3(1 ps/h)?(2500 meV nm?)
B(oW)? R(0.05 T)(0.1 pm/k$2)?

max| _

1 ~5x10° A7'T™!.  (5.13)
This estimate represents only an approximation of the order of magnitude that
one can expect due to MCA in TI nanowires, showing that it is extremely large.
In real experimental systems the value of |7;"**| could even be larger if the non-
uniformity of chemical potential across the nanowire cross-section, characterised
by the Fourier harmonics (., is larger than assumed here. It is, however, as found
in experiment, more likely that |7;"**| is reduced in size by several factors such
as the chemical potential dependence of scattering time, smearing of chemical
potential due to Coulomb disorder, and further effects not considered in this
simple approximation, for instance the separate contributions of bulk and surface
conductivity channels. Note that throughout the calculations above, there is an
assumption that |[Fo®| < |0(V)| is always satisfied; when this assumption is
not satisfied, our second-order theory breaks down. Although the rectification is
giant in comparison to the largest v values observed so far, the estimate given in
Eq. (5.13) is still orders of magnitude below this bound for all values of B and I

in our experiment.
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Figure 5.4: Influence of different disorder effects: a, Influence of
Coulomb disorder: Charged impurities in the bulk and on the sur-
face of the TI smear out the chemical potential  which leads to a
reduction and smoothing of ~,, here shown for a constant scatter-
ing time 7. We choose realistic experimental parameters B = 0.05
Tg=4vr=5x10°m/s, 7 ~ 1 ps. For this plot we also chose
¢ = 3/2 with the Fourier harmonic poy ~ vpl/r ~ 3.9 meV. This
gives [y"®| ~ 5 x 105 T~'A~! as discussed in the text. These are
the same parameters as in Fig. 5.1d of the main text, apart from
there B = 1 T is used for clarity of the different contributions. b,
Influence of strong subband minimum scattering: Although only
weakly visible in our experimental devices, close to a given sub-
band minimum there is an increase in the scattering rate 1/7 due
to the diverging density of states [26]. Here, we show that, even
in nanowires in which 7 is very strongly dependent on chemical
potential i (such that 7 = 0 at the bottom of the band), the overall
qualitative features of v, will be largely unaffected by such a diver-
gence, with a pronounced maximum and change in sign still clearly
visible. We use the same parameters as in a, apart from B = 1T for
clarity of the different contributions. For simplicity in this plot we
assume o(!) ~ const. since there are more conductivity channels for
Ohmic conductivity, i.e. through the bulk. In reality ¢(!) will also in-
herit the additional dependence on 7 which will lead to an increase
in 7y, close to emin.
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Influence of disorder

Influence of Coulomb disorder: One reasons for the lower experimental value
than the estimate of (5.13) is the influence of Coulomb disorder in the bulk and
on the surface of the TI nanowire [160, 162, 164, 165]. In general, such Coulomb
disorder leads to fluctuations in the local chemical potential of the nanowire sur-
face, resulting in so-called surface puddles. These surface puddles smear out the
chemical potential and lead to an averaging of v, over the length of the nanowire
[160]. To approximate the influence of such surface puddles we use our result
from (5.11) and assume that the surface fluctuations of chemical potential belong

to a Gaussian distribution of width I', such that

p—p’

Ye(p) = ﬁ /_Z dl/%(ﬂl)ei% “) (5.14)

We show 7,(11) for several distributions widths I' in Fig. 5.4. As expected, for not
unrealistic broadenings I, the smearing results in a smoothening of the function
7e(p) and a reduction in the maximum possible rectification |7,***|. The den-
sity of Coulomb disorder and its influence on the surface states of TI nanowires
remains an open experimental question, but the presence of quantum confine-
ment oscillations in the resistivity curves suggests that the broadening I' of our
ribbon-shaped experimental nanowires is smaller than or similar to the subband
spacing.

Influence of scattering time: In the experiment, quantum confinement features
in the Ohmic resistance R due to increased scattering near the bottom of sub-
bands are weak (~ 5% of the total R, see Fig. 5.3a), and so, to a good approxima-
tion, 7 can be taken as constant (as above). In theory, for a nanowire with perfect
quantum confinement and only surface contributions to the conductivity, the
scattering time 7 becomes very strongly dependent on the position of the chem-
ical potential within a given subband due to the divergence in density of states
at subband minima in one dimension [26]. For completeness, here we take the
opposite limit and assume the scattering time is strongly dependent on chemical
potential and consider how this would affect ¢ (1) and hence v,(11). We will see
that the overall qualitative features of v,(u) are largely unchanged in this limit.
To estimate the scattering time we will use the Born approximation [26] valid
for weak impurity scattering potential v, and low impurity density ni,, and
assume that spin-flip interband scattering is negligible. The scattering time for
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the separate + bands at zero temperature is given by

() — &
2720 219>
where
1 1
+
p~ (1) = + (5.16)
E,,,(nwﬂ@n mvzt(szn)

is the density of states of the respective + bands. The linear response and sec-
ond harmonic conductivities are obtained with the replacement 7 — 7%(u). The
density of states in (5.16) diverges at the bottom of a given subband leading to a
rapid increase in the scattering rate at this point [26], however, the qualitative fea-
tures of 0® (1) and hence 7, within a given subband are not strongly modified by
this additional dependence of 7(1) (see Fig. 5.4b). Additionally, the divergence
of scattering rate will be cut-off by temperature and disorder, we can therefore
expect that the true experimental behaviour of v, is somewhere between the two
scenarios shown in Fig. 5.4b and Fig. 5.1d of the main text.

5.3.2 Further experimental descriptions

Materials characterization

a 7
6 | J
\
5F J
Q \
G 4t .
S5
X 3F J
1 ) (Bi,,, Sb,),Te, thin film
1+ J
0 1 L 1 1 L L 1 1 1 1
0 50 100 150 200 250 300 -9 -6 -3 0 3 6 9

T (K) B(T)

Figure 5.5: Transport properties of the (Bi;_,Sb,),Tes thin film
used for the nanowire device fabrication. a, Temperature depen-
dence of the sheet resistance R, of the thin film used in this study.
A six-terminal measurement was done on a small part of the 2x2
cm? film. b, Magnetic-field dependence of the Hall resistance R,
at2 K.
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Figure 5.6: V;-dependence of R, and Ry in Device 4. a, R, (V)
data measured with a two-terminal configuration shown in the in-
set of panel b. Thin red lines show 3 uni-directional Vi sweeps,
while the thick black line shows the average. Coloured vertical lines
shows the V; positions where Ry in panel b was measured. b, Ry
at selected V; values extracted from a linear fit of the R, (B) data
for B = +1 T applied along the 2-axis, which are shown in the left
inset. The red dashed line is a guide to the eye. The right inset
shows the reconfigured electrode arrangement of Device 4 for these
measurements, in which the nanowire part is used as Hall-voltage
electrodes.
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Figure 5.5 shows the the temperature dependence of the sheet resistance R,
and the magnetic-field dependence of the Hall resistance z,, measured on a
small piece taken from the (Bi;_,Sb,),Te; (BST) thin film that was used for fab-
ricating all the nanowire devices. The R,.(T") behavior, presenting only a weak
T-dependence, is typical for a bulk-insulating BST thin film [217, 249], which
is corroborated by the low 2D hole carrier density of only n ~ 1.8x10'? cm ™2
calculated from dR,,/dB at B = 0 T. We also obtain the mobility u ~ 600 cm?/Vs
from the data in Fig. 5.5.
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Figure 5.7: Aharonov-Bohm-like oscillations in top-down-
fabricated TI nanaowires. a, Magnetic-field dependence of the
resistance, R(B), measured in Device 5, Section 2, with magnetic
fields applied along the nanowire axis, normalized by the resistance
value at B = 0 T. Vertical dashed lines mark the periodicity. b, Sim-
ilar oscillations were observed at various Vg values in Device 4,
Section 2, although the maximum magnetic field was limited to 6 T
in the measurement of this device. Vertical dashed lines mark the
peak positions.

To further document the dominant role of the surface states in the transport prop-
erties, Fig. 5.6 shows the gate-voltage (V;) dependence of the resistance R,, and
the Hall coefficient Ry of Device 4. For these measurements, we reconfigured
Device 4, which is on the same wafer as Devices 1-3, to use the nanowire section
as the Hall-voltage electrodes (see inset of Fig. 5.6b), because the Hall voltage
cannot be measured on a nanowire; the R(V(;) data were simultaneously mea-
sured with a two-terminal configuration on the section where Ry was measured.
The Vi;-dependence of Ry in Fig. 5.6b presents the typical semi-divergence and
sudden sign change as the Fermi level is tuned across the Dirac point with gating;
this behavior gives evidence that the Dirac cone of the surface states dominates

the transport. In addition, the corresponding V(;-dependence of the resistance R
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in Fig. 5.6a presents a sharp peak at the Dirac point, which is another signature
of the dominant surface transport.

The magnetoresistance (MR) data with magnetic fields applied along the nanowire
axis provide additional support to the dominant role of the surface states when
they present Aharonov-Bohm (AB)-like oscillations (see Ref. [81] for details)
which reflect the periodic change in the quantum-confined surface states as a
function of the threading magnetic flux [80]. The MR data shown in Fig. 5.7a
were measured on Device 5, which was fabricated in the same way and from
a thin film of very similar quality as that of Devices 1-4. The nanowire part of
Device 5 was ~17-nm thick and ~200-nm wide. The observed oscillation period
of ~2.2 T corresponds to the flux quantum @, (= h/e) if the relevant area is 1.9
x 107" m?, which is essentially consistent with the cross-sectional area of the
nanowire when considering the finite extension of the surface-state wavefunc-
tion. This consistency gives confidence in the interpretation that the MR data
in Fig. 5.7a signifies the AB-like oscillations from the quantum-confined surface
states. The TI nanowire of Divice 4 used for the MCA experiment presents simi-
lar AB-like oscillations at various Vi values as shown in Fig. 5.7b, although the
magnetic-field range was limited to +-6 T in the measurement of this device. Here
again, the oscillation period of ~2.6 T (indicating the relevant area of 1.6 x 1071
m?) is essentially consistent with the cross-sectional area of the nanowire (~ 16

x 200 nm?) considering the depth of the surface states.

Signatures of well-defined surface state subbands

The regular gate dependent resistance oscillations and AB-like resistance oscil-
lations in magnetic field that we observe are both signatures of well-defined
subbands [25, 26, 28, 33, 80]. Both types of oscillation are of similar magnitude,
this is expected since they arise as the result of the increased density of states
that occurs close to the bottom of subbands [26]. In this section we will show
that both gate dependent resistance oscillations and AB-like oscillation depend
on the nanowire cross-sectional geometry and that the estimate of this geometry
is consistent with the geometry of our nanowires for both types of oscillation.
We also note that the TI nanowire devices used in our study have long channel
lengths up to several ;zm, we can therefore confidentially rule out the presence of
universal conductance fluctuations (UCFs) in our TI nanowire devices since the
channel lengths are longer than the phase coherence length and, in addition, we
do not observe the magnetic field dependent resistance jumps expected to arise
due to UCFs (see Fig. 5.7). Finally, the observation of the smooth change of sign



102 Chapter 5. Giant MCA from quantum-confined surface states of TINW

of the MCA signal within single gate voltage peaks actually provides yet another
check for well defined subbands in our nanowires.

The nanowires in our study have widths of W ~ 200 + 20 nm and heights H ~
16 + 1 nm, this leads to variations between different devices of +15% in cross-
sectional area A = W x H and variations £10% in the perimeter P = 2(W + H).
As discussed above, the observed AB period, Py, was ~2.6 T for Device 4 (16
nm thickness measured via AFM) and ~2.2 T in Device 5 (17 nm measured via
AFM). The periods of AB-like resistance oscillations are dependent on the flux
enclosed by the quantum confined surface state and as such vary with the cross-
sectional area, A, of the device. Therefore, taking into account the ~ 4 nm average
extension of the TI surface states [166], the periods of AB-like oscillations allow
us to estimate a width W = 190 nm for Device 4 and W ~ 220 nm for Device 5.
These values fall within the expected range of the nanowire widths.
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Figure 5.8: Gate voltage dependent resistance oscillations close
to the resistance maximum: a) Device 4 and b) Device 5. Top: Elec-
trostatic potential resulting from numerical solution of the Laplace
equation using an electrostatic model of our full device setup and
the device cross-section estimated from AB-like oscillations. Bot-
tom: Gate voltage dependent resistance averaged over several gate
voltage sweeps (lighter thin lines show individual gate sweeps).
The theoretically predicted locations of peaks (dashed lines), which
are calculated using the electrostatic model and dimensions of the
nanowire cross-section, coincide relatively well with the observed
resistance curves, especially for small subband indices ¢. This con-
firms that the spacing of gate dependent resistance peaks is related
to the cross-sectional geometry. The resistance maximum occurs at
Vpp = 4.01 V for Device 4 and Vpp = 3.05 V for Device 5. Model
parameters: Al,Os3 dielectric permitivity e = 9.34, top Al,O3 thick-
ness 40 nm, and top AlyO3/gate width is nanowire width W plus
40 nm.
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Gate voltage dependent resistance oscillations are set by the perimeter, P, and the
capacitance of the device, C. Since there are smaller variations in the perimeter
than cross-sectional area and it is likely the capacitance also varies between de-
vices, it should be expected that the spacing of gate voltage resistance oscillations
contains greater uncertainty compared with the periods of AB-like oscillations.
Despite this, following the same analysis as Ref. [26], in Fig. 5.8 we plot the re-
sistance R(V;) — averaged over several gate sweeps to eliminate artefacts such
as e.g. jumps from trapped charges — in the vicinity of the resistance maximum
R(Vpp). We estimate the capacitance of Device 4 and Device 5 by utilising an
electrostatic model for our full setup — including dielectric environment — and
solving the Laplace equation using the finite element method. We make the sim-
ple assumption that the nanowire can be modelled as a perfect metal and that
effects of quantum capacitance can be neglected for our setup. This calculation
gives a capacitance C' = 66 pF/m for the parameters of Device 4 and C' = 73
pF/m for the parameters of Device 5. We use the estimated capacitance and the
dimensions of each device to plot the theoretically expected resistance, R(V),
and positions of individual gate peaks (dashed lines). Note that the peak posi-
tion varies with charge density n o p?, such that the spacing of subband oscilla-
tions is approximately quadratic in the voltage difference from the location of the
resistance maximum. From Fig. 5.8, despite the smaller variations in perimeter
and additional uncertainty in capacitance, we see that the locations of observed
resistance peaks correspond relatively well with the theoretically expected resis-
tance curve, especially for small subband indices ¢. In Fig. 5.8 all parameters of
the theoretical curves are set by the electrostatic simulations and estimates of the
nanowire cross-sectional geometry that are obtained from AB-like oscillations,

meaning that there is no free fitting parameter.

Raw data of R, and symmetric component

Upon sweeping the magnetic field B, applied parallel to the gate-induced electric
field £, the second-harmonic voltage R, comprises an antisymmetric compo-
nent Ry and a symmetric component R ; these two components can be eas-
ily separated by antisymmetrization/symmetrization of the B-dependence data.
Figures 5.9a and 5.9c show the raw Ry, data for V; =2V and 4.32 V, respectively,
from which the R2, data shown in Fig. 5.2b of the main text were extracted. The
RS, component shown in Figs. 5.9b and 5.9d can have various trivial origins such
as a diode-like effect at an imperfect contact.
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Figure 5.9: Raw Ry, data and symmetric component R5  of De-
vice 1, Section 1. a, Raw Ry, vs B, data at Vg =2 V. b, The sym-
metric component R extracted from the raw data for Vg = 2 V.
¢, Analogously, raw Ry, vs B, data at Vz = 4.32 V. d, The sym-
metric component RS extracted from the raw data for 4.32 V. The
corresponding extracted asymmetric components R4 are shown in
Fig. 5.2b of the main text. Coloured thin lines show the results of 6
sweeps, and the thick black line shows their average.

Magnetic-field-orientation dependence of v for the in-plane and

out-of-plane rotations

In addition to the magnetic-field-orientation dependence of Rj, for the zz-plane
rotation shown in the main text (Fig. 5.2d), we have taken similar data on De-
vice 1 for the yz-plane rotation (Fig. 5.10) and found that the behaviour is also
consistent with v & v, cos ay, where «s is the angle of the B-field away from the
z-direction in the yz-plane. Each data point was generated by averaging 6 (8)
individual B-field sweeps at V; = 2 V (4.32 V), while the error was calculated by
a Min-Max method (though a standard deviation approach gives very similar
results). We note that the 7, values for the zz- and yz-plane rotations at nomi-
nally the same V,; are slightly different; this is probably due to a difference in the
details of the charge distributions and a slightly different chemical potentials for
the two measurements, since the gating history was different.

We measured the magnetic-field-orientation dependencies for all three major
rotation planes (zy, yz, and zz) in Device 4 at V; = 3.26 V and the results are
shown in Fig. 5.11. Each data point was generated by averaging 10 individual
B-field sweeps, while the error was calculated by a Min-Max method. One can
see that the 7 ~ 7, cosa dependence is reproduced for the zz- and yz-plane
rotations, while v remains essentially zero during the zy-plane rotation, which
tully supports the vector-product type MCA with the P vector along the y-axis.
Note that the maximum ~ value observed in Device 4 reaches 1 x 10> A~!1T!
(see Figs. 5.11a and 5.11b).
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Figure 5.10: Magnetic-field-orientation dependence of v for the
yz-plane rotation in Device 1, Section 1. a, The MCA coefficient
7 obeys v & vy cos aa, where «s is the angle from the z-direction.
The data shown here is for Device 1, Section 1, at Vg of 2 V (blue)
and 4.32 V (red). Solid black lines are fits to the cosine function. The
inset shows the definition of a» and the coordinate system.

Reproducibility of the magnetochiral anisotropy

To confirm the reproducibility of the experimental data supporting a giant MCA
in BST nanowires, additional measurements have been performed on four de-
vices (Device 1, 2, 3, 4) at various nanowire sections. All four devices had the
same design (with slightly different width) and were fabricated from the same
thin film in the same fabrication batch. The nanowire width was ~200, ~205,
~210, and ~200 nm in Devices 1 to 4, respectively, with the film thickness of ~16
nm. In the following, we show representative data reconfirming the behaviours

reported in the main text.

Figure 5.12 shows a data set to confirm the sign change in v upon a slight change
in the chemical potential. The data were taken on Section 1 of Device 1.

Figures 5.13 and 5.14 show further data, taken on Section 2 of Device 1 and
Section 1 of Device 2, respectively, to demonstrate that our BST nanowires consis-
tently show the large MCA. The three basic characteristics of the vector-product-
type MCA are: (i) R4, depends linearly on B at low field, (ii) R, is maximum
for B | z and vanishes when B is along & or g, and (iii) R4, increases linearly

with I. All three characteristics are reproduced.

Figure 5.15 shows supplemental data for Device 3 which was used for demon-
strating the repeated sign change in 7 as a function of V; in the main text. The
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Figure 5.11: Magnetic-field-orientation dependence of  for De-
vice 4, Section 1. a,b,c At Vi =3.26 V, the MCA coefficient v was
determined at low fields (—100 mT < B < 4100 mT) while the
magnetic-field orientation was gradually rotated in the zz, yz, and
xy planes, respectively. Solid black lines are fits to the cosine func-
tion. Insets show the definitions of a1, oo and 8 in each rotation
plane.

Vi dependence of R is shown in Fig. 5.15a for a wide range of V(. The I-linear
increase of R is shown in Fig. 5.15b. The B-linear dependence of R4, for B || 2
and vanishing Ry for B || I are shown for both positive and negative v in
Figs. 5.15c and 5.15d, respectively.

Figure 5.16 shows that Device 4, which was used for the full angular-dependence
measurement (5.3.2, Fig. 5.11) and the temperature-dependence measurement
(5.3.2, Fig. 5.17), also presents giant MCA. The three basic characteristics, B-linear
dependence of Ry, for B || 2 at low field, vanishing R4, when B is along I or P,

and I-linear dependence of R, , are all confirmed.

Temperature dependence of MCA

To elucidate the temperature dependence of MCA, we measured ~ of Device
4, Section 1, at Vi; = 3.22 V at various temperatures up to 7 K (Fig. 5.17). We
found that MCA weakens with temperature and diminishes towards ~10 K. The
temperature range in which MCA is observed, up to ~10 K, is in good corre-
spondence with the expected subband gap of ~1 meV. It is useful to notice that
this energy/temperature scale also dictates the AB-like oscillations in the MR for
B || 2, which was reported to diminish above a few Kelvin [25].
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Figure 5.12: Sign change of v upon changing the chemical po-
tential in Device 1, Section 1. a, The Vz-dependence of R in the
Vi range of 4.15-4.9 V obtained in a different sweep from that in
Fig. 5.2a of the main text. Thin coloured lines are the data from 5
individual V; sweeps and the thick black line is their average. The
blue, black, and red vertical lines mark the V; values at which the
B-dependence of Rj, was measured. b, Plots of R}, vs B, at the
Vi values of 4.35V, 4.5V, and 4.6 V, which span a peak in the R(V)
curve shown in panel a. The sign of dR4,/dB, near B, =0 T (i.e.
the sign of ) changes in this V; interval. Coloured thin lines show
6 individual B-field sweeps and the thick black line shows their av-
erage.

Comparison with MCA in other materials and with other non-

reciprocal response

To put the giant MCA we observed in gated TI nanowires into context, we com-
pare it with the MCA observed in other materials. Table 5.1 lists the materials
for which relatively large MCA has been reported. In this table, the values of
both v and ' (= 7A, with A the cross-sectional area) are given for each mate-
rial /structure, even though +’ is not an appropriate parameter to measure the
MCA rectification in a mesoscopic system like TI nanowires or carbon nanotubes.
Also, we list MCA observed in superconductors in this table, although the physi-
cal origin of the non-reciprocal response in superconductors is completely differ-
ent and it exists only in a very limited range of current and temperature. One can
see in this table that the v value found in this study is the largest ever reported.

In addition to listing the MCA in other materials, we also list the cases of rela-
tively large non-reciprocal responses observed in magnetic materials/structures
in Table 5.2. Since time reversal symmetry is spontaneously broken in these cases,
these non-reciprocal effects do not belong to MCA (in which time reversal sym-
metry is broken by an applied magnetic field) and hence the MCA rectification

coefficient v is not well-defined. Nevertheless, one can see in this table that the
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Figure 5.13: MCA in Device 1, Section 2. a, Averaged R4 (B) be-
haviours for B || z (red solid line) and B || I (black dotted line)
at Vg = 4.95 V measured on Section 2 of Device 1. Averages are ob-
tained from 10 individual B-field sweeps. b, R4 at Vg =4.95V as
a function of the ac excitation current I for B, = 50 mT. The black
dashed line is a guide to the eye to mark the linear behaviour.

size of the rectification effects, measured with either AR/R or AR/R/i (where i

is the current density), can be comparable or even larger than MCA.
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Figure 5.14: MCA in Device 2, Section 3. a, Averaged R (B) be-
haviours for B || z (red solid line), B || I (black dotted line) and
B || y (grey dotted line) at Vg = 4.1 V measured on Section 3 of
Device 2. Averages are obtained from 10 individual B-field sweeps.
b, R’Q“w at Vo =4.1V as a function of the ac excitation current I, for
B, =35 mT. The black dashed line is a guide to the eye to mark the

linear behaviour.
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Figure 5.15: MCA in Device 3, Section 5. a, R(V(;) behaviour of the
Section 5 of Device 3 in a wide Vi range, presenting a broad maxi-
mum around Vg ~ 5 V. Coloured thin lines show 7 uni-directional
Vi sweeps and the thick black line shows the average. Inset shows
a magnification of the V; range 4.5-5.6 V; the red and blue verti-
cal lines mark the Vi positions used for the R4 (B) measurements
shown in panels c and d. b, R{, at V; = 4.275 V as a function of the
ac excitation current amplitude Iy for B = 50 mT applied along z.
The black dashed line is a guide to the eye. ¢,d Averaged R4 (B)
behaviours for B || 2z (solid lines) and B || I (dotted lines) at Vi
=5.125V (c) and 5.2 V (d). The sign of dRs /dB, near B=0T (ie.
the sign of ) changes in this narrow V; interval crossing a peak in
the R(Vg) curve. Averages are obtained from 10 individual B-field
sweeps.
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Figure 5.16: MCA in Device 4, Section 1. a, Averaged R (B) re-
sponse for B || 2z (red solid line), B || & (black dotted line) and
B || y (grey dotted line) at Vi = 3.26 V measured on Section 1 of
Device 4. Averages are obtained from 10 individual B-field sweeps.
b, R4\ at Vo =3.26 V as a function of the ac excitation current I for
B, =45 mT. The black dashed line is a guide to the eye to mark the
linear behaviour.
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Figure 5.17: Temperature dependence of v for Device 4, Section
1. a, The v value at Vg = 3.22 V determined at low fields (—80 mT
< B < 480 mT) at various temperatures up to 7 K. Inset shows
the raw data of R{, vs B, at various temperatures; each curve is an
average of 10 individual B-field sweeps.
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Material T B AR Rew AR/R i AR/R/i I Area ~ oy MCA type Ref.
®) (M) ()] ()] (%) (A/m?) (10 m?/A) (A) (m?) (AT (m*A7'T)

(Bi,Sb),Tes
Device 1 008 0.11 36 32150 0.112  5x107 0.23 1.64x1077 33x107" 62100 2.1x10710 Vector-product  This study
Sec.1
(Bi,Sb),Tes
Device 1 008 0.05 6 14200 0.043 3.3x107 0.13 11x1077 33x107'" 76800 2.5%10710 Vector-product  This study
Sec.2
(Bi,Sb),Tes
Device 2 008 0035 14 12250 0.114 3x107 0.38 1x1077 33107 327000 1.1x107° Vector-product  This study
Sec.3
(Bi,Sb),Tes
Device 3 0.08 0.05 14 62750 0.022 3.9x107 0.06 1.3x1077  33x107'" 34300 1.1x1071° Vector-product  This study
Sec.5
(Bi,Sb),Tes
Device 4 008 01 20 22700 0.088 2.7x107 033 8.8x10™ 3.3x107'" 100000  3.3x107'° Vector-product  This study
Sec.1
netype 30 2 08 620 013 100 13x10%  1x107 107 o1 1074V d 88
SiEET . A 1x10 3x10 x 1 1x . 1x ‘ector-product 88]
[DM-EDT- 5 -3 -9 —11 g
TTFLCIO, 300 3.2 059 3000 0.020 2x10 9.9 1x 10 5x 10 0.01 5x 10 Inner-product [250]

@

5 Carbon 25 14 23 10000 023 35x10°  6.6x 1071 35x1077  1x10°7 230 23x10°1 Inner-product [241]

5 nanotube

<

g SrTiO; 7 018 045 50 0.9 8.3x10% 0.1 5x 107 6x 10713 20 1.2 x 1071 Vector-product [251]

=

g BiTeBr 2 9 0.036 1000 0.0037 1.3x10° 28x107*  1.3x107* 1x 1071 1 3x10712 Vector-product 92]

<}

Z WTe, 300 14 0.027 180 0.015 7.1x10° 2.1x1074 1.2x107%  1.7x10°% 0.22 3.7x1071 Vector-product [252]
Ge(111) 15 1 120 29000 0.41 1.7x10° 0.41 1x107° 6x1071" 0.7 42x1071 Vector-product [253]
Bi,Se; 60 9 0.11 1800 0.0063 1.4x10° 4.6x107* 56x107%  4x1071% 0.0006 2.4x10716 Vector-product [90]
t-Te 300 1.5 - - 0.01 1.3x10* 77 6.5x107* 5x1077 0.00073 3.6x107? Inner-product [93]
ZrTe; 3 002 0014 296 0047 83x10" 57 2x1071  24x107° 195 47%x10°7 Vector-product [94]
MoS, 2 0.7 18 32 5.7 1.1x10° 0.51 1.7x107°  1.6x107 3800 59x10~1 Vector-product [254]

‘g WS.

E . 4 2 0.57 40 14 4.5x10° 31 3.5x107%  7.9x10° 100000  7.9x10°1° Inner-product [255]

g nanotube

8

§_ Bi2Te3/FeTe 69 05 0.0057 0.36 1.6 6.7x107 2.4 2x1071 3x10712  0.00065 2x1071 Vector-product [235]

3

& InAs 2DEG 1.45 0.09 400 45000 0.89 - - 2.8x107% - 4.15x10°% - Vector-product [234]

Table 5.1: Magnetochiral anisotropy in normal conductors and
superconductors: Adapted from Ref. [233] and some new entries,
including all our samples, are added. When the values of the MCA
coefficient v and/or 7/ were not given in the publication, they are
calculated.
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Material T B AR Ro1w AR/R i AR/R/i 1 Area Ref.
® M @ (@ (% (A/m) 10°m/A) (A (m?)

?Cag“et/ YIG/MoGe 4 73 0073 08 85  57x10* 14900 0.00004 - [256]
Pt/Co 300 2 02 290 0069 49x10"  14x107* 00213 43x10°M [257]
Ta/Co 300 02 0014 574 00025 1.0x10"  25x10°° 00085 85x10°* [258]
Pt/Py 300 0015 004 40 01  11x102  91x10°° 00033 3.0x10°% [259]

B Pt/Co 300 02 00031 170 00018 1.0x10"  1.8x10° 0.003  3.0x10°4 [260]

[}

[=]

é” Co.MnSi/Pt 300 0075 005 33000 0.00015 1.7x10""  8.9x10°7 041  24x10°" [261]
GaMnAs 130 0002 22 1720 013  75x10°  0.0017 0.00015 2.0x10°™ [262]
MnSi 35 04 000011 1 0011 1.0x10°  0.0011 0.0025 2.5x107'2 [263]
gﬁgﬂeﬂ 150 002 00085 730 00012 67x10° 17x10%  0.0020 3.0x10" [264]
(Bi,Sb)Te;/ . . i
Co (BiSby - Tes 07 35 14000 025  63x10 3.97 50x10°7 8.0x10°1 [232]
(Bi,Sb),Tes/ . . s
Ce Bty Te, 1?1 51 14000 023  25x10 15 6x1077  2.4x1078  [265]
CrNb,S, <200 2 0O10% - - 1.1x10° - 0.0045 41x10'% [266]

QAHI  Cr,(BiSb),_,Te; 2 01 4100 16000 26  1.3x10° 21 0.0001 8.0x107 [233]
Cr.(BiSb),_,Te;05 01 190 16000 11  3.8x10° 31 3x10°°  8.0x10°8 [233]

Table 5.2: Non-reciprocal responses

in magnetic materi-

als/structures: Adapted from Ref. [233] and some new entries
are added. Here, the non-reciprocal responses are possible due
to spontaneously broken time-reversal symmetry. Hence, the
magnetic field B is playing only a supportive role and v is not a
well-defined parameter to characterize the non-reciprocal response.
SC and QAHI stand for superconductor and quantum anomalous
Hall insulator, respectively.
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Chapter 6

SUMMARY AND OUTLOOK

This work explores the development and electronic transport phenomena of
etched bulk-insulating topological insulator nanowires (TINWs) prepared from
the 3D topological insulator (TT) (Bi;_,Sb,).Tes.

Starting with Chapter 2, key theoretical concepts for 3D TIs as well as more specif-
ically TINWs are introduced and a short review of the modern understanding
of superconductivity is provided to give a framework for the observed transport
effects. From considerations of topological classification derived from the Quan-
tum Hall-effect, in systems with strong spin orbit coupling topological surface
states (TSS) can arise due to the bulk-boundary correspondence. When a 3D TT is
formed into a nanowire, the resulting discrete surface state subbands with charac-
teristic Dirac-nature and helical spin polarization due to spin momentum locking
can give rise to interesting transport phenomena, especially when coupled to a
superconductor as studied here. A short review of the modern understanding
of superconductivity in terms of Andreev-reflections and BTK-Theory provides
an understanding of proximity induced superconductivity in TINWs so that re-
sults from measurements of S-TI-S Josephson junctions, especially the fractional
Josephson effect under microwave-irradiation, can be understood. In Chapter
3, information on the material used in this study, (Bi;_,Sb,).Tes (BST), is given
and some relevant properties are discussed. BST is a compensated 3D TI that
can be grown as a thin film with Molecular-beam epitaxy and well-controlled
quality, but that is also adversely effected by intrinsic disorder from charge com-
pensation. When patterning such a surface-transport-dominated material during
nanodevice-fabrication, treatment conditions need to be tuned carefully to not
harm the quality of the surface state. In this regard relevant technical develop-
ments during this work are described. Finishing with a brief recap of the low-
temperature measurement systems used allows to proceed to the discussion of

the experimental results.
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In Chapter 4, the successful preparation and characterization of etched bulk-
insulating topological insulator nanowires (TINWs) in both normal-state and

superconducting-state transport experiments is presented. From low-temperature
measurements it is shown that the developed versatile and easy to adapt prepa-
ration procedure to obtain TINWSs preserves the pristine quality of the initial BST

thin film. In contrast to most previous reports, the NWs put forward here are

bulk-insulating and the chemical potential can be tuned easily to the CNP by elec-
trostatic gating. Characteristic periodic oscillations in electrical resistance both as

a function of externally applied magnetic-field and gate-voltage give strong evi-
dence for the formation of TSS and are studied to characterize the NWs quality.
When superconducting transport is investigated in S-TI-S Josephson junctions

on such TINWs of varying width, signatures of a 47-periodic supercurrent contri-
bution are observed in Shapiro measurements. In previous reports this has been

associated with the formation of Majorana Bound States [8, 34, 40, 42]. However,
even tough most trivial origins for the observed suppression of the first integer

Shapiro step are ruled out here, such experiments cannot be conclusive [41]. Inter-
face transparency in these S-TI-S junctions is likely limited by oxidization of the

TI-surface at the contact interfaces, which in future studies could be prevented by

e.g. in-situ capping or may be further improved by more work on contact clean-
ing procedures. Though evidence for the formation of MBS remains inconclusive,
for the first time this preparation protocol meets the requirements of providing

bulk-insulating TINWs with a well-controlled TSS that can be grown in reliable

material quality and that can be patterned into interconnected branched arbitrary

large-scale networks which can be successfully proximitized by a superconduc-
tor. This makes TINWs fabricated by etching a platform that is well-considerable

for advanced detection and control proposals to study MBS [4, 5, 14].

Additionally, a previously unexpected manifestation of the TSS in TINWs was
found, the occurrence of a giant magnetochiral anisotropy (MCA). In Chapter
5 the theoretical prediction and consecutive experimental confirmation of non-
reciprocal transport in TINWs is reported, which is characterized by a outstand-
ingly large MCA rectification coefficient |y| ~ 100000 A~'T~'. Similar to previ-
ous comparable reports this effect is only observed at low temperatures, but in
TINWs it is highly controllable via gate voltage and a magnetic field which cause
the necessary splitting and shifting of the responsible spin polarized subbands.
As non-reciprocal responses in quantum materials touch on fundamental aspects
of modern condensed matter physics such as broken symmetries, topology, quan-

tum confinement and correlations, MCA based on an intriguing combination of
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these aspects points to an unexplored playground to substantially enhance the

size of non-reciprocal transport effects.

As preparation of TINWs by etching is shown to not adversely effect the prop-
erties inherited from the starting material, future work would benefit from a
deepened understanding of how to reduce disorder in the involved TI materials
and interfaces, as has been achieved in the III-V semiconductor community after
immense efforts. Imperfect charge compensation for example is known to cause
chemical potential variations that cause ambiguity of macroscopic transport sig-
natures and oxidization of 3D TIs and respective contact interfaces is not well
studied, the latter severely limiting the achieved contact interface transparencies
so far. In-Situ deposition of a superconductor similar to what has been reported
for selective-area grown 3D TIs [40, 42], for example in a flipped materials stack
with BST on top so that it can be etched easily, could help to reliably induce su-
perconductivity. Alternatively, removable surface termination like briefly tried
in this work or well-controlled self-formation of superconducting contacts like
with PdTe [267] are conceivable. These improvements are well-compatible with
the presented top-down preparation of etched TINWs, and once highly trans-
parent interfaces that host more robust induced superconductivity have been
established, Shapiro-experiments with narrow NWs in a parallel magnetic field
strong enough to tune on and off the 1D TSS mode would be interesting [34].
Even for the existing preparation technique, enhanced microwave coupling to
the TINW junctions or Josephson radiation experiments could lead to new in-
sights [41]. Such experiments however can not give conclusive evidence for the
presence of MBS, for which reason future work needs to cover end-state tunnel-
ing spectroscopy and eventually braiding experiments, both which seem feasible
with the TINW preparation procedure presented in this work.

The presented results are therefore evidence that etched 3D TINWs are a scal-
able platform that provides all crucial ingredients, the existence and control of
a quasi-1D TSS mode in a bulk-insulating system in conjunction with induced
superconductivity, to investigate the presence and control of MBS as well as
(potentially superconducting) diode effects in TIs. Thereby this work serves as a
steppingstone to enable further fundamental research on TINWs and their techni-

cal applications in for example rectifiers and topological quantum computation.
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Chapter 7

APPENDIX

7.1 Appendix A: Nanodevice-Fabrication details

7.1.1 Further key fabrication process in detail

To ensure reproducibility, critical fabrication steps are discussed and commented

on in more detail in the following:

Al,O; removal

For the removal of the Al,O3 cap in areas that directly contact the nanowire,
Transene-D Aluminium etchant is used just before metallization. For less sensi-
tive areas, a TMAH-based optical developer (AZ326 MIF or NMD, both 2.38%
TMAH) is applied due to the simplicity of the process (consider that TMAH does
etch BST though). For Transene-D at 50 C°, an etch rate of ~1 nm/s was found
which is sensitive to exact temperature conditions as it roughly halves every 10
C° with decreasing temperature. Halving the etch rate at 40 C° to stabilize pro-
cess conditions was tested to not be beneficial [174]. Interestingly, Transene-D
is found to be quite selective towards BST. No change in height or appearance
was measured for BST exposed to these conditions for up to 15 minutes. These
findings are in agreement with other reports that highlight Transene-D’s good
selectivity towards elements with similar properties compared to Bi, Sb and Te
[196] and allow to use Transene-D for e.g. ~10 s to remove a protective Al,O3
cap of ~4 nm without harming the material itself notably. For further tests with
Transene-D at 40 C° and 50 C°, see reference [174]. Note that at lower temper-
atures resist adhesion problems that occurred occasionally during this etching

process happened less often. The typical process flow is as follows:
1. Heated Transene-D-etch:

(a) Carried out by heating of Transene-D and several H,O beakers to 50
C° (Transene-D etch rate of Al;O3 of ~1 nm/s).
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(b) After immersion (e.g. for 10 s in the case of a 4 nm Al,Os-cap (>2x
overetch)) the etch should be stopped by immersion of the sample
into several beakers of heated H,O over the course of 2 min followed
by a cold water stop for >2 min as well as H,O-rinsing (gentle to not

stress the resist).

(c) Common issues: A heated etch as described here can be demanding
in terms of resist adhesion, especially when the layer it adheres to, the
Al,Os, is eaten up underneath. Depending on details of the resist coat-
ing, adhesion might be suboptimal, resulting in flaking of the resist
during the etch, that, if unnoticed, causes deposition of metal in un-
wanted areas of the device in the consecutive fabrication step, often
resulting in a loss of the sample. This can be overcome by using an
adhesion promoter, e.g. AR 300-80 [268], which should be coated at
4k rpm and baked for 2 min at 60 C°. HMDS exhibits only a marginal
adhesive effect in the case of PMMA.

2. TMAH-etch:

¢ Carried out by simple immersion of the sample into room-temperature
AZ326 MIF, for example for 6.5 min for a 40 nm-thick dielectric (TMAH
etch rate on Al,O3; ~ 10 nm/min - using some 50% over-etch here),

followed by an H,O-stop.
* Note that these alkaline TMAH developers attack BST, too. Visible de-

terioration of the BST around the bond pads for example can be used
as an qualitative indication for a fully completed removal. Removing
the Al,O3 cap with TMAH in contact areas of superconducting devices
resulted in interfaces of lesser quality, showing multiple transition and
jump features in dV/dI which suggest incomplete removal of the oxid
similar to what has been observed for 40 C° Transene-D etching [174].

Wet-etching

Since surfaces can be degraded by oxidization and ion-bombardment related
damage that negatively influences the quality of contact interfaces as well as co-
herent transport, wet etching is used to remove degraded parts as it is known
for defect-free ablation of material. To remove and clean residual BST after NW-
etching, 1:3 HySO,4(1 mol/1):H;0,(35 wt%) (dilute version of what is commonly
known as 'Piranha-etch’) cooled to ~ 8 C° is used in a 1:8 ratio with DI-water, re-
sulting in an lateral etch-rate of ~12 nm/s on BST. Cooling is reported to result in

more homogeneous etching that promotes smoother surfaces, thereby smoother
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NW side-surfaces. For vertical wet-etching however, strong variations in etch
speed are found that depend on the local defect landscape. For this reason, for
vertical etching dry-etching should be used to remove the bulk of material.

Wet contact clean

For contact cleaning, a process shown by former group members to be beneficial
for BiSbTeSe, was used. It consists of a O,-RIE dry etch to ash resist residues after
development (Oz ford RIE settings are 20 W, 50 sccm and 7-15 s etch) followed
by a 30 s dip into 1:10 HC1(32%):H»O. This process is summed up under the label
‘ex-situ-cleaning’. It is noted that, strikingly, HCl is found to not attack BST itself
significantly: HC1(32%):H>O up to 1:1 ratio is not changing the height of BST
film after 2 min exposure. Similar results are obtained for Hydrofluoric acid (HF)
etching, where a dip for 6 min into 0.2 % HF resulted in an unchanged thickness
in AFM. Unravelling the details of the non-trivial etch chemistry is of interest for

further studies.

Transfer in Nitrogen-atmosphere

To form good superconducting contacts, the interface between electrode and ma-
terial should be as clean as possible. Oxidization is considered the main adver-
sary for good proximitization, for which reason the exposure of the contact areas
after development and Al,O; cap removal to air was minimized by a process that
involves transferring the sample to the deposition chamber in a Ny-atmosphere
created in a Sigma — AldrichAtmos bag (2564451).

This is done in the following way: The sample is in H,O after the Al,O3-cap-
removal-procedure to stop the etching process. The last etch-stop H,O-beaker
can then be transferred to a Ny-bag which is connected to the load-lock of the
used deposition chamber. After sealing the bag, it can be flushed continuously
with N for about 15 min while in parallel pumping the bag/load-lock with the
backing pump of it’s turbopump, eventually creating a Ny-atmosphere in which
the sample can be removed from the water without exposure to air. Note that
the effort of this procedure is only reasonably beneficial when the time between
breaking the vacuum after growth and capping is kept short (meaning that trans-
fer to metallization without such a N,-bag would add a significant amount of
time to the overall ambient exposure). Additionally, this bag was not compatible
with our Plassys deposition machine, hence electrode materials tried with this
machine could have suffered from additional oxidization after cap-removal and

contact clean.
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Ar-InSitu-Cleaning

To test the effectiveness of Ar-InSitu-cleaning for BST, the consequences of re-
moving 1-2 nm of material from the surface in-situ has been investigated for
the available Mantis UHV sputter deposition machine. Devices consisting of
two gate-tuneable Hall-bars in series were fabricated, while one channel was
treated with the to be tested cleaning procedure and the other channel was kept
pristine (Fig. 7.1 a). This way, growth related inhomogeneities and fabrication
induced changes could be neglected, as directly neighbouring Hall-bars exposed
to similar conditions where compared. A low power etching (60 W) was used,
calibrated for our machine to remove ~0.6 nm/min of material, and samples
from the same BST-film were exposed to i) 7 s O,-RIE (20 W, 50 sccm), 30 s
of 1:3 HC1(32%):H,O ("Ex-Situ-cleaning’) plus 240 s Ar-in-situ cleaning, ii) "Ex-
Situ-cleaning’ plus 30 s of Ar-in-situ cleaning and iii) "Ex-Situ-cleaning’ only. As
shown in Figure 7.1b, most strikingly, when ~2.4 nm of material on one of the
Hall-Bars is removed (240 s etch), the channel has a severely degraded appear-
ance with a visible increase of roughness. 30 s of etching still shows a gentle
change in surface morphology (Figure 7.1 c) while no changes are visible for
just "Ex-Situ-cleaning’ (Figure 7.1 d). Simply based on the paradigm that the sur-
face should not be visibly harmed, these results suggest that Ar-in-situ cleaning

should be used only at lowest power for times below 30 s.

Superconducting Contacts

The following available contact metals have been considered for fabrication of
TINW Josephson junctions on BST: Ti (thermally evaporated), Pt (sputtered) and
Pd (sputtered) were tested as buffer layer materials which are commonly used to
increase adhesion and to facilitate good contacts by more suitable work-function
matching between material and metal electrode. As superconducting electrode
materials, Nb (sputtered), V (thermally evaporated), Al (thermally evaporated)
and Ta (sputtered) were accessible. Using Nb was most successful, which allowed
to obtain the results discussed in chapter 4. Deposition in the available Mantis
UHEF sputter deposition machine has been carried out after loading the sample
to a base pressure of <5e-10 Torr at 300 W, 70 sccm Ar-flow and with a substrate
bias of 100 V. Other electrode material combinations have not been promising
(see Table 3.5).

For example although Al can be successfully used together with a Ti-buffer layer
in BSTS,-flakes, no working Josephson Junctions could be obtained with this com-

bination on bulk-insulating BST. In an early try on uncapped bulk-conducting
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Figure 7.1: Ar In-Situ cleaning study on gated BST Hall-Bars. a,
Laser-microscope image of a Hall-bar device with two independent
and gate-able sections (marked red). Scale bar indicates 100 pm.
b, SEM-image of the right Hall-bar section after exposure to the
Ex-Situ-clean-procedure plus 240 s of 60 W Ar-InSitu-cleaning. c,
Ex-Situ-clean-procedure plus 30 s of 60 W Ar-InSitu-cleaning and
d, Ex-Situ-clean-procedure only.

BST, Ti/ Al contacts did yield partial superconducting transitions. However, mul-
tiple tries on bulk-insulating BST by different group members yielded negative
results, namely Josephson Junctions with contact resistances R of a few k{2,
which increased over time during handling of the sample at ambient conditions.
Quickly capping the sample with Al,O3 after metallization did not help. These
results suggested unfavourable degradation at the interface due chemical reac-
tions.

V was reported to work on BiySe; [38] and BSTS, flakes [205], but turned out to be
challenging on BST thin films due to significant strain issues. This problem was
mitigated by using stacks involving Ti and Al, but eventually contact resistances
remained unpromising. In conjunction with the observation of aging found for
Ti/ Al contacts, reactive Ti was suspected to potentially cause some undesired

interface reactions with BST or its oxide.
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7.1.2 List of fabrication parameters

In the following, the fabrication processes for a typical top-gated normal-state
transport TI-NW device as well as for a TI-NW device with superconducting

contacts are listed in detail.

Selection criteria & quality of typically used BST

To promote successful experiments, BST films used are selected on the criteria
listed in the following. In general, an optimum of the below-mentioned proper-
ties is desired, but practically often compromises are made, depending on the

experiment and the availability of material.

¢ Electronic Transport properties: Carrier density n.p & mobility x

— Bulk-insulating BST thin films selected for fabrication usually show

properties similar to the ones depicted in chapter 4, 5.

— Typically, a carrier density of nyp < 1 x 10" cm™2 is selected. Since
fabrication is found to introduce a shift of the carrier type from n- to
p-type as discussed earlier, usually n-type films are selected which if
chosen correctly shift closer to CNP during fabrication.

— As high as possible electron mobility p is desired, typically at least p >
300 cm~%/Vs.

— Samples with two-band transport, therefore a composition gradient

along the crystallographic c-axis, are not used.
e Structural properties: Thickness & Morphology

— Thickness: Typically, fabrication is optimized for films of thickness t
= 16-25 nm. From experience, this results in the highest quality mate-
rial and fits well with experimental requirements such as NW-cross-
section. The thicker the film, the rougher it becomes.

- Morphology: Typically, roughness from triangular terraces should be
<3-5 nm and no holes should be visible. It is noted, that the morphol-
ogy can significantly vary across the film due to temperature gradi-
ents during growth, something which is more easily seen in SEM than
AFM. It is advised to consider this when positioning devices on the

film.

* Growth related parameters:
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— Due to the aforementioned aging, usually only films that are freshly

grown less than 4 weeks ago are selected for fabrication, with the ma-
jority being much fresher (1-2 weeks from growth to final device).

- Capping times should be <10 min, preferably as fast as possible (con-

sidering ALD-capping related issues mentioned before).

Fabrication process flow: Normal-state TI-NW devices

1. Nanowire-etching:

(a)

(b)

(©)

(d)

(e)

Basic clean: Typically >2 min Aceton dip, >1 min IPA dip, both with

weak ultrasonication and rinse upon transfer.

Coating: Coating PMMA A4 at 4K rpm (resulting in ~220 nm thick-
ness), followed by baking at 120 C° for 10 min and coating of con-
ductive E-spacer resist at 2K rpm to be able to expose on insulating
sapphire substrates without charging. The sample can be glued to a
larger piece of Silicon with PMMA if it is too small to handle or shows
severe edge bead.

EBL: 10 kV with 30 um aperture, a base-dose of ~120 uC/cm? and
a beam speed of <10mm/s was chosen, while larger structures were
written fast and with less accuracy by using larger apertures (beam

currents) or step size.

Development: Clean E-spacer in 60 s DI water, followed by a thorough
blow-dry. Development in 90 s MIBK:IPA (1:3), followed by a 30 s IPA
stop + rinse.

Etching;:

i. Oo-RIE ash: 10 s of 20 W Os-plasma at 50 sscm is used to re-
move residual resist after development (material still protected
by Al,O3).

ii. Ar-plasma etch: E.g. a 18 nm thick film is typically etched for
~3.5 min in 300 W (50 sccm) to etch through the harder Al,Os-
cap (removing already some of the BST, too), followed by a more
gentle etch of ~1.5 min of 20 W (50 sccm) to remove the remaining
BST without damaging the NWs side-walls with high ion-energies
too much. Exact etch-times depend on cap and film-thickness.

iii. Wet etch: ((H2SO,4:H20,):H50) ((1:3):8) is used to remove residual
BST as well as damaged material from the sidewalls of the NW. To
ensure a more controlled etch, the etchant and DI water are cooled

to ~8 C°. After etching, stop in DI water.



126 Chapter 7. APPENDIX

iv. Strong clean: To be able to remove plasma-hard-baked resist residues,
cleaning in 80 C° N-Methyl-2-pyrrolidon (NMP) for >20 min is
carried out. After brief ultrasonication in NMP, it is important to
thoroughly clean NMP in Aceton, also with brief ultrasonication,

to remove greasy NMP residues. Finish with an IPA clean.

2. Metallization:

(a) Coating: Coat PMMA A4 at 4K rpm, followed by baking at 120 C°
for 10 min and E-spacer coating at 2K rpm. Optionally, in later stages
of the project an adhesion promoter (AR 300-80 new) was coated (4k
rpm - 2 min bake at 60 C°) before PMMA to enhance process stability
during etching.

(b) EBL: 10 kV with 30 um aperture, a base-dose of ~120 yC/cm? and a
beam speed of <10 mm/s was chosen, while larger structures were
written fast and with less accuracy by using larger apertures (beam
currents) or step size.

(c) Development: Clean E-spacer in 60 s DI water, followed by a thorough
blow-dry. Development in 90 s MIBK:IPA (1:3), followed by a 30 s IPA
stop + rinse.

(d) Contact clean:

i. O2-RIE clean: 10 s of 20 W Os-plasma at 50 sscm is used to re-
move residual resist after development (material still protected by
Al,O3).

ii. Al,O3 cap-removal: As discussed earlier in subsection 7.1.1, typ-
ically by immersion in Transene-D heated to 50 C° for 10-15 s,
followed by several etch-stops, first in 50 C° HyO, then later in
cold H,O and with rinsing.

iii. (Optional) Wet HCL clean: Dip into 1:10 HCI:H,O for 30 s, fol-
lowed by an etch-stop and rinse in DI-water. HCI:H,O ratio was
sometimes increased up to 1:3. Note that the resist tends to be brit-
tle and weakly attached to the surface after the Transene-D etch,

for which an adhesion promoter can help.
(e) Metallization:

i. Transfer to deposition chamber: Fast (typically <1 min) transfer
to deposition chamber and vacuum after cap removal, or transfer
without exposure to ambient conditions after cap-removal in N»-
atmosphere (see subsection 7.1.1).
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ii. InSitu-clean: Typically for 5-10 s at the lowest power possible (43
W, at 20 sccm Ar-flow, 15 © throttle valve, 1.05/1 A emission/discharge
bias).
iii. Metal-deposition: 5/50 nm Pt/Au in common deposition settings

(f) Liftoff: >20 min in 80 C° NMP or >60 min room temperature NMP,
followed by pipette blow of solvent in the beaker and weak ultrasoni-
cation depending on liftoff results. Finish with an Aceton clean (>2min,
weak ultrasonication & rinse) and IPA clean. Soft metals like Pt/ Au

usually lift-off very easily and good results are obtained routinely.
3. Dielectric, Contact-pad opening & Top-gate:

(a) Dielectric deposition: Sample is typically covered with 40 nm Al,Os
grown in ALD at 80 C°.

(b) Contact pad opening:

* Exposure: Use EBL recipe similar to the ones mentioned above or
preferably use faster Optical Laser Lithography.

¢ Optical Litho recipe:

— Coating: AZ1505 spun at 4k rpm, followed by a 1 min bake at
100 C°.

— Exposure: 10 mW 20-35% power (depending on dose-tests) +
tilter in Heidelberg Instruments ;PG Laser Lithography ma-
chine

— Development & Postbake: 20 s development in AZ326 MIF,
followed by DI-water stop and rinse. Add a 1 min 120 C° post-
bake to increase resist stability during consecutive etching.

* Dielectric etching: As described in subsection 7.1.1, typically by
immersion of the sample into room-temperature AZ326 MIF, for
example for >6.5 min for a 40 nm-thick dielectric, followed by an
etch-stop in DI water. Also possible to do it with Transene-D.

(c) Top-gate fabrication
i. Exposure: Basic EBL or optical lithography with recipes as men-
tioned above.

ii. Metal-deposition: 5/50 nm Pt/Au with common deposition pa-
rameters.

iii. Liftoff: Aceton, potentially heated to 60° to speed up the process,

or NMP followed by pipette blow and mild ultrasonication, Ace-
ton rinse and IPA-clean.
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Fabrication process flow: Superconducting TI-NW devices

The fabrication of superconducting TI-NW devices resembles that of normal-
state devices. However, very careful attention needs to be paid to sensitive con-
tact clean and metallization parameters, as they are crucial and for the success-

rate. Exemplary, below a recipe for the deposition of Nb-contacts.

1. Nanowire-etching;:
(a) Analog to above listed normal-state device nanowire-etching.
2. Metallization:

(a) Coating: Coat PMMA A4 at 4K rpm, followed by baking at 120 C°
for 10 min and E-spacer coating at 2K rpm. Optionally, in later stages
of the project an adhesion promoter (AR 300-80 new) was coated (4k
rpm - 2 min bake at 60 C°) before PMMA to enhance process stability
during etching.

(b) EBL: 10 kV with 20/60 um aperture, a base-dose of ~120 uC/cm?
and a beam speed of <10 mm/s was chosen, while larger structures
were written fast and with less accuracy by using larger apertures
(beam currents) or step size. To achieve reliable and small gaps, refocus
close to the NWs. Typically, refocusing once for 4 devices is sufficient.
Proximity-error-correction (PEC) gave no reliable results with BST on
sapphire as it frequently caused underexposed but barely visible resist
residues to remain in the contact areas.

(c) Development: Clean E-spacer in 60 s DI water, followed by a thorough
blow-dry. Development in 90 s MIBK:IPA (1:3), followed by a 30 s IPA
stop + rinse.

(d) Contact clean & metallization:
i. O9-RIE: 10 s of 20 W Os-plasma at 50 sscm is used to remove
residual resist after development.

ii. Al,O3 cap-removal: As discussed in subsection 7.1.1, typically
done by 10-15 s etching in 50 C° Transene-D followed by several
DI water etch stops to remove a 4 nm Al,Os cap.

iii. (Optional) Wet HCL clean: Dip into 1:10 HCI:H,O for 30 s, fol-
lowed by an etch-stop and rinse in DI-water (adhesion promoter
advised).

iv. Metallization (as discussed in subsection 7.1.1):
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* Metallization-chamber preparations: Check pressure of cham-
ber (preferably <5e-10 Torr) and whether sample holder can
be biased. Presputter metal (Nb) target without having the

sample in the main chamber.

¢ (Optional) Ny-atmosphere transfer: Fast transfer of the sample
in DI water from the etch stop to the Ny-bag, 15 min Ny-flush
& pump, then remove it from the DI-water and blow it dry for

loading (as specified in subsection 7.1.1).

* InSitu-clean: Typically for 5-10 s at the lowest power possible
(43 W, at 20 sccm Ar-flow, 15 © throttle valve, 1.05/1 A emis-
sion/discharge bias) as specified in subsection 7.1.1.

* Metal-deposition: 45/5 nm Nb/Au with common deposition
settings (using a 300 V substrate bias).

(e) Liftoff: >20 min in 80 C° NMP plus overnight room temperature NMP,
followed by pipette blow of solvent in the beaker and weak ultrasoni-
cation depending on liftoff results. Finish with an Aceton clean (>2min,
weak ultrasonication & rinse) and IPA clean. Nb is difficult to lift-off
due to it’s hardness and “fencing’ (sidewall deposition during sputter-
ing causing causing ‘fences’ of metal at the lift-off edges).

7.2 Appendix B: Exploration of other 3D TI nanowires

7.2.1 VLS-grown BST NW

As discussed earlier, the most common preparation technique to obtain narrow
nanowires is from Vapour-Liquid-Solid (VLS) growth in a sealed quartz tube
in a tube furnace. After exploring such growth in first attempts together with
Dingxun Fan, successful growth of sub-100 nm and ysm-long (Bi;_,Sb,),Te; (BST)
TINWSs was achieved, as shown in Figure 7.2a. Transport characterization en-
abled first optimization of the compensation to later achieve bulk-insulating be-
haviour. Further development by Felix Miinning and Oliver Breunig lead to the
tirst successful observation of quantum confinement of the Dirac surface states in
bulk-insulating BST TINWs as a function of gate-tuning of the chemical potential
across the system’s Dirac point [26].
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Figure 7.2: Other investigated types of TINWs and nano-ribbons
prepared in early stages of this work. a, SEM image of a narrow
VLS-grown BST TINW contacted with Pt/Au leads. b, Tilted-angle
SEM image of a 200 nm wide TI nano-ribbon in Hall bar shape
etched from a BSTS2-flake to estimate the potential of preparing
etched BSTS2-NWs. The proposed pattering technique results in
smooth side surfaces for flake-NWs down to sub-100 nm width
without visible indications of degradation.

7.2.2 NWs etched from exfoliated BSTS2 flakes

BiSbTeSe; is a quaternary 3D TI compound that is considered to be one of the
most bulk-insulating TI materials to date. Thin flakes exfoliated from BiSbTeSe,
bulk single crystals have been reported to exhibit comparably clean transport

characteristics and robust proximity-induced superconductivity in TI-S-T1 Joseph
son junctions [1, 108]. Though infeasible for scaling due to the requirement of
tinding and marking individual randomly distributed flakes, in principle it is
possible to prepare etched TINWs in the same way as reported for thin films.
This approach has been succesfully tested in early stages of this work and was
shown to result in NWs in Hall bar geometry with smooth side surfaces that
show no indications of fabrication induced degradation (Figure 7.2b). More re-
cent yet unpublished work by Junya Feng shows the promise of this approach
and makes it interesting to explore etched flake TINWs further.
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