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Abstract

Abstract
Spins in semiconductor quantum dots are among the most promising candidates for
the realization of a scalable quantum bit (qubit), the basic building block of a quantum computer. Quantum dots in the common semiconductors Si and Ge profit from
the compatibility with industrial microelectronic technologies, a small footprint, and
thermal stability. Moreover, the low amount of isotopes with nuclear spin is beneficial for the qubit coherence. The rich physics in the valence band of Ge gives rise to
particular properties which make holes attractive for the implementation of hole spin
qubits. In particular, the strong spin-orbit interaction, termed direct Rashba spinorbit interaction, that arises in one-dimensional Ge/Si core/shell nanowires due to the
admixture of heavy hole and light hole states is promising for very fast qubit gates
and all-electrical qubit control. In order to implement a spin qubit, a large degree of
control over quantum dots and the spins confined in it is essential. We demonstrate the
formation of single, double and triple quantum dots in Ge/Si core/shell nanowires. In
a single quantum dot, we observe indications for single hole occupation. Furthermore,
the transport through a double quantum dot at an effective (1,1)-(0,2) charge transition
is governed by Pauli spin blockade, which leads to current rectification. In presence
of spin-orbit interaction, the blockade is lifted at finite magnetic field and leads to a
leakage current. The study of the leakage current as a function of external magnetic
field and double quantum dot detuning yields information about the dominant lifting mechanisms. Here, we observe pronounced orbital effects and a renormalization
of the g-factor which arises in presence of strong spin-orbit interaction. A spectroscopic model accounts for all these effects and allows to extract a spin-orbit interaction
length of lSO ≈ 65 nm in a Ge/Si core/shell nanowire quantum dot. Finally, spin-orbit
interaction is used to drive electric dipole spin resonance of a hole spin qubit in a
Ge/Si core/shell nanowire. We demonstrate coherent Rabi oscillations and two-axis
single qubit control. Important qubit parameters such as the Rabi frequency and the
g-factor can be tuned over a wide range by changing the gate voltages. This tunability arises from the electric field dependent spin-orbit interaction in Ge/Si core/shell
nanowires. In an optimal configuration, the Rabi frequency increases to 435 MHz at
a drive frequency of fMW = 3.4 GHz, thus almost entering the strong driving regime.
The results shown here demonstrate the suitability of Ge/Si core/shell nanowires to
implement a hole spin qubit which can be electrically switched between a control state,
enabling fast qubit gates, and an idle state, prolonging qubit coherence.
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1

Introduction

Around the turn of the year 2020, numerous outlooks on "technologies that will shape
the next decade" have been published [Dur19; Mar20; Ban20]. Amongst others, one
prominent contestant is quantum computation, which is expected to be further commercialized and to demonstrate its superiority over classical computation based on
supercomputers. The exact benchmark, as well as the terminology, for so-called ’quantum supremacy’ is controversial [Pre12; Har17; Cro19; Vil20], which is also apparent
in the debate about the performance results of Google’s latest quantum device named
Sycamore [Aru19; Ped19]. Nevertheless, the increasing interest in quantum computation, and generally quantum technologies, is reflected in the growing amount of investments into such technologies [Gib19], thus making quantum technologies a key market
for the future. Without any doubt, new quantum technologies will impact and change
the world in many aspects [Hun20]. Yet, to build a full-scale universal quantum computer is difficult, but the most advanced quantum devices [McC19; IBM20; Aru19;
Kel18] to date are reaching a capacity which allows these "noisy intermediate-scale
quantum" (NISQ) devices to perform tasks beyond the capabilities of classical computers [Pre18]. These quantum devices use error-prone qubits, thus the term ’noisy’,
and the scalability to larger than ’intermediate’ sized circuits, that is arrays of 50-100
qubits, is hard. Quantum error correction [Ter15; Fow12] can compensate for erroneous
single qubits, although at the expense of an even larger number of qubits.
It becomes clear that a large number of high-quality qubits is necessary to build a faulttolerant universal quantum computer. The quantum bit, or qubit, is the elemental
information unit of a quantum computer, similar to the bit of a classical computer.
Likewise the digital bit information ’0’ and ’1’, a qubit comprises a quantum two-level
system with basis states |0i and |1i. What is more, qubits exploit quantum mechanical
effects such as superposition and entanglement for computation, which have no classical
counterpart and therefore constitute the power of a quantum computer. In order to
1

observe such quantum effects, often extreme environmental conditions are necessary,
such as temperatures near absolute zero, high vacuum and large magnetic fields. Not
to mention, quantum effects can mostly be observed in systems with dimensions on the
nanoscale only. These requirements demand specifically tailored systems for usage as
qubits and also pose a challenge for the transition from small, single-qubit systems to
large arrays.
There are a number of different physical implementations of qubits. The first quantum
computer devices of the NISQ era are based on superconducting circuits [Kja20; Dev13;
Oli13], which make use of Josephson tunnel junctions that form a resonant LC-circuit.
The Josephson junction is a key ingredient for superconducting qubits, because it is a
nonlinear inductor and therefore gives rise to an anharmonicity of the LC-oscillator.
The two lowest energy levels of this quantum anharmonic oscillator form the basis states
for qubit operation. Besides the non-equidistant energy levels, also dilution refrigerator
temperatures are necessary to avoid undesired excitations into higher energy levels of
the qubit. Another platform for qubits are ions which are confined in a radiofrequency
trap [Hit13; Bru19]. The basis states of trapped ion qubits are electronic states of the
ions, such as hyperfine states or Zeeman-split levels, which can be optically manipulated
and read-out with lasers. Trapped ion qubits feature a good reproducibility, because the
ions of one atom species are identical. The qubit coherence times are long, however,
gate operation times are typically slow and the scalability and connectivity beyond
linear arrays is challenging.
Another representative of optically addressable qubits are qubits in defects, where
the most prominent example is the nitrogen-vacancy (NV) center in diamond [Gor13;
Liu18]. These qubits can be operated at room temperature and exhibit very good
coherence [Her19], but because they are embedded in a diamond host they are still
susceptible to decoherence induced by fluctuations of the thermal and the nuclear
bath. One challenge is the coupling of multiple NV centers in a large-scale system.
2

Direct coupling of neighbouring NV centers requires a high alignment precision when
placing the defects. Long-range coupling in turn can be achieved by interfacing the
NV center qubit with other solid-state systems, such as nanomechanical resonators, or
by direct coupling via optical photons.
Finally, solid-state quantum computation can also be implemented with other semiconductor materials, where three main categories can be distinguished: qubits using
the nuclear spin of donors in silicon [Kan98], topological qubits based on exotic particles such as Majorana fermions [Kit03], and spin qubits in quantum dots [Los98].
Quantum dots can be, for instance, electrostatically defined in a semiconductor host
material such as GaAs or Si. The qubit information is then encoded in the charge or
spin states of electrons confined in the quantum dot. Spin states are favored due to the
weak coupling between the spin and the environment, which yields a better protection
of the qubit state. There are multiple choices for the qubit basis states, for example the
two spin states ’up’ and ’down’ of a single electron, also referred to as "Loss-DiVincenzo
qubit" according to the original proposal [Los98], or the singlet-triplet configurations of
two electrons [Van19]. Since spin qubits in semiconductor quantum dots are the main
topic of this thesis, more advantages and challenges of such qubits will be discussed
throughout the following sections.
Overall, many different qubit platforms have emerged, but regardless of the detailed
realization, certain criteria, known as the DiVincenzo criteria, have to be met in order
to build a quantum computer [DiV00b]. In particular, the criteria state that a qubit
platform must (1) be scalable, (2) provide state initialization, (3) feature sufficiently
long coherence times, (4) provide a universal set of gates, and (5) comprise a readout
capability. Across the different qubit platforms, the criteria (1) scalability and (3) coherence are commonly the dominant challenges. First, since qubits exploit the quantum
effect of superposition, coherence is an important figure of merit since it defines the
timescale after which the qubit information is lost and thus it sets an upper limit for
3

the qubit gate time. It takes very little to either kick a system out of a coherent quantum state, since they are very fragile, or to relax to a different qubit state which leads
to quantum leakage to the environment with irretrievable loss of quantum information
if the qubit leaves its computational space [Cai19]. Especially in solid-state quantum
computation approaches, such as spin qubits, where the qubit interacts strongly with
the environment, careful optimization is needed to achieve adequate coherence times.
Therefore, topological qubits hold promise for quantum computation because they are
resilient to local perturbations [Lah17; Fie18]. Second, all qubit realizations face the
challenge of scalability. For full-scale universal quantum computation, a large amount
of qubits is necessary, not least because of the error rate of qubits which requires an
even larger number of qubits for quantum error correction schemes such as the surface
code [Fow12]. Moreover, all qubits of an array must be well characterized in terms
of the qubit Hamiltonian, couplings to other states and qubits, as well as interactions
with the environment [DiV00b]. Today, most qubit platforms are very proficient on
the single and two qubit level, but the extension to large linear or two-dimensional
arrays is difficult. Nevertheless, quantum computers in the NISQ era, although not
yet as powerful as fault-tolerant quantum computers, are capable of solving hard problems [Pre18].

We now focus on spin qubits hosted in semiconductor quantum dots and their prospects
in the NISQ era. Spin qubits have proven to be a powerful platform and since the initial spin qubit proposal [Los98], enormous leaps forward have been achieved. Quantum
dots defined in GaAs two-dimensional structures have been the workhorse for many
years. In this system milestone qubit experiments have been demonstrated such as
single [Kop06; Now07] and two-qubit control [Pet05], but also useful techniques such
as for qubit readout [Elz03; Lu03; Elz04] and decoupling [Fol09; Blu10; Nak20] have
been established. Also Pauli spin blockade has been observed first in a GaAs system [Ono02] and has since then become an versatile tool in the field of spin qubits.
4

Furthermore, coupling charge and spin of a qubit to a resonator has been successfully
implemented [Fre12; Sto17; Lan18], a milestone on the way to long-distance qubit-qubit
coupling mediated by photons of a cavity. In conclusion, these seminal technological
developments position spin qubits in semiconductor quantum dots well for future quantum computation devices.

Meanwhile, qubits in silicon structures [Zwa13] have evolved to a prime candidate
for large-scale quantum computation with spin qubits [Cas18; Sch18]. This is due
to the long coherence times compared to GaAs, high gate fidelities and compatibility with complementary metal-oxide-semiconductor (CMOS) technology. Therefore,
silicon-based spin qubits address the two major challenges of quantum computation discussed before, coherence and scalability. Spin qubits in silicon [Mau12; Vel14; Mau16]
feature good coherence times often limited by magnetic noise from nuclear spins of the
host material or charge noise [Wu14]. In isotopically purified silicon [Ito14], however,
this source of decoherence is eliminated. Accordingly, extremely long coherence times
have been achieved with gate-defined qubits in silicon [Yon18; Hua19; Sig19; Tak20].
Moreover, the long coherence enabled single qubit gates with fidelities at or beyond
the threshold for fault-tolerant quantum computation [Yon18; Fow12; Tak16; Vel14].
In fact, two-qubit gate fidelities are now becoming the bottleneck [Hua19]. In conclusion, a good basis for quantum computation is established with single-spin qubits in
silicon [Fer20; Vel15; Zaj18; Wat18a].

Also the challenge of upscaling qubit arrays is addressed with silicon spin qubits. For
large-scale quantum computation, qubits have to be arranged in arrays, providing a
large number of well-characterized qubits, individual qubit control and interconnectivity between qubits at the same time. The CMOS compatibility of silicon-based qubits
provide the potential for large and dense arrays of reproducible qubits [Vel17]. At
the same time, the resemblance to state-of-the art microelectronic technology eases
5

the interfacing with classical control electronics for controlling and addressing individual qubits [Van17; Li18a]. Individual qubit readout in large arrays is enabled by
recent advances in gate-reflectometry based readout [Wes19; Cri19; Urd19; Zhe19] and
quantum non-demolition measurements [Yon20], which can boost the readout and initialization fidelity. The interconnectivity between qubits in such arrays is enabled by
strong charge and spin coupling to photons in a superconducting cavity [Bur20; Mi17a;
Mi18a; Sam18; Bor20], shuttling and swapping of qubits [Mil19; Fuj17; Mor18], or floating gates [Tri12]. Finally, the technological effort that is required for qubit operation,
such as the cooling to temperatures near absolute zero, challenges the development of
large-scale quantum devices. The operation of dilution refrigerators is technologically
as well as economically demanding, and space is limited inside such setups. Increasing
the qubit operation temperature by just about 1 K appears insignificant compared to
the actual operation temperature near absolute zero, but has compelling implications
on the technical effort that is needed for qubit operation. The available cooling power
at 1 K is much larger than in the mK regime, hence heat, which is generated by the
densely packed electronic structures, can be extracted effectively. Recently, experiments with silicon qubits have demonstrated the capability of operation at elevated
temperatures around 1 K [Yan20; Pet20]. This advance is possible due to the good isolation of the qubit basis from other states. Silicon-based qubits thus provide powerful
solutions to the two major challenges of coherence and scalability.

After years of dominance of silicon-based classical electronics, in recent years germanium has recurred [Pil11] as a promising transistor material boosting low-power and
high-speed microelectronics [Gol14]. What is more, germanium has also emerged as a
platform for quantum computing [Sca20]. The compatibility with silicon CMOS technology, the high material quality and the rich physics of holes in the valence band combine the elements for fast and all-electrically controllable hole spin qubits. Germaniumbased qubits thus incorporate the above-mentioned assets of silicon qubits and add new
6

and refined features. It is the valence band states in germanium that stand out from
the crowd of spin qubit implementations. Germanium has the highest hole mobility of
all known semiconductors and a comparably small effective hole mass, thus easing the
device fabrication. Moreover, the reduced contact hyperfine interaction of holes and
the ability to isotopically purify the already to 92 % nuclear spin free material promises
long spin lifetimes. But at the heart of hole spin qubits in low-dimensional germanium
systems are the large g-factor and the strong spin-orbit interaction, which furthermore
are both electrically tunable.

Three main platforms for hole spin qubits in germanium are identified: planar Ge/SiGe
heterostructures, Ge hut wires and Ge/Si core/shell nanowires. These systems have a
large common ground, but also feature distinct differences with advantageous implications for each system. For instance, the band structure of holes confined in quantum
dots is significantly affected in presence of confinement and strain [Sca20]. In bulk germanium the valence band comprises the split-off band, as well as the heavy-hole (HH)
and light-hole (LH) bands, which are degenerate at the Γ-point. Adding a confinement
in one direction as in planar germanium heterostructures and in hut wires, the HH and
the LH band split, with the heavy hole states being energetically preferred [Ter20].
In Ge hut wires, a slight admixture of the HH states with LH states is observed due
to the additional confinement in a second direction [Wat16]. For Ge/Si core/shell
nanowires, due to the pronounced one-dimensional geometry and the large band edge
offset between the Ge core and the Si shell, a large admixture of HH and LH states is
found. It is this strong admixture of different hole states, which gives rise to a special
type of strong spin-orbit interaction, termed direct Rashba spin-orbit interaction (DRSOI) [Klo11; Klo18] due to its resemblance to standard Rashba spin-orbit interaction.
In planar heterostructures and in hut wires, the DRSOI is less pronounced as it is
suppressed by the HH-LH splitting. Nevertheless, already small HH-LH admixtures as
well as other spin-orbit interaction terms can contribute to the spin-orbit interaction
7

of holes, and ultimately it is strong enough to allow for qubit operation in all of the
three mentioned germanium systems.
Since spin-orbit interaction is intrinsic to hole spins in germanium, it allows for very
efficient spin manipulation via electric dipole spin resonance. Indeed, hole spin qubits
in germanium have caught up with silicon spin qubits exceptionally fast. To date, in
germanium single-qubit [Wat18b; Hen20b] and two-qubit [Hen20a] operation has been
demonstrated alongside with qubit readout [Vuk18] and coupling to superconducting
resonators [Li18b; Wan19a; Xu20b]. Altogether, hole spin qubits in germanium have
matured to a powerful platform for quantum computation [Sca20].
However, hole spin qubits in Ge/Si core/shell nanowires are less well-studied in comparison to planar heterostructures and hut wires, despite the profound properties that
arise from the reduction of size and dimensionality in these nanowires. While also
in planar and in hut wire nanostructures important features emerge which are not
available in bulk material, the unique properties of Ge/Si core/shell nanowires are outstanding. For this reason, section 2 gives an overview over the most important aspects
of nanowires, quantum dots in nanowires and in particular the properties of Ge/Si
core/shell nanowires. In section 3, some general aspects of spin qubit operation are
outlined. Furthermore, the prospects of hole spin qubits in Ge/Si core/shell nanowires
are emphasized.
Section 4 covers the fabrication of devices for quantum dots in Ge/Si core/shell
nanowires and section 5 outlines the basic setup that is used for experiments in
this thesis. Generally, hole spin qubits in germanium are based on well-defined and
controllable quantum dots which are formed electrostatically in the respective planar
heterostructure [Hen18], hut wire [Xu20a] or core/shell nanowire [Bra16c; Hu07;
Rod08], and which ideally hosts a single hole spin [Hen20b]. In section 6 of this thesis,
we demonstrate the formation of single, double and triple quantum dots in Ge/Si
core/shell nanowires. Owing to the significantly smaller quantum dot confinement
8

compared to previous experiments [Bra16c; Hu07; Rod08], we observe indications of
single hole occupation in a quantum dot. The gate control over quantum dots and
their tunnel couplings allow for further experiments towards hole spin qubits described
in this thesis.
Since the strong and tunable spin-orbit interaction of hole spins in germanium is the
foundation of fast and all-electrically driven spin qubits, it is of fundamental interest to
study the spin-orbit interaction in Ge/Si core/shell nanowires. Previous experiments
have concurrently found a strong spin-orbit interaction along with indications for electric field tunability, in good agreement with the theoretically expected DRSOI [Hao10;
Hig14b; Bra16a; Wan17; Sun18; dVri18]. In section 7 we develop a model to describe
the observed leakage current in a Pauli spin blockade configuration in presence of strong
spin-orbit interaction and pronounced orbital effects. This allows us to determine the
strength of spin-orbit interaction in a Ge/Si core/shell nanowire, which is indeed found
to be very strong. Additionally, the model also accounts for the consequent renormalization of the g-factor in presence of such strong spin-orbit interaction.
Finally, in section 8 we establish an ultrafast and gate-tunable hole spin qubit in
a Ge/Si core/shell nanowire quantum dot. Electric dipole spin resonance mediated
by spin-orbit interaction allows for coherent hole spin control around two axis of the
Bloch sphere. Furthermore, the Rabi frequency is highly tunable by small changes of
the electric field generated by the confinement gates and can reach record high values
for spin qubits, which are near the threshold to the strong driving regime.
Ultimately, the prospects of such tunable and fast hole spin qubits in Ge/Si core/shell
nanowires are outlined in section 10. Future experiments will rely on improved devices,
with advanced functionality, to further demonstrate the all-electrical control over the
qubit. Finally, the strong spin-orbit interaction of holes holds promise for strong spinphoton coupling for long-distance qubit-qubit coupling, which will be investigated in
hybrid semiconductor-superconductor samples, as discussed in sections 4.5 and 10.3.
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In conclusion, the results presented in this thesis contribute to the development of a
solid-state qubit with the capability to fulfill the five criteria for a large-scale quantum
computer. While the currently most advanced NISQ devices are based on other qubit
implementations, it becomes clear that spin qubits in semiconductor quantum dots
have excellent prospects due to the small footprint, fast speed, thermal stability and
compatibility with current semiconductor microelectronic technology. The NISQ era
just emerged and indeed the next decade of the twenties will provide more insight into
the potential of quantum computers. Undoubtedly, the technological achievements
of this decade will pave the way for more powerful, large-scale quantum computers
of the next generation ultimately pionieering the fault-tolerant quantum computing
era [Pre18].
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2

Nanowire Quantum Dots

Dimensionality and size of an object are two physical quantities that, when varied,
impact comprehensively the properties of matter. For instance, the density of states of
electrons in a solid state material depends strongly on the dimensionality. If the size of
an object is reduced to a length scale comparable to the electron wavelength, quantum
effects emerge from the confinement of electrons. In particular, for semiconductors,
with their variable properties such as electron density and band gap, the control of
dimensionality at the nanometer scale enables the study of basic chemical and physical
effects. Semiconductor nanowires can be considered as true one-dimensional systems
with their large aspect ratio up to 1000. The size of nanowires does not exceed the
nanometer regime in cross-section, while the length of a nanowire can be as large
as a few micrometers. Modern nanowire synthesis methods, such as chemical vapor
deposition, allow the fabrication of semiconductor nanowires with endless variations of
material composition, morphology, and size [Jia19]. This large extent of control enables
the application of nanowires in various fields, such as in optics for lasers [Eat16] and
single-photon source [Ara20; Män19], or in electronics [She19].
Nanowires in combination with low temperature, provide access to phenomena that
are only observable when the electronic level spacing exceeds the thermal energy. One
example is single-electron tunneling [Dev92; Kou97], which can be observed in zerodimensional quantum dots [Kou98]. The cylindrical geometry of nanowires with the
strong transverse confinement is an ideal basis for the zero-dimensional confinement
of electrons and holes. Quantum dots can be formed in nanowires, for instance, by
built-in barriers [The03] or external gates [dFra03; Fas05], which both provide confinement inside the one-dimensional nanowire in the remaining third dimension along
the nanowire axis. The performance of quantum dots, for instance in terms of how
they interact with the environment, depends to a large extent on the properties of the
host material, which, in case of nanowires, can be widely controlled, making nanowire
11
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quantum dots interesting objects to study [Sal10].
This section provides an overview of effects that arise from the interplay of the size
of nanostructures and the dimensionality, as in one-dimensional nanowires and zerodimensional quantum dots. Section 2.1 discusses applications of nanowires, which
rely on the one-dimensional character and the nanosize, and outlines the potential
of nanowire quantum dots, which are largely influenced by the nanowire properties.
Then, section 2.2 motivates the usage of the semiconductors germanium and silicon
in nanowire heterostructures for the implementation of a hole spin qubit. Finally,
this section concludes with an overview of basic quantum dot properties (section 2.3),
arising from both their size and dimensionality, including important spin physics such
as Pauli spin blockade and its revocation.

2.1

From One- to Zero-Dimensional Systems:
Quantum Dots in Nanowires

The natural relatives of nanowires in nature are metal whiskers. These hairlike, tiny
filaments form on the surface of metals, and often cause failure of electronics due to
electrical shorts, for instance when they grow from solder tin [Lei06]. Despite their
importance for the design of electronics, the mechanism of whisker formation is not
fully understood [Kar14]. However, the studies of silicon whisker growth lead to the
development of the vapour-liquid-solid growth of semiconductor nanowires [Wag64],
which still represents the most important process for nanowire synthesis. Since then,
a variety of semiconductor nanowires have been synthesized from group III, IV and V
elements, with specifically designed electronic and morphological properties that can
not be found in the bulk materials or other geometries [Jia19].
The fields of application of nanowires are numerous [Zha16]. In medical applications nanowires have prospects for e.g. detection of neural activity, drug delivery
12
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or imaging [Zha16, ch. 11]. For biological studies, nanowires allow the sensitive detection of molecules in field effect transistors, or enable intracellular electrical measurements [Zha16, ch. 10]. The precise control over the band gap of semiconductor nanowires is used in nanophotonics [Zha16, ch. 6], leading to nanoscale light
sources [Ara20; Män19], photodetectors and lasers [Eat16]. Other applications of
nanowires are novel types of scanning probe microscopy tips, for instance as ultrasensitive force sensors [Bra19].
Nanowires became a substantial area of research in nanoelectronics, too. Not only
nanoscale electronic devices such as field effect transistors and diodes [Zha16, ch. 5],
but also hybrid semiconductor-superconductor devices are possible with nanowires.
When interfacing a semiconductor nanowire with a superconducting material, a superconducting phase is induced in the nanowire due to the proximity effect. This leads
to the emergence of Majorana zero modes localized at the ends of the nanowire, which
hold excellent promise for topological quantum computation [Sta13; Fro13]. Furthermore, such hybrid devices can be used as a Josephson junction [Zha16, ch. 7], which
features a wide range of physical phenomena if the normal conducting part of the junction is reduced to a zero-dimensional quantum dot, interfacing the electron condensate
on the superconductor with single electrons in the quantum dot [dFra10].
Nanowires are often referred to as one-dimensional systems, although it is strictly
speaking incorrect since often more than one subband is occupied. Nevertheless, owing to the geometry and to distinguish nanowires from two-dimensional planar heterostructures, the adjective one-dimensional prevails for nanowires. Consequently, the
constraint of nanowires along the principal axis can be seen as a reduction to a zerodimensional quantum dot. In nanowires, such constraint can be achieved with different
approaches [Sal10]. One possibility is the growth of built-in barriers in the nanowire,
that is short segments of a different material alternating with the principal nanowire
material [The03]. In a more simple approach, metal contacts to the semiconductor
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nanowire form a tunneling barrier which forms a quantum dot with a size determined
by the contact spacing [dFra03]. Similarly, a set of closely spaced gates can be patterned above or below the nanowire, which couple only capacitively to the nanowire
and allow the formation of an electrostatically defined quantum dot [Fas05]. This
last approach enables a high control over the size, position, coupling and occupation
number of the quantum dot.

Quantum dots in nanowires are interesting objects to study in the context of the development of quantum computation architectures based on spin qubits [Los98; Klo13a;
Fro13]. For quantum computation, a high degree of control over a single electron (or
hole) in terms of its spin state and its coupling to the surrounding are required. Gatedefined nanowire quantum dots provide such control over the occupation number down
to the single-particle level [Bjö04; Sho06; Zwa09]. Furthermore, the coupling between
nanowire quantum dots can be precisely controlled, allowing to smoothly merge two
quantum dots into a single quantum dot [Bra16c]. The precise control over single
charges in quantum dots enables the observation of spin physics as well, resulting in
the observation of Pauli spin blockade [Pfu07; Pri13], which is explained in detail in
section 2.3.3.

The goal of implementing a spin qubit requires control over the spin state (see also
section 3.2). For spin control, electric dipole spin resonance mediated by spin-orbit
interaction can be employed. Here, nanowire quantum dots benefit from either the
intrinsic properties of the nanowire host material such as in InAs or InSb, or from the
control over nanowire heterostructures, which allow to tailor nanowires with strong
spin-orbit interaction such as Ge/Si core/shell nanowires (see section 2.2). For example, the presence and strength of spin-orbit interaction for electrons confined to
quantum dots in an InAs nanowire has been characterized [Fas07], which led to the
demonstration of single spin control [Nad12; Pri13; vdBer13]. Also, the coupling of a
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nanowire quantum dot to a resonator has been demonstrated, paving the way for longrange qubit-qubit interactions [Pet12]. One obstacle of nanowire based spin qubits is
the uncontrolled and vertical position on the growth chip of traditional VLS-grown
nanowires, which makes the scalability to nanowire-based qubit arrays challenging.
However, the progress in site-controlled nanowire growth [McI20] approaches this challenge, considering all kinds of growth processes such as VLS growth, template-assisted
growth or Stranski-Krastanow growth, and promising results are obtained [Gao20].
In conclusion, nanowires are a one-dimensional platform for the study of a wide range
of phenomena. Moreover, nanowires also pass on properties to quantum dots and spins
therein, which prove useful for the implementation of spin qubits. Many spin qubit
experiments employed InAs or InSb nanowires, due to the strong intrinsic spin-orbit
interaction which enables efficient all-electrical spin manipulation. An alternative material system is represented by Ge/Si core/shell nanowires, made of group IV elements
and featuring a number of characteristics that will be discussed next.

2.2

Ge/Si Core/Shell Nanowires

Nanowires comprising a radial heterostructure of Ge and Si synergize properties arising
from the usage of Ge and Si and their stacking to a one-dimensional nanostructure. Key
properties are the formation of a hole gas in the Ge core and the emergence of a strong
spin-orbit interaction, which exists only due to the one-dimensionality of the nanowire.
Ge/Si core/shell nanowires are one example of how a precise control over nanowire
morphology and composition enable the tailoring of properties that are inherited to
spins confined in quantum dots. As a result, hole spins in Ge/Si core/shell nanowires
hold promise for fast and tunable hole spin qubits, as will be discussed in section 3.1.
This section starts with a general motivation for the usage of the group IV elements
Ge and Si (section 2.2.1). The impact on the band structure arising from epitaxial
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stacking of Ge and Si are discussed in section 2.2.2. Finally, the emergence of spinorbit interaction in Ge/Si core/shell nanowires, as outlined in sections 2.2.3 and 2.2.4,
motivates the investigation of this system as a platform for all-electrical tunable hole
spin qubits.

2.2.1

Germanium and Silicon Nanowires

The day before Christmas eve in 1947 is known as the birthday of the transistor,
when Bardeen, Brattain and Shockley demonstrated the first point-contact transistor
based on a block of germanium. The conquest of semiconductor transistors started.
Many more types of transistors have been developed, and eventually they became the
fundament of modern electronics with an eventful history [Rio04]. Germanium was
long thought to be the best transistor material due to its high carrier mobility and
the first transistor based on silicon was demonstrated only in 1954. Soon after, the
discovery of silicon surface passivation and the invention of the MOSFET (Metal Oxide
Semiconductor Field Effect Transistor) promoted silicon as the standard semiconductor
material for industrial products. Amongst others, the stable native oxide and the easier
production, made silicon superior over germanium for many applications. But history
is not black and white, so also SiGe alloys and heterostructures have proven their
applicability [Mey94; Sch97]. Finally, germanium experiences a revival as a material
enabling high-mobility and fast transistors [Pil11].
In nanoelectronics, silicon and germanium are materials of interest due to the vast
experience gained in patterning them at the nanoscale, and their compatibility with
semiconductor industry processes. Furthermore, the high abundance of isotopes with
zero nuclear spin in both materials promises reduced hyperfine interaction which is
advantageous for electron spin coherence. Naturally, Ge contains about 92 % and Si
about 95 % isotopes with zero nuclear spin. Moreover, both materials can be isotopically purified to further reduce the amount of isotopes with nuclear spins.
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The physics of electrons in Si nanoelectronics is largely influenced by the presence of
valleys in the conduction band [Zwa13; Sal14]. While these valleys are degenerate
in bulk Si, the degeneracy is lifted in nanostructures due to strain, confinement and
electric fields, leading to hybridization of orbital and valley degree of freedom, which
needs to be considered in quantum devices [Mi17b; Mi18b]. The large effective mass
of electrons and holes in Si imposes restrictions on the size of quantum dots, which
require to be smaller compared to other materials such as GaAs in order to observe
quantum effects. In this regard, Ge is an interesting alternative because of the larger
Bohr radius compared to that of Si [Pei11]. Moreover, similar to classical electronics,
the usage of Ge is also motivated by the higher charge carrier mobility [Pil11].
For nanoelectronic devices such as nanowire-based field-effect transistors [Cui03;
Wan03; Dua08; Zha16], the charge carrier mobility is an important quantity, as it
determines characteristics such as the transistor switching speed. Especially with
regard to the application in transistors, Si and Ge nanowires are extensively studied
due to available control over nanowire properties, such as size and doping, which
adjusts the electrical and optical properties [Jia19]. However, doping has a detrimental
effect on the charge carrier mobility due to scattering at doping impurities, and
further leads to low-frequency charge noise [Zwa13]. Furthermore, surface effects are
more important in nanowires due to the large surface-to-volume ratio. While the
sensitivity to surfaces can be exploited for instance for nanowire-based sensors, the
electrical performance of nanowires is often affected by scattering at surface trap
states. Therefore, additional measures of surface passivation need to be taken in order
to passivate and clean the nanowire surface [Cui03].
In conclusion, the application of Si and Ge nanowires in nanoelectronics benefits from
material properties like the low amount of nuclear spins and from the size control and
designable electrical properties [Jia19]. On the downside, single-component Si and Ge
nanowires might exhibit a reduced charge carrier mobility due to scattering at dopant
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and surface impurities. Furthermore, achieving electrical contact to the nanowire with
metal leads might involve additional processing, such as annealing, in order to reduce
the Schottky barrier that normally forms at the semiconductor-metal interface. As
an alternative, compound SiGe nanowires offer a wider range of possiblities to modulate electrical and optical properties by enabling variation of the material composition
of SiGe alloy nanowires and the growth of axial and radial heterostructures [Ama14;
Wen19]. Finally, Ge/Si core/shell nanowires hold promise to address some constraints
discussed in the above, such as scattering at surface defects, by confining the transport channel in the core away from the surface, and at dopant impurities, due to the
redundancy of intentional doping. Also ohmic contacts to the transport channel are
possible, therefore easing electrical contacting. Amongst others, these properties will
be discussed in the next section.

2.2.2

One-Dimensional, Radial Ge/Si Heterostructure

For a long time, Ge and Si have been considered for band structure engineering and
a variety of Si and Ge based high-mobility heterojunctions were investigated [Sch97;
Sam19]. Si and Ge heterostructures are of great interest because of the unique combination of similarities and differences. Both Si and Ge are group-IV elements, crystallize
in the diamond lattice structure and they are completely miscible, thus any Si1 – x Gex
alloy with 0 ≤ x ≤ 1 can be obtained. With increasing Ge content, the strain in the
SiGe alloy increases due to the bulk lattice constant mismatch of about 4 % between
pure Si and Ge. An important different between Si and Ge is the band gap, which
is 1.14 eV for silicon and 0.67 eV for germanium at room temperature, which leads
to a discontinuity of roughly 500 meV at the Si/Ge interface [vdWal86]. In SiGe heterostructures, the type of band offset (type-I or type-II) as well as the band gap depend
on both the strain and the heterostructure stack composition. By engineering these
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parameters, various kinds of heterostructures for a multitude of applications, such as
for gateable quantum devices [Sam19; Sca20], can be obtained.
Here, in particular the Si/Ge isotype heterojunction is of importance [And60; vOpd69],
that is a heterojunction comprised of two different materials with the same type
of doping on both sides, in contrast to an anisotype heterojunction such as a pnheterojunction. Consider the band structure of a Si/Ge interface in Figure 2.1 a before
the materials are brought into contact. Indicated in Figure 2.1 a are the work function
Φ, defined as the energy required to remove an electron from the Fermi level, and the
electron affinity χ, defined as the energy difference between the conduction band edge
and the vacuum level. In a heterojunction, the differences in Φ, χ and band gap energy
lead to band discontinuities at the interface. When bringing the two materials into
contact, charges diffuse from one material to the other, yielding the equilibrium band
structure shown in Figure 2.1 b. In the equilibrium, the Fermi level aligns across the
junction, leading to a bending of the conduction and the valence bend edges and hence
generating spikes and notches at the interface. Note that the band alignment in an isotype heterojunction resembles the Schottky barrier formed at the metal-semiconductor
interface, where the metal is now replaced by a narrow band gap semiconductor.
At the abrupt Si/Ge interface, localized surface states inside the band gap are formed,
similar to the Si/SiO2 interface [Cro76; Sta56; Kin56]. In a n-n (p-p) isotype heterojunction these acceptor (donor) like states trap electrons (holes) and lead to an inversion
layer on both sides of the interface. These interface effects are of great importance for
Si/Ge heterojunctions because the negatively charged interface states yield a rectifying
behaviour of the junction [Pei12] and the inversion layers can lead to parasitic conduction channels in heterojunction devices. It is important to note, that the number
of interface states and therefore the rectifying behaviour depends on the abruptness
of the Si/Ge interface [Cro76; Bri93]. The barrier height of a heterojunction with a
gradual variation from Si to Ge is decreased and the electrical behaviour of the junction
19

2.2 Ge/Si Core/Shell Nanowires

a

b
Si

Ge

vacuum level
�Si

EC
EF

�Si

�Ge

conduction
band

�Ge

EF
Egap,Si

Ge

Si

Egap,Ge

interface
traps

+
+

+

valence
band

EV

Figure 2.1 | Band structure of a Ge/Si heterojunction. a | Schematic band diagram
of Si and Ge prior to contacting the heterojunction. Indicated are the band gap Egap , the
work function Φ and the electron affinity χ of both materials. b | Band structure of a Si/Ge
isotype heterojunction. The formation of acceptor-like interface states yields an inversion
layer in Ge. Adapted from [Pei12].

becomes ohmic.
To summarize the general case of a SiGe heterojunction, the resulting band structure
and electrical properties depend strongly on the strain and the alloy composition. Taking the Si/Ge interface to the nanoscale and to a geometry with reduced dimensionality,
as it is the case in a Ge/Si core/shell nanowire, the band alignment is additionally influenced by the quantum confinement. The effect of quantum confinement on the band
gap of Si and Ge are different and thus influences the character of band offset [Yan08].
In a Ge/Si core/shell nanowire [Lau02], the radial stacking of silicon on germanium
leads to a type-II band alignment with a potential well in the valence band inside the
Ge core as depicted schematically in Figure 2.2 a. Similarly to the case of a planar
heterojunction, negatively charged surface states form at the atomically sharp Si/Ge
interface. Therefore, holes are injected inside the Ge core and accumulate in the potential well. The formation of a one-dimensional hole gas in Ge/Si core/shell nanowires has
been experimentally confirmed with optical [Zha10; Li11; Fuk15; Zha18] and electrical
measurements [Lau02; Lu05; Xia06].
As shown in Figure 2.2 b and c, the valence band states of a Ge/Si core/shell nanowire
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are confined inside the Ge core, and spatially separated from the conduction band
states in the Si shell [Ndu08; Yan08; Liu10]. The separation of hole states from the
surface results in a very high charge carrier mobility with transport properties close
to the ballistic regime, even at room temperature [Lu05; Lia07]. Importantly, the hole
state confinement, and consequently the mobility, is very sensitive to the type-II band
offset and therefore relies on an atomically sharp interface. With increasing Ge content
in the shell, as a consequence of intentional alloying or interdiffusion, both the band
offset and the hole mobility decrease [Nah12]. Lastly, the quantum confinement to the
Ge core and thus the charge distribution also depends on the crystal direction along
the main axis of the nanowire [Yan08; Ndu08]. This is in good agreement with the
observed higher mobility of holes in nanowires along the [110] direction, as opposed to
nanowires along the [111] direction [Con17].
In summary, the formation of a hole gas confined in the core of a Ge/Si core/shell
nanowire is driven by the type-II band offset of the radial Si/Ge heterojunction. In
analogy to two-dimensional planar heterojunctions, the band offset depends on the
abruptness of the interface and the strain, but additionally on the quantum confinement in the one-dimensional nanostructure. At the core/shell interface, negatively
charged interface states lead to the injection of holes into the potential well in the Ge
core. Intriguingly, the hole gas forms independent of intentional doping. As a consequence the charge carrier mobility is very high due to reduced dopant and surface
scattering [Ngu14; Con17]. In turn, the properties of the hole gas can be engineered
with intentional doping of the shell [Ama11]. Ultimately, SiGe nanowires of any kind
present a particularly interesting platform for nanoelectronics [Ama11; Web17].
Finally, it is remarked that strain comprehensively affects Ge/Si core/shell nanowires.
The 4 % mismatch of the lattice constants of bulk Si (5.431 Å) and Ge (5.657 Å) leads
to strain in epitactic composite layers, hence the Si shell exerts compressive strain on
the Ge core as indicated schematically in Figure 2.2 a. Strain affects the band offset
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Figure 2.2 | Band structure, strain and charge distribution in Ge/Si core/shell
nanowires. a | (Top) Schematic band structure alignment of a Ge/Si core/shell nanowire.
The combination of band offset and interface states leads to the accumulation of a hole gas
inside the Ge core. The schematic is adapted from [Lau02; Zha10]. (Bottom) Compressive
strain is exerted on the Ge core by the Si shell due to the bulk lattice constant mismatch of
about 4 %. b, c | The charge distribution in the conduction band (b) and in the valence band
(c) of a [110] Ge/Si core/shell nanowire. Due to the type-II band offset electron and hole
states are spatially separated, with the conduction (valence) band states being localized in
the Si shell (Ge core). These simulations of 62 Ge and 200 Si atoms are adapted from [Yan08].

in Ge/Si core/shell nanowires and plays a crucial role [Lau02; Gol08a; Gol09; Day13].
Furthermore, it also affects important properties of hole states in Ge/Si core/shell
nanowires, such as the effective mass [Klo11; Klo14]. In conclusion, the strain profile
is overall an important parameter for the electronic properties of Ge/Si core/shell
nanowires and the strain profile, engineered for instance by the Si shell thickness,
becomes a powerful tuning parameter.
In stark contrast to two dimensional structures [Sam19; Ter20; Wat16], the confinement
to one dimension in Ge/Si core/shell nanowires gives rise to a pronounced heavy holelight hole mixing of the valence band states [Cso09; Klo11]. This mixing gives rise to
a unique type of spin-orbit interaction, which only exists for holes in one-dimensional
systems, and is described in detail in section 2.2.4. As a consequence, the Ge/Si
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core/shell nanowire system exhibits an anisotropic g-factor, which is moreover highly
tunable by electric fields. All these properties promise Ge/Si core/shell nanowires not
only as a possible host of hole spin qubits for quantum computating [Klo13a], but also
stimulate research of Majorana fermions [Mai14; Sca20] and general properties of holes
in one dimensional systems.
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2.2.3

Spin-Orbit Interaction

Spin-orbit interaction is the coupling of the orbital and the spin degree of freedom of
~ = 1/2
a particle. In atomic physics, it is known as the coupling of an electron’s spin S
~ in the central potential of the atomic core, the
and its orbital angular momentum L
Coulomb potential. An electron moving in the corresponding electric field experiences
a magnetic field, which couples to the magnetic moment of the spin. Similarly, in
solid state materials electric fields arising from the crystal structure lead to spin-orbit
coupling. These electric fields typically arise from inversion asymmetries and two main
terms of spin-orbit interaction are distinguished by the type of asymmetry. First,
there is the Dresselhaus term (DSOI), which arises from bulk inversion asymmetry.
The lack of an inversion center inside the unit cell stems from the zincblende crystal
structure of coumpound materials such as GaAs, where the arrangement of lattice
atoms leads to an asymmetry. In other materials, such as Ge, which crystallizes in
the inversion symmetric diamond crystal structure, DSOI is absent. Secondly, there
is the Rashba term (RSOI), which arises from structural asymmetry, for instance the
asymmetric confinement potential in the z direction of a two-dimensional electron gas
in GaAs. Both types of spin-orbit interaction can be distinguished by the spin σ
and momentum p components which they couple. Dresselhaus spin-orbit interaction
provides a coupling of type (in two dimensions) ∼ −px σx + py σy + O(|p|3 ), while
Rashba spin-orbit interaction ∼ −py σx + px σy couples different spin and momentum
components. Generally, the presence of spin-orbit interaction in solid state materials
inspires a vast range of possible applications [Man15].
Figure 2.3 schematically depicts the most important bands around the Γ point (at
k = 0) of a direct band gap semiconductor. The electron states in the conduction
~ = 0,
band are composed of s-like Bloch wave functions with orbital momentum |L|
thus in the simple picture no spin-orbit interaction would be expected. However, a
finite coupling of the conduction to the valence band mixes the states and leads to
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spin-orbit interaction for electrons via a higher order process. Because this coupling
involves excitations across the band gap, the spin-orbit interaction is stronger (weaker)
for materials with small (large) band gap.
E(k)
Kane model

conduction band
L=0, S=1/2

(Rashba SOI,
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Figure 2.3 | Semiconductor band structure in presence of spin-orbit interaction.
The simple model band structure of a semiconductor with direct band gap comprises around
the Γ point (k = 0) the conduction band and the valence band. The latter consists of
the doubly degenerate heavy hole (HH), light hole (LH) and spin-orbit split-off (SO) band.
The split-off band is separated from the first two bands due to spin-orbit interaction by an
energy ESO . The conduction band can be described by a Kane model and exhibits spin-orbit
interaction of Rashba type in third order approximation. The HH and LH valence bands are
described by the Luttinger-Kohn-Hamiltonian.

In contrast to the conduction band, the valence band comprises multiple bands due to
~ = 1. Three doubly
the p-type Bloch wave function of holes in the valence band, with |L|
degenerate bands emerge, two of them with total angular momentum J = L + S = 3/2
and one band with J = 1/2. The latter band is split off in energy by the spin-orbit
energy ESO and thus is called the spin-orbit split-off (SO) band. The other two bands
with J = 3/2 form the heavy hole (HH) and the light hole (LH) band. This denotation
stems from the different effective hole masses, which is given by the inverse of the
curvature of the bands.
It is this rich physics in the valence band which make holes interesting objects to study,
especially with respect to the implementation of spin qubits [Zwa13; Sca20; Lil18;
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Ono17]. In particular in one-dimensional systems such as Ge/Si core/shell nanowires,
the hole spectrum contains features that prove to be useful for all-electrical control of
spin qubits [Klo13a]. These features are a new type of spin-orbit interaction, termed
Direct Rashba spin-orbit interaction (DRSOI), and an electric field tunable hole gfactor. The next section 2.2.4 outlines the most important points of the theoretical
concepts of these properties.

2.2.4

Direct Rashba Spin-Orbit Interaction

The valence band states in semiconductor nanowires are well described by the
Luttinger-Kohn-Hamiltonian, a subspace of the full Kane Hamiltonian which describes
the eight most important bands (shown in Figure 2.3) in a multiband, envelope
function approximation (Kane model) [Win03]. This Hamiltonian is modified by a
cylindrical confinement potential due to the transverse confinement of the nanowire.
The nanowire geometry leads to an admixture of heavy hole and light hole states,
and as a result the energy spectrum of the nanowire is comprised of two degenerate
subbands. Due to the confinement, the spin quantum number Jz along the nanowire
axis z is not a good quantum number anymore and the lowest subbands are thus
described by the effective quantum number Fz = Lz + Jz = ±1/2. One of these bands
forms the ground state |g± i, and the other band is the excited state |e± i The two
bands |g± i and |e± i are energetically separated by an energy ∆. The degeneracy,
denoted by the subscript ±, is a consequence of the admixture of light hole states with
different components of the heavy hole |±3/2i states. The size of the splitting ∆ is
determined by the transverse confinement and the compressive strain on the Ge core
as discussed in section 2.2.2 (Figure 2.2 a). Note, that static strain is an important
parameter in Ge/Si core/shell nanowires because the curvature of the lowest-energy
subbands depends sensitively on the strain, and can be anything between electron-like
and hole-like [Klo11].
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a

b

Figure 2.4 | Direct Rashba spin-orbit interaction. a | The confinement to one dimension leads to new eigenstates |g± i and |e± i which are an admixture of heavy hole and light
hole states. The ground and excited states are split by an energy ∆. In presence of an external electric field Ex , (cross) couplings with coupling constants U and C arise as indicated
by the green and red arrows. Schematic adapted from [Klo18]. b | Dispersion relation of the
lowest energy bands in Ge/Si core/shell nanowires in presence of a magnetic field perpendicular to the nanowire axis. At kz = 0 a gap of 0.3 meV opens and the presence of direct
Rashba spin-orbit interaction leads to two shifted parabolas (top). At the bottom, the spin
of the ground state in all three directions is plotted, demonstrating the helical hole states,
with the characteristic correlation between the spin state and the wave vector. [Klo11]

An external electric field perpendicular to the nanowire axis couples directly to the
charge of the holes via a dipolar coupling, and gives rise to different couplings in
the energy subspace of (|g± i , |e± i). First, the electric field couples the ground and
the excited states of the same spin type as indicated in Figure 2.4 a by the green
vertical arrows. Moreover, due to the heavy hole-light hole mixing, cross-coupling terms
emerge which couple states with different spin components (red arrows in Figure 2.4 a).
The combination of these couplings gives rise to direct Rashba spin-orbit interaction
(DRSOI) [Klo18], where the term direct stems from the direct dipolar coupling of the
electric field to the spin. Therefore, the strength of DRSOI is widely tunable by the
electric field and can exceed the strength of standard Rashba spin-orbit interaction
(RSOI) by far [Klo11]. This is because DRSOI is a first-order effect and suppressed
by the energy splitting ∆ of the subbands, which is smaller than the band gap energy
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Egap that in turn suppresses RSOI. Overall, the nature of DRSOI resembles the case of
RSOI and leads to a dispersion relation with two shifted parabolas in k-space, as seen in
Figure 2.4 b. A helical ground state emerges where particles with opposite momentum
have the opposite spin, too. These properties make Ge/Si core/shell nanowires also
interesting as a platform for the physics of Majorana fermions [Mai14].
Experiments in Ge/Si core/shell nanowires indeed indicate the presence of a very strong
spin-orbit interaction. A measure for the strength is the spin-orbit interaction lengths,
defined as the distance that an electron (or hole) has to travel for a π rotation of
the spin due to spin-orbit interaction. Regularly, spin-orbit interaction lengths on
the order of 20 nm are extracted from quantum dot experiments in Ge/Si core/shell
nanowires [Hao10; Hig14b; Wan17]. The implications of the presence of direct Rashba
spin-orbit interaction for hole spin qubits are discussed in more detail in section 3.1.

2.3

Quantum Dots

Many fundamental physical effects are based on interactions of particles like electrons,
protons and neutrons in their most natural host, an atom. Due to their small size,
however, it is technically very challenging to experimentally study interactions on a
single atom basis. Quantum dots (QD) are zero dimensional (D) structures which
reproduce many characteristics of atoms on a length scale which is easier to access and
therefore QDs allow to experimentally study effects fundamental in physics [Kou98].
QDs come in very different shape and size: from nanocrystals, containing only 100010’000 atoms, to micro- and nanostructured, complexly stacked semiconductors. While
nanocrystals, due to their geometry, already provide an elemental confinement to a 0Dlike object, in other QD implementations based on 2D-electron gases or 1D-nanowires,
the electrostatic confinement can be provided by metal gate electrodes. This motivates
the term ’gate-defined QD’, owing to the fact that voltages on these nearby gates
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generate static electric fields which serve as boundaries of a quantum well which is so
small that it can be considered a 0D object.

The 0D confinement of electrons or holes leads to characteristics which resemble the
behaviour of single electrons bound to an atom in the electrostatic potential of the nucleus. Therefore, QDs are also referred to as ’artificial atoms’, as they show effects such
as shell-filling and spin interactions well-known from atoms. In order to investigate the
properties of electrons in QDs, optical or electronic experiments are usually performed.
For the latter, the electronic transport through QDs is governed by classical, finite size
effects as well as non-classical quantum effects.

QDs can not only confine electrons but also holes. While some QD realizations are
specifically optimized for one type of charge carriers, others are ambipolar structures
that can host electrons and holes in the same device [Bet14; Kuh18]. Regardless of the
charge polarity, many effects work in the same way, yet there are fundamental differences between an electron QD and a hole QD. This becomes obvious when discussing
qubit properties in section 3 where the various advantages and disadvantages of each
system become prominent.

This section provides a brief overview over the most important phenomena of electrical
transport through QDs [Kou01; vdWie02a; Han07]. The concepts discussed here are
very general and not bound to a specific QD implementation. Whenever not explicitly
stated otherwise, the same holds true for both electrons and holes. More specific
examples will be based on QDs in Ge/Si core/shell nanowires. Section 2.3.1 is about
single quantum dots, and section 2.3.2 extends the discussion to systems of multiple,
coupled QDs. An important part of spin physics in QDs is based on the Pauli exclusion
principle, leading to Pauli spin blockade which is discussed in section 2.3.3. Mechanisms
that lift this blockade are discussed in section 2.3.4.
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2.3.1

Coulomb Blockade and Coulomb Diamonds

Despite being observed in a ’quantum’ object, an essential part of electronic transport
is a classical effect: Coulomb blockade. This is a finite-size effect, which is observable
due to the strong spatial confinement of electrons in QDs. Consider treating QDs
as electrically chargeable islands, as shown schematically in Figure 2.5 a. The QD
is tunnel-coupled to the source and drain lead, and capacitively to a plunger gate.
The small size of a QD leads to a strong reduction of the capacitance of the island
which scales in the simple approximation of a conducting sphere as C = 4πε0 R, with
the vacuum permittivity ε0 and the radius R of the sphere. The charging energy
EC = e2/C , with the elementary charge e and capacitance C, is defined as the energy
needed to add one more electron to the QD, and becomes larger with decreasing R
as EC ∝ 1/R. With a typical capacitance of only a few aF, EC can readily achieve
values of several meV. Hence, for QDs and at temperatures T below a few K, it
can become energetically unaffordable to add another electron to the QD due to the
reciprocal Coulomb repulsion of electrons. This effect is called Coulomb blockade. In
electrical transport measurements, the effect of Coulomb blockade manifests itself as a
blocked current through the quantum dot. The situation is illustrated in Figure 2.5 b:
The chemical potential µN to add the Nth electron to the QD lies outside of the
bias window defined by the chemical potentials µS and µD of the leads. This Coulomb
blockade is only observed for low enough temperatures as otherwise the thermal energy
Etherm = kB T , with the Boltzmann constant kB , would provide enough energy to
overcome Coulomb blockade.
In practice, the capacitance of a gate-defined QD is the sum of the capacitances to
source, drain and all gates i: Ctot = Csource +Cdrain +Σi Cgate,i . Then, in the framework of
the constant interaction model, the total energy U (N ) of a QD with N electrons, can be
calculated and becomes a function of the voltages on the gates [Kou01]. This, in turn,
allows to electrically control the electrochemical potential µ(N ) = U (N ) − U (N − 1)
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of the dot. In a transport experiment, where the electrochemical potentials of source,
drain and QD are swept, this leads to Coulomb diamonds as shown in Figure 2.5 c. The
particular diamond form (grey areas in Figure 2.5 c) arises due to the lack of electrical
transport through the QD when it is in Coulomb blockade. This is the case, whenever
µ(N ) lies outside of the bias window defined by the electrochemical potentials of source
and drain. Outside of these diamond shaped regions, a finite current through the QD
is measured. Depending on the voltage bias VSD , one or multiple channels for electrical
transport are available and therefore the current increases stepwise with the number
of channels. In Figure 2.5 c this is illustrated by the different shades of blue. The
height of the Coulomb diamonds corresponds to the charging energy, as at the top of
the diamond just enough energy can be provided by the potential difference between
source and drain to lift Coulomb blockade.
A special case occurs if the plunger gate voltage is swept so high, that the capacitance
of the QD island becomes so small, that even the addition of a single electron to the
QD is energetically not possible. The QD is completely uncharged and thus called
an empty QD, with N=0 electrons. In transport, a signature of this configuration is
a half Coulomb diamond, which does not close anymore, as shown in Figure 2.5 c.
Determining the regime of an empty QD purely in transport can be difficult, because
often also the tunnel barriers between the QD and the leads increase due to the crosscapacitive coupling of the plunger gate. Therefore, other indications, such as even-odd
spin-filling or excited state signatures need to be considered as well.
So far, only the contribution from classical Coulomb repulsion between electrons with
quantized charge on a finite-sized island has been considered. However, the quantum
confinement of electrons in a QD also leads to the quantization of the orbital states.
The orbital energy Eorb and the charging energy EC sum up to the addition energy
of the QD. Since the orbital eigenstates of electrons in a QD are subject to the Pauli
exclusion principle, the variation of the orbital energy with the number of electrons on
31

2.3 Quantum Dots

a

c

source

quantum
dot

Rs

Cgate

Cd
drain
Rd

eVSD

Cs

�N+1

b
�S

�N E C
�N-1

dot occupation
1 2 transport channels

VSD

EC
N=2

N=1

N=0

�D

...
Vplunger

Figure 2.5 | Single quantum dot. a | Schematic illustration of a quantum dot as an island
with finite capacitance which is tunnel coupled to a source and drain lead and capacitively
coupled to a plunger gate. b | Coulomb blockade occurs if the electrochemical potential for
the addition of another electron to the quantum dot is not within the bias window, defined
as the difference between the chemical potentials of source µs and drain µd . In absence
of, for instance, thermal excitations, the current through the QD is energetically blocked.
c | Coulomb diamonds emerge as a function of bias voltage VSD and gate voltage Vplunger
and are regions of blocked transport through the QD (grey areas) with constant occupation
number N . Outside of Coulomb blockaded areas, the current through the QD increases
stepwise, depending on the number of available transport channels (light and dark blue
areas). A typical transport signature of an empty QD is the last Coulomb diamond which
does not close anymore.

the QD leads to the emergence of a shell structure similar to that of atoms, therefore
justifying the term artificial atom. Those quantum mechanical contributions can be
observed as a variation of the height of Coulomb diamonds, which is then given by the
addition energy, which is the sum of charging energy and orbital energy.

2.3.2

Multiple Quantum Dots

One single QD can be considered a unit cell for larger arrays of tunnel-coupled QDs.
Both serial and parallel pairing is possible, with series of two and three QDs being the
most common structures. A double quantum dot (DQD) system is similarly modelled
by a network of the capacitive and resistive couplings of each QD to its gate, as well
as to source and drain as shown in Figure 2.5 a. Furthermore, there is an additional
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capacitive coupling CM between the two QDs. This interdot tunnel coupling governs
the behaviour of the DQD: in the case of a very strong interdot tunnel coupling, the
DQD behaves similar to a huge single QD. On the other extreme, for a very weak
tunnel coupling, the system behaves like two independent single QDs.
The most interesting regime is for intermediate interdot tunnel couplings, where electronic transport through the DQD is only possible at specific triple points where both
electrochemical potentials of the left and the right QD are aligned with each other
and with the chemical potential of source and drain. This yields the charge stability
diagram shown in Figure 2.6 a, which depicts the occupation number N of each QD
as a function of the left and the right gate voltage. Due to the mutual coupling CM
between the two QDs, the regions of constant occupation number become hexagonal,
which results in a honeycomb pattern. In the linear transport regime with VSD ≈ 0,
transport through the DQD is only possible at the triple points. At finite bias voltage,
however, these discrete points expand into bias triangles with the boundaries being
defined by the alignment of two electrochemical potentials. At sufficiently large bias
voltage eVSD > Eorb , higher orbital states than the ground state can contribute to
transport as well, which appears as discrete lines in the bias triangle.
A doubly occupied DQD is a particularly interesting configuration, because the quantum dot states and transitions are governed by spin selection rules. Since electrons are
fermions, the total wavefunction, which is the product of the orbital and the spin part,
must be antisymmetric. In the case of two electrons, they can hence either form an
spin singlet, if the orbital wavefunction is symmetric, or a spin triplet, if the orbital
wavefunction is antisymmetric. These singlet-triplet states are useful for the implementation of a singlet-triplet qubit as well as for qubit readout via Pauli spin blockade,
which will be discussed in section 2.3.3.
The energy spectrum of a DQD system with two electrons at the (1,1)-(0,2) charge
transition is shown in Figure 2.6 b. The detuning ε describes the symmetry of the
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Figure 2.6 | Double quantum dot. a | The stability diagram of a double quantum dot
system forms a honeycomb pattern (indicated by the black dotted lines). The triple points,
where the chemical potentials of both quantum dots are aligned, extend to bias triangles at
finite voltage bias. The charge occupation of the DQD is denoted by (N, M ), where N (M )
is the number of charges in the left (right) quantum dot. b | The energy spectrum as it arises
from the possible spin and charge configurations for a double quantum dot occupied by two
electrons. The singlet states S(0, 2) and S(1, 1) anticross due to the finite interdot tunnel
coupling tc . The triplet states are splitt by the Zeeman energy gµB B, with the electron
g-factor, the Bohr magneton µB and the magnetic field B. See also [Han07].

DQD confinement potential. At ε = 0, both QD potential wells are symmetric, while
for ε > 0 the double potential well is is asymmetric and it is energetically more favorable
for both electrons to reside in the right QD. Therefore, at very large detuning, the (0, 2)
state becomes the ground state of the system.
Five different states, reflecting the possible charge and spin configurations of the two
electrons, are relevant in the energy spectrum of Figure 2.6 b. First, the two QDs
are considered as independent, with a negligible interdot tunnel coupling tc . In a spin
singlet configuration, both electrons can either reside on the same QD in the S(0, 2)
states, or distribute over both QDs in the S(1, 1) state. If the two electrons form a spin
triplet, they can only reside in the same quantum dot if one electron occupies a higher
orbital state. Hence, the triplet (0, 2) states are split off by the single QD orbital
level splitting. The T (0, 2) states are not depicted in Figure 2.6 b, since in typical
experiments at small detuning ε these states are energetically not available. In the
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range of detuning shown in Figure 2.6 b, the two electrons must therefore occupy one
of the three triplet states, which are (T , T , T0 ). At zero magnetic field, these states
are energetically degenerate but split up in finite magnetic field due to the Zeeman
effect, which results in an energy difference of gµB B.
Now, consider a finite, spin-conserving tunnel coupling tc between the two QDs. At
zero detuning the S(0, 2) and S(1, 1) are energetically degenerated, thus leads to an
avoided crossing around ε = 0 which is proportional to the interdot tunneling rate.
Note that the T (1, 1) states do not couple to the S(0, 2) in absence of spin-mixing
mechanisms. for ε < 0, that is for a very symmetric DQD, the T0 (1, 1) state is energetically separated from the S(1, 1) by the singlet-triplet splitting J ∝

t2c
.
EC

This energy

splitting is strongly detuning dependent as close to the avoided crossing at ε = 0
the singlet-singlet hybridization contributes significantly to J. Nevertheless, J can be
described as an exchange energy and is thus referred to as effective exchange coupling.
Note that in the discussion of Figure 2.6 b any spin-mixing mechanisms are neglected.
The picture changes for instance in presence of spin-orbit interaction, which yields
transitions between T, (1, 1) and S(0, 2) states. This mechanism becomes important
when discussing the lifting of Pauli spin blockade in sections 2.3.4 and 7.
Adding another QD to the DQD yields a triple quantum dot (TQD). The stability
diagram of a triple quantum dot (TQD) is similar to the honeycomb pattern of a DQD
system. Due to the additional third QD, points of enhanced conductance appear in
the stability diagram on a line with a third slope which is different from the other
two slopes. Each slope corresponds to charging events on one of the three QDs. The
geometric shape of regions of constant charge occupation of the TQD becomes more
complex since more possibilities for the arrangement of the charges on the three QDs
exist.
The interest in systems of multiple, tunnel coupled QDs is motivated by the importance
of such structures as hosts for spin qubits for quantum computation. A single QD is the
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most simple host for a spin- 12 qubit according to the Loss-DiVincenzo proposal [Los98].
Here the qubit is encoded in the two basis states |↑i and |↓i of a single electron spin in
a single QD. Alternatively, the qubit information can be encoded in two spins hosted
in a DQD. The singlet and triplet configurations, as shown in the energy spectrum
in Figure 2.6 b, form the basis states for a singlet-triplet qubit [Pet05]. A TQD can
host other types of qubits such as the exchange-only qubit or the resonant exchange
qubit [Rus17]. Independent of the qubit choice, the sequential addition of QDs is
an aspect of research on scalable architectures for qubit arrays. Qubit arrays with
nine qubits have been realized [Zaj16], made possible by the high control over the
QD fabrication. Furthermore, not only linear arrays of qubits are of interest, but also
other layouts such as a rectangular arrangement of four QDs have been investigated
experimentally [Muk18].

2.3.3

Pauli Spin Blockade

Generally, electron and hole states in quantum dots are governed by the Pauli exclusion
principle, which prohibits for two fermions to occupy the same quantum state. Thus,
if they occupy a symmetric orbital state, they must form an antisymmetric spin state,
and vice versa. In case of a doubly occupied DQD this restricts the possibilities to
arrange the two electrons in the two QDs, as discussed in the previous section (see also
Figure 2.6). In the (1,1) charge state, with one electron in each QD, both particles can
occupy the orbital ground state without restrictions imposed by the spin alignment.
However, if both electrons need to reside on the same dot, that is in a (2,0) or (0,2)
charge configuration, both electrons can occupy the orbital ground state only if they
form a spin singlet. Otherwise, for a spin triplet arrangement, the next higher orbital
state needs to be involved in order to form one of the triplet T (2, 0) or T (0, 2) states.
In the electronic transport through the DQD system, these restrictions for the electron
arrangement lead to current rectification at the (1,1)-(0,2) and the (1,1)-(2,0) charge
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transition. This effect is called Pauli spin blockade (PSB), because the transport is
blocked due to the Pauli exclusion principle. In forward bias direction VSD > 0, if the
system is prepared in the (1,1) charge state in a spin triplet configuration, the electron
in the left QD can not tunnel into the right QD, therefore the system remains stuck
in this configuration and the transport through the DQD is blocked. This situation is
schematically depicted in Figure 2.7 a. The current through the DQD is an average
over many electrons that are loaded from the source lead onto the DQD. Since both
spin directions are equally probable to load, the DQD will eventually get stuck in a
triplet configuration. The average time the DQD spends in this configuration until
the blockade is lifted (see also the discussion of lifting mechanisms in section 2.3.4)
is much longer than it spends in the unblocked singlet configuration. Therefore the
current through the DQD at the (1,1)-(0,2) charge transition is reduced.
The blockade persists for detunings ε up to when the single dot singlet-triplet splitting
is matched. Then, as illustrated on the right in Figure 2.7 a, the transition into the
triplet state T(0,2) is energetically allowed and the blockade is circumvented. This
transition appears as a line parallel to the baseline of the triangle but at finite DQD
detuning.
In the reverse bias direction VSD < 0, when transitioning from the (0,2) to the (1,1)
charge configuration, it is always possible to load the correct spin from the lead reservoir
in order to form a spin singlet S(0, 2). As depicted in Figure 2.7 b, the subsequent
transfer of one electron into the left QD is always possible and hence no suppression
of current is observed in this bias direction.
Figures 2.7 c shows the bias triangles at the corresponding (1,1)-(0,2) charge transition.
At zero magnetic field, the current through the DQD is suppressed due to PSB, which
appears as a reduced current on the baseline of the bias triangle. At finite magnetic
field, the current on the baseline of the bias triangles increases, indicating that the spin
blockade is lifted. Figure 2.7 b shows linecuts through the bias triangles in figures 2.7 c
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Figure 2.7 | Pauli spin blockade. a | In forward bias direction VSD > 0, the transport
through the DQD is blocked once a triplet state is occupied (left box). At larger detuning,
exceeding the single QD singlet-triplet splitting εST as indicated by the arrow, the triplet
state T (0, 2) becomes energetically available and the blockade is lifted (right box). Note that
at zero magnetic field B = 0 T the triplet states are degenerate. b | In reverse bias direction
VSD < 0 transport is possible, since energetically it is always possible to separate the spins
into a (1,1) charge configuration. Note that the mechanism of PSB works for both electrons
and holes in the same manner. c | Bias triangles at B = 0 T and B = 0.5 T in presence of
Pauli spin blockade. At zero magnetic field, the current inside the area encircled by the red
dashed line is reduced. d | Linecuts along the detuning axis ε in the bias triangles in c. The
absence of the first peak in the trace at B = 0 T, which appears at finite magnetic field (green
trace), indicates Pauli spin blockade.

along the detuning axis, to illustrate the enhancement of current through the DQD.
Such lifting of PSB at finite magnetic field can occur by spin-orbit interaction, which
mixes different spin states. The effect of spin-orbit interaction and other mechanisms
on spin blockade is discussed in the next section 2.3.4.

2.3.4

Lifting Mechanisms of Pauli Spin Blockade

Pauli spin blockade can be lifted by any process which leads to a spin flip of one
of the electrons, which converts the (1,1) state from a triplet configuration into the
non-blocked singlet configuration. On the one hand, this can be an intentional spin
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rotation as discussed in section 3.2.2, which opens also the door for coherent spin
manipulation, the basis for qubit operation. On the other hand, PSB can also be
lifted by hyperfine interaction, spin-flip cotunneling, a g-factor difference between the
two QDs, and by spin-orbit interaction. These inherent mechanisms will be discussed
briefly in the following section.
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Figure 2.8 | Lifting mechanisms of Pauli spin blockade. Illustration of four mechanism
that lift Pauli spin blockade and lead to a finite leakage current. Hyperfine interaction (top
~ N field generated by the nuclei. For holes, due to the pleft) is due to the Overhauser B
type Bloch wavefunction Ψ, contact hyperfine interaction is reduced because of the minimal
overlap of |Ψ|2 at the positions of the nuclei. A difference in g-factor between the left and
the right quantum dot (top right) leads to different Zeeman splittings EZ and hybridizes the
T0 (1,1) and S(1, 1) states. Spin-flip cotunneling (bottom left) exchanges the blocked spin
state with an unblocked spin state from the reservoir in the lead in a co-tunneling process
via a virtual intermediate state. Spin-orbit interaction (bottom right) introduces a non spin
conserving interdot tunneling tSO . Hyperfine interaction and spin-flip cotunneling are most
efficient near zero magnetic field. Blockade lifting due to g-factor differences and spin-orbit
interaction dominate at large magnetic field.

Hyperfine Interaction The QD environment consist of typically around 105 nuclei
which can carry a nuclear spin I. These nuclear spins generate an effective magnetic
~ nuclei = PN
~
field, also referred to as the Overhauser field B
k Ak Ik . Here, N is the
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number of nuclei, Ak are the hyperfine coupling constants and I~k the nuclear spin
~ nuclei
momenta. Hyperfine interaction is the coupling of an electron or hole spin to B
and represents a source of decoherence but can also lead to spin flips. Generally,
nuclear spin fluctuations are random and, in case of a DQD, lead to uncorrelated
Overhauser fields for the left and right QD and also to slight variations of the spin
precession frequency. This results in a mixing of triplet and singlet states, for instance it
allows for the T0 (1, 1) =
√1
2

√1
2

(|↑↓i + |↓↑i) state to evolve into the singlet state S(1, 1) =

(|↑↓i − |↓↑i). Furthermore, direct electron-nuclear spin flip-flops may be permitted

under special conditions, such as zero magnetic field. These effects provide a mechanism
to lift PSB and generate a finite leakage current.
Hyperfine interaction is omnipresent in materials with isotopes containing net nuclear
spins and can then only be impeded if random fluctuations are hampered, that is if the
~ nuclei is then maximal and static.
nuclear field is fully polarized. The Overhauser field B
This case occurs either at very low temperatures, where the Zeeman energy of the
nuclear spin states exceeds the thermal energy, or at very strong magnetic fields. Both
cases are extreme experimental conditions hence hyperfine interactions in a typical
spin-blockade experiment leads to a leakage current peaking at zero magnetic field and
dying out at higher magnetic fields.
For electrons with a s-type wavefunction, the dominant coupling term to nuclei is
the isotropic ’Fermi contact hyperfine interaction’. The coupling strength in this case
depends on the amount of nuclear spins overlapping with the electron envelope function.
Without further measures to mitigate the effects of hyperfine interaction the electron
spin coherence time is limited to a few nanoseconds only [Klo13a]. For holes, in turn,
due to their p-type wavefunction, the isotropic contact hyperfine interaction is absent
due to the lack of overlap with the nuclear spin sites [Pre16]. Anisotropic hyperfine
interaction now becomes the dominant mechanism, but it is typically one order of
magnitude weaker than the isotropic hyperfine interaction. For pure heavy holes, the
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hyperfine interaction takes on an Ising form

PN
k

Aholes
Ikz sz , in contrast to the Heisenberg
k

type of interaction for electrons, and therefore depends only on the z-component of the
nuclear spins [Klo13a]. This implies, that in a transverse magnetic field, heavy hole
spin dephasing due to hyperfine interaction is strongly suppressed. However, heavy
hole-light hole mixing (see also discussion in section 2.2.4) gives rise to additional
hyperfine coupling terms. Those are about one to two orders of magnitude weaker,
though, and therefore hole spin dephasing due to hyperfine interaction is efficiently
suppressed. Furthermore, in materials with a low amount of nuclear spins such as
silicon and germanium, hyperfine interaction can be considered a negligible effect. For
particularly sensitive applications, both materials can be isotopically purified to further
reduce these numbers.

Spin-Flip Cotunneling The exchange of spins with Fermi reservoirs in nearby leads
provides another mechanism to lift spin blockade [Coi11; Bie15]. Through an inelastic
cotunneling process, the spin state of the QD can be changed by interchanging the
spin in the QD with a spin of opposite sign from the reservoir in a co-tunneling process
involving a virtual intermediate state. Here, the total energy in the system remains
constant since the energy change of the QD state is compensated for by the lead
with its continuous energy distribution. In a typical spin blockade measurement in a
DQD, spin-flip cotunneling results in a finite leakage current independent of the DQD
detuning. The peak fades out with increasing magnetic field as excitation processes
out of the then triplet ground states become suppressed and the system remains in the
blocked triplet state. In the low temperature limit, if the interdot tunnel coupling is
larger than the thermal energy, also a shallow dip in leakage current can be observed
near zero magnetic field.

Difference in g-factor Local variations of the Landé g-factor can give rise to a ∆g
between the two QDs. Such a difference can occur due to variations of the electric
41

2.3 Quantum Dots
field, the confinement potential, and the occupation number. In this case, ∆g leads to
an admixture of the singlet S(1, 1) and the triplet T0 (1, 1) state of the DQD system
and hence can also generate a finite leakage current in a spin blockade configuration.

Spin-Orbit Interaction The coupling between the spin and the orbital momentum
also provides a mechanism to lift spin blockade, because it enables nonspin-conserving
interdot tunneling [Dan09]. Considering the energy spectrum of a doubly occupied
DQD in Figure 2.6 b, the spin-conserving interdot tunnel coupling tc results in the hybridization of the S(1, 1) and the S(0, 2) states, which yields an avoided crossing at the
intersection of the two states. In contrast, transitions from the T, (1, 1) states into
the S(0, 2) are not allowed because it requires a spin-flip of one of the electrons. However, in presence of spin-orbit interaction the T (1, 1) and the S(0, 2) states hybridize,
giving rise to a nonspin-conserving tunnel coupling tSO . Consequently, as shown in
Figure 2.8, these transitions are allowed hence lifting spin blockade and resulting in
a finite leakage current. The leakage current due to spin-orbit interaction has a pronounced magnetic field dependence. The leakage current of predominantly spin-orbit
interaction induced lifting of PSB exhibits a dip at zero magnetic field and increases
with increasing magnetic field. In a simple picture, in absence of an external magnetic
field, the spins are aligned along the internal effective spin-orbit field Beff . With a finite
external magnetic field applied, the spins start to precess around that magnetic field,
which enables spin-flip tunneling [Wan16]. However, if the Zeeman splitting remains
smaller than the avoided crossing of the singlet states, the interdot tunneling is energetically suppressed. Therefore, the width of the gap of leakage current around zero
magnetic field depends on both the spin-conserving tunneling rate and the spin-orbit
interaction strength.

All mechanisms discussed above have a characteristic dependency on the external magnetic field and the tunnel couplings. This allows to distinguish different spin mixing
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mechanism in an experiment [Pfu07; Nad10b; Bra16b; Zar17; Wan16; Wan18a], for instance by measuring the magnetic field dependent leakage current for different interdot
tunnel couplings.
Hyperfine interaction and spin-flip cotunneling are most effective near zero magnetic
field. These processes thus lead to a peak of leakage current which decays when the
magnetic field exceeds the mean value of the nuclear magnetic field or the Zeeman
energy becomes larger than the thermal energy, respectively.
Leakage currents due to ∆g or spin-orbit interaction, however, exhibit a dip near zero
magnetic field and intensify with increasing magnetic field.
Section 7 provides an in-depth study of the leakage current and its sources in a Ge/Si
core/shell nanowire DQD. There, we study the evolution of leakage current in magnetic
fields up to 8 T. A model, including orbital effects and a magnetic field dependent gfactor ultimately allows to extract the spin-orbit interaction length for holes in this
system.
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3

Qubit Operation

The quest to build a quantum computer is motivated by the ample applications that
become possible when exploiting quantum properties and employing them for information processing. The basic building block of a quantum computer is the quantum bit,
or qubit, which contains the quantum information, similar to a bit in classical computation. Different implementations of this smallest information unit have been proposed
and realized, each with distinct prospects as well as challenges [Lad10; Eck13] when
considering basic requirements for the physical implementation of quantum computation [DiV00b; Dev13].
Amongst the most encouraging candidates for qubits are semiconductor quantum dot
qubits [Eri13]. Interest in this category of qubits is fueled by their prospects for scaledup architectures and their integration with classical electronics, due to the large overlap with today’s semiconductor electronics [Vel17]. Quantum dots, as described in
section 2.3, serve as the host for semiconductor qubits and are at the heart of research.
The spin physics, such as the exchange interaction, of electrons (or holes) trapped
inside such quantum dots are the basis for spin-qubit operation and a variety of implementations based on combinations of one to four electrons in one to three quantum
dots exist [Rus17; Rus18].
The operation of qubits requires both reliable control and readout of the qubit state. In
the case of semiconductor based quantum dots these can both be conveniently achieved
by using the gates which define the quantum dot [Eri13; Han07]. The requirements to
allow for qubit control depend strongly on the kind of qubit implementation, and may
or may not include intrinsic material properties, on-chip micro- and nanostructures
and external control electronics.
The focus of this work is on quantum dots in Ge/Si core/shell nanowires as a platform for the implementation of hole spin qubits. Spin qubits in semiconductors in
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general, and especially in nanowires, have good prospects for a quantum computing
architecture [Klo13a; Fro13]. In particular Ge/Si core/shell nanowires, due to the special properties arising from the one-dimensional geometry and the material composition
(see section 2.2), hold promise for very fast, all-electrically controllable spin qubits with
enhanced coherence. Section 3.1 discusses these unique possibilities. In the following
sections, the key concepts of qubit operation are outlined. The actual computing operation relies on the control of single spins, which is described in section 3.2. More
general, the necessary and available single qubit gates are discussed in section 3.3. After
performing a number of operations on the qubit, the high fidelity readout of the qubit
state is of great importance, yet not in the scope of this thesis. Regardless, section 3.4
outlines the most important concepts of qubit readout. Finally, as the utility of a qubit
is inseparable connected to its stability in terms of how long the spin information is
preserved, section 3.5 describes ways to characterize qubit relaxation and coherence.
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3.1

Hole Spin Qubits in Ge/Si Core/Shell Nanowires

Semiconductor spin qubits in nanowires gain particular interest due to variability of material design, as discussed in section 2.1, which allows for a high control over nanowire
properties. In comparison, nanowires host among the fastest single spin qubits [vdBer13; Wat18b], made possible by the strong spin-orbit interaction found in materials
such as InSb, InAs and Ge [Fas07; Nad10b; Nad12]. Additionally, the large Landé
g-factor in nanowires and its tunability with electric fields are useful for qubit operation in low magnetic fields [Bjö05; Nil09; Sch11b; Pri13]. Important milestones have
been achieved with spin qubits in nanowires: coherent single spin control [Nad10a;
vdBer13], single shot readout [Vuk18] and coupling to a resonator for long-distance
qubit-qubit interaction [Pet12]. However, qubit coherence is an omnipresent challenge
for spin qubits, regardless of the type of qubit realization, and often requires mitigating
measures such as spin echo or dynamical decoupling [Kop08; Nad10a].
Hole spin qubits [Mau16; Wat18b; Hen20b] have become an attractive alternative due
to their reduced contact hyperfine interaction [Hei07; Pre16]. Also implementation of
hole spin qubits in Ge/Si core/shell nanowires, which is additionally a predominantly
nuclear spin free host material, promises to be advantageous for qubit coherence. Previous studies have found coherence times of 180 µs for hole spins in this platform [Hig14c].
Moreover, hole spin qubits in Ge/Si core/shell nanowires are attractive due to the
strong and tunable spin-orbit interaction that arises in this one-dimensional system (see
section 2.2.4). The presence and electric field sensitivity of the spin-orbit interaction
in Ge/Si core/shell nanowire implies important features for the operation of such a
hole spin qubit. The first, and largely unexplored, implication is the effect of electric
field magnitude and direction on relaxation [Mai13] and coherence [Klo13b; Wan19b] of
hole spins. Next, the strength of spin-orbit interaction promises in theory spin-flip rates
exceeding 1 GHz [Klo13b]. In practice, Rabi frequencies above 100 MHz are expected,
comparable to other hole spin systems [Wat18b; Hen20b]. The third implication is
46

3.1 Hole Spin Qubits in Ge/Si Core/Shell Nanowires
the g-factor anisotropy and its electric field tunability that arises from direct Rashba
spin-orbit interaction [Mai13; Bra16a]. An electric field tunable g-factor allows for
individual addressability of spin qubits in an array, for instance when coupled to a
resonator. Lastly, the strong spin-orbit interaction also suggests a strong spin-photon
coupling between a hole spin qubit and a resonator [Klo13b].

Altogether, hole spin qubits in Ge/Si core/shell nanowires have prospects as a platform
for a quantum computing architecture with all-electrical control. Not only the qubit
manipulation itself can be achieved by purely electrical means via electric dipole spin
resonance mediated by spin-orbit interaction. Also the coupling strength of the qubit
to environmental noise and to resonators can be adjusted in-situ. Based on the strong
electric field dependence of the strength of direct Rashba spin-orbit interaction, a qubit
with two settings, control and idle, can be envisioned. Figure 3.1 a illustrates this basic
operation scheme. For controlling the qubit, the strength of spin-orbit interaction is
electrically tuned to allow for fast qubit operations. Otherwise, the qubit can be
switched to an idle configuration, with reduced spin-orbit interaction, hence isolating
the spin from its environment, which prolongs qubit coherence. Figure 3.1 b shows the
dependence of direct Rashba spin-orbit interaction on the electric field [Klo13b; Klo18]
and indicates possible points of qubit operation in the "Idle" (green arrow) and "EDSR"
(red arrow) control state. Note that already a relatively small electric field of a few
V m−1 yields the desired effects. At the third point, the qubit energy is tuned into
resonance with a microwave cavity (blue arrow), enabled by the electrically tunable gfactor shown in Figure 3.1 c. At this point, the qubit-qubit coupling strength, mediated
by superconducting microwave resonators, can be switched on electrically. At the idle
and control operation points, away from the cavity resonance, the qubit is decoupled
from other qubits for single qubit operations or idling. Because every qubit can be
individually controlled with local gate voltages, individual pairs of qubits can be tuned
in and out of resonance with the cavity mode. Note that the exact choice of the
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operation points "Idle", "EDSR" and "Cavity" can be optimized and varies depending
on the dominant processes for decoherence and relaxation, as well as the actual device
configuration in terms of electric field profile and resonator realization.
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spin-orbit interaction
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b

Idle
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EDSR
Cavity

g-factor
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Electric field

cavity
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Electric field

Figure 3.1 | Electrical control of hole spin qubits in Ge/Si core/shell nanowires.
a | The tunability of spin-orbit interaction with electric fields allows to switch the hole spin
qubit between a configuration with weak and strong spin-orbit interaction. In the idle state
with weak spin-orbit interaction, the qubit is more isolated from the environment which
prolongs coherence. The control state allows for fast spin manipulations of the hole spin qubit.
b | Spin-orbit interaction strength as a function of the electric field. Possible configurations
for the qubit states "Idle", "EDSR" and "Cavity" are indicated. c | The electric field tunable
g-factor allows to adjust the qubit energy at the different points of operation. At the point
"Cavity", the qubit and the microwave cavity are on resonance, therefore enabling long-range
qubit-qubit interactions mediated by the microwave photons. At the points "EDSR" and "Idle"
the qubit energy is detuned from the cavity thus disabling qubit-qubit interactions. Note that
in general spin-orbit interaction strength and g-factor are not independently tunable and that
the exact position of the three operation points can vary in actual devices. Subfigures b and
c are adapted from [Klo13b].

Finally, Ge/Si core/shell nanowires not only hold promise for hole spin qubits, but also
for topological quantum computation [Fie18; Lah17]. Here, particles with non-Abelian
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statistics such as Majorana zero modes (MZMs) are used, which are topologically protected from decoherence. In nanowires with spin-orbit interaction and coupled to a
superconductor, MZMs emerge at both ends of the nanowire when tuned into a regime
of topological superconductivity, and appear in transport as a zero bias peak [Sta13;
Paw19]. The four necessary ingredients for the emergence of MZMs in nanowires are
one-dimensionality, strong spin-orbit interaction, superconductivity and an external
magnetic field. Ge/Si core/shell nanowires meet these requirements in a particular
manner. These nanowires represent a strongly confined system, which exhibits transport characteristics close to the single transverse mode regime and are therefore almost
truly one-dimensional. Moreover, the strong direct Rashba spin-orbit interaction is an
ideal prerequisite. Furthermore, it is possible to selectively exchange the Ge core with
Al, thus enabling atomically sharp semiconductor-superconductor interfaces, which
could potentially prove useful for experiments regarding MZMs [Rid20; Sis19; Luo20].
In conclusion, Ge/Si core/shell nanowires optimally meet the requirements for the
emergence of MZMs and are therefore intensely studied [Mai14; dVri18].
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Single Spin Control

At the heart of spin qubit operation is the controlled manipulation of the spin state
of electrons or holes in a quantum dot. The basis states always form a quantum mechanical two-level system, and the transitions therein, as described in section 3.2.1, are
the basis for qubit operations. Due to the small magnetic moment of an electron spin,
directly addressing the spin state is difficult due to the weak interaction with the environment. Furthermore, the generation of local high-frequency magnetic fields, which
are necessary for driving spin rotations, is demanding. Therefore, various techniques
were developed in order to allow for single spin control, of which electric dipole spin
resonance mediated by spin-orbit interaction is most important in the scope of this
thesis and discussed in section 3.2.2.

3.2.1

Dynamics of a Two Level System

The basic concept of a qubit is to encode information in a two level system, which
can be composed of, for instance, charge or spin states of electrons in quantum dots.
A charge qubit for instance, uses the charge configuration of an electron in a DQD.
The electron can reside in either the left or the right quantum dot, but since these
two states are energetically equal, an avoided level crossing is formed in presence of
an interdot tunnel coupling. The two charge states then hybridize and form the basis
states of the two-level quantum level. Charge qubits suffer from the short coherence
of the charge states due to the sensitivity to charge noise and the tunnel coupling to
the reservoirs and are therefore, without additional measures such as the operation at
sweet spots, limited in its utility [Pet10].
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Meanwhile, it is beneficial to exploit the spin states of electrons and holes which are
better protected from decoherence due to the weak interaction of spins with their
environment. This establishes the field of spin qubits. Naturally, the two spin states
of a spin- 12 electron form a two level system, but other basis states such as the spin
singlet and triplet states also form a suitable two-level system.
Regardless of the exact type of qubit, all of them can be conceptionally described as
a two level system with the two levels |0i and |1i which form the computational basis
of the qubit. The qubit state |Ψi can be represented on a Bloch sphere as depicted in
Figure 3.2 a. The vertical axis of the Bloch sphere, extending from the south pole to
the north pole, represents the quantization axis. The north and south pole constitute
the (pure) basis states |0i and |1i, and every other point on the sphere corresponds to
a superposition state of the form |Ψi = α |0i + β |1i, where α and β are the amplitude
coefficients and fulfill the normalization condition |α|2 + |β|2 = 1.
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Figure 3.2 | Rabi oscillations of a two level system. a | Bloch sphere representation
of the qubit state |Ψi which is a superposition |Ψi = α |0i + β |1i of the basis states |0i, |1i
with coefficients α and β that fulfill the normalization condition |α|2 + |β|2 = 1. b | Time
evolution of the probability to find the qubit in state |1i, as described by equation (3.1)
with ∆ω0 = 0. The probability oscillates between 1 and 0 with the Rabi frequency ΩR .
c | Probability to find the qubit in state |1i as a function of time and drive frequency. On
resonance, Rabi oscillations as in b occur. If the drive frequency is detuned, the amplitude of
the coherent oscillations decreases, while the frequency increases. The dynamics are covered
by equation (3.1).
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The Bloch sphere representation visualizes the qubit state and snapshots of its time
evolution. The most important qubit dynamics are the Larmor precession and Rabi
oscillations. A static magnetic field defines the quantization axis of the qubit (blue
dashed vertical line in Figure 3.2 a) along which the two basis states |0i and |1i of the
qubit are aligned. Any other qubit state, which is not aligned with the quantization
axis, precesses around this axis. This behaviour is called Larmor precession. The
frequency of precession is given by the energy difference between the states |0i and |1i,
which in case of a spin- 21 is equal to the Zeeman splitting.
Rabi oscillations are coherent, periodic transitions between the two basis states, as seen
in Figure 3.2 b, induced by a driving field which is perpendicular to the quantization
axis. If the qubit is excited with the driving field on resonance with the Larmor
frequency, the qubit oscillates back and forth between the two basis states |0i and |1i
with the Rabi frequency ΩR . The dynamics are well described by the Rabi formula

q
Ω2R
2 t
2
2
ΩR + (∆ω0 ) ·
sin
,
P|1i (t) = 2
2
ΩR + (∆ω0 )2

(3.1)

which describes the probability P to find the qubit in state |1i after the time t, with
the drive frequency being detuned by ∆ω0 from the Larmor frequency. On resonance,
the probability to find the qubit in state |1i oscillates between 0 and 1 as shown in
Figure 3.2 b. When the drive frequency is detuned from the qubit resonance frequency
∆ω0 6= 0, the qubit oscillates faster between |0i and |1i, but also with decreasing probability to find the qubit in a basis state. This yields the pattern shown in Figure 3.2 c.
A quantum two level system can be formed in many ways, whereas for a spin qubit the
most prominent systems are the spin- 21 and the singlet-triplet states. Transitions in
such systems involve the rotation of a single electron spin, therefore requiring techniques
to manipulate the state of a single spin for technical applications. These techniques
will be discussed next.
52

3.2 Single Spin Control

3.2.2

Single Spin Manipulation by Electric Dipole Spin Resonance

From the discussion in the previous section it becomes clear, that it is essential for qubit
operations to change the qubit’s state through controllable manipulation of single spins.
A single spin, however, is only weakly interacting with the environment due to its small
magnetic moment. This makes the spin state a more attractive candidate for encoding
the qubit information, when compared to charge states which are less stable. Yet
it imposes technological challenges for the spin manipulation. Subsequently, various
techniques for single spin control have been developed as illustrated in Figure 3.3 and
discussed briefly in this section. Other literature [Han07; Han08; Wan18a] is referenced
for more details and placement into a broader context. The focus of this section is then
on single spin manipulation by electric dipole spin interaction (EDSR).
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Figure 3.3 | Mechanisms of single spin control. Illustration of different mechanisms
that allow for single spin control. In electron spin resonance, the magnetic moment of the
spin couples to an oscillating magnetic field generated by a nearby coil. Electric dipole spin
resonance can be mediated by micromagnets, flucuations of the nuclear magnetic field, gtensor modulation, and spin-orbit interaction. The references are the first time demonstration
of these experimental techniques.

53

3.2 Single Spin Control
The most intuitive approach for single spin manipulation is electron spin resonance
(ESR) [Kop06; Pla12; Vel14], which is based on the magnetic coupling of the electron’s
spin to a magnetic field. Here, an oscillating magnetic field is applied perpendicular to
a static magnetic field B0 leading to spin precession. Resonant spin rotations between
the spin-up and the spin-down state occur if the frequency of the oscillating magnetic
field fac matches the spin’s Zeeman splitting induced by the static magnetic field,
fac = gµB B0 /h, with the electron spin g-factor, the Bohr magneton µB , and Planck’s
constant h. The ac magnetic field is generated in this case by driving a current through
a coplanar stripline [Deh13]. Particular challenges of this technique are the generation
of magnetic fields with high enough frequency to match the resonance condition, the
prevention of photon assisted tunneling due to accompanying electric fields, and the
application at low temperature due to heating effects .
Due to these challenges of ESR, other approaches aim at eliminating the need of highfrequency magnetic fields and, instead, manipulating the spin with electric fields only.
The utilization of high-frequency electric fields has the advantage of being easier to
generate, apply and localize on the nanoscale than magnetic fields. However, in contrast
to magnetic fields, electric fields do not couple directly to the spin and therefore a
mediating mechanism is required to provide the coupling of the spin to the electric
dipole of the ac electric field. There are multiple approaches to accomplish for such a
coupling and thus to allow for electric dipole spin resonance. They are illustrated in
Figure 3.3 as well.
The first approach is to use an inhomogeneous magnetic field which is locally generated by micromagnets made of a ferromagnetic material [Tok06; Pio08]. The stray
magnetic field of the micromagnets forms a slanting magnetic field around the equilibrium position of the electron spin, as depicted in Figure 3.3. By periodically displacing
the electron with an ac electric field along this magnetic field gradient, the spin experiences an effective oscillating magnetic field that subsequently drives spin rotations.
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This spin manipulation approach requires the microfabrication of magnetic structures
in close proximity to the qubit. Therefore, in order to reduce the device complexity,
mechanisms which provide a coupling that is intrinsic to the qubit device, have better prospects in terms of scalability. One example is hyperfine interaction mediated
EDSR, where the inhomogeneous nuclear magnetic field, due to random fluctuations of
the Overhauser field, drives spin rotations [Lai07]. However, coherent spin rotation is
not possible due to the randomness of the Overhauser field fluctuations. More controllable, however, are g-tensor modulation resonance (g-TMR) and spin-orbit interaction
mediated electric dipole spin resonance.
In semiconductor systems, the g-factor is typically anisotropic and depends on electric fields [Win03; Sal01; Jia01]. The mechanism of g-TMR is based on variations
of the g-tensor induced by gate voltage changes, which yields a time-dependent spin
precession vector. The high-frequency modulation of direction and magnitude of the
spin precession vector leads to resonant electron spin rotations [Kat03; Cri18]. The
g-factor variation can be achieved by engineering a spatially varying g-factor in the
heterostructure, or by exploiting the natural g-factor tunability with electric fields, as
it arises from the presence of spin-orbit coupling.
Spin-orbit interaction offers another way for single spin manipulation via EDSR by
purely electrical means, without the need of other elements. In this case, an ac electric
~
field E(t)
periodically displaces the charge’s wavefunction, and the resulting modulation of the orbit induces spin rotations via the spin-orbit coupling [Gol06]. Figure 3.4 a
illustrates this spin manipulation scheme. Because the necessary high-frequency voltage generating the ac electric field can be applied to a nearby gate electrode, such as
the ones that define the quantum dot, this approach demands the least complexity of
the qubit device.
~
~ 0 cos(ωt), with
The working principle is that an oscillating electric field E(t)
= E
frequency ω, periodically displaces the wave function due to the dipole interaction
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Figure 3.4 | Electric dipole spin resonance mediated by spin-orbit interaction.
a | A double quantum dot potential is formed inside the nanowire with electrostatic gates. By
applying a high-frequency signal to one of the gates, the quantum dot is periodically displaced.
b | Illustration of the confined electron wave function in the quantum dot potential well. The
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by ∆x =

2
~
eE(t)l
dot
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with the elementary charge e, the dot length ldot and the orbital level

splitting Eorb . This situation is schematically depicted in Figure 3.4 b. In presence
~ eff . The
of spin-orbit interaction, this is translated into an effective magnetic field B
effective magnetic field is proportional and perpendicular to the externally applied,
static magnetic field Bext , and can be written as
Beff = 2Bext

~
ldot eE(t)l
∆x
dot
= 2Bext
,
lSO
lSO Eorb

(3.2)

with the spin-orbit interaction length lSO . As a consequence, spin rotations can be
driven through the oscillating Beff , by applying the time varying electric field E(t). In
the Bloch-sphere picture shown in Figure 3.4 c, the induced Rabi oscillations around
the direction of Beff are illustrated. The magnitude of Beff defines the speed of Rabi
oscillations according to ΩR =

gµB Beff
,
2h

which therefore scales with the spin-orbit inter-

action strength.
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Spin-orbit interaction mediated EDSR for electrons has been demonstrated in various material systems, including GaAs [Now07], InAs [Nad10a; Sch11b], and InSb
[Nad12; vdBer13]. For holes, EDSR has been demonstrated in InSb nanowires [Pri13],
Si [Mau16] and in Ge [Wat18b; Hen20a]. In Ge/Si core/shell nanowires, despite the
strong spin-orbit interaction that was found, no EDSR has been demonstrated yet.
Similarly to other hole systems, Rabi frequencies above 100 MHz can be expected,
resulting from the strength of spin-orbit interaction.

3.3

Single Qubit Gates

To allow for arbitrary operations in quantum computing, both single qubit gates and
two-qubit entangling gates are required. Control over the qubit state on the Bloch
sphere is essential, therefore single spin control as described in section 3.2, which leads
to Rabi oscillations, is the basis for single qubit gates. One example for a single qubit
gate is the NOT gate, also called X -gate. It is a rotation of the spin from the north
pole of the Bloch sphere to the south pole. Similarly, rotations by π around the y and
the z axis can be defined and are called correspondingly Y - and Z -gate.
In a spin- 12 qubit driven by EDSR, the execution of a X -gate corresponds to the application of microwave burst with a length τX , that corresponds to exactly half of a
Rabi cycle, and a frequency that matches the Larmor precession frequency of the qubit,
given by the Zeeman splitting. This rotates the spin from the initial state |0i to state
|1i, which corresponds to a rotation by π around the x axis.
Correspondingly, a Y -gate is defined as a spin rotation by π around the y-axis, where
in this case the only difference to a X -gate is a 90° phase shift of the microwave burst.
This requires precise control over the phase of the high-frequency signal, as can be
achieved by IQ-modulation. Note that executing a X - or a Y - gate on a |0i qubit state
has the same outcome, resulting in state |1i. However, a combination of arbitrary
fractions of X - and Y -gates allows to prepare any qubit state on the Bloch sphere.
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Although combinations of X - and Y -gates are already enough for arbitrary single qubit
state preparation, the realization of a Z -gate is also possible. It can be realized by
changing the qubit Zeeman splitting for the duration of the Z -gate τZ , which changes
the Larmor precession frequency and therefore corresponds to a rotation around the
z-axis. This change of the qubit energy can be accomplished, for instance, by a change
of the g-factor which determines the splitting between the |0i and |1i state. It becomes
clear, that material systems with an electrically tunable g-factor, such as it is found
in Ge/Si core/shell nanowires, provide all electrical control of qubit gates around any
axis.

3.4

Qubit Readout

Besides the control over single spins, for spin qubit operation it is also crucial to
determine the spin state with high fidelity, and in a single-shot technique. A qubit
measurement is a projective measurement on to the quantization axis and, in the ideal
case, returns probability p for state |0i and 1 − p for state |1i. The spin information
is read out by mapping it to a charge state, which is subsequently detected [Fie93;
Eri13]. The information transfer, or spin-to-charge conversion, can be achieved by
energy selective tunneling [Elz04], spin dependent tunneling [Han05], or Pauli spin
blockade [Ban03; Pet05].
In energy selective tunneling one measures if the electron on the quantum dot occupied
the spin ground or the spin excited state [Elz04]. To do so, the Zeeman split quantum
dot levels are aligned around the chemical potential of the reservoir, such that the
electron can only exit the quantum dot if it occupies the spin excited state. After the
electron tunneled out, the now empty quantum dot is filled again by another electron
tunneling from the reservoir into the ground state. These tunneling events are detected
with a charge sensor. The presence or absence of these tunneling events indicates the
spin state of the electron. The energy selective readout requires a sufficiently large
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Zeeman splitting to separate the two spin states such that thermal excitations are
negligible. At typical Zeeman splittings of a few hundred µeV, this requires temperature
of 1 K or below. Larger Zeeman splittings improve the readout by increasing the level
separation, but also lead to faster spin relaxation.
Similarly, the spin information can be mapped onto the charge state with spindependent tunneling [Han05]. This enables for example to differentiate if two electrons
on one quantum dot form a spin singlet or a triplet. Here, the tunnel couplings to
the reservoir differ due to different orbital wave functions, giving access to the spin
information through the timing of the detected tunneling events. Similar to the energy
selective readout, also the tunnel rate selective readout is temperature sensitive due
to the thermal smearing of the reservoir.
Spin-qubit readout via Pauli spin blockade [Pet05] allows to discriminate between singlet and triplet states of two electrons, based on the spin dependent interdot transition
due to the Pauli exclusion principle. The crucial parameters for this technique to work
are the control over the exact charge occupation of the DQD, the orbital level splitting,
determined by the confinement of the QD, and the electron temperature. Typically, the
orbital level splitting is on the order of a few meV, hence efficiently inhibiting lifting
of the blockade by thermal excitations at typical experiment temperatures. Moreover, PSB is even suitable for qubit operation at elevated temperatures [Ono19; Pet20;
Yan20].
All the aforementioned spin-to-charge conversions require the readout of the charge
state, for which an on-chip electrometer [Han07], such as a quantum point contact
or a single electron transistor, or gate recflectometry [Col13; Cri19; Wes19] can be
employed. For spin-to-charge conversion based on Pauli spin blockade, also a readout
in transport is possible. Here, the advantage is that it does not require additional
on-chip structures or high-frequency electronics, yet it is incompatible with single-shot
readout.
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For qubits based on lateral quantum dots in two-dimensional heterostructures, commonly a sensor quantum dot is fabricated in close proximity to the quantum dot. In
nanowires, however, this approach is less straightforward, yet it has been demonstrated
for instance with Ge/Si core/shell nanowires [Hu07]. The charge readout via charge
sensing requires a large enough bandwidth in order to resolve tunneling events as they
occur during energy selective readout at the speed of the dot-to-lead tunneling rate.
To increase the readout speed of the charge sensor, it is probed with a tank circuit attached to it, which is sensitive to the capacitance change of the quantum dot dependent
on its charge state [Sch98; Lu03]. Changes of the quantum dot capacitance result in a
damping of the resonant tank circuit. Similar, this reflectometry technique can also be
applied directly by attaching the tank circuit to one of the gates that is capacitively
coupled to a double quantum dot [Col13]. Tunneling inside the quantum dot system
changes the quantum capacitance and leads to a dispersive shifts of the tank circuit’s
resonance frequency, which in turn leads to a phase shift and amplitude change of
a reflected high-frequency signal. Recently, dispersive gate readout has reached the
single shot readout regime [Pak18; Wes19; Urd19]. In particular for nanowires, where
charge detection with an electrometer is challenging, this approach is straightforward,
since it makes use of already present confinement gates and therefore reduces device
complexity [Jun12; Hig14c; Vuk17; dJon19; Sab19].

3.5

Qubit Coherence and Relaxation

The lifetime of the qubit state sets an upper limit for the number of executable quantum gates, since after that time the information of the qubit is lost. Three timescales
are important [Klo13a]: the spin relaxation time T1 , the spin coherence time T2 and
the dephasing time T2∗ of an ensemble measurement. The three timescales are related
depending on the dominant relaxation or decoherence mechanisms, but usually it holds
T2∗ < T2  T1 . For spin qubits, the dominant relaxation mechanism are interaction
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with the lattice in combination with spin-orbit interaction, and the dominant decoherence channels result from spin-orbit and hyperfine interaction. Hyperfine interaction,
however, is reduced for holes (see also section 2.3.4) and in materials with predominantly nuclear spin free isotopes, such as Ge and Si (see also section 2.2.1). Relaxation
times are usually in the millisecond range [Hu12], and therefore less limiting for spin
qubit operation.
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The relaxation time T1 can be measured with a pulsing scheme as depicted in Figure 3.5. Here, the qubit is pulsed into the excited state with a πx pulse, following
the initialization of the qubit in the ground state. Now, the probability of the excited
state occupation as a function of the waiting time τwait after the πx pulse decreases
exponentially with the time constant T1 . From the decay curves, the relaxation time
T1 can be extracted.
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X-gate
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|0>

T1
y

x
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Figure 3.5 | Qubit relaxation. Pulse scheme for a measurement of the spin relaxation
time T1 . After the initialization in the qubit ground state |0i, a πx rotation around the x
axis drives the qubit into the excited state |1i. After a waiting time τwait , the probability of
the excited state P|1i is measured. The probability decays exponentially with time constant
T1 due to relaxation into the ground state.

Qubit operation is typically limited by the coherence time. This limitation leads to, for
instance, a decreasing amplitude of Rabi oscillations. In this case, however, the system
is constantly excited by the microwave drive, thus the decay is not only given by the
intrinsic decoherence, but can also be influenced by instrumental noise or pulse imperfections. For instance, frequency jitter or deviations from a step-function like onset of
the microwave burst can lead to spurious spin rotations, which manifest as decay of
the Rabi oscillation amplitude. Therefore, in a driven system, the intrinsic sources of
decoherence can not be disentangled from decoherence induced by the environment.
A more meaningful determination of the qubit coherence is achieved by relying on
the free evolution of the spin state, in absence of any external drive, in a Ramsey
interferometry experiment. Figure 3.5 a depicts schematically the basic principle. The
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qubit state, which was prepared in the ground state, is pulsed into the equatorial
plane of the Bloch sphere with a X/2 gate, where it freely evolves for a time τwait .
Afterwards, the qubit state is projected back onto the z axis with another X/2 pulse
and the outcome is measured. Mainly two variations of this technique are used [Mau16;
Nad10a]: First, the frequency detuning ∆f of the X/2 pulses from the qubit resonance
can be varied. This results in oscillations of the return probability as a function of
the waiting time τwait with a frequency of ∆f . An example pattern that results is
shown in Figure 3.5 b. The amplitude of the oscillations decays on the timescale given
by T2 , in this case 50 ns. Figure 3.5 c shows a linecut along the blue dashed line,
depicting the oscillations with frequency ∆f =50 MHz. The envelope function, given
by the decoherence is shown in green. For long waiting times, the superposition of
states |0i and |1i is completely decohered and the measurement outcome of any qubit
state approaches the statistical value of 50 % for both basis states |0i and |1i. For
even longer waiting times, approaching the spin relaxation time T1 , the measurement
outcome P|1i → 0, since the qubit decays into the ground state |0i. In the second
variation, the phase φ of the second, resonant, (X/2)φ pulse can be shifted relatively to
the first resonant X/2 pulse, which changes the rotation axis of the second pulse. Now,
the probability oscillates as a function of the phase φ. In both cases, the amplitude
of the oscillations decreases as a function of the waiting time τwait due to decoherence.
Therefore, the decoherence time T2∗ can be determined from the envelope function of
the oscillations, as shown by the green dashed line in Figure 3.5 c.

To extend the coherence of a qubit, a Hahn echo technique can be employed [Hah50;
Kop08; Nad10a]. Here, the qubit state, prepared in one of the basis states, is first
pulsed into the equatorial plane of the Bloch sphere with a X/2 pulse, as illustrated in
Figure 3.7 a. The spin state then freely evolves for a time τwait , resulting in dephasing
(see Figure 3.7 b). At this point, a refocusing X pulse is applied, which rotates the qubit
state by π around the x axis, depicted in Figure 3.7 c. The state evolves again, but due
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Figure 3.6 | Ramsey interferometry. a | Pulse scheme for a measurement of the spin
coherence time T2 . The qubit is pulsed with a

X/2

into the equatorial plane of the Bloch

sphere, where it starts to decohere during the waiting time τwait . Afterwards, the qubit state
is measured by applying a second X/2 pulse, which projects the spin state onto the z-axis.
b | Probability to find the qubit in state |1i as a function of waiting time τwait and frequency
detuning, with T2 = 50 ns. c | Linecut in b at a frequency detuning of ∆f = 50 MHz.
Oscillations of P|1i with frequency ∆f are observed, as well as the decay of the amplitude
due to the decoherence. The envelope function (green dashed curve) is given by the coherence
time T2∗ .

to the π-rotation the dephasing now refocuses the spin state. Finally, in Figure 3.7 d
and after a time τwait , a spin echo occurs with the dephasing being undone. The qubit
state is projected onto the z axis with another X/2-pulse and the outcome is measured as
function of the waiting time τwait . Again, an exponential decay of the return probability
to the initial state is observed, but the decay time is given by the Hahn echo coherence
time T2Hahn , which can be much longer than the inhomogenous dephasing time T2∗ . This
is because the refocusing X-pulse reverses the dephasing which is caused by noise that
is static on the time scale of the Hahn echo pulsing scheme. Therefore, the Hahn echo
technique is very efficient for mitigating dephasing due to low frequency noise, that is
for noise with dynamics slower than the qubit dynamics.
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Figure 3.7 | Hahn echo pulsing sequence. a | After initializing the qubit in the ground
state, a

X/2-pulse

is applied, aligning the qubit state in the equatorial plane of the Bloch

sphere. b | During the free evolution for a time τwait the qubit state dephases. c | An Xpulse rotates the spin state by π and reverses the evolution of the spin state. Therefore, the
spin state dephases in the opposite direction and refocuses. d | After the time τwait a spin
echo occurs because the spin state is fully refocused. The readout is then accomplished with
another

X
2 -pulse,

which projects the spin state onto the z-axis.

The Hahn echo technique can be extended to a pulsing scheme with multiple X pulses
in between the two X/2 pulses [Car54; Mei58], which leads to a dynamical decoupling
of the spin, thus maintaining the coherent state longer. Depending on the noise source,
these echo techniques allow to increase the qubit coherence by orders of magnitude,
and furthermore enable frequency spectroscopy of the dominant noise sources [Pet05;
Nad10a; Blu11; Mau16; Yon18].
Other approaches to prolong the coherence are the operation of the qubit at sweet
spots [Hen20a; Wan19b], but it is self-evident that the qubit operation can be simplified if the qubit features long, inherent coherence times. Therefore, this motivates
the investigation of more robust types of qubits [Rus17] as well as different material
systems.
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4

Fabrication of Quantum Dot Devices with Ge/Si
Core/Shell Nanowires

Particular challenges arise when structuring semiconductors and metals at the nanoand microscale, but without any doubt, the technological capabilities of nanofabrication in modern cleanrooms have tremendously advanced over the past decades [Ste12b].
A variety of techniques have been developed which allow fabrication of nanostructures,
such as nanowires, with diverse properties in terms of size, morphology and composition [Zha16]. The techniques can be distinguished in two categories: top down and
bottom-up processes. Top-down processes pattern the micro- or nanostructure from
bulk materials by means of lithography and etching. Bottom-up processes build up
nanostructures from small building blocks, such as precursor gases, with the prime
example of nanowires. Despite the advanced fabrication technologies, the demands of
control over any device parameter are ever pushing the nanofabrication to its limits.
Here too, the fabrication of quantum dot samples, as shown in this thesis, requires
profound control over chemical as well as physical processes.
This section provides an overview of the most relevant fabrication processes used for the
work presented in this thesis. To begin with, section 4.1 describes the growth of Ge/Si
core/shell nanowires of high quality in terms of properties like crystal defect density and
charge carrier mobility. Next, section 4.2 describes the main steps of the fabrication
of devices that can host a user-defined number of quantum dots or qubits in a Ge/Si
nanowire. The particular challenge at this juncture is described in section 4.3, which
is the fabrication of a narrowly spaced array of gates in order to provide electrostatic
confinement of holes. Another important component of the devices is the dielectric
material used for electrical insulation. While the devices described in this thesis use
Al2 O3 as gate dielectric, other insulating materials, as described in section 4.4, promise
interesting implications on the device performance. Despite not being discussed in the
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main part of this thesis, section 4.5 briefly reviews the fabrication of hybrid quantum
dot-resonator devices, where a Ge/Si nanowire will be coupled to a superconducting
resonator.

4.1

Growth of Ge/Si Core/Shell Nanowires

This section reviews the most important steps of the synthesis of Ge/Si core/shell
nanowires. More details regarding the nanowire growth can be found elsewhere [Con17].
The nanowires that were used in this thesis have been grown by Ang Li and Erik
Bakkers at the Eindhoven University of Technology1,2 .
The Ge/Si core/shell nanowires are grown in a three step vapour-liquid-solid (VLS)
growth process within a metal-organic vapor phase epitaxy (MOVPE) system [Con17].
The growth of nanowires from a vapor phase is a well established process for obtaining nanowires with high control over their morphology and electronic properties. An
Au nanocluster with a diameter of about 10 nm catalyzes the growth process and the
volatile precursors GeH4 and Si2 H6 provide the material for the nanowire crystallization.
To begin with, the Au droplets are dispersed on top of a h111i Ge substrate and
subsequently heated close to the eutectic temperature inside the MOVPE reactor.
Then, in the first step, a Ge nanowire is grown at 320 °C by admitting the gaseous
precursor GeH4 into the growth chamber. The growth process starts with the precursor
condensating on the surface of the Au nanocrystal and subsequently decomposing into
its constituents [Wu01]. The incorporation of Ge dilutes the Au droplet, the two
materials form an alloy, and the droplet grows in size and liquifies. Due to the increasing
Ge content, the alloy composition moves away from the Au-Ge eutectic point, and at
1

Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB
Eindhoven, The Netherlands
2
QuTech and Kavli Institute of Nanoscience, Delft University of Technology, 2600 GA Delft, The
Netherlands
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a point of critical supersaturation the nucleation of a Ge nanocrystal begins. With
further supply of Ge precursor, which keeps dissolving in the droplet and maintains
the alloy composition, more Ge precipitates at the liquid-solid interface of the droplet
and the axial growth continues layer by layer. In the VLS process, the nanowire
diameter (typically around 20 nm) is controlled by the size of the Au droplet at growth
conditions, which is larger than that of the pristine Au nanocrystal due to the presence
of Ge in the eutectic. The length of the nanowire is controlled by the duration of this
growth step and can reach typically a few µm. To avoid radial growth of the nanowire,
which would lead to tapered nanowires, HCl is admixed to the precursor gas during
the Ge nanowire growth. The addition of HCl has two effects: firstly, it prevents the
diffusion of Au into the nanowire and, secondly, forms a different compound with the
precursor of the form of GeClx which can only be decomposed inside the Au droplet
but not on the sidewalls. Therefore, uncatalyzed, radial nanowire growth is suppressed
[Pot11; Con17].
In the next step, the precursor Si2 H6 is admitted into the chamber in order to grow
an axial Si separation segment, which pushes away the Au catalyst droplet from the
as-grown Ge nanowire [Con17]. This extra segment further prevents diffusion of Au
atoms into the Ge core, which is pronounced at temperatures as high as needed for Si
shell growth [Day11]. Therefore, Ge nanowires with a Si separation segment grown at
low temperature incorporate less Au impurity in the final Ge/Si nanowire, because the
Si segment acts an energetic barrier for the Au diffusion.
In the third and last step of the process, the Si shell is grown by admitting the precursor
Si2 H6 into the chamber at 690 °C. At this temperature, which is much higher than
during the previous steps, the decomposition of Si2 H6 takes place non-selectively at all
surfaces, leading to the growth of a conformal Si shell. The adjustment of temperature
and Si2 H6 partial pressure dictates the quality of the Si shell [Gol08a; Gol09].
Generally, the growth parameters such as temperature, partial pressures and chemical
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species employed influence the morphology and crystallinity of the resulting nanowires,
which in turn determine their electronic properties. For instance, the hole mobility of
Ge/Si core/shell nanowires correlates with the crystal orientation, and is known to
be maximum along the [110] direction [Con17]. Furthermore, the nanowire orientation typically depends on the radius [Gol09; Sch05], with the [110] orientation being
preferred for Ge nanowire radii below 10 nm. The radius of the nanowire in turn is
influenced by the size of the Au catalyst. Therefore, such complex interdependencies
need to be taken into account in order to control the relevant nanowire characteristics
and finally electronic properties.

4.2

Fabrication of Quantum Dot Samples

This section describes the fabrication of a typical sample that can host quantum dots in
a Ge/Si core/shell nanowire. These devices are the basis for all experiments shown in
this thesis. Most steps involve standard e-beam lithography processes with poly-methyl
methacrylate (PMMA) as resist [Ste12b]. Particular challenges in the fabrication process are the production of clean heterostructures, to mitigate electrical noise, and good
electrostatic confinement, aiming for the confinement of only a single hole. Process
details to each step are listed in the appendix. Figure 4.1 shows a scanning electron
micrograph of a finished quantum dot sample. In the follwing, the main steps of the
fabrication process for such a device are described.
The fabrication starts with an off-the-shelf Si wafer. Different types of wafers were used,
which are either intrinsic or heavily p++ doped silicon. The doped wafers comprise a
290 nm thick layer of thermal oxide SiOx on top. The intrinsic silicon wafers are used
with just the thin layer of native oxide. First, a marker grid with 200 nm edge length
is patterned with UV lithography and subsequently metallized. Next, another set of
markers for smaller structures and parts of the gate fan-out are patterned by electron
beam lithography. These smaller markers are necessary for the fabrication of the finger
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gates, which is described in detail in the next section 4.3. In a last electron beam
lithography step, the bond pads and other metallic on-chip connections are patterned.
On top of the finger gate structure and serving as a dielectric and insulating layer,
roughly 20 nm of aluminum oxide Al2 O3 are grown by atomic layer deposition. More
details about the material choice and properties of the dielectric layer are discussed in
section 4.4.
The next and last part of the fabrication is the placing and contacting of a Ge/Si
core/shell nanowire. For this purpose, a single nanowire is picked up from the growth
chip with a micromanipulator and placed deterministically across the set of finger
gates [Flö11]. As nanowires with different crystal orientations grow all on the same
chip, it is practical to distinguish them by the direction in which they grow, and only
choose the thinnest wires. This is in order to increase the probability of transfering a
nanowire with high mobility and good electrical properties, as discussed in section 4.1.
After the transfer, the nanowire is contacted in another electron beam lithography step.
Before metallization with a thin layer of Ti and a thick layer of Pd, the native oxide of
the nanowire is removed in a short etch with hydrofluoric acid (HF). In this last step,
special attention is paid to the adhesion of the resist to the surface of the chip, since
the etch in diluted HF and the accompanying rinse in water can easily harm the mask
and, in the worst case, destroy it. Therefore, an adhesion promoter and a more resilient
PMMA/MMA resist are used for this lithography step. The adhesion promoter reacts
with the substrate surface and forms a stable, hydrophobic layer, which improves the
adhesion of the resist and prevents underetching, too [All20e]. Finally, the lift-off is
performed in a bath of warm acetone.
Some samples feature an additional set of gates on top of and perpendicular to the
finger gates, as seen in Figure 4.1. These side gates can be used to apply an additional
electric field without changing the confinement potential of the quantum dot. However,
in the main part of this thesis they were not used and left grounded. Section 10.1 of
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Ge/Si
QD device
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Figure 4.1 | Ge/Si core/shell nanowire quantum dot device. Scanning electron
micrograph of a finished quantum dot sample. The five finger gates (vertical lines) are
fabricated as described in section 4.3. The nanowire (center) is placed across the finger
gates with a micromanipulator. Ohmic contacts to the nanowire are defined on either side
by electron beam lithography. Additional side gates (horizontal topmost and bottommost
structures) are fabricated for further experiments not described here. The inset focuses on
the part of the nanowire above the finger gates of a different device.

the outlook discusses potential applications of these gates in future experiments.
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4.3

Finger Gates with Narrow Pitch

This section describes the process which was developed in order to fabricate a set of
narrowly spaced finger gates which electrostatically confine quantum dots in Ge/Si
core/shell nanowires. The predominant challenge is to decrease the distance between
adjacent gates in order to provide a good enough confinement for single holes in the
nanowire. The following paragraphs outline the most important aspects of the process,
which enables the fabrication of gates with 50 nm pitch (defined as the center to center
distance of neighbouring lines) with a standard 30 kV electron beam patterning system
from Raith. The final result can be seen in Figure 4.2 and technical details of the
process can be found in the appendix.

a

b

1 �m

200 nm

Figure 4.2 | Finger gates with narrow pitch. Colorized scanning electron micrographs
of an array of five finger gates with additional side pads to support the nanowire on the sides.
The gate pitch in this case is 50 nm and the side pads are 50 nm away from the outermost
gates.

Resist For the fabrication of finger gates, a thin, single layer of standard PMMA with
a molecular weight of 950 kDa is used. The final thickness of the resist layer should
be roughly 45 nm to 50 nm after baking. This ensures that the exposed resist volume
remains small, as the beam broadening due to forward scattered electrons becomes
more pronounced after interacting with a thick resist layer (compare the line profile in
Figure 4.3 a). Furthermore, the thin resist reduces the risk of collapse of the patterned
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PMMA, which more likely for a high aspect ratio. Lastly, the resist layer thickness is an
important parameter to consider in the process due to the proximity effect caused by
backscattered electrons. These get scattered at large angles inside the substrate, and
lead to resist exposure far from the point of incidence of the electron beam. Figure 4.3 a
depicts traces of backscattered electrons at two different electron beam energies, based
on Monte-Carlo simulations [Kys75], illustrating the resist exposure in the proximity
of the patterned areas. Backscattering of electrons becomes more relevant for denser
structures and is especially pronounced for the high acceleration voltages used here, as
explained next.
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Figure 4.3 | Electron beam lithography of finger gates. a | Schematic of electron beam
lithography of narrowly spaced lines in a cross sectional view. The light blue areas illustrate
the area inside the resist (dark blue) that is exposed by the incident electron beam. In red
are depicted simulated trajectories of backscattered electrons. The inset shows the resist
profile of a 50 nm pitch grating [Ste10]. The schematics are based on simulations of the beam
profile and electron trajectories in [Kys75; Ste10]. b | Effect of temperature on the dissolution
of PMMA fragments during resist development. The solubility of PMMA in the developer
decreases exponentially with fragment size and temperature. The probability distribution of
PMMA fragment size depends on the exposure dose, with a narrower distribution centered
at smaller average fragment size at higher exposure dose. Schematic is based on calculations
in [Akt06].

Electron Beam Exposure For electron beam patterning of the gate structure, the
acceleration voltage is set to the highest available value of 30 kV in order to reduce
the undercut. Such undercuts stem from beam broadening due to deflection of forward
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scattered electrons, and are more pronounced for low acceleration voltages. Figure 4.3 a
schematically depicts the effect of the acceleration voltage on the spatial profile of the
exposed areas (light blue) inside the resist (dark blue) for two different acceleration
voltages. At low electron beam acceleration voltage, the beam broadens more due to
forward scattering of primary electrons, and the broad beam profile results in a larger
undercut. For higher acceleration voltages, the beam profile is much narrower with a
smaller undercut. While the absence of an undercut inhibits a proper lift-off, a too
large undercut, as it arises from low electron beam energies and thick resist layers,
would ultimately lead to a collapse of the mask of structures as dense as required
here [Ste10]. The choice of high acceleration voltage requires a high exposure dose of
typically around 3000 pC/cm due to the low sensitivity of PMMA at large electron
energies. The increased dose ensures that enough electrons are interacting with the
PMMA and scissor the molecule chains into short enough fragments to be dissolved in
the subsequent development step. As a positive side effect, the distribution of fragment
size narrows down and is centered at lower average fragment size for increasing exposure
dose [Akt06]. Figure 4.3 b shows the probability distribution as a function of the
PMMA fragment size for two different exposure doses. At lower dose, the molecule
fragments are typically longer and the size distribution is broader. At higher exposure
dose, the PMMA fragments are more uniform and shorter.

Development After patterning, the resist is developed at a temperature of −15 °C,
which is a sweet spot in terms of achievable resolution with PMMA resist [Cor07] and
is understood as a point of optimal interplay between exposure dose and PMMA solubility. The effect of the electron beam is to break apart the long PMMA molecules
into smaller, better soluble fragments. The resist solubility in the developer is a diffusion based process and thus is exponentially suppressed with decreasing temperature
and increasing molecule length. At room temperature, typically PMMA fragments
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shorter than ten monomers are dissolved during resist development [Akt06]. Therefore, at low development temperatures, partially exposed resist with longer molecule
fragments does not dissolve, but "freeze" [Moh10]. Since partially exposed resist mostly
occurs at the edges of trenches and far away from the incident point of the electron
beam, that is at the outer edges of the beam profile inside the resist, the development
at low temperature increases the resolution [Cor07] and the pattern quality [Hu04].
Figure 4.3 b schematically depicts the interdependence of development temperature
and exposure dose. A lower development temperature moves the limit of maximum
solvable fragment size to smaller values, therefore requiring a larger exposure dose in
order to dissolve a substantial amount of PMMA fragments during the development.
In turn, the increased exposure dose leads to a narrower probability distribution of
fragment sizes, as discussed above. The alignment of the solubility threshold, indicated by the vertical dashed line in Figure 4.3 b, and the probability distribution of
PMMA fragment size is the objective of process optimization. At temperatures above
the optimum, too much of the resist is developed. Temperatures below the optimum,
in turn, require such a high exposure dose, that PMMA cross-linking dominates over
molecule scissoring, hence making the lithography process impossible. In conclusion,
the sweet spot at −15 °C for PMMA development is the optimum between PMMA solubility and cross-linking. Finally, the addition of methyl ethyl ketone to the developer
helps to increase the dissolution rate and to remove PMMA residues [Ber92].

Metallization In the last step, the mask is metallized following a short reactive ion
etch cleaning in an O2 plasma, which improves the cleanliness and quality of the
trenches. Figure 4.4 demonstrates the line broadening after of a short etch of a few
seconds as indicated. This step therefore needs careful optimization with the exposure dose and development temperature. Afterwards, a Ti/Pd metal stack with a total
thickness of 15 nm is evaporated onto the mask in an electron beam evaporator. Finally,
the mask lift-off is performed in a warm acetone bath.
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Figure 4.4 | Line broadening due to reactive ion etching. Scanning electron micrographs of finger gates, including a short reactive ion etch in an O2 plasma after resist
development. The etch cleans the trenches from resist residuals and leads to a line broadening, depending sensitively on etch duration. In both cases shown here, the exposure dose and
development temperature were the same, but the mask was etched for a | 5 s in and b | 10 s
prior to metallization.

The process described above is capable to yield parallel, metallized lines with a pitch
of 50 nm as shown in Figure 4.2. The gates are accompanied by side pads, highlighted
in green in Figure 4.2, which help to prevent bending of the nanowire next to the finger
gates. Note that these additional, large areas in close vicinity to the finger gates require
precise adjustment of the exposure dose due to the pronounced proximity effect.

4.4

Material Choices for the Gate Dielectric

Quantum states are very fragile and susceptible to any disturbances from the environment. Not only the host material, in this case the Ge/Si nanowire, but the entire device
comprising layers of semiconductors, metals and oxides can be a source of undesired
effects such as gate leakage or charge noise. In this section, different choices of the
substrate and the gate dielectric are reviewed. More details, measurements and considerations regarding the implementation in the existing fabrication process of Ge/Si
nanowire samples can be found in [Mül19].
All the devices that were used for measurements in this thesis use a roughly 20 nm
thick layer of Al2 O3 as a dielectric layer between the finger gates and the nanowire. It
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is grown by atomic layer deposition (ALD), which is a technique routinely used to grow
very thin films with numerous applications in micro- and nanofabrication. The basic
working principle is the formation of one atomic layer per cycle by having first two
precursors each uniformly covering the surface and then chemically reacting with each
other to form one layer of the desired film material. The precursors are sequentially admitted into a vacuum chamber, which is heated to the process temperature of typically
a few hundred °C. This relatively low temperature, compared to other chemical vapour
deposition techniques, is one of the main advantages of ALD [Ste12b]. Other advantages are the growth uniformity even on complex topologies, and the self-limitation,
yielding precise control over the film thickness [Les02].
The use of ALD grown Al2 O3 is very straightforward, is commonly used especially
for silicon based structures due to its passivation effect [Din10], and has the additional advantage of being easy to process, as it is etched very well by hydrofluoric acid.
However, interface effects at boundaries of Si, SiO2 and Al2 O3 are pronounced and complex [Spr18]. For instance, a negatively fixed charge layer is formed at the SiO2 /Al2 O3
interface, which on the one hand can be exploited for depletion mode quantum dot
devices [Ami18], but at the same time can lead to unintentional remote doping of the
nanowire and can act as a source of charge noise. In a system with strong spin-orbit
interaction such as Ge/Si nanowires, this acts as a source of decoherence, too. In conclusion, the impact of ALD grown Al2 O3 on the performance of Ge/Si quantum dot
devices remains unclear [Mül19], as well as possible qualitative improvements through
annealing or ozone cleaning of the oxide [Spr18].
An alternative candidate to Al2 O3 is hafnium oxide HfO2 , a high-k dielectric which is
also considered as a replacement of SiO2 in semiconductor industries [Wil01; Rib05].
Just as Al2 O3 , it can be deposited by an ALD growth process in very high quality, and
due to the larger dielectric constant the thickness could be reduced while maintaining
the same capacitive coupling of the gate. So far, the performance of Ge/Si devices
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using HfO2 in comparison to devices using Al2 O3 remains unclear due to the lack of
experiments regarding improved or deteriorated properties [Mül19]. Finally, HfO2 can
also be combined with Al2 O3 in a more complex stack of oxides, which inhibits the
formation of the fixed charge layer [Sim15; Buc05].
A very different approach is the usage of few-layer hexagonal boron nitride (hBN) flakes
as a dielectric. Its valuable properties are well recognized in graphene research [Dea10]
and, despite adding complexity to the fabrication process, it has been successfully
integrated into quantum dot devices [Wan19a]. Typically, hBN is exfoliated from a
crystal. Single flakes with variable thickness, ranging from one monolayer and to
several nanometers, are then transferred onto the substrate [Nov04; Dea10; Mül19].
Figure 4.5 shows two microscope images of a Ge/Si nanowire device, fabricated as
described in section 4.2 but with an hBN flake as insulating layer between the finger
gates and the nanowire. First measurements of quantum dots formed in such a device,
however, were limited by gate leakage [Mül19].
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Figure 4.5 | Ge/Si nanowire device using hBN as dielectric. a | Optical microscope
image of the device after transfer of the hBN flake onto to the finger gate structure. b | Scanning electron micrograph of the finished quantum dot device. After the flake transfer, a Ge/Si
nanowire is transferred onto the gate structure and contacted as described in section 4.2. The
outline of the flake is emphasized by the white, dashed line. Images adapted from [Mül19].
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4.5

Hybrid Systems: Superconducting Resonators with Integrated
Nanowire Quantum Dot

A key milestone in the development of a functioning quantum computer architecture is
the implementation of long range interactions between distant qubits. One candidate
for mediating the interaction is the photon electric field of a superconducting microwave
resonator [Klo13a]. Figure 4.6 a shows an optical microscope image of an array of
SQUIDs (superconducting quantum interference device), which forms a resonator with
a resonance frequency in the GHz regime [Mas12; Cas07; Sto17]. At the bottom part, a
Ge/Si quantum dot is placed and coupled via one of the plunger gates to the resonator.
The inset shows a scanning electron micrograph of the quantum dot structure, which
is fabricated according to the description in section 4.2. The SQUID resonator is
fabricated in the group of Andreas Wallraff3 at ETH Zürich.
Figure 4.6 b shows a different type of device which consists of a transmission line
resonator made from a thin, superconducting NbTiN film [Kro19]. The resonator is
fabricated in the group of Christian Schönenberger4 .
The fabrication of such hybrid devices is still ongoing and no measurements have been
performed so far. More details regarding the importance and prospects of such devices
are discussed in section 10.3.

3
4

Department of Physics, ETH Zurich, CH-8093 Zurich, Switzerland
Department of Physics, University of Basel, Klingelbergstrasse 82, 4056 Basel, Switzerland
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Figure 4.6 | Fabrication of hybrid resonator-qubit devices. a | Optical microscope
image of a SQUID resonator with integrated Ge/Si nanowire quantum dot device. The inset
shows a scanning electron micrograph of the quantum dot area. Image by courtesy of Pasquale
Scarlino. b | Dark field, optical microscope image of a NbTiN resonator. The empty area at
the center right (encircled by the dotted rectangle) is where the quantum dot structure will
be fabricated, similar to the inset of a. Image by courtesy of Jann Ungerer.
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Qubit Measurement Setup

This section briefly describes the setup that was used in this thesis for the operation of a
hole spin qubit in a Ge/Si core/shell nanowire. The transport measurements presented
in sections 6 and 7, were performed in a variable temperature insert (VTI) with a base
temperature of 1.4 K. For the experiments performed in the VTI, only low-frequency
wiring for direct current (DC) measurements were used. However, a key requirement
for qubit operation is the application of radio-frequency signals, in order to realize the
various qubit operations discussed in section 3. Such a setup and its main parts are
outlined in the next section. This setup is used for the measurements discussed in
section 8.

5.1

A Dilution Refrigerator with High-Frequency Electronics

The setup is based on a dry dilution refrigerator from Bluefors Oy [Blu20]. In comparison to wet systems, which require cooling with liquid helium, dry systems offer
the advantage of more experimental space and lower maintenance. Furthermore, the
system is equipped with a 8-4-1 T vector magnet and a bottom-loading insert which
allows for fast sample exchange.
Figure 5.1 schematically shows the various electronic components that are relevant for
the measurements discussed in section 8. From room temperature control electronics,
which are discussed in the next section, a number of coaxial lines and DC lines are
running through the various temperature stages and are finally thermalized to mixing
chamber temperature. In total, eight semi-rigid coaxial lines made of silver-plated
cupronickel are mounted in the setup. Out of those, three are used for qubit operation,
and the remaining ones are available for other purposes such as gate-reflectometry. The
coax lines are thermalized at the temperature stages of the dilution refrigerator with
attenuators as indicated in Figure 5.1. Thermocoaxes with a total resistance of 150 Ω
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at room temperature were used as DC lines because of their enhanced thermalization
performance while also serving as an efficient low-pass filter. The DC lines connect
the break-out-box via a Pi-filter with 300 pF with the wiring inside the refrigerator.
At the mixing chamber the lines are filtered and further thermalized by microwave
filters [Sch14; Bas20a] with a capacitance to ground of 7 nF.
Below the mixing chamber, the exchangeable sample probe (puck) inside a bottomloading exchange mechanism is attached. The puck comprises a printed circuit board
(PCB) containing the sample, as well as a filter PCB which filters the DC lines with
two surface mounted components (SMC) RC-filters in series. From the filter board,
a ribbon cable is connecting the DC lines to the sample PCB where, after another
low-pass filter, the lines connect to the sample via bond wires. Inside the puck, flexible
coax lines are used to connect the RF lines from the mixing chamber-puck interface to
the sample PCB. There, the coax lines are combined with three of the DC lines, and
can thus be used as fast gates on the sample.
Note that the setup is also equipped with a gate reflectometry setup, but since it was
not used in this thesis it is omitted in Figure 5.1. Details and characterization of the
complete setup, including the gate reflectometry, can be found in reference [Cam19].

82

5.1 A Dilution Refrigerator with High-Frequency Electronics
AWG/RF Source

6dB
10dB

5dB
150 �

6dB

thermocoax

3dB
microwave
filters

filter board
ribbon
cable

flexible
coax

PCB filter

slow gates,
ohmic contacts

x31

x3

parasitic
capacitance

bias tee

fast gates

sample

Figure 5.1 | Wiring schematic of the setup. The electric setup inside a dry dilution
refrigerator features three coax lines (green) and 34 DC lines (red). Inside the puck, the DC
lines are routed via a filter board to the main PCB which contains the sample and combines
both the DC and the RF part of the setup. Three DC lines are combined via bias tees with
the RF lines, thus enabling fast gates on the sample. The other 31 DC lines are available for
DC biasing or gating the sample. Adapted from [Cam19].
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5.2

Electronics for Qubit Control

This section discusses the room temperature electronics that is used in order to control
the qubit. For qubit operation, three main types of voltages are necessary: quasi-static
DC voltages, square pulses and microwave bursts. Quasi-static DC voltages control
the confinement and the bias voltage on the quantum dots. Square pulses are applied
to the plunger gates of the quantum dots in order to pulse to different positions in
the charge stability diagram. Finally, controlled microwave burst drive spin rotations
via electric dipole spin resonance. The difficulty of a qubit setup is due to the need
of precisely timed, nanosecond microwave burst. In particular, for very fast qubits,
clean microwave burst with burst times < 10 ns are necessary, since for instance a Rabi
frequency of 100 MHz results in a π2 -gate pulse length of only 5 ns. In the framework
of this thesis, two different setups were used, which differ in the way the microwave
bursts are generated and controlled. The two setups are schematically illustrated in
Figure 5.2. In both cases, the DC voltages are provided by an eight-channel digitalanalog-converter (DAC) with low noise and high resolution from BasPI [Bas20b]. The
voltages are then routed via the DC wires to the sample on the PCB as described
in section 5.1. Transport through the nanowire is measured with a BasPI low-noise
high-stability (LNHS) I/V converter attached to the drain lead of the nanowire sample.
The measurement signal is measured with a Signal Recovery Lock-in model 7265, which
modulates the RF signal generator output at the lock-in frequency. By demodulating
the measurement signal from the sample, the lock-in measures the difference in current
through the nanowire when the RF signal is applied and blanked. The square voltage
pulses are generated by an arbitrary waveform generator (AWG). Two different models
of AWGs were employed: a two-channel Tektronix AWG7122C in Figure 5.2 a and an
eight-channel Tektronix AWG5208 in the setup of Figure 5.2 b.
The main difference between the two setups shown in Figure 5.2 is the manner of
chopping the RF signal generated by the Keysight model E8257D (model E8267D)
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Figure 5.2 | Room temperature circuitry. The room temperature circuitry for qubit
control comprises a DC part and a RF part. DC voltages are generated with a low-noise
high-resolution DAC and the transport through the double quantum dot is measured with
a low-noise high-stability I/V converter and a lock-in. The RF part consists of an AWG
for square voltage pulse generation and a RF signal generator. The two setups differ in the
way the microwave burst are generated. a | In this setup, a RF-switch is triggered by the
AWG and chops the continuous wave RF signal from the source. b | Here, a vector signal
generator is used, which allows for IQ modulation of the RF signal. Another output channel
of an eight-channel AWG is used to control the the pulse modulation input. Note that in
both setups a and b an optional RF amplifier can be inserted into the circuit, yielding an
additional gain of microwave power of 45 dB. Furthermore, in the measurements shown in
this thesis, one of the tree coaxial lines was not functional.

signal generator in figure 5.2 a (in figure 5.2 b). In Figure 5.2 a, the second output
channel of the AWG controls a RF switch (ZASWA-2-50DRA+ from MiniCircuits),
which chops the continuous wave RF signal into microwave bursts of desired length.
Note, that here the reference signal from the lock-in gates the pulse modulation (PM)
input of the signal generator and the AWG triggers the RF switch. Conversely, the
roles of the AWG trigger and the lock-in reference signal can be swapped, too.
In the setup shown in Figure 5.2 b, the use of a vector signal generator allows for
control over the phase of the microwave signal via IQ modulation. In this case, three
AWG output channels control the I, Q and PM inputs of the signal generator, which
generates the microwave bursts. The lock-in reference signal, which modulates the RF
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output, is connected to the amplitude modulation (AM) input of the signal generator.
In both setups of Figure 5.2, optionally a RF amplifier can be inserted into the circuitry.
This amplifies the available microwave power with a gain of 45 dB, which becomes necessary in case of a technically limited low level of output power of the signal generator.
In particular, in combination with high attenuation inside the refrigerator, which is
used for good thermalization, this additional gain in microwave power proves useful.
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Abstract
We report highly tunable control of holes in Ge/Si core/shell nanowires. We
demonstrate the ability to create single quantum dots of various sizes, with low
hole occupation numbers and clearly observable excited states. For the smallest
dot size we observe indications of single-hole occupation. Moreover, we create
double and triple tunnel-coupled quantum dot arrays. In the double quantum
dot configuration we observe Pauli spin blockade (PSB). These results open the
way to perform hole spin qubit experiments in these devices.

This chapter is published [Fro18] in Appl. Phys. Lett. 113, 073102 (2018).
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Introduction

Single hole spins confined in quantum dots (QDs) in Ge/Si core/shell nanowires (NWs)
combine several advantageous properties which makes them potentially very powerful
quantum bits [Los98; Klo13b]. The natural abundance of non-zero nuclear spins in both
silicon and germanium is relatively small and can be further reduced to a negligible
amount by isotopic purification. Furthermore, hole spins have no contact hyperfine
interaction due to their p-type wavefunction. These properties make hole spin qubits
in silicon and germanium resilient against dephasing via interaction with nuclear spins.
A particularly promising feature of hole spins in Ge/Si core/shell NWs is the nature
of spin-orbit interaction (SOI) in this system. Confinement to one dimension gives
rise to an effective SOI in the valence band, which is predicted to be both strong
and tunable [Klo11; Klo18], enabling fast all-electrical spin manipulation. An external
electric field can be used to set the strength of this SOI. This promises the capability
of electrical gating of the SOI, allowing to switch to a large SOI for high interaction
strengths and fast quantum operations, or to turn off SOI for increased qubit coherence.
Furthermore, this SOI results in a Landé g-factor that is locally tunable by external
electric as well as magnetic fields [Mai13; Bra16a]. Local control over the g-factor
makes it possible to selectively address individual spin qubits and allows for selective
coupling to microwave cavities [Klo13b].
The confinement of single holes in QDs is an important step towards implementation of the basic ingredients of experimental quantum computation using hole spin
qubits. [Los98]. Single QDs form the fundamental building blocks, and it is therefore
imperative to be able to reliably form and characterize them [Bra16c]. Moreover, a
high level of control over the exact position and shape of individual QDs is required
to accurately tune level splittings [Klo11], spin relaxation times [Han07; Cam18], and
tunnel coupling strengths.
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In addition to single QDs, tunnel-coupled double QDs are of particular interest, since
these are platforms for spin-to-charge conversion schemes facilitating spin read-out and
coupling of spins to microwave cavities [Sam18; Mi18a; Lan18]. Spin states of double
and triple QDs can be used as qubit encodings which are insensitive to fluctuations
of a uniform magnetic field or of magnetic field gradients [Tay05; Tay13]. Moreover,
quantum operations on these qubits may be performed using different mechanisms
than for single spin qubits, for instance only relying on the Heisenberg exchange interaction [DiV00a; Med13]. Finally, double as well as triple QDs feature charge states
with an increased dipole moment, potentially leading to enhanced coupling strengths
of spin qubits to microwave cavities [Lan18].
In this Letter, we demonstrate a large amount of control over the formation of single,
double and triple QDs in Ge/Si NWs, all with a low hole occupation number. Using
five bottom gate electrodes, we tune the size and position of single QDs defined in the
NW. Furthermore, we form tunnel-coupled double and triple QDs. In the double QD
configuration, we observe Pauli spin blockade [Ono02; Han07] (PSB).

6.2

Device and Setup

We use a Ge/Si NW [Con17] with an estimated Ge core radius of 10 nm and Si shell
thickness of 2.5 nm (see Fig. 6.1). Five Ti/Pd bottom gate electrodes are lithographically defined on a p++-doped Si substrate covered with 290 nm thermal oxide. The
bottom gates have a thickness of ∼15 nm, a width of 20 nm, and are equally spaced
with a pitch of 50 nm. On either side of these gates, a plateau gate (green in Fig. 1b)
is defined, which serves to prevent bending of the NW. The bottom gates are subsequently covered by a layer of Al2 O3 of thickness 20 nm through atomic layer deposition
at 225 °C. In a next step, the NW is placed deterministically on top of the bottom gates
using a micromanipulator setup. Electrical contact to the NW is made through two
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Figure 6.1 | (a). Scanning electron micrograph of a device similar to the one used in this
work. (b) Schematic overview of device and measurement setup. The NW is shown in blue,
with the core in orange, bottom gates are in yellow and green, and contacts in purple.

Ti/Pd (∼0.5/60 nm) contact pads, which are lithographically defined and metallized
after a brief HF dip to strip the NWs native oxide.
Due to the type-II staggered band alignment of silicon and germanium, a hole gas
accumulates in the core [Lu05]. By applying positive voltages to the gate electrodes,
the hole density can be depleted locally, resulting in the formation of QDs. We perform
transport measurements by applying a dc source-drain bias VSD over the NW and
measuring the differential conductance using standard lock-in techniques with a small
ac excitation in the range of 20-100 µV applied to the source contact. All measurements
were performed at a temperature of 1.4 K, without application of an external magnetic
field, and with the doped part of the substrate grounded.
Figure 6.2a gives an overview of the different configurations of biased gates and dot sizes
that were studied. QDs can be formed using two, three, four or five neighboring gates.
For each dot size, the outer two gates (red in Fig. 6.2a) form tunnel barriers between
the QD and the source and drain reservoirs. The voltage on individual or multiple
middle gates (green in Fig. 6.2a) are used to tune the electrochemical potential of the
QD. Unused gates (white in Fig. 6.2a) are grounded. In Figure 6.2b and c, measured
charge stability diagrams (Coulomb diamonds) are shown for the case of a single QD
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formed by two and three neighboring gates, respectively (see Fig. 6.2a, top panels).
Similar measurements were made for larger QDs formed by four and five gates. In case
of the QD defined by two adjacent gates, we find that sweeping the voltage on these
gates has a large effect on the tunnel barriers defining the dot. As a result, only a few
charge transitions can be observed for this configuration. For the other dot sizes, the
tunnel barriers are much less affected by the voltage on one of the middle gates, and
we observe a large number of regular Coulomb diamonds.
Table I summarizes parameters extracted from the Coulomb diamond measurements.
In Figure 6.3 values of the hole addition energy Eadd are plotted, which were extracted
from the height of the Coulomb diamonds. We find that Eadd is largest for the smallest
dot and decreases for increasing dot size, in agreement with the expectation that both
charging energy and orbital level splittings decrease with dot size.
The conductance measurements feature additional resonances at higher values of VSD .
We extract energies for these resonances by averaging the difference of the first resonance and the ground state transition, in windows similar to the one drawn in Figure 6.2c. Here we convert the difference in VSD to energy using lever arms determined
from the slopes of each Coulomb diamond. The third column of Table I lists typical
energies Eorb found in this way for the different dot sizes. Consistent with the level
splitting of orbital hole states [Kou01; Esc10], Eorb depends strongly on the longitudinal dot size, with smaller dots featuring higher values of Eorb . Note that incomplete
knowledge of the exact confinement potential and the hole effective mass makes it
difficult to compare our measurements to a theoretical model of orbital level splitting.
Furthermore, we estimate the lowest measurable hole occupation number Nest for the
different dot sizes by comparing the used gate voltages with pinch-off voltages obtained
at high VSD . For dots formed by 3 to 5 neighboring gates, we find relatively low
occupation numbers ranging from 15 to 38 (see Table I). This method is not reliable
for QDs defined by only two gates, since both gates directly define the tunnel barriers of
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Figure 6.2 | (a). Schematic picture of the gate configurations used to form QDs (orange)
of different lengths using 2, 3, 4 and 5 gates, respectively. (b) Lock-in signal dI/dV versus
VSD and Vg3 of QD formed by two gates. To enhance contrast, values below the colorscale
were given a grey color. Here Vg4 = 1700 mV. (c) Lock-in signal dI/dV versus VSD and Vg2
of QD formed by three gates. Here Vg1 = 2000 mV and Vg3 = 4000 mV. Blue dashed rectangle
shows an example of an averaging window used to extract excited state energies. Insets in
(b) and (c) schematically show used gate configurations.
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# gates

Eadd (meV)

Eorb (meV)

L (nm)

Nest

2
3
4
5

26
17
13
10

12.8
4.8
2.1
1.3

30
80
130
180

1, see main text
15
35
38

Table 6.1 | Typical extracted single dot parameters: addition energies Eadd , excited state
energies Eorb , lithographically defined distances L between gates creating QD tunnel barriers,
and estimated hole numbers Nest .

the dot. However, several indications suggest that single-hole occupation is reached in
this case. First of all, the last Coulomb diamond edge visible in Figure 6.2b increases
linearly up to at least |VSD | = 40 mV. Furthermore, even at high VSD , no features
involving tunneling of multiple holes are observed for the last visible Coulomb diamond
(which would appear as lines intersecting the diamond edges on the high gate voltage
side). We do find multiple resonances in the last diamond for low VSD , which could arise
from tunneling involving excited states. However, the splitting of these lines is lower
than that found for the larger dots. Therefore, it is unlikely that these resonances
correspond to excited orbital states in a small QD. Furthermore, we observe (not
shown) that the splitting of the resonances strongly depends on gate voltages applied
to g2 and g5 (flanking the barriers of the dot), again making it implausible that they
correspond to excited orbital states [Möt10]. A likely explanation is that these lines
arise from modulation of the reservoir density of states [Bjö04; Esc10; Möt10]. Finally,
the energy of the first excited state in the second Coulomb diamond in Figure 6.2b
(around Vg3 = 4.35 V) appears to be significantly reduced with respect to that found
in the last diamond, consistent with an exchange energy appearing for two-hole states.
More conclusive evidence of single hole occupation could be obtained by using a charge
sensor [Hu07].
Finally, we observed in multiple devices that QDs formed by three or more gates tend
to split up when biasing the center gates too positively. This impedes reaching singlehole occupation for the larger dot sizes. Moreover, conductance becomes too low to
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Figure 6.3 | Extracted values of Eadd for various QD lengths as a function of relative
occupation number.

measure when increasing the gate voltages, again potentially preventing the observation
of single-hole occupation regimes. In the device studied here, this seems to be not the
case for the dot made by two gates. The conductance exceeds 0.1 e2 /h on the last
diamond in Figure 6.2b, thus adding more evidence for the single-hole regime.

6.3

Formation of Double Quantum Dot

Next, we demonstrate controllable formation of double QDs. As shown in the charge
stability diagrams in Figure 6.4a, a single QD formed by five gates can be continuously
split up into a double tunnel-coupled QD, by increasing the voltage on gate g3 . Here,
the voltage on gates g2 and g4 are swept and the current through the NW is measured
for each point. The leftmost charge stability diagram shows single-dot behavior, in
which diagonal lines are Coulomb peaks corresponding to sequential addition of single
holes to the dot. The middle panel shows a charge stability diagram of a double QD
featuring high coupling between the dots, as evidenced by the bending of the charging
lines. The right panel shows conductance only when the electrochemical potentials of
the two dots are aligned, in the form of bias triangles [vdWie02a]. The absence of
conductance along the charging lines indicates that significant cotunneling with the
lead reservoirs can be avoided. These measurements indicate that we have a large
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amount of control over the capacitive coupling and tunnel-coupling between the two
QDs.

Pauli spin blockade is a basic ingredient of many spin qubit experiments, in which interdot transitions are blocked for spin triplet but not for singlet states [Ono02; Han07].
As such, it forms a means of reading out spin qubit states. When measuring the conductance through a double QD, the blockade may be observed for one sign of VSD , but
not for the other. In this work, the relevant spin states are those of Kramers doublets
formed by mixed heavy hole and light hole states [Klo11].

We observe signatures of PSB at several interdot transitions when measuring bias triangles for positive and negative VSD , in the form of a region of reduced conductance
inside the bias triangles for one sign of VSD . Figure 6.4(b) focuses on one such an interdot transition where the current inside the region indicated by the dashed green line
is suppressed by roughly a factor 10 for positive VSD . The size of the blockaded region
is determined by the singlet-triplet splitting ST in the single dots (see white arrow in
Fig. 6.4b, right panel). We find εST to be 1 meV, which compares well with other measurements [Bra16b; Zar17]. Moreover, we observe a leakage current that depends on
the detuning of the electrochemical potentials in the two dots and on the magnitude of
an applied magnetic field. In particular, we find a small leakage current at low detuning
that is consistent with an effective T(1,1) to S(0,2) transition, and a larger current at
higher detuning consistent with a T(1,1) to T(0,2) transition. Various processes may
lift PSB, including spin-flip cotunneling, spin-flip reservoir exchange [Bie15], hyperfine
interaction, and SOI [Li15; Bra16b; Zar17]. The resulting leakage current thus forms
a probe to detect the strength of these processes, but a detailed study of this goes
beyond the scope of the present work.
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Figure 6.4 | (a) Charge stability diagrams for different values of the voltage on g3 , showing
a transition from a single QD to a double QD, at VSD = 2 mV. Insets schematically show
QD configurations. (b) Zoom-in of a pair of bias triangles, at Vg3 = 3800 mV. Plotted is the
dc current for positive and negative VSD . The strong reduction in the area enclosed by the
dashed green line indicates the presence of Pauli spin blockade. (c) Charge stability diagram
with highlighted (shaded blue regions) triple QD features. White dotted lines indicate the
slope of charge transitions of the outer two dots. (d) Charge stability diagram of triple
QD. Dashed blue and dotted pink circles highlight triple dot resonances. In (c) and (d),
Vg1 = 2000 mV, Vg3 = 3800 mV, and Vg5 = 2800 mV.
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Formation of Triple Quantum Dot

We find that the double QD can be further subdivided into a triple QD, by increasing
the voltage on g4 . In this case, the triple dot is likely composed of two small QDs
between gate pairs g3 -g4 and g4 -g5 , as well as a larger QD between g1 -g3 . In the
charge stability diagram shown in Figure 6.4c, triple dot features appear as lines with
enhanced conductance with an intermediate slope (see dashed blue lines). Figure 6.4d
shows a zoomed-in region of the triple QD charge stability diagram. Similar to bias
triangles in a double QD, conductance is enhanced when the electrochemical potential
of the center dot is aligned with that of one of the outer dots (dotted pink circle in Fig.
4d), or when the electrochemical potentials of all three dots are aligned (dashed blue
circle in Fig. 6.4d) [Sch07; Gra10]. The fact that we also observe conductance at points
corresponding to DQD bias triangles suggests that there is cotunneling involving the
center dot present in the measurements, resulting in conductance even when only the
electrochemical potentials of two out of three dots are aligned.

6.5

Conclusion

The demonstration of tunable single, double, and triple QDs opens the way to perform spin qubit experiments with few holes in these devices. Reaching the single-hole
regime is particularly important, as it makes single and two-qubit operations much
more straightforward. Overall, we observe very good repeatability of the measurements, with gate voltage changes of 1 V leading to no observable shifts in charge
stability diagrams. These results enable several follow-up experiments. In particular,
the strength and electric field dependence of the SOI could be determined from magnetic field dependence of leakage current in a double QD in the PSB regime [Li15;
Zar17; Bra16b]. Moreover, we expect that a slightly different gate design than used
here will enable reaching single-hole occupation in a controllable way.
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Abstract
The spin-orbit interaction lies at the heart of quantum computation with spin
qubits, research on topologically non-trivial states, and various applications in
spintronics. Hole spins in Ge/Si core/shell nanowires experience a spin-orbit
interaction that has been predicted to be both strong and electrically tunable,
making them a particularly promising platform for research in these fields. We
experimentally determine the strength of spin-orbit interaction of hole spins confined to a double quantum dot in a Ge/Si nanowire by measuring spin-mixing
transitions inside a regime of spin-blockaded transport. We find a remarkably
short spin-orbit length of ∼65 nm, comparable to the quantum dot length and
the interdot distance. We additionally observe a large orbital effect of the applied
magnetic field on the hole states, resulting in a large magnetic field dependence of
the spin-mixing transition energies. Strikingly, together with these orbital effects,
the strong spin-orbit interaction causes a significant enhancement of the g-factor
with magnetic field. The large spin-orbit interaction strength demonstrated is
consistent with the predicted direct Rashba spin-orbit interaction in this material system and is expected to enable ultrafast Rabi oscillations of spin qubits
and efficient qubit-qubit interactions, as well as provide a platform suitable for
studying Majorana zero modes.

This chapter is published [Fro21a] in Physical Review Research 3, 013081 (2021).
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Introduction

The spins of single electrons or holes can be coupled to orbital degrees of freedom
through the spin-orbit interaction. In a solid-state environment, this interaction arises
from the motion of electrons or holes in electric fields associated with the host lattice
atoms, structural or bulk inversion fields, or externally applied electric fields, and its
strength can range from a typically small perturbation in the conduction band to a
significant effect in the valence band [Win03]. Spin-orbit interaction is particularly
useful for fundamental applications in spintronics and quantum information processing
with spin qubits [Los98; Han07; Sca20], as it can be employed to realize fast manipulation of spin states purely through electrical means [Gol06; Now07]. For example,
Rabi oscillations with frequencies of ∼100 MHz have been obtained for electron spins
confined in group III-IV semiconductor nanowires, where the spin-orbit interaction was
used to mediate a coupling of the spins to an electrical driving field [Nad10a; vdBer13].
Furthermore, spin-orbit interaction provides a promising path towards implementing
entangling operations between distant spin qubits, by mediating the coupling of spins
to electromagnetic cavity modes [Klo13c; Bur20] or floating gate architectures [Tri12].
An important advantage of using spin-orbit interaction for these purposes is that it
requires no additional on-chip components such as micromagnets.
Furthermore, the emergence of Majorana zero modes in semiconductor nanowires relies
on the presence of a strong spin-orbit interaction [Lut10; Ore10; Ali10; Kli12]. The
strength of the spin-orbit interaction sets the range of Zeeman energies in which a
topologically non-trivial phase exists together with a sufficiently large superconducting
gap, making a strong spin-orbit interaction essential for experimental studies [Mai14].
Hole spins in semiconductor nanostructures can experience a spin-orbit interaction
many times stronger than for electron spins [Win03; Bul05; Bul07]. In particular,
a strong and electrically tunable direct Rashba spin-orbit interaction arises for holes
confined in one-dimensional Ge- or Si-based nanostructures [Klo11; Klo18]. The direct
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Rashba spin-orbit interaction results from direct dipolar coupling of holes to an external electric field, in combination with mixing of heavy and light hole states due to
confinement to one dimension. This interaction is estimated to be 10-100 times stronger
than the conventional Rashba-type spin-orbit interaction for electrons or holes.
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Figure 7.1 | Device and Pauli spin blockade. (a) False-colour scanning elecron micrograph
of the device, used for all the measurements of this work. The finger gates g1-5 (red: barrier
gates, green: plunger gates) are biased with positive voltages Vg1-5 in order to create a
double quantum dot in the Ge/Si core/shell nanowire (yellow). The source (S) and drain (D)
contacts are defined on either side of the nanowire. Dashed ellipses indicate the approximate
locations of the two quantum dots. (b) Schematic illustration of Pauli spin blockade, with
zero magnetic field. When the double dot is occupied by holes in a triplet (1, 1) state, the
current is blocked until mixing with a singlet state takes place. The double dot detuning
is indicated by ε. (c) Bias triangles taken at VSD = 2 mV showing signatures of Pauli spin
blockade, through a suppression of current, in the area delineated by the dashed white lines.
The blue arrow indicates the direction of the detuning axis. (d) Current as a function of
detuning, swept along the arrow in (c), without (red) and with (green) applied magnetic
field.

Such a strong spin-orbit interaction would enable pushing spin qubit Rabi frequencies
into the GHz regime [Klo13c], an order of magnitude higher than recently demonstrated
with hole spin qubits [Wat18b; Hen20a; Hen20b], and state-of-the-art electron-based
spin qubits [vdBer13; Yon14; Yon18]. Moreover, a large electrical tunability of spinorbit interaction strength promises exquisite control over qubit coherence and manipulation speeds, providing a gate-controlled ON/OFF switch of the coupling to electrical
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environmental degrees of freedom, which could be used to, on the one hand, maximize
the coupling to microwave drive fields and, on the other hand, minimize the coupling
to charge noise. Such controllable coupling would make it possible to combine ultrafast
qubit operations with long coherence times. Furthermore, such electrical tunability can
be used to control the localization length of Majorana zero-modes confined to each end
of a nanowire [Mai14], creating the possibility of electrically performing topologically
non-protected operations on Majorana zero-modes.
Due to the tunable nature of the spin-orbit interaction, the magnitude of the
g-factor of hole spins in Ge/Si nanowires can be modulated over a large range using
applied electric fields [Mai13; Bra16a]. This feature enables local control over the
Zeeman energy and allows to tune the energy of a qubit relative to a spin resonance
driving field, or to a microwave cavity mode, making it possible to selectively
address individual qubits in a multi-qubit device. Furthermore, in addition to strong
and tunable spin-orbit interaction, hole spins in Ge/Si nanowires combine several
other features that make them amenable for implementation of high-quality qubits.
Hyperfine-induced decoherence is expected to be strongly suppressed, since holes have
a p-type Bloch function, which has zero overlap with lattice nuclear spins [Fis08].
Furthermore, both Ge and Si have a low natural abundance of isotopes with non-zero
nuclear spins (29 Si < 5%,

29

Ge < 8%), which can be made vanishingly small through

isotopic purification. Finally, in contrast to electrons, holes in Ge and Si do not
experience valley degeneracy, which for electron spins in Si-based devices can have a
detrimental effect on qubit relaxation times [Yan13].

Here, we investigate the spin-orbit interaction of hole spins confined in a double quantum dot defined electrostatically in a Ge/Si core/shell nanowire [Fro18; Bra16c]. We
use mixing of singlet and triplet spin states detected through lifting of Pauli spin blockade [Ono02; Kop05; Nad10b; Bra16b; Zar17] to perform spectroscopy on the effectively
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doubly occupied double dot. Notably, we also find a large orbital effect of the magnetic
field. We have developed a spectroscopic model, which fully takes into account these
orbital effects, allowing to independently determine the Landé g-factor, the interdot
tunnel coupling strength, and the strength of the spin-orbit interaction in this device.
We find a particularly strong spin-orbit interaction, with a spin-orbit length of the
same order as the dot size. Such a regime of strong spin-orbit interaction is expected
to exhibit effects [Tri08; Dmy18] typically not observed in experiments with quantum
dots. Specifically, it causes a renormalization of the g-factor, which we find here to
lead to a Zeeman energy that is a non-linear function of the applied magnetic field.
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Figure 7.2 | Measured leakage current as a function of magnetic field for detunings covering
the entire bias triangle, as shown by the arrow in Fig. 7.1(c). The dashed white lines delineate
the spin-blockaded region also shown in Fig. 7.1(c). Here, Vg3 = 3820 mV. Dotted green curves
are guides to the eye, indicating ε− (B) and ε+ (B).

7.2

Device and measurement setup

The device we use consists of a single Ge/Si core/shell nanowire deterministically
placed on top of five finger gates, which are equally spaced with a pitch of 50 nm
(see Fig. 7.1(a)). The nanowire is an undoped radial heterostructure of a thin Si shell
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around a Ge core [Con17]. A hole gas accumulates in the Ge core due to a combination of the type-II staggered band alignment between Ge and Si and interfacial
effects [Lau02; Lu05]. The nanowire has an overall radius of 11 nm ± 2 nm, as determined through atomic force microscopy, and a nominal Si shell thickness of 2.5 nm.
A 20 nm thick layer of Al2 O3 in between gates and nanowire serves as electrical insulation. Electrical contact to the nanowire is made through two Ti/Pd contact pads,
defined on either side of the nanowire. For more details of the device, see Froning et
al. [Fro18]. Previously, we have shown a large degree of control over the formation of
quantum dots in such devices, which can be tuned over hundreds of charge transitions
down to the few-holes occupation regime [Bra16c; Fro18]. Here, we form a tunnelcoupled double quantum dot by applying positive voltages to the finger gates g1 − g5
that locally deplete the nanowire hole gas [Lu05]. We use the contact pads to apply a
source-drain voltage bias of VSD = 2 mV across the nanowire and to measure the current
flowing through the double dot. An external magnetic field is applied in the sample
plane, perpendicular to the major axis of the nanowire, as indicated in Fig. 7.1(a). All
measurements were taken at a temperature of 1.4 K.

7.3

Double quantum dot and Pauli spin blockade

We tune the double dot to an effective occupation of two holes and study the transport
cycle (0, 1) → (1, 1) → (0, 2) → (0, 1) in a Pauli spin blockade [Ono02; Han07; Hu12]
configuration (see Fig. 7.1(b)). Here the first and second numbers refer to the effective
hole occupation of the left and right dot, respectively. Even though the absolute
occupation number of both dots is roughly 15, we assume the effective picture of a
doubly occupied double dot to hold when we observe Pauli spin blockade [Hig14a;
Zar17]. Transport in this regime is subject to a spin selection rule imposed by the
Pauli exclusion principle: interdot transitions (1, 1) → (0, 2) are blocked for spin triplet
states (|T↓↓ i, |T0 i, |T↑↑ i, with spin quantum numbers s = 1 and ms = -1, 0, +1), since
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the |T (0, 2)i states are energetically inaccessible. In contrast, interdot transitions are
energetically allowed for holes in a spin singlet state (|Si, s = ms = 0). Therefore,
when a triplet (1, 1) state gets occupied, current through the double dot is blocked,
until mixing with a singlet state takes place.
We exploit such spin-selective transport as a read-out method allowing us to distinguish spin states [Ono02]. Fig. 7.1(c) shows a measurement of the current through the
double dot as a function of the voltage on gates g2 and g4 , taken at zero magnetic field.
We identify the area of reduced current, enclosed by the dashed line in Fig. 7.1(c), as
a signature of spin blockade. Consistently, for opposite VSD , we obtain a larger current
(not shown). Furthermore, as can be seen in the traces of Fig. 7.1(d), the blockade
is lifted at a finite magnetic field, resulting in an increased current. Even when in
a triplet state, transport can become unblocked [Ono02] through various spin-mixing
mechanisms that coherently or incoherently couple triplet and singlet states. Possible spin-mixing mechanisms are based on hyperfine interactions with the nuclear spin
bath of the host lattice [Kop05; Dan09; Nad10b], spin-flip cotunneling [Qas09; Coi11;
Bie15; Bra16b], g-factor differences in the double quantum dot, and spin-orbit interaction [Dan09; Nad10b; Li15; Bra16b; Zar17]. The dominant spin-mixing mechanism
can be investigated through measurements of the increase in current due to lifting of
Pauli spin blockade, which we will from here on refer to as leakage current.

7.4

Lifting of Pauli Spin Blockade

We study the lifting of spin blockade in more detail, focussing on the dependence of
the resulting leakage current on double-dot detuning ε, magnetic field B, and interdot
tunnel coupling strength tc . Fig. 7.2 shows a measurement of the current through the
double dot as a function of magnetic field B and detuning ε. The latter is swept over
the entire bias triangle, by changing Vg2 and Vg4 following the arrow in Fig. 7.1(c).
The white dashed lines in Fig. 7.2 indicate the spin-blockaded regime 0 < ε < ε∆ ,
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with ε∆ ≈ 1 meV the detuning for which states with one hole in the first orbital
excited state becomes energetically available. For detunings exceeding ε∆ , we observe
features with a significantly increased current. We attribute these features to spin-flip
transitions involving a higher orbital state, i.e. either |T↑↑,↓↓ (1, 1)i → |S∆ (0, 2)i, or
|S(1, 1)i → |T↑↑,↓↓ (0, 2)i transitions, where |S∆ i refers to a singlet state with one hole
in the orbital ground state and one hole in the first orbital excited state. Note that also
spin-conserving |T (1, 1)i → |T (0, 2)i transitions can take place for these detunings,
but since these transitions are spin-conserving, they do not exhibit a Zeeman splitting
and would correspond to a single curve as a function of magnetic field and detuning,
in contrast to the multiple curves that we observe in our measurement. Remarkably,
we find that in our experiment transitions that do not conserve spin have a higher
amplitude than transitions that do conserve spin, as discussed in Section 7.6.

Here we are interested in the spin-blockaded region and in the remaining part we focus
on the features between the white lines in Fig. 7.2. In this range of detuning, we see
a markedly increased current that correspond to lifting of Pauli spin blockade. These
leakage current features form the main topic of this work. We can make two important
observations: 1) for a given sign of B, the leakage current is maximum along two curves
as a function of ε and B, marked ε± (B) in Fig. 7.2; 2) around zero magnetic field the
leakage current is suppressed. These observations form the starting point in identifying
the triplet-singlet transitions underlying the leakage current along ε± (B), as well as
the spin-mixing mechanism.
As explained in more detail in Section 7.6, the position of the two curves as a function
of detuning and magnetic field allows us to assign them to |T↑↑,↓↓ (1, 1)i → |S(0, 2)i
transitions. These transitions occur at different detuning depending on the magnetic
field, due to an increase in Zeeman splitting, as well as orbital effects of the magnetic
field. As shown in the next section, we identify spin-orbit interaction as the dominant
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spin-mixing mechanism by evaluating the magnetic field-dependent intensity of these
transitions.
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Figure 7.3 | Level diagram and magnetic-field dependencies. (a) Double dot energy level
diagrams for different values of the magnetic field. For B = 0 T, the spin-conserving tunnel
coupling tc is maximum and there is no singlet-triplet mixing due to spin-orbit interaction.
For large enough magnetic fields (B > B̃), avoided crossings (highlighted by dashed circles)
appear when the triplet (1, 1) states cross a singlet state with (0, 2) component, corresponding
to spin-flip tunneling due to spin-orbit interaction. The size of all avoided crossings becomes
smaller with increasing magnetic field, as can be understood from (c) and Eq. (7.4). Moreover,
due to the magnetic field dependence of the addition energy U (see (b)), as well as the Zeeman
energy, all avoided crossings move to higher detuning with magnetic field. Parameters used
to plot the diagrams were extracted from the data set shown in Fig. 7.2, using the model
described in the text. (b) Calculated magnetic field dependence of the addition energy U
(See Eq. (A.30) of Appendix A.4). Inset: Schematic illustration of the effect of increasing
magnetic field B on dot size and separation leading to the observed changes in U , tc and g.
Quantities change qualitatively with B as indicated by the arrows. (c) Calculated magnetic
field dependence of the spin-conserving tunnel coupling tc (see Eq. (A.25a) of Appendix A.4).
(d) Calculated magnetic field dependence of the g-factor (see Eq. (7.2)). For the plots in
(b)-(d), the relevant parameters correspond to those of the measurement of Fig. 7.2.
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Possible Spin-mixing mechanisms

We now discuss the origin of the spin mixing leading to the observed lifting of spin
blockade by considering the dependence of possible spin-mixing mechanisms on the
magnetic field and detuning. In particular, the zero-field gap can be attributed to
spin-orbit interaction, which is not effective at B = 0 T due to time-reversal invariance [Gol08b; Dan09], but becomes important at finite B [Sch11a; Bra14]. Furthermore, for ε = 0 and |B| smaller than a characteristic field B̃, the triplet (1, 1) states
lie within the avoided crossing of |S(1, 1)i and |S(0, 2)i, at which point spin-orbit interaction does not couple them efficiently to the singlet states, leading to a suppressed
leakage current [Hu12; Hig14c].
Spin-flip cotunneling can also lead to dips or peaks in the leakage current around
B = 0 T. Such spin-flip cotunneling involves the exchange of a hole spin with one of
the lead reservoirs through a process involving a virtual intermediate state, which can
lead to decay of the triplet (1, 1) to a singlet state. Such cotunneling can result in a
leakage current peak at B = 0 T that exists for ε = 0, as well as for values of ε up to
ε∆ . A shallow zero-field dip can also result from cotunneling, when the temperature
T is small compared to tc [Coi11; Qas09]. However, the data presented in Fig. 7.2
shows a deep zero-field gap and our operating temperature of 1.4 K is, as will be shown
later, comparable to tc . We therefore rule out spin-flip cotunneling as the dominant
spin-mixing mechanism in our measurements.
Furthermore, fluctuating polarizations of the nuclear spin bath in the double dot can
result in triplet-singlet mixing [Kop05; Jou06; Nad10b]. However, as mentioned in the
introduction, hyperfine interaction is expected to be very small for hole spins in Ge- and
Si-based devices. Moreover, this mechanism is only effective for values of B up to the
root mean square value of nuclear field fluctuations, which we estimate to be < 1 mT
in our system [Kop05]. Most notably, in contrast to what we observe, this spin-mixing
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mechanism should result in a leakage current peak [Kop05; Nad10b] around B = 0 T
for ε up to ε∆ .
Finally, differences in g-factor between the two dots need to be considered. The effective
g-factor for holes in Ge/Si nanowires can depend sensitively on the electric field [Mai13],
confinement potential [Tri08; Dmy18], and hole occupation number. At finite field,
such a g-factor difference will mix the |T0 (1, 1)i and |S(1, 1)i states, thus leading to an
additional resonance of the leakage current [Mut20]. However, such mixing of |T0 (1, 1)i
with |S(1, 1)i would not result in the two separated curves of increased current that
we observe. Note further that such mixing is suppressed as |T0 (1, 1)i is split off from
the singlet by the exchange energy.
In conclusion, we tentatively identify spin-orbit interaction as the dominant spin-mixing
mechanism responsible for the observed leakage current. In a double quantum dot,
spin-orbit interaction can flip the spin of a hole tunneling between the quantum dots.
This enables triplet-singlet mixing, when these states are aligned in energy, which can
effectively lift Pauli spin blockade. As shown in the next section, we can explain the
spectroscopy of the observed leakage current using this mechanism.

7.6

Model of the two transitions

Here, we present an analytical model that takes into account non-spin-conserving interdot tunneling and its dependence on magnetic field and detuning. Our model agrees
very well with the data and accurately reproduces the field-dependence of the two observed transitions shown in Fig. 7.2, allowing us to identify them as |T↑↑,↓↓ i → |Si
transitions.
As mentioned before, we assume that the spin-blockade and its lifting can be understood in terms of an effectively doubly-occupied double dot. When the spin-conserving
interdot tunnel coupling tc is finite, the singlet states |S(0, 2)i and |S(1, 1)i are coupled, giving rise to two new eigenstates we refer to as the lower and higher hybridized
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singlet states, |S− i and |S+ i, respectively [Ste12a]. These hybridized singlets are defined as |S− i = sin(θ/2)|S(1, 1)i − cos(θ/2)|S(0, 2)i and |S+ i = cos(θ/2)|S(1, 1)i +
sin(θ/2)|S(0, 2)i, with the mixing angle θ being a function of detuning ε and tc (see
Eq. (A.34) for the full expression of θ). The |S± i states exhibit an avoided crossing
√
around ε = 0 with a gap of 2 2tc , as shown in Fig. 7.3(a). Importantly, the proportion
of |S(0, 2)i and |S(1, 1)i present in each of the |S± i states depends on the detuning.
In the presence of spin-orbit interaction, spin-flip tunneling couples the |T↑↑,↓↓ (1, 1)i
states with the two hybridized |S± i states, due to the |S(0, 2)i content of the latter.
The coupling strength of this spin-flip tunneling is given by the strength of the spinconserving tunnel coupling as well as the strength of the spin-orbit interaction and




can be written as tso = tc tan a/λso (see Appendix A.4 for derivation), with a the
interdot distance and λso the spin-orbit length (defined by πλso /2 being the distance
a hole has to travel for spin-orbit interaction to induce a π-rotation of its spin state).
This coupling leads to avoided crossings when the energies of the |T↑↑,↓↓ i states exactly
match the energies of the |S± i states, as illustrated in the energy level diagrams in
Fig. 7.3(a). The leakage current is maximum for those values of the detuning where
the triplet-singlet avoided crossings occur, which can be written as:
2t2c (B)
− g(B)µB B
ε± (B) = U (B) − U (0) ±
g(B)µB B

!

.

(7.1)

Here the indices + and − correspond to the |T↑↑ i → |S+ i and |T↓↓ i → |S− i transitions,
respectively. Furthermore, µB is the Bohr magneton, g the g-factor in the dot, and
U the single-dot addition energy. Eq. (7.1) describes the evolution of spin-blockade
leakage current with magnetic field shown in Fig. 7.2 between the white dashed lines,
with ε± (B) giving the detunings of the resonant peaks of the two features as a function
of magnetic field.
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In order to explain the precise magnetic field dependence of ε± (B), we need to take into
account effects that rely on the magnetic field changing the size of the hole orbitals. In
the experiment, the magnetic field is oriented perpendicular to the principal nanowire
axis and is varied over a wide range of amplitudes (−8 T ≤ B ≤ 8 T), making such
orbital effects significant in this system.
Remarkably, this turns the spin-conserving tunnel coupling tc , the addition energy
U and the g-factor into quantities that all depend on the magnetic field (see inset
Fig. 7.3(b)). Such effects are usually dealt with only qualitatively, even though their
relative magnitude can be quite large. Here, we take these effects fully into account
in our spectroscopic model, enabling us to quantify the g-factor and the spin-orbit
length in our device.

To derive the functional dependence of these quantities on B, we start from the
Hund-Mulliken theory of atomic orbitals and we assume harmonic confinement in all
three directions. By considering an anisotropic 3-dimensional oscillator, we model the
effects of a confinement potential that is smoother (sharper) in the direction along
(perpendicular to) the nanowire as well as the strain-induced anisotropy of the effective
mass [Klo18]. The hole wavefunctions in each dot are confined more by the magnetic
field through the cyclotron effect and as a result the spin-conserving tunneling tc (B)
is reduced at large fields while the single-dot addition energy U (B) is enhanced, as
shown schematically in the inset of Fig. 7.3(b). The explicit dependencies of tc (B)
and U (B) on magnetic field are given in Eqs. (A.25a) and (A.30) of Appendix A.4,
and are plotted in Fig. 7.3(b), (c).

The detunings at which the avoided crossings of |T↑↑,↓↓ i with |S± i appear also depend
on the Zeeman splitting EZ of the |T↑↑,↓↓ i states with respect to the singlets. Usually,
the Zeeman splitting is a linear function of the magnetic field, which can be written
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in terms of the g-factor as EZ = gµB |B|. However, strong spin-orbit interaction can
renormalize the g-factor [Tri08; Dmy18] when the size of the quantum dot is changed.
In our case, the magnetic field changes the dot size through orbital effects, leading to a
dependence of the g-factor on the magnetic field and turning the Zeeman energy into
a non-linear function of the magnetic field.

The shrinking of the dot with increasing magnetic field causes the g-factor to be enhanced at large values of the magnetic field and we can write [Tri08; Dmy18]
−

g(B) = g0 e

l2
k
λ2
so



2

1+ B 2
B
0

−1/2

,

(7.2)

where g0 is the g-factor without the spin-orbit-induced renormalization. Furthermore,
lk is the field-independent harmonic length of the hole wavefunction (lk = lz (B = 0),
with lz being the dot confinement length along the wire) and B0 is a characteristic
magnetic field that depends on the average confinement strength in the directions perpendicular to the field. See Appendix A.3 for the precise definition of these quantities.
Fig. 7.3(d) shows a plot of Eq. (7.2), with values of lk and B0 calculated using ε∆
as determined from the measurement of Fig. 7.2. We stress that the magnetic-field
dependence of the g-factor in Eq. (7.2) is a direct consequence of the strong spin-orbit
interaction in the nanowire and it vanishes when the spin-orbit length λso is much
larger than the dot size, which is typically the case for quantum dot systems that have
been experimentally realized thus far.

As will be shown in the next section, when taking into account the magnetic field dependence of U , tc , and g, the resonant positions ε± (B) of the |T↑↑,↓↓ i → |S± i transitions
given by Eq. (7.1) closely reproduce the evolution of the two features of spin blockade
leakage current of Fig. 7.2 as a function of magnetic field and detuning.
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Figure 7.4 | Spectroscopy measurements and modelling. (a)-(c) Measured leakage current
as a function of magnetic field and detuning ε < ε∆ , for Vg3 = 3820, 3830, and 3840 mV.
The green curves are fits of each data set to Eq. (7.1), with (solid) and without (dashed)
taking into account g-factor renormalization with magnetic field. (d)-(f), Simulated leakage
current as a function of magnetic field and detuning. Here, we used the model discussed in
Sections 7.6-7.8 of the main text, with relevant parameters determined from fits of the data
shown in (a)-(c). The green curves are identical to the curves in (a)-(c).

7.7

Varying the strength of interdot tunnel coupling

To demonstrate the versatility of our model we now explore the influence of varying
the voltage Vg3 on the middle gate on the leakage current. The main expected effects
are a change in the interdot tunnel coupling tc and a change in the dot confinement.
Figs. 7.4(a)-(c) show measurements similar to that of Fig. 7.2, for three values of Vg3
(see Fig. S1 of the Supplemental Material for extended data sets). Comparing the three
data sets, we see that an increase of Vg3 leads to a closing of the zero-field gap. As
discussed before, Pauli spin blockade only becomes lifted through spin-orbit interaction
for magnetic fields above a critical value. This critical field B̃ can be written as
√
2 tc (B̃)
,
B̃ =
µB g(B̃)
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where we include the magnetic field dependence of tc and g. When |B| = B̃, the
Zeeman energy matches the size of half of the avoided crossing given by tc .

At

this point, ε− (B) = ε+ (B) (see Eq. (7.1)) and both |T↑↑,↓↓ (1, 1)i → |S± i transitions
become possible at ε ≈ 0 (see Fig. 7.3(a) and Fig. 7.4(a)). For |B| < B̃, each of the
singlet-triplet avoided crossings occurs at detunings where the involved |S± i states are
mostly composed of |S(1, 1)i, which does not couple to |T↑↑,↓↓ (1, 1)i through spin-orbit
interaction, leading to a gap in leakage current with characteristic width B̃ around
zero magnetic field.

By increasing Vg3 , we reduce tc and from Eq. (7.3) it follows that spin blockade can
be lifted at smaller magnetic fields. This moves the points of emergence of ε± (B)
for both magnetic field polarities closer together and effectively reduces the width
of the zero-field gap of leakage current, in accordance with the observations.

In

Fig. 7.4(a)-(c), we can clearly see this reduction of the zero-field gap (indicated with
B̃) when the middle gate voltage Vg3 is increased. Using Eq. (7.3), we extract the
ratio tc /g at the critical field B̃ for each data set. When the magnetic field is not
much larger than B̃, we neglect as a first approximation the variation of tc (B) and
g(B) from their value at B̃, see Figs. 7.3(a) and (c), and so using Eq. (7.1) we deduce
tc (B̃) and g(B̃) from the relative position of the resonant peaks. Values of B̃, tc (B̃),
and g(B̃) extracted in this way for the three data sets of Fig. 7.4 are listed in Table 7.1.

By taking into account the orbital effects, our model allows us to explain the main
features of the resonances at low magnetic fields. By linearly expanding the single-dot


addition energy in the vicinity of the critical field, U (B) ≈ U (B̃) + U 0 (B̃) B − B̃),


we can approximate ε− (B) ≈ ε(B̃) + U 0 (B̃) + g(B̃)µB



B − B̃), reproducing the

approximately linear dependence of the upper resonance on magnetic field seen in
Fig. 7.4. On the other hand, in the expression of the ε+ (B) resonant peak the term
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linear in B is smaller and the 1/B term gives a significant contribution, leading to
a less pronounced shift in detuning, especially at low magnetic field. Although the
1/B term is proportional to the tunnel coupling, its effect is counter-intuitively more
pronounced in Fig. 7.4(c), because here Pauli spin blockade is lifted at lower magnetic
fields.
To characterize the overall magnetic field dependence of the leakage current, we now
find ε± (B) for each data set by fitting to Eq. (7.1). The green curves in Fig. 7.4 are plots
of ε± (B) with (solid) and without (dashed) taking into account the renormalization
of the g-factor given by Eq. (7.2). The additional features at larger magnetic fields,
such as the bending of the ε+ (B) curve, are captured by the model by considering
the function U (B) beyond the linear approximation, as well as the renormalization
of the g-factor due to spin-orbit interaction. We see that the enhancement of the
g-factor captured by Eq. (7.2) is quite important for large magnetic fields, where it
causes a sizeable bending of the resonant peaks (see also Fig. S2 of the Supplemental
Material). Including the renormalized g-factor gives much better agreement with the
measurements over the whole range of magnetic field values.
In order to calculate the renormalized g-factor using Eq. (7.2), we estimate the dot
confinement length lk =

q

~/(mk ωk ), which depends on the confinement energy ωk

and on the effective mass mk along the nanowire. We determine ~ωk ∼ 1 meV from
measurements of the double dot charge stability diagram and assume mk ∼ 0.05 m0
(here m0 is the bare electron mass). This choice of mk is justified by the fact that
we still measure a non-zero current even at |B| = 8 T. If the effective mass along
the nanowire growth direction would be smaller, the orbital effects would shrink the
wavefunction to the extent that the interdot tunnel coupling would vanish at 8 T. For
our experiment, we determine lk ≈ 39 − 45 nm for the range of Vg3 used here. All the
parameters extracted from our analysis for the three datasets are reported in Table 7.1.
These values capture the qualitative trend expected: when the voltage Vg3 is increased,
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the hole wavefunctions become more separated and squeezed, causing a reduction of
the tunneling energy tc and an enhancement of the g-factor because of the strong spinorbit interaction, as described by Eq. (7.2). As shown in the next section, our model
allows us to extract the spin-orbit length for each measurement. The model color plots
shown in Fig. 7.4(d)-(f) take into account the extracted values of the spin-orbit length,
allowing a full reconstruction of the leakage current in very good agreement with the
measurements.

7.8

Spin-orbit length

We now turn to the evaluation of the strength of the spin-orbit interaction from the
measurements shown in Fig. 7.4. The model developed in the previous sections facilitates the extraction of this strength from the width of the two leakage current features
as a function of detuning in Fig. 7.4(a)-(c). This width is given by the sizes 2∆±
ST of
the avoided crossings (see Fig. 7.3(a)) induced by the spin-orbit interaction. Here, the
spin-flip tunneling energies ∆±
ST are functions of the spin-orbit length λso and furthermore depend on the overlap of the wave functions of the |T↑↑,↓↓ (1, 1)i states with those
of the |S± i states, as well as on the dot size. The spin-flip tunneling energy can be
written as (see Appendix A.5 for the complete derivation)
∆±
ST

a
= tc tan
λso




s

1 ± cos(θ)
,
2

(7.4)

with θ the mixing angle of the |S± i states.

The leakage current I± (B) corresponding to the resonances around ε = ε± (B) can be
written as [vdWie02a; Naz93; Sto96; Li15]


I± = I0 + eΓ

∆±
ST


2

(ε − ε± )2 + 3 ∆±
ST
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Figure 7.5 | Measured leakage current as a function of detuning, for Vg3 = 3820 mV and B
= −3.45 T. The black curve is a fit of Eq. (7.5) to the data.

Here, the lead-to-dot relaxation rate Γ ∼ 0.45 GHz is taken to be symmetric for both
of the leads and is estimated by adjusting the formula in Eq. (7.5) for the |S(0, 2)i →
|S(1, 1)i transition, and fitting it to the current measured for opposite VSD . The offset
current term I0 contains all incoherent relaxation mechanisms, as well as |Si/|T0 i
mixing. Discussing this term in detail is beyond the scope of this paper and we refer
the interested reader to Ref. [Dan09]. Additionally, we note that since we operate at
relatively high temperature, it might be expected that the transitions are thermally
broadened. However, the temperature of 1.4 K is still low compared to the orbital level
splitting of 1 meV, making such broadening negligible. The dot-lead tunneling rate Γ
is influenced by temperature, but the value of Γ that we determine independently from
the measurements already includes this effect.
We therefore conclude that the width of the two leakage current features is given by
the spin-flip tunneling energies ∆±
ST , which are then deduced by fitting the Lorentzians
in Eq. (7.5) to the data sets of Fig. 7.4(a)-(c). An example of this is shown in Fig. 7.5.
The color plots of Fig. 7.4(d)-(f) are constructed from the Lorentzians found in this
way for different values of the magnetic field. It can be seen that the model plots
accurately reproduce the leakage current observed in the corresponding experimental
data.

Importantly, the determined ∆±
ST allow to extract the spin-orbit length λso . Using
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Eq. (7.4), we obtain the ratio λso /a directly from the ratio ∆ST /tc of the average
h

− 2
2
spin-flip tunneling ∆ST = (∆+
ST ) + (∆ST )

i1/2

and the spin-conserving tunneling tc .

This yields ratios of λso /a as shown in Table 7.1 for the different configurations of our
double quantum dot. Note that the values of B̃ and tc obtained for Vg3 = 3840 mV
have a large relative uncertainty due to the absence of a dip in the data around zero
magnetic field. In this case, Eq. (7.3) cannot be used and we infer B̃ and tc solely
from fitting Eq. (7.1) to the data, which leads to a higher error margin. However,
even in this case, λso /a and g(B̃) can be determined with good accuracy. The precise
value of the interdot distance a cannot be exactly determined from the measurements,
but we can roughly estimate a ∼ 90 nm by considering the distance between the gates
g2 and g4 (see Fig. 7.1(a)). Using this value, we obtain an average estimated value
λso ∼ 65 nm for the spin-orbit length, with small variation between the measurements
of Fig. 7.4(a)-(c). This value of λso is consistent with our recent complementary study
using Rabi oscillations of hole spin qubits defined in a similar device [Fro21b], and it
agrees well with earlier results obtained for different regimes, such as with a Ge/Si
nanowire without dot confinement [Hao10] and with a quantum dot occupation of hundreds of holes [Hig14b] (in this work, we estimate a dot occupation of roughly 15 holes).

Together with the orbital effects of the magnetic field, this notably small λso leads to a
dependence of the g-factor on the magnetic field, as described by Eq. (7.2). This effect
is large, since the spin-orbit length λso and the confinement length along the wire lk
are of the same order of magnitude. In our measurements, this manifests itself in the
additional bending of the transitions ε± (B) at high values of the magnetic field.
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Table 7.1 | Extracted hole spin parameters, obtained for the three datasets shown in Fig. 7.4
by fitting the model to the data as described in the main text.

Vg3
(mV)

B̃
(T)

B0
(T)

tc (B̃)
(µeV)

g(B̃)

łk
(nm)

λso /a

Fig. 7.4(a)

3820

1.2 ± 0.3

3.8 ± 0.2

44 ± 13

0.9 ± 0.15

45 ± 4

0.78 ± 0.06

Fig. 7.4(b)

3830

0.8 ± 0.2

4.8 ± 0.3

33 ± 10

1.0 ± 0.15

41 ± 5

0.72 ± 0.06

Fig. 7.4(c)

3840

0.35 ± 0.35

5.0 ± 0.3

16 ± 16

1.1 ± 0.15

39 ± 6

0.71 ± 0.07

7.9

Conclusions and outlook

Summarizing, we have characterized the strength of spin-orbit interaction for hole spins
confined in a double quantum dot in a Ge/Si nanowire, using spectroscopy measurements in Pauli spin blockade. We found the spin-orbit length to be of the same order
of magnitude as the dot length and interdot distance. This has the remarkable consequence that the g-factor exhibits a non-linear dependence on magnetic field, which we
observe experimentally at high values of the magnetic field.
The observation of this strong spin-orbit interaction in Ge/Si nanowires forms the
starting point of various subsequent experiments in this material system. From the
value of λso we can estimate the Rabi frequency for electric dipole induced spin resonance [Gol06; Bul07] mediated through spin-orbit interaction to be in the range of
∼ 0.1 − 1 GHz, for realistic values of microwave amplitudes. When combined with
pulsing techniques and microwave control appropriate for high-speed operation, such
Rabi frequencies form an excellent basis for the implementation of fast hole spin qubits
in this system.
Further characterization studies of the spin-orbit interaction in this platform are of
interest, in particular because here a quantitative comparison to relevant theoretical
works [Klo11; Mai13; Klo13c; Mai14; Klo18] is challenging, due to the relatively high
dot occupation number. For instance, direct Rashba spin-orbit interaction is predicted
to lead to a profound dependence of the spin-orbit interaction as well as the g-factor
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on electric fields. While we observe a dependence of the g-factor on a gate voltage (see
Table 7.1), a more complete investigation of these effects would include measurements
of the strength of the spin-orbit interaction as function of electric field amplitude or
orientation of magnetic field. Such tunability of g-factor and spin-orbit strength could
enable individual addressability of spin qubits in coupling them to microwave fields, as
well as provide a way to limit the impact of charge noise on spin coherence.
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Abstract
Quantum computers promise to execute complex tasks exponentially faster than
any possible classical computer, spurring breakthroughs in quantum chemistry,
material science, and machine learning. However, quantum computers require
fast and selective control of large numbers of individual qubits while maintaining coherence. Qubits based on hole spins in one-dimensional germanium/silicon
nanostructures are predicted to experience an exceptionally strong yet electrically tunable spin-orbit interaction, allowing to optimize qubit performance by
switching between distinct modes of ultrafast manipulation, long coherence, and
individual addressability. Here, we use millivolt gate voltage changes to tune
the Rabi frequency of a hole spin qubit in a germanium/silicon nanowire from
31 to 219 MHz, its driven coherence time between 7 and 59 ns, and its Landé
g-factor from 0.83 to 1.27. We thus demonstrate spin-orbit switch functionality,
with on/off ratios of roughly 7 in this first experimental implementation, which
could be further increased through improved gate design. Finally, we use this
control to optimize our qubit further and approach the strong driving regime,
with spin-flipping times as short as ∼1 ns.

This chapter is adapted from [Fro21b].
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8.1

Introduction

Spin qubits defined in Si and Ge quantum dots are of particular interest for scaling up
quantum circuits due to their small size, speed of operation, and compatibility with
semiconductor industry [Zwa13; Klo13a; Van17; Sca20]. Both materials feature a low
natural abundance of non-zero nuclear spins, which has led to the demonstration of long
qubit coherence times [Zwa13; Tyr12; Yon18], as well as single- [Kaw14; Vel14; Yon18]
and two-qubit [Vel15; Zaj18; Wat18a; Hen20a] operations with high fidelity. Most of
this research has been performed using electron spin states defining the qubit [Los98].
Hole spin qubits [Bul05; Mau16; Cri19; Sca20] have recently gained attention since they
potentially enable faster quantum operations and a higher level of control over qubit
parameters [Klo11; Mai13; Klo13b; Klo18]. In addition, hole spins in Ge and Si may
have improved relaxation and decoherence times, since they do not exhibit a valley
degeneracy and their wave function has reduced overlap with nuclear spins [Yan13;
Pre16]. Importantly, spin-orbit interaction (SOI) can be exceptionally strong for hole
spins in low-dimensional nanostructures [Dur14; Mar17], particularly in Ge- or Si-based
nanowires [Klo11; Klo18]. This enables very fast spin control through electric-dipole
spin resonance (EDSR) [Gol06; Now07; Bul07; vdBer13], where a time-varying electric
field periodically displaces the hole wave function, thus creating an effective periodic
magnetic field through the SOI. In this way, EDSR can be used for all-electrical spin
manipulation without requiring micromagnets [Pio08] or co-planar striplines [Kop06],
which add to device complexity.
Rabi frequencies of around 100 MHz have been measured for hole spins [Wat18b;
Hen20a], but predictions for one-dimensional systems range even up to 5 GHz, made
possible by the particularly strong direct Rashba spin-orbit interaction [Klo11; Klo13b].
Conversely, this strong SOI may lead to an undesired enhancement of qubit relaxation
and dephasing rates, via coupling to phonons or charge noise. However, the direct
Rashba SOI is also predicted to be tunable to a large extent through local electric
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fields [Klo11; Mai13; Klo18], enabling electrical control over the SOI strength and
Landé g-factor. Such electrical tunability provides a path towards a spin qubit with
switchable interaction strength, using what we term a spin-orbit switch. The spin-orbit
switch can be used to selectively idle a qubit in an isolated configuration of weak SOI
and low decoherence (Idle-state), while for fast manipulation it is tuned to a regime
of strong SOI (Control-state) and is selectively coupled to an EDSR driving field or
microwave resonator by controlling the qubit Zeeman energy [Klo13b; Bur20]. Here,
we experimentally realize the key components of this approach, through the demonstration of an ultrafast and electrically tunable hole spin qubit in a Ge/Si core/shell
nanowire. We use SOI-mediated EDSR to perform fast two-axis qubit control and
implement Ramsey and Hahn echo pulsing techniques to compare the qubit’s coherence times. We then demonstrate a high degree of electrical control over the Rabi
frequency, g-factor, and driven qubit decay time by tuning the voltage on one of the
dot-defining gates, illustrating the basic ingredients of a spin-orbit switch. The spinorbit switch functionality that we demonstrate here shows moderate on/off ratios of
about 7 for both Rabi frequency and coherence times, which could in future devices
likely be increased through improved gate design. We extract a spin-orbit length that
is extraordinarily short and electrically tunable over a large range down to 4 nm for
holes of heavy-hole mass. This control allows us to optimize our qubit for speed of
operation, resulting in Rabi frequencies as large as 435 MHz.

Figure 8.1 a shows a scanning electron micrograph of the device comprising five gates
beneath a Ge/Si core/shell nanowire [Bra16c; Con17; Fro18]. A depletion-mode fewhole double quantum dot is formed inside the nanowire by positively biasing the five
bottom gates. Throughout this work, we perform measurements of electronic transport
through the double quantum dot, using the source (S) and drain (D) contacts indicated
in Figure 8.1 a (for more details about the device and measurement setup, see Methods).
We operate the device at a transition exhibiting Pauli spin blockade [Ono02], which
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Figure 8.1 | Experimental setup and electric dipole spin resonance. a Scanning
electron micrograph of a cofabricated device, showing source (S) and drain (D) contacts and
gates, as labeled. The scalebar corresponds to 100 nm. The inset at the bottom illustrates
the pulse scheme. The points R, I and M indicate the locations of the readout, initialization,
and manipulation stages, respectively, of the pulsing scheme (see b). The depth of the square
pulse is ∆VP . b Measurement of a set of bias triangles taken with a source-drain voltage
VSD = −6 mV showing Pauli spin blockade which is partially lifted at a finite magnetic
field By = −182 mT. c, d Spin blockade leakage current indicating electric dipole spin
resonance as a function of microwave frequency and magnetic field magnitude in x̂ (c) and
ŷ (d) direction. Horizontal bands of decreased intensity are due to microwave resonances in
the high-frequency circuitry. For detailed measurement parameters and description of data
analysis, see Methods.

we use for spin readout in transport measurements.
In our setup, gates L and LP are connected via bias-tees to high-frequency lines as
indicated in Figure 8.1 a, allowing us to apply square voltage pulses and microwave
bursts to these gates. The measurements are performed with a two-stage pulse scheme
(see inset Fig. 8.1 a). First, the system is initialized at point I (see Fig. 8.1 b) in a
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spin-blockaded triplet state. Then, with a square pulse of depth ∆VP , it is pulsed into
Coulomb blockade to point M where a microwave burst of duration tburst is applied.
Finally, back at the readout point R, a current signal is measured if the spins were in
a singlet configuration after manipulation.
Figures 8.1 c and d show typical EDSR measurements, where the microwave frequency
~ ext along the x̂- and ŷ-axis, respectively.
fMW is swept versus the applied magnetic field B
On resonance, the spin is rotated, lifting spin blockade and leading to an increased
~ ext
current. From Figures 8.1 c and d, we extract gx = 1.06 and gy = 1.02. With B
aligned along the ẑ direction, no EDSR signal could be observed, as will be discussed
later.

8.2

Coherent Manipulation and Two-Axis Control

To demonstrate coherent control, we now vary the pulse duration tburst and observe
Rabi oscillations, in the form of the typical chevron pattern shown in Figure 8.2 a.
Figure 8.2 b shows the dependence on the microwave power PMW . From line cuts,
we extract the Rabi frequency fRabi (see Methods), which is shown in Figure 8.2 c
as a function of the microwave amplitude.

The data at low amplitudes is in

good agreement with a linear fit (black dashed line in Fig. 8.2c), as expected
theoretically. The saturation behaviour at higher amplitudes likely originates from
smaller effective displacement due to anharmonicity [Yon14; Tak16] in dot confinement for the particular gate voltage configuration used here, leading to sub-linear
dependence on the amplitude AMW of the microwave driving field.

Additionally,

the strong and tunable SOI in our system could potentially lead to such non-linearities.

125

8.2 Coherent Manipulation and Two-Axis Control

e

c
PMW = 10 dBm

300

I (fA)
200

50
150

40

�I (fA)

100

fRabi (MHz)

tburst (ns)

a

200
100

100

0

0
180

0

190

Bext (mT)

d

100

tburst (ns)

Bext = 181 mT

50
0

0

��/2

10 20

PMW (dBm)

T*2=11 ns

-9

4

-8

10

ns

-7

10

10

�wait (s)

-6

10

f
600

80
40
0
0.0

Hahn
T2 =250

�wait

I(fA)

50

0
-10

AMW (V)

�/2

120

fRabi (MHz)

b

2

�wait

I (fA)

0
170

20

�/2 �x ��/2

Hahn echo
Ramsey

�x

�y

400

200
0.2

0.4

−��

|Bext| (T)

−�

�

�

�

��

Figure 8.2 | Coherent qubit control. a Measurement of the current as a function of
microwave burst duration and magnetic field. We observe a Rabi frequency of 72 MHz. b
Power dependence of Rabi oscillations in the same configuration as in a. c Extracted Rabi
frequency as a function of the microwave amplitude, from fits of the data in b (see Methods
for details). The black dashed line is a linear fit to the extracted Rabi frequencies. d
Rabi frequency as a function of the magnitude of the external magnetic field. The black
dashed line is a linear fit to the data over the whole range with zero offset. The error bars
correspond to the inaccuracy of the frequency-dependent power calibration (see Section B.1
of the Supplementary Information). e Decay of Ramsey fringes (blue points) and Hahn
echo (green points) as a function of the waiting time τwait between the two π/2-pulses. Insets
show pulse sequences used for Ramsey (bottom left) and Hahn echo (top right). Black dotted
lines are fits of the data to exponential decay. f Demonstration of two-axis qubit control by
applying a Hahn echo sequence with two orthogonal π-pulses. The amplitudes of the fringes
of the two datasets differ due to an offset in the calibration of the π/2-pulse duration between
the two measurements.

In the presence of SOI, the oscillating electric field on gate VLP due to the microwaves
~ eff (t), with magnitude [Gol06]:
gives rise to an oscillating effective magnetic field B
~
~ eff (t)| = 2|B
~ ext | · ldot · e|EMW (t)|ldot ,
|B
lso
∆orb

(8.1)

~ MW (t) the ac electric field in the dot generated by
with e the elementary charge, E
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−2 −1
the microwaves, ldot the dot length, ∆orb ∝ ldot
meff the orbital level splitting, and

lso the spin-orbit length, which we define here as setting the distance a hole has to
~ eff
travel along the nanowire to have its spin flipped due to SOI. This effective field B
~ eff (t)|/2h, with gk
drives the Rabi oscillations, with Rabi frequency fRabi = gk µB |B
~ ext . From equation (8.1) we see that |B
~ eff | scales
the g-factor along the direction of B
~ ext |. We measure the Rabi frequency for different |B
~ ext | and plot the
linearly with |B
result in Figure 8.2 d. Despite relatively large error bars at higher fields due to the
inaccuracy of the frequency-dependent microwave power calibration (see Section B.1 of
the Supplementary Information), the measurement agrees well with a linear dependence
~ ext |, as expected for SOI-mediated EDSR [Gol06; Now07].
of the Rabi frequency on |B
Next, in order to characterize the free induction decay, we apply a Ramsey pulse sequence, as depicted in Figure 8.2 e. A fit to a Gaussian decay yields the dephasing
time T2∗ = 11 ± 1 ns. This value is one order of magnitude smaller than in comparable
hole spin qubit systems [Hig14c; Hen20a; Wat18b]. This may be attributed to lowfrequency noise, which could for instance be due to gate voltage fluctuations, frequency
jitter of the microwave source, charge fluctuators, or residual nuclear spin noise. Nevertheless, we can mitigate this to a large extent using a Hahn echo sequence, prolonging
coherence by a factor of ∼25, thus demonstrating efficient decoupling of the qubit from
low-frequency noise. In our measurements, we find no clear indication of decay due to
spin relaxation. Indeed, previous experimental [Hu12] and theoretical [Mai13] works
have found spin relaxation times in Ge/Si nanowires to be in the millisecond to second
regime, much longer than can be probed using our pulsing and read-out scheme.
Finally, we use a modified Hahn echo pulse sequence to demonstrate two-axis control.
We employ either a πx - or a πy -pulse and vary the phase of the second πφ /2-pulse
(see schematics in Fig. 8.2 e). This results in two sets of Ramsey fringes as shown in
Figure 8.2 f, which are phase-shifted by π. These measurements demonstrate universal,
two-axis control of the hole spin qubit.
127

8.3 Spin-Orbit Switch Functionality

b

300

VM = 1410 mV

0
150

VM = 1415 mV

20

40

60

tburst (ns)

80

100

Idle

Control

100

(ns)

40
Idle

Rabi

VM = 1405 mV

0
300

60

1.2

1.0

Control

T2

I (fA)

d
fMW = 3.4 GHz

200

VM = 1400 mV

0
300

0
0

c

g|| - factor

a

Spin-Orbit Switch Functionality

fRabi (MHz)

8.3

20

0

1400

1420

0.8

1400

VM (mV)

1420

VM (mV)

0

1400

1420

VM (mV)

Figure 8.3 | Electrical tunability of qubit parameters. a Rabi oscillations for four
different gate voltage values VM . Here, all parameters were kept constant, except when
indicated in the plots. b, c, d Rabi frequency, g-factor, and T2Rabi as a function of the gate
voltage VM , as extracted from fits to line cuts such as shown in a. Error bars correspond to
the standard deviations resulting from the fitting. Insets in b and d indicate possible idling
and control points. These points define a spin-orbit switch with on/off ratio of 7.1 and 8.3 for
the fRabi and T2Rabi , respectively. Note that the measurement corresponding to the point at
VM = 1425 mV (light grey) suffers from a low signal-to-noise ratio, due to reduced interdot
tunnel coupling, resulting in a large uncertainty in the analysis of the data at this point.

The measurements of Figure 8.2 establish Ge/Si nanowires as a platform for hole spin
qubits. The particular direct Rashba SOI [Klo11; Klo18] provides a unique way to
electrically control the qubit via the SOI strength and qubit Zeeman energy [Mai13;
Klo13b]. This tunability can be exploited for optimizing qubit relaxation and dephasing
times, as well as selective coupling of the qubit to EDSR drive fields or microwave
resonators [Klo13b; Tri08; Nig17]. Here, we demonstrate this distinct gate-tunability
of hole spin qubits in Ge/Si core/shell nanowires, where we investigate electrical control
over the g-factor, Rabi frequency, and coherence time.
The gate voltages not only provide the electrostatic confinement but also constitute a
static electric field on the order of tens of V/µm inside the quantum dots, which has
a significant effect on the strength of SOI [Klo18; Klo11]. Figure 8.3 a shows example
Rabi oscillations for four different gate voltages VM . Here, fMW and PMW are kept
~ ext | is adjusted to compensate for changes in the gk -factor along Bext ,
fixed, while |B
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keeping the qubit on resonance with the microwave drive. As shown in Figure 8.3 b,
we find that the Rabi frequency depends strongly on VM , with a gate voltage change
of 30 mV resulting in a 7-fold increase of the Rabi frequency.
For SOI-mediated spin rotations [Gol06], the Rabi frequency is proportional to the
effective magnetic field given by Eq. 8.1 and the g-factor gk . For measurements at a
fixed microwave resonant frequency fMW , as done here, the apparent g-factor dependence vanishes and the Rabi frequency depends only on the spin-orbit length lso , the
quantum dot confinement ∆orb , and the ac electric field EMW (t) created through the
periodic gate voltage modulation (see Supplementary information, Eq. B.1).
We have carefully analyzed each of the contributions to the change of the Rabi frequency (see Section B.2.2 of the Supplementary Information). In particular, we find
that the orbital level splitting ∆orb shows only a weak dependence on gate voltage
VM and that the electric field amplitude EMW stays roughly constant. These effects
are not sufficient to explain the large change in fRabi and we therefore find that the
large change must mostly be attributed to a gate-tunability of the spin-orbit length
lso . Using equation (8.1), we extract upper bounds of lso (see Supplementary Information Section B.2.3). We find remarkably short values of lso that are tuned from
23 nm down to 4 nm. Here we assume a heavy-hole effective mass, as suggested by
independent transport measurements at high magnetic field [Fro21a]. Such a strong
SOI was predicted for the direct Rashba SOI [Klo11; Klo18]. This range of lso overlaps
with values found in antilocalization [Hig14b] and spin blockade experiments [Fro21a].
Finally, while the direct Rashba SOI term is predicted to be very strong in this system,
additional weaker SOI terms may also be present, but cannot be distinguished here.
Besides the Rabi frequency, also the coherence is strongly affected by VM , as shown
in Figure 8.3 a. We plot the characteristic driven decay time T2Rabi in Figure 8.3 d,
finding that it scales roughly inversely with fRabi and gk : a short decay time coincides
with a high Rabi frequency, and vice versa. Together with the tunability of the Rabi
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frequency, this control over the qubit coherence time allows us to define (see insets
Figs. 8.3 b and d) a fast qubit manipulation point (Control) and a qubit idling point
featuring significantly improved coherence (Idle). This demonstrates the functionality
of a spin-orbit switch, though here with modest on/off ratios for the switching of fRabi
and T2Rabi between the Control and Idle points.
Moreover, the variation of gk in Figure 8.3 c effectively adds a third mode of operation
to the spin-orbit switch, where individual qubits can be selectively tuned, for instance
in and out of resonance with a microwave cavity, enabling a switch for qubit-resonator
coupling [Tri08; Nig17]. Finally, we find that the pulse depth ∆VP can also be used to
tune of fRabi and gk (see Section B.2.1 of the Supplementary Information), indicating
that dynamically pulsing these quantities is feasible.

Ultrafast Rabi Oscillations
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In a next step, we now use the electrical tunability to optimize the gate voltages for
a high Rabi frequency and furthermore increase the applied microwave power. In Figure 8.4, we show a measurement of ultrafast Rabi oscillations, with the maximum Rabi
frequency reaching a value of ∼ 435 MHz (see Fig. 8.4 b), allowing for spin-flip times of
the qubit as short as 1.15 ns. As can be seen in Figure 8.4 c, the Rabi frequency scales
linearly with applied microwave amplitude in this regime of ultrafast qubit operation
and shows no signs of saturation for the gate configuration used here, in contrast to Figure 8.2 b. This indicates that even higher Rabi frequencies may be possible through the
application of a higher microwave power. Note that pulse imperfections play a larger
role for shorter pulse duration and higher amplitudes, which likely partially explains
the decrease in T2Rabi with increased microwave amplitude.
Notably, the observed Rabi frequencies of over 400 MHz are roughly 1/8 of the Larmor
precession frequency of 3.4 GHz. The system is thus approaching the strong driving
regime where the rotating wave approximation is not applicable anymore, opening the
possibility for ultrafast, non-sinusoidal spin-flipping [Kat03; Lau16] that has not been
realized before with conventional spin qubits. We note that in our experiment, effects
of strong driving [Lau16] could contribute to the reduced visibility of Rabi oscillations
at the high Rabi frequencies shown in the measurements of Figure 8.4.

8.5

Conclusions

We have demonstrated ultrafast two-axis control via EDSR of a hole spin qubit in a
Ge/Si core/shell nanowire. Our measurements firmly demonstrate the feasibility of
single-spin qubit operations on nanosecond timescales. Ideally, such fast operations
would be combined with long qubit coherence times. We observe a relatively short
inhomogeneous dephasing time, which is likely related to technical pulsing challenges
at such short timescales. This may be resolved with improved instrument control.
Also, we measure a much larger spin echo decay time, which indicates the presence of
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low-frequency noise affecting our qubit. Finally, the use of a charge sensor will allow
to decouple the quantum dots from the neighboring Fermi reservoirs, likely leading to
a significant further enhancement of the coherence time.

We have demonstrated a 7-fold increase of the Rabi frequency for a relatively small
change in gate voltage. Similarly, we find that the driven decay time of our qubit can
be tuned by the same gate voltage, demonstrating the working principle of a spin-orbit
switch. Thus far, the spin-orbit switch is limited to moderate on/off ratios of fRabi and
T2Rabi . However, improved devices with gates designed for precise engineering of the
electric field profile could in future experiments lead to a higher level of control over the
SOI, resulting in higher on/off ratios as suggested by theoretical work [Klo13b]. Our
measurements indicate the presence of an exceptionally strong spin-orbit interaction in
Ge/Si core/shell nanowires, in qualitative agreement with predictions of direct Rashba
SOI [Klo11; Klo18]. A more quantitative comparison to theory, as well as improved
gate switching, requires precise engineering of the electric field and single-hole dot
occupation, both of which can be achieved through optimization of the gate design.

The high tunability of the qubit demonstrates the suitability of the platform for the
implementation of a qubit with switchable interaction strengths. The effect of the
gate voltages and the pulse depth on the qubit resonance frequency and the Rabi frequency have the potential to dynamically pulse the characteristic qubit parameters
and interaction strengths from a qubit manipulation to an idling point. Furthermore,
the spin-orbit switch could allow tuning to ‘sweet spots’ of operation, where the SOI
strength is to first order insensitive to charge noise, leading to enhancement of qubit
coherence [Klo18]. Finally, the strong spin-orbit interaction holds potential for realizing fast entangling operations between distant spin qubits, mediated by a microwave
resonator [Tri08; Nig17; Klo13b; Bor20; Bur20].
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8.6
8.6.1

Methods
Device Fabrication

The device features a set of five gates with a width of 20 nm and a pitch of 50 nm
defined by electron beam lithography on a p++ -doped Si chip covered with 290 nm of
thermal oxide. The gates are covered by a 20 nm thick layer of Al2 O3 grown by atomic
layer deposition in order to electrically insulate them from the nanowire. A single
Ge/Si core/shell nanowire with a core radius of about 10 nm and a shell thickness of
2.5 nm [Con17] is placed deterministically across the set of gates using a micromanipulator. The nanowire is roughly aligned with the coordinate system in Figure 8.1 b
but the exact angle in the x̂ẑ plane is unknown. Finally, ohmic contacts are fabricated
by electron beam lithography and metallized with Ti/Pd following a short dip in hydrofluic acid to remove the native oxide. The scanning electron micrograph shown in
Fig. 8.1 a is from a similarly fabricated device as used here.

8.6.2

Experimental Setup

The sample is wire-bonded to a printed-circuit board providing dc wiring and RF lines,
coupled via bias tees. The circuit board is mounted in a Bluefors dilution refrigerator
with a base temperature around Tbase = 10 mK, at which tempreature all measurements
are taken. Each high-frequency line includes attenuators with combined values of
∼30 dB. A Basel Precision Instruments LNHR DAC is used to supply the dc voltages,
and a Basel Precision Instruments LNHS I/V converter is used for readout of the qubit
in transport.
A Tektronix 7122C or AWG5208 arbitrary waveform generator is used to generate
the square voltage pulses applied to gate VLP . To drive the qubit, either an analog
Keysight E8257D signal generator or a E8267D vector signal generator supplies the
microwave tone. For measurements at high microwave power a RF-Lambda model
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RFQ132070 amplifier was used. Two different configurations of the setup are used for
microwave burst generation. For the measurements in Figures 8.1 c-d, 8.2 d, 8.3, and
8.4, the amplitude of the microwaves is modulated by means of an RF-switch (ZASWA2-50DRA+ from MiniCircuits), triggered by the arbitrary waveform generator. The
RF-switch has a minimum pulse width of 10 ns. For the measurements in Figures 8.1 b,
8.2 a-c, e, f, the microwave bursts are generated by IQ modulation of the vector
signal generator’s microwave tone. Here, the minimum pulse width is 6 ns. In either
configuration, a lock-in amplifier is used to chop the bursted microwaves at a frequency
of 89.75 Hz and the I/V converter output is demodulated at his frequency. This allows
us to separate the current signal due to the applied microwaves from the background.

8.6.3

Data Analysis

Rabi frequencies are extracted from fits to I (tburst ) = I0 + C · sin (2πfRabi tburst + φ) ·




exp −tburst /T2Rabi . Here, I0 is an offset, C the amplitude, φ a phase shift, and T2Rabi
the characteristic decay time. Furthermore, we post-processed raw data sets in the
following ways. The data in Fig. 8.1 c (8.1 d) was offset by 10 mT (20 mT) to compensate for trapped magnetic flux. Furthermore, the average value has been subtracted
from each column and row of the raw data. Then each row has been divided by the
average row value. Similarly, for the plots of Fig.8.2 b and 8.4 a, the average value has
been subtracted from each column and row of the raw data. In Fig. 8.4 a, data for
microwave burst times below the minimum pulse width achievable by our electronics
is omitted.

8.6.4

Measurement Details

In the following we list the relevant parameters that were used for the various measurements. For the measurements of Figs. 8.1 c-d, a fixed pulse amplitude ∆VP = 0.55 V
~ ext was oriented along
and a burst duration tburst = 15 ns was used. In Figs. 8.2 a-c, B
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~ ext was oriented in the x̂ŷthe −ŷ-axis. For Fig. 8.2 d, fMW = 3.4 GHz was used and B
plane, making an angle of 40° with the ŷ-axis. In Fig. 8.2 e, the duration of the π-pulse
~ ext | = 181 mT along the −x̂-axis.
tπ = 13 ns, PMW = 3 dBm, fMW = 2.6 GHz, and |B
~ ext | = 292 mT, along
For Fig. 8.2 f, we used PMW = 14 dBm, fMW = 3.4 GHz and |B
the same direction as used for Fig. 8.2 d. Finally, for the measurements of Fig. 8.3, we
~ ext | was the same as in Fig. 8.2 d.
used PMW = 25 dBm and the orientation of |B
For completeness, we also mention the other gate voltages used for the measurements
of Fig. 8.3: VL = 3710 mV and VR = 1495 mV, VLP and VRP depend on VM , but are
similar to the values used for Fig. 8.1 b.

Data availability
The data supporting the plots of this paper are available at the Zenodo repository with
the following DOI: 10.5281/zenodo.4290131
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8.7 Author correction

8.7

Author correction

In the version of this Article originally published, the dependence of the Rabi frequency
on the g-factor was stated incorrectly in the main text below Eq. 8.1 and in Eq. B.1 of
the Supplementary information. Following Golovach, Borhani and Loss, Phys. Rev. B
74, 165319 (2006) (Ref. [Gol06] in the manuscript), the corrected versions are (main
text):
~ eff (t)|/(2h) ,
fRabi = gk µB |B

(8.2)

and (Supplementary information):
fRabi = fMW ·

~ MW (t)|ldot
ldot e|E
·
.
lso
∆orb

(8.3)

These changes leave the results of the Article unaffected, except for changing the values
of the gate-voltage dependent spin-orbit lengths slightly. The corrected range extends
from 4 nm to 23 nm (before correction 3 nm to 28 nm). These values are revised in the
corrected manuscript (section 8) and Supplementary information (appendix B).

In the uncorrected version, part of the tuning gate-range of spin-orbit lengths could
potentially be attributed to the g-factor. Furthermore, when measuring at a constant
value of the external magnetic field Bext , also in the correct formulation fRabi and lso
still depend on the g-factor. However, when measuring at a fixed resonant microwave
frequency fMW = gk µB Bext /h, any change of the g-factor is compensated by an inversely proportional change of Bext , and the apparent g-factor dependence vanishes
from the equation of the Rabi frequency, thus making the observation of a gate-voltage
dependent spin-orbit coupling strength more robust. This is now also reflected in the
changed manuscript.
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Summary

On the path to a fault-tolerant quantum computer, spin qubits in semiconductors
are candidates for fast and reliable qubit operation. The compatibility with modern
semiconductor technology combined with their small footprint inspire the vision of
a large-scale quantum computer chip with densely packed spin qubits. But the size
implies more than just economical packaging of a large number of spin qubits. As
discussed in section 2, the reduction of structure size to the nanometer scale and
dimensionality to one- and zero-dimension enables control over material properties,
that are not available otherwise. In particular, hole spin states in one-dimensional
Ge experience a strong and tunable spin-orbit interaction and promise long coherence
times. Taken together, these properties allow for the implementation of a new kind of
spin qubit. Quantum dots in Ge systems can therefore host hole spin qubits that meet
the requirements of qubit operation, as outlined in section 3, in a way that allows them
to become the cornerstone of a fast and scalable quantum computing platform.
Accordingly, in this thesis we explore Ge/Si core/shell nanowires as a material system
that provides features useful for the operation of hole spin qubits. The hole spin are
confined in quantum dots, which thus need to enable a high level of control over the
charge and spin state of the confined holes. In section 6 the basic nanowire quantum
dot device is introduced and the formation of quantum dots is described. Quantum
dots are electrostatically defined with a set of metallic gates which locally deplete the
hole gas that is formed in the core of Ge/Si core/shell nanowires. These gates enables
a high level of control over size and position of single quantum dots, as summarized in
table 6.1, in which also the typical estimated number of holes occupying the quantum
dot is listed. In particularly small quantum dots, defined by two neighbouring gates as
shown in Figure 6.2, signatures of a singly occupied quantum dot are observed. The
gate-controlled nanowire device also enables the formation of double and even triple
quantum dots (Figure 6.4). The interdot tunnel coupling strength can be adjusted,
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which allows to tune the device continuously from a single to a double quantum dot
configuration. The nanowire geometry enables precise control over the quantum dot
confinement with only a small number of closely spaced metal gates. The large contribution of the natural confinement of a nanowire to one dimension also allows for the
observation of a vast number of quantum dot charge transitions. Amongst these, transitions equivalent to an effective (1,1)-(0,2) configuration, but at higher filled orbitals,
can be observed. Because these transitions resemble the case of a quantum dot with
only two holes, the current is rectified due to Pauli spin blockade. The observation
of Pauli spin blockade is an important ingredient for spin readout in future experiments. In conclusion, the findings of section 6 make quantum dots in Ge/Si core/shell
nanowires suitable candidates for spin qubit experiments.
In section 7, we use such a Ge/Si core/shell nanowire quantum dot device to study
the leakage current in Pauli spin blockade. The strong spin-orbit interaction mixes
the T, (1, 1) states to the S(0, 2) state, thereby lifting the spin blockade, giving rise
to a finite leakage current. The measurement of these transitions as a function of
magnetic field reveal a minimum of leakage current around zero magnetic field, strong
orbital effects and a magnetic field dependent g-factor. The strong orbital effects
result in a magnetic field dependence of the quantum dot addition energy and interdot
tunnel coupling. In combination with the strong SOI, the orbital effects give rise to
an enhancement of the Landé g-factor with magnetic field. All of these features are
accounted for in a spectroscopic model which well reproduces the observed experimental
data. This model enabled us to extract a value of the spin-orbit length of ∼65 nm,
demonstrating the presence of very strong spin-orbit interaction in Ge/Si core/shell
nanowires.
In the last part of this thesis, we exploited the properties of Ge/Si core/shell nanowires
for the implementation of an ultra-fast and gate-tunable hole spin qubit. The spin-orbit
interaction allows for electric dipole spin resonance (EDSR), leading to the controlled
138

lifting of Pauli spin blockade when the frequency of a microwave tone applied on of
the gates is on resonance with the qubit transition (see Figure 8.1). Coherent Rabi oscillations are observed as a function of microwave burst time, with the Rabi frequency
depending linearly on the magnitude of the external magnetic field, in agreement with
EDSR mediated by spin-orbit interaction. Ramsey interference measurements determine a coherence time T2∗ = 11 ns, which can be enlarged by a factor 25 by using
spin echo techniques, identifying low-frequency noise as the limitation. Furthermore,
two-axis control of the hole spin qubit is demonstrated. Finally, we find a remarkable gate-tunability of the Rabi frequency. By relatively small variations of the gate
voltages, the Rabi frequency can be tuned in a wide range from roughly 30 MHz to
above 200 MHz. The variation of the Rabi frequency can be ascribed to either an increase of the spin-orbit interaction strength or a change of direction of the effective
~ eff . For the spin-orbit interaction length we extract an upper limit
magnetic field B
of 20 nm. Eventually, in an optimal configuration we demonstrate ultrafast coherent
Rabi oscillations above 400 MHz.
In conclusion, the aforementioned results constitute important milestones for the implementation of an all-electrical and configurable hole spin qubit in Ge/Si core/shell
nanowires. The proof-of-principle studies of fabrication and operation of a fast qubit in
these nanowires allow for advanced experiments and research regarding improvements
in a variety of aspects. These future prospects form the topic of section 10.
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Outlook

The results discussed in this thesis demonstrate that Ge/Si core/shell nanowires can
host fast and electrically tunable hole spin qubits. Naturally, this serves only as a
starting point for more advanced characterization and optimization. This section outlines possible future routes on the way to viable hole spin qubits in Ge/Si core/shell
nanowires. The fabrication of qubit devices with improved and advanced characteristics will remain an integral part and is discussed in section 10.1. Closely related to
this topic is the engineering of the electric field profile, which will, for instance, enable more precise control over magnitude and direction of the spin-orbit interaction
in these electrically controllable hole spin qubits. The impact of electric field strength
and direction on the qubit is pronounced, and, as discussed in section 10.2, has the
potential to optimize qubit gates, coherence, and couplings. Finally, as a long-term
goal, considerations regarding the implementation of a large scale qubit network are
discussed in section 10.3.

10.1

Prospects of Device Fabrication

First generation Ge/Si nanowire devices, that are fabricated as described in section 4,
already enable a multitude of experiments as discussed in the other sections of this
thesis and summarized in section 9. Starting from the formation of highly tunable
(arrays of) quantum dots, studies of spin physics and finally one- and two-axis hole
spin qubit control are possible. However, certain performance limitations of first generation devices, such as the short coherence time, but also demands for more advanced
and complex experiments stimulate the development of more sophisticated fabrication
processes. Therefore, this section describes some routes for future devices, sorted in
four categories.
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10.1.1

Future Routes for Nanowire Growth

First, the Ge/Si core/shell nanowire itself has not been a parameter within the framework of this thesis. Due to the sophisticated growth as outlined in section 4.1, only
a limited number of nanowires with varying characteristics are available. This limits
the exploration of implications of different nanowire parameters regarding the qubit
performance. Future studies could investigate the impact of morphological properties
such as the Ge core radius, the Si shell thickness and the strain resulting from it, but
also the effect of isotopic purification.
Because strain is both determining the properties of holes occupying the lowest energy subbands in Ge/Si core/shell nanowires [Klo11] but also inducing crystal defects [Day13; Gol08a; Gol09], precise knowledge of the formation and relaxation of
strain during the nanowire growth is key. The large impact of strain on electronic
transport and quantum dots [Con17] also motivates the investigation of consequences
on the qubit performance.
Besides an engineered strain profile, also other innovations at the level of nanowire
growth, such as growing very thin nanowires, might help to achieve the regime of single
hole quantum dot occupation. So far, quantum dots in Ge/Si core/shell nanowires have
been mostly operated in the multi-hole occupation regime, which, from a scientific point
of view, challenges comparisons to theory, and, from a practical point of view, affects
properties of hole spins, as they can differ tremendously depending on the occupied
subband.
Finally, the effect of isotopic purification [Ito14] of the starting materials Ge and Si on
the qubit performance is unexplored, yet such purification has yielded large enhancements of the electron spin qubit coherence time in two-dimensional Si structures [Vel14].
In the long term, as the growth concepts of nanowires are developed further [ORe14;
Wen19; Gün19], also control over the site, for instance by templated growth, or control
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over the crystal direction of nanowires is conceivable. These new methods have the
potential to eliminate the manual transfer of nanowires, which is a major obstacle for
upscaling [Gao20].

10.1.2

Improving Electronic Properties

The second category of fabrication routes aims at improving the electronic properties
of quantum dot devices. Here, especially the mitigation of charge noise, and ensuing
qubit decoherence, is a main concern. Naturally, already during the nanowire growth
the electronic properties can be influenced, for instance by reducing incorporation of
gold impurities or engineering the strain. But also the post-growth assembly of the
qubit device leaves room for optimization. For instance, section 4.4 discusses various
material choices for the gate dielectric separating the gates from the nanowire, which
can be a major source of charge noise. In a future experiment, different materials
need to be compared regarding their suitability for low noise qubit devices. Another
change that will be implemented in the next generation of qubit devices is the transition from p++ doped to intrinsic silicon substrates. This would render the thick
thermal SiO2 unnecessary, thus eliminating an additional layer of potentially impure
oxide. First trials with intrinsic silicon substrates, however, showed large gate-to-gate
leakage [Mül19], hence requiring additional measures such as a thin insulating layer on
top of the substrate. For such stacked heterostructures, generally the complex interface
physics [Spr18] at boundaries of oxides, metals and semiconductors must be considered
as well.

10.1.3

Quantum Dot Samples Providing New Features

The third category concerns enhancements of the lithography of existing devices and
additional micro- and nanostructures, that could be added to regular devices and provide extra functionalities. One example are side gates, which are already implemented
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as shown in Figure 4.1, but have not been used extensively in experiments so far. The
idea of side gates is to apply an additional electric field to the quantum dot, without
changing the confinement potential, which is inevitably the case if the electric field
arising from the bottom gates is changed. A possible application of such extra gates is
discussed in section 10.2.
Another route is to work towards devices which can reliably host quantum dots in the
single hole occupation regime. In the devices used for the work of this thesis, upon
further depletion of quantum dots by raising the plunger gate voltage, the quantum
dot splits up into a double quantum dot. This, together with indications of the single
hole occupation regime as observed in section 6, suggests that a more narrowly spaced
gate structure might enable the full depletion of quantum dots. However, the further
reduction of the gate pitch makes high demands at or beyond the limit of feasibility
of the current lift-off technique. As the separation between parallel lines is further
reduced, the PMMA mask becomes unstable and single lines can not be resolved after
metallization. Figure 10.1 a shows an example of unsuccessful reduction of the gate
pitch to 40 nm, where the collapse of the PMMA mask lead to interruptions of the
lines. Furthermore, the increased dose density leads to overexposure, which results in
merged lines.
Therefore, other techniques can be considered [Ste12b], such as a focused helium ion
beam, which can be used for both milling [Vol07] and lithography [Win09]. Both techniques profits from the reduced interaction volume of helium ions compared to electrons
and a smaller resolvable feature size. However, in ion milling processes swelling and
other damages due to, for instance, ion implantation are common [Liv09; Ste12b].
Besides fabricating bottom gates in a single layer, and thus reducing the line separation
ever more, two layers of interleaved gates can be fabricated. Figures 10.1 b and c show
the results of a trial to interleave two sets of five lines with a pitch of 50 nm each. On
the upside, this approach allows to keep the line spacing in a technically feasible regime
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a

b

100 nm

c

500 nm

100 nm

Figure 10.1 | Miniaturization of bottom gate structure. a | Fabrication of parallel
lines with a pitch of less than 50 nm often results in pattern collapse, as seen in the top part,
or overexposure, as seen in the center part. b,c | Two interleaving sets of gates with a pitch of
50 nm each would reduce the effective gate-to-gate distance at the cost of requiring very high
alignment precision and an additional insulating layer between the two gate layers. Here,
random offsets of subsequent layers are observed.

yet it halves the effective pitch. On the downside, an extra insulating layer might be
required in order to insulate the two gate layers from each other and, additionally, this
approach requires very high alignment capabilities. As can be seen in Figures 10.1 b
and c, the alignment procedure used here yields uncontrollable pattern shifts with the
two gate layers overlapping partially.
One example of a quantum dot device with additional functionality comprises an integrated charge sensor for quantum dot readout (see also section 3.4 for qubit readout
techniques). In Ge/Si nanowires, a capacitively quantum dot in a nearby nanowire has
been demonstrated to be capable of serving as a charge sensor [Hu07; Hu12]. In this
case, top-gated nanowires were used and the main quantum dot was coupled via a floating gate to the sensor quantum dot in a nearby nanowire. For bottom gated nanowires,
as used in this thesis, a proposed layout is shown in Figure 10.2 a. The layout is based
on the bottom gate design as described in section 4.3, and the capacitive coupling
would be mediated by a floating gate. The nanowires hosting the main quantum dot
and the sensor quantum dot are aligned at an angle, which allows independent gating of
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the two quantum dots. In Figure 10.2 b a proof-of-principle study has been conducted
to investigate if the precision of the nanowire transfer with a micromanipulator would
be sufficient. Apart from multiple nanowires being transferred due to bundling, the
nanowires can be aligned in a rectangular configuration. No electrical measurements
were conducted so far on these devices.

a

b

100 nm

200 nm

1 �m

1 �m

Figure 10.2 | Charge sensor fabrication proposal. a | Proposal for a bottom gate layout for a quantum dot device with charge sensor in an adjacent nanowire. The gates defining
the main and the charge sensor quantum dot are aligned in a rectangular configuration. The
capacitive coupling is mediated by a floating gate. Insets show zoom ins of the interesting regions as indicated. b | Proof of principle study investigating if two nanowires can be
transferred with a micromanipulator in a rectangular configuration. Unfortunately, in this
example multiple nanowires were bundling together.

However, complex readout techniques involving charge sensors or quantum point contacts are not suitable for readout of large qubit arrays. As discussed in section 3.4, gate
reflectometry is a powerful and compact readout technique. Here, a lumped element
resonator is attached to a gate which is capacitively coupled to the qubit. A dispersive shift of the resonator frequency depending on the qubit state can be detected by
measuring the reflected signal of the resonator. With this method, single-shot qubit
readout has been demonstrated [Wes19; Pak18; Urd19]. This readout technique adds
complexity to the setup, yet the actual qubit device does not require additional microor nanostructures. Alternatively, also on-chip superconducting resonators, as discussed
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next, can serve for qubit readout [Zhe19]. Fast single-shot readout with such a resonator then allows for qubit readout in dense qubit arrays.

10.1.4

Hybrid Semiconductor-Superconductor Devices

The fourth group of future devices comprises the large category hybrid devices, where
a semiconductor qubit is combined with a superconducting microwave resonator. The
fabrication of such devices is split into the superconducting resonator part and the
spin qubit part. While the resonators are fabricated by collaborating groups (see also
section 4.5), the spin qubit part is similar to the general fabrication of quantum dot
devices as discussed in section 4.2. First results towards a superconducting microwave
resonator with integrated Ge/Si core/shell nanowire are shown in Figure 4.6. Due
to the importance of such hybrid systems for long-distance qubit-qubit coupling and
ultimately qubit networks, these will be treated separately in section 10.3.

10.2

All Electrically Tunable Hole Spin Qubit

Ge/Si core/shell nanowires feature strong direct Rashba spin-orbit interaction, as discussed in section 2.2.4 and experimentally investigated in section 7. Not only the
strength, allowing for ultra-fast coherent control of hole spins (see section 8), but also
the large tunability with external fields hold promise for a highly tunable hole spin
qubit. As discussed in section 3.1, the prospects are a qubit which can be electrically
switched from a control mode, with large coupling strengths, to an idle mode, where
the qubit is better isolated from the environment. Such a qubit would thus benefit
from both a fast operation speed and long coherence. It is therefore of high priority to
understand and control the effects of electric fields on the qubit.
Electric fields and electrical noise affect qubits to a large extent. For instance, the
impact of charge noise and phonons on qubit relaxation and coherence, especially in
presence of spin-orbit interaction, are important to understand. Experimentally, there
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is little known about the decoherence mechanisms of hole spins in Ge/Si core/shell
nanowires, although electrical noise might be detrimental due to the strong and electric
field tunable spin-orbit interaction. A full characterization of the noise leading to
the relatively short coherence time observed in section 8 will yield information about
the sources of decoherence [Cha18]. To do so, a dynamical decoupling pulse scheme,
essentially a series of Hahn echo pulses, can be employed, which allows to characterize
the frequency spectrum of the noise. For hole spin qubits, sweet spots with reduced
dephasing rates are expected, which allow to optimize the operation point in certain
electric field or gate configurations [Klo13b; Wan19b]. Not only the magnitude, but also
the direction of the electric field has important implications, for instance with regard
to relaxation of hole spins. Optimal configurations for the directions of electric and
magnetic fields with respect to the nanowire axis are proposed for maximum relaxation
times [Mai13]. In these configurations, relaxation times up to tens of milliseconds are
predicted.
Another consequence of the electric field profile is the anisotropy of spin-orbit interac~ SO . The anisotropic
tion, resulting in a distinct direction of the effective magnetic field B
spin-orbit interaction has a profound impact on Pauli spin blockade in double quantum
~ SO is not known,
dot devices [Bra16b; Wan16; Wan18b]. Typically, the direction of B
and has to be mapped out [Nad12; Wan18b]. However, despite the complexity in realistic devices, knowledge of the electric field profile in and around the nanowire is
vital for the future operation of qubits, for instance in order to avoid unwanted qubit
relaxation processes and to drive the qubit most effectively. To obtain more control,
precise engineering of the electric field profile in combination with simulations may be
helpful.
Closely related to the anisotropic spin-orbit interaction is the anisotropic g-factor. In
Ge/Si core/shell nanowires, a strong electric field tunability is expected [Mai13] as well
as experimentally observed in reference [Bra16a] and in section 8. Via the electrically
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tunable g-factor, the Zeeman splitting can be dynamically changed with an additional
voltage pulse on the gates. This changes the qubit resonance frequency for the time
of the pulse duration and corresponds to a rotation around the z axis of the Bloch
sphere, or a Z-gate. In case of Ge/Si core/shell nanowires, the shift of the resonance
frequency due to the pulse depth on the plunger gate (see Figure B.2) will enable the
implementation of such a Z-gate. Together with the single qubit rotations around the x
and the y axis of the Bloch sphere, by controlling the frequency, phase and duration of
the microwave burst that drives electric dipole spin resonance, qubit rotations around
any axis can be electrically controlled.
Additionally, the electrical control over the qubit resonance also allows to drive qubit
rotations with an always-on microwave drive. Here, the qubit is switched into resonance
for the duration of the qubit gate, and otherwise detuned from the microwave drive.
Because the microwave drive is always on, in this way detrimental pulse imperfections
can be avoided to affect the qubit, which is particularly important for very fast qubits
with short gate times. Furthermore, in this manner the qubit coupling to the electric
field of a resonator, hence the qubit-qubit interactions mediated by the photon field of
the resonator (see also section 10.3), can be electrically toggled.
It becomes clear, that control over electric field strength and direction are inevitable
for all electrical control of spin qubits and in particular hole spin qubits. Next, we
discuss the conclusions regarding an all electrically tunable hole spin qubit in a Ge/Si
core/shell nanowire. The electrical tunability of the Rabi frequency shown in section 8
is a first indication of the possible electrical control of the spin-orbit interaction length
in Ge/Si core/shell nanowires. In contrast to other material systems [Kan11], already
very small changes of gate voltage lead to a significant variations of the spin-orbit
interaction strength, demonstrating the increased sensitivity of this hole system to
electric fields. Small changes of the voltages on the gates providing the quantum dot
confinement allow electrical control over the qubit because, in a realistic device, also the
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electric field generated by the confinement gates induces a strong electric field inside the
nanowire. This is due to the close proximity of these gates, which are only separated
by the 20 nm thin dielectric layer. Estimates from a simple plate capacitor model yield
sizeable electric field strengths on the order of 50 V/µm inside the nanowire for typical
gate voltages on the order of 1 V. In a more advanced experiment, ideally an electric
field independent from the quantum dot confinement should be used to investigate
the electrical tunability detached from the concurrent modification of quantum dot
characteristics such as tunneling rates.

Side gates on either side of the nanowire are capable of inducing a transverse electric
field inside the nanowire with considerable electric field strength on the order of 1 V/µm,
which can be used for instance to control the electron orbitals [Rod11] and also hold
~ SO [Dor19]. For bottom gated nanowires
promise to electrically control the direction of B
the alignment of side gates nearby the nanowire is difficult as the nanowire is placed
only at the end of the fabrication process and its exact position is not fully controllable.
Figure 4.1 shows a Ge/Si core/shell nanowire quantum dot device with adjacent side
gates in parallel to the principle axis of the nanowire. In this particular case, the electric
field strength inside the nanowire induced by biasing these side gates with voltages of
up to 5 V with opposite polarity is unknown. However, assuming comparable structures
and finite element simulations of the electric field therein [Rod11], roughly 10 % of the
electric field strength expected from a simple plate capacitor model can be expected
to be induced inside the nanowire. The actually induced electric field is much smaller
due to the mismatch of the relative permittivity of the nanowire and the vacuum. For
the geometry of Figure 4.1 this would imply an electric field of about 1 V/µm inside
the Ge/Si core/shell nanowire. An electric field of this magnitude is at the lower
end of the necessary electric field strength in order to give rise to direct Rashba spinorbit interaction [Klo18], yet in theory sufficient for substantial modifications of the
g-factor [Mai13].
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In conclusion, the implications of electric field strength and direction on the performance of hole spin qubits in Ge/Si core/shell nanowires are experimentally largely
unexplored. Yet precise engineering and knowledge of the electric field profile of the
entire gate structure will be important for future experiments. More control over the
electric field of the confinement gates can be achieved, for instance, with wrap-around
gates [Sto12; Bur15; She15; Glu19], and additional side gates enable electrical control
~ SO and the
over the spin-orbit interaction [Dor19]. With well-defined directions of B
electric field, the dependence of qubit characteristics such as the Rabi frequency and
the coherence time, on magnitude, direction and relative orientation of electric and
magnetic field can be investigated. Ultimately, this will allow for the implementation
of an all electrically tunable hole spin qubit, with characteristics as envisioned in section 3.1, where the qubit can be toggled between a control and an idle mode with a
designated gate.

10.3

Large Scale Qubit Network

In the long term, large scale quantum computers will comprise a vast amount of qubits
in order to provide the necessary computing capacity. At this point, errors in state
preparation, qubit gates and readout on the single qubit level become significant for
the reliability of the entire computing unit. Besides high fidelity qubits, also the implementation of error correction schemes will be required in order to achieve a reliable
quantum computer [Ter15]. The most promising quantum error correction scheme is
the surface code [Fow12], which requires a number of physical qubits to build one logical qubit, thus underlining the need for a large number of physical qubits in upscaled
systems.
In any case, even in large networks, each qubit has to be addressable individually. This
poses a challenge for the architecture due to the amount of gates and wiring that is
necessary. Furthermore, a scalable interface between the qubits and classical electronics
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needs to be developed [Van17; Vel17; Li18a]. Here, qubits in the semiconductors Si
and Ge hold promise to facilitate such an architecture (see also section 2.2.1) due to
the compatibility with current CMOS technology.
Finally, for large scale qubit networks, interactions between a large number of qubits
need to be provided. Nearest-neighbour interactions can be expanded over the whole
qubit array by shuttling or swapping qubits [Mil19; Fuj17]. In order to achieve direct
long-distance coupling between unmovable qubits, floating gates and microwave resonators have been proposed. Floating gates connect distant qubits capacitively and
the interactions can be switched on and off by controlling the position of the qubit
with respect to the floating gate [Tri12]. Microwave resonators can mediate interactions between qubits via the photon field and lead to the emergence of circuit quantum
electrodynamics (cQED) [Bur20].
The term circuit QED stems from the similarity to cavity QED, which describes the
light matter interaction between a photon and an atom in an optical cavity. The field of
cQED is well established in condensed matter systems, for instance with superconducting qubits [Bla04; Wal04], and provides a way to coherently couple distant qubits via
photons of a cavity. The cavity is often realized as a superconducting coplanar waveguide resonator, fabricated on-chip, for microwave frequencies that match the discrete
energy level splitting of the qubit.
A single charge confined in a semiconductor double quantum dot can also couple to
photons of microwave resonators via the electric dipole interaction. The charge occupies
either the left or the right quantum dot and in presence of an interdot coupling, the
charge delocalizes over the length of the interdot separation due to the hybridization of
the charge ground states, which gives rise to an electric dipole. Direct coupling of the
spin to the cavity mode, however, is hard to achieve since the spin does not couple to
electric fields and the magnetic dipole coupling between the spin and the cavity mode
is weak. Therefore, mechanisms are required which provide coupling of the spin to
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an electric dipole, thus essentially entangle orbital and spin states. At the heart, this
is the same challenge as for single spin manipulation techniques, which are discussed
in section 3.2, and therefore also spin-resonator coupling methods resemble the spinto-charge conversion schemes, for instance exploiting the Pauli exclusion principle, or
mediating electric dipole spin resonance with micromagnets [Klo13a; Chi04; Bur06;
Rus15]. Similarly, spin-orbit interaction enables spin-cavity coupling [Tri08]. Here, the
orbital motion of a an electron is perturbed by the electrical cavity mode, which in
presence of spin-orbit coupling, provides a coupling between the photon of the cavity
and the spin of the electron. Such an architecture is also proposed for Ge/Si core/shell
nanowires, where, due to the direct Rashba spin-orbit interaction excellent operation
speed and electrical control is expected [Klo13b].

Experimentally, important milestones have been achieved towards a hybrid spin qubitsuperconducting cavity system for long-distance qubit-qubit interactions. Since the
first demonstration of cQED with an InAs nanowire [Pet12], strong photon-cavity
coupling [Mi17a; Sto17; Lan18], strong spin-cavity coupling [Mi18a; Sam18], and spinspin interactions mediated by the cavity field [Bor20] have been demonstrated Also
hybrid systems employing a Ge/Si core/shell nanowire have been reported [Wan19a],
however, not yet in the strong coupling regime. In section 4.5, first steps towards the
fabrication of a device that couples a hole spin qubit in a Ge/Si core/shell nanowire to a
high impedance superconducting resonator are shown. High impedance resonators are
preferred since the charge-photon coupling scales with the impedance

q

L/C ,

where L

is the inductance and C the capacitance of the resonator. The capacitance can not be
reduced arbitrarily much due to the parasitic capacitances, thus the goal is to increase
the inductance. Example resonators with a large inductance are transmission lines
made of NbTiN [Sam16] and SQUID arrays [Mas12; Cas07]. Both types of resonators
have different characteristics such as sensitivity to magnetic fields and tunability of the
resonance frequency, and therefore form an excellent basis for the exploration of cQED
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physics with Ge/Si core/shell nanowires [Klo13a; Klo13b]. Finally, not only the strong
spin-photon coupling with its implications for quantum computation are of interest,
but also the strong or even ultrastrong charge-photon coupling enable the exploration
of new physics [Koc19; For19].
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Figure A.1 | Extended data sets over full range of detuning, for values of Vg3 as indicated
in each plot. Here, Vg4 is swept simultaneously with Vg2 , along the detuning arrow shown in
Fig. 7.1 (c) of the main text.
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Figure A.2 | Zoom-in of Fig. 7.4 (a) of the main text, highlighting the role of g-factor
renormalization at high magnetic field. Green curves are identical to those in main curves,
corresponding to ε± (B) with (solid) and without (dashed) taking into account the g-factor
renormalization with magnetic field given by Eq. 7.2.

A.3

Model Hamiltonian

Here, we provide a more detailed analysis of the theoretical model used in the main
text. The relevant physics of a single hole confined in a quantum dot can be captured
by the effective 2-dimensional Hamiltonian
H = Ho + Hso + HZ ,

(A.1)

with
mk ωk2 2
πy2
πx2
πz2
Ho =
+
+
+
z
2m⊥ 2m⊥ 2mk
2
2
m⊥ ω⊥
+
(x2 + y 2 ) ,
2
Hso = απz σy ,
HZ =

(A.2a)
(A.2b)

g0 µB
B·σ .
2

(A.2c)

Here, we define the dynamical momentum π = −i~∇ − eA, where A is the vector potential accounting for an externally applied magnetic field B. These operators satisfy
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the commutation relations [πi , πj ] = iijk ~eBk , [πi , xj ] = −i~δij . We model the confinement potential by an anisotropic harmonic oscillator, with confinement frequencies
ω⊥ and ωk , and effective masses m⊥ and mk in the direction perpendicular and parallel
to the nanowire growth direction, respectively. In the following, we assume ω⊥ > ωk .
Because of the magnetic field, the spin states are split in energy by the Zeeman energy;
here g0 is the g-factor of the system and the field B is assumed to be homogeneous.
The interaction between different spin states is captured by a Rashba-like spin-orbit
interaction Hso [Klo18; Klo11].

Our final goal is to extract from the measurements the spin-orbit interaction parameter
α. It is convenient to introduce the spin-orbit length
λso =

~
,
mk α

(A.3)

and to perform the unitary spin-dependent displacement of states [Lev03]
S = eiσy z/λso ,

(A.4)

that diagonalizes the spin-orbit interaction in spin-space


S Ho + Hso

~2
S = Ho −
,
2mk λ2so



(A.5)

†

converting the Zeeman term to a position-dependent quantity. We now focus on the
case where the magnetic field points in the x-direction, i.e. B = Bex , and we obtain
SHZ S † =

g0 µB
2z
2z
B σx cos
+ σz sin
2
λso
λso










.

(A.6)

In the harmonic confinement approximation, the orbital Hamiltonian Ho can always
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be diagonalized exactly. Assuming B > 0, we can introduce the vector of gaugeindependent canonical positions Q and momenta P
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satisfying [Qi , Pj ] = iδij ; here lB =
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q

~/(e|B|) is the magnetic length. When B < 0,

the first two positions and momenta are swapped. The coupled harmonic oscillators
can be decoupled by the symplectic Bogoliubov transformation
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,

where 3-dimensional matrix A(r) is defined by
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with squeezing parameter


e2 B 2
 m⊥ mk

1
r = arccoth 
2



2
+ ωk2 
+ ω⊥

2ω⊥ ωk



.

(A.10)

In the new coordinate system with positions q and momenta p, we obtain three independent harmonic oscillators with frequencies ω⊥ and ω1 < ω2 , where the Fock-Darwin
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frequencies are
ω1 = ω2 tanh(r)
v
!
u
√

u
mk m⊥
ω
ω
k
⊥
=
ωk ω⊥ t 1 −
tanh(r) 1 −
tanh(r) .
eB
ω⊥
ωk

(A.11)

We point out that when B → 0, Eq. (A.11) is still valid and it leads to the expected
result ω1 = ωk and ω2 = ω⊥ .

The groundstate |0i is the state simultaneously annihilated by the annihilation operators in this coordinate system
1
i
aj = √ β j q j + p j
βj
2
where
βj =
and γ =





ωk mk
γ
ω⊥ m⊥

ωk ωk /ω⊥ −coth(r)
.
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(A.13)

j

To determine the groundstate wavefunction in real-space,

we need to specify a gauge. In the symmetric gauge A = B × r/2, and combining
Eqs. (A.7), (A.8) and (A.12), we obtain
ψ0 (r) =

1
q

π 3/4 lx ly lz

e

− 12



2
2
x2
+ y2 + z2
l2
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lz
x



+i
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k −ω⊥
ωk +ω⊥
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,

where we defined the magnetic field-dependent lengths
ly = l⊥

B2
1+ 2
B0

!−1/4

and lz = lk

B2
1+ 2
B0

!−1/4

,

(A.15)

and the usual harmonic lengths
s

lx = l⊥ =

~
m⊥ ω⊥

and lk =
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The characteristic magnetic field B0 in Eq. (A.15) determines the relevant field at
which the orbital effects start to become significant and it is defined by
√
B0 =

mk m⊥
(ωk + ω⊥ ) .
e

(A.17)

Projecting the Hamiltonian in Eq. (A.1) onto the groundstate subspace and subtracting
a constant energy term, we obtain the effective low energy Hamiltonian
HGS =

gµB B
σx ,
2

(A.18)

where we introduce the effective g-factor
2

2

g = g0 e−lz /λso .

(A.19)

We emphasize that the g-factor is renormalized by the spin-orbit interaction, and it
acquires a magnetic field dependence via lz , see Eq. (A.15).
We remark that because of the transformation in Eq. (A.4), we are now treating spinorbit interaction exactly, and the perturbation coupling different orbital states comes
from the space-dependent magnetic field in the Zeeman energy, see Eq. (A.6). This
approach is the most convenient to describe the results of this experiment, where a
strong spin-orbit interaction is measured. Because of this term, the orbital ground
state is coupled to the first excited orbital state |1i with energy ~ω1 . In particular, the
interaction is
ωk
lB
h0|H|1i = √
cosh(r) −
sinh(r) gµB Bσz .
ω⊥
2λso β1




(A.20)

Using the values extracted in the main text, see Table 7.1, we find that the amplitude of
this interaction term is ∼ 20% of the energy gap ∼ ~ω1 at the maximal field measured
B = 8 T. Consequently, in the following we focus on the ground state subspace only.
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A.4

Double-dot Hamiltonian

We now construct the double-dot effective Hamiltonian by using the Hund-Mulliken
method. To do so, we create an orthonormal basis of harmonic eigenfunctions whose
center of mass is at the positions z = ±a/2. Here, a is the interdot distance. Following
the conventional procedure, we find the overlap matrix between the orbital ground
states of the two dots: Pij = hΨi |Ψj i, where


















|Ψi = Tz − a/2 S † |ψ0 ↑i, Tz − a/2 S † |ψ0 ↓i,
Tz + a/2 S † |ψ0 ↑i, Tz + a/2 S † |ψ0 ↓i



(A.21)

The magnetic translation operators are defined as Tz (X) = eiX(πz /~+y/lB ) and ψ0 is
2

the ground state wavefunction in Eq. (A.14). Importantly, because the unitary S † in
Eq. (A.4) is spin-dependent, here P is a 4 × 4 matrix. Explicitly, we find
a
a
τx σ0 + s sin
τy σy ,
P = τ0 σ0 + s cos
λso
λso








(A.22)

where τi are Pauli matrices acting on the different dots, σi are acting on spins and we
define the small parameter
2

s=e

− a2
4lz


1+

(ω⊥ −ωk )2
4ω⊥ ωk

B2
B 2 +B 2
0



.

(A.23)

Orthogonal and symmetric states |Oi are constructed from the non-orthogonal states
|N Oi by the linear map |Oi = |N OiP −1/2 and single-particle operators H transform as
HO = P −1/2 HN O P −1/2 . The generalization to two-body operators is straightforward.
For rather general double-dot confinement potentials, we find that the orbital Hamiltonian in the orthonormal basis has the form
ε
Ho = tc τx σ0 + tso τy σy + τz σ0 .
2
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A.4 Double-dot Hamiltonian
Here, ε is the detuning between the two dots typically caused by an electric field along
the wire, tc is the spin-conserving tunneling energy and tso is the spin-flip tunneling
energy caused by the spin-orbit interaction. In particular, we find that
s
a
and
t
cos
0
1 − s2
λso




s
a
a
tso =
t0 sin
= tc tan
.
1 − s2
λso
λso


tc =



(A.25a)
(A.25b)

where t0 is a characteristic energy dependent on the details of the confinement potential
and the leading magnetic field dependence of the tunneling energy is caused by the
exponential dependence of the overlap s on B, see Eq. (A.23).
Also, the Zeeman energy in the orthogonal basis is
HZ =

gµB B
g1 τ0 σx + g2 τx σx + g3 τz σz
2




,

(A.26)

where we introduce the dimensionless prefactors
g1 =

1+


+



√
1 − s2 − 2s2 cos λaso

1−

√

2 − 2s2  
1 − s2 cos λ2aso
2 − 2s2

= 1 + O(s2 ) ,
g2 =
g3 =

1 − cos



(A.27)

a
λso
s2



s,
1 −



√
s2 − 1 − 1 − s2 cos λaso
1 − s2

(A.28)
a
sin
λso




= O(s2 ) .

(A.29)

Neglecting corrections of order s2 , we can discard the term proportional to g3 , that
couple the triplet states T↑↓ (1, 1) to the singlet state S(1, 1). The term proportional
to g2 arise when the spin-orbit interaction is large and cause interactions between
the triplet T0 (1, 1) and the doubly-occupied singlet states S(2, 0) and S(0, 2). This
term causes an extra resonant peak of the leakage current, however, in the present
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experiment the energy of this interaction is of a few microelectronvolts, much smaller
than the contribution due to the spin-flip tunneling. Consequently, in the following,
we will ignore it and consider only HZ ≈ gµB Bτ0 σx /2.
Coulomb interactions are also required to understand the physics of the system. In particular, the most relevant electrostatic interaction element for the current experiment
is the addition energy,
U = hΨi Ψi |

e2
|Ψi Ψi i
4πs r


2

e
=
4πs

s

−1
2 F cos

q

π

  l2 −l2 
y
x
lz

lx2

lx

−

| l2 −l2
x

lz2

z

(A.30)

,

where F (a|b) is the elliptic F function and s = 160 is the dielectric constant of germanium times the vacuum permittivity 0 . Eq. (A.30) holds for general values of lengths
li provided that the appropriate limit is taken carefully. The next largest Coulomb
2

e
interaction elements are the Hartree and Fock terms UH = hΨi Ψj6=i | 4π
|Ψj6=i Ψi i and
sr
2

e
|Ψi Ψj6=i i, respectively. In the present experiment, the overlap s
UF = hΨi Ψj6=i | 4π
sr

between wave functions of different dots is expected to be small, and so we discard the
corrections of order O(s2 ) and we ignore the exchange interaction UF ≈ 0.

A.5

Singlet-Triplet basis

We can now rewrite the Hamiltonian in the singlet-triplet basis. Neglecting higher
orbital states, the relevant triplet states are
|T↑↑,↓↓ (1, 1)i = c†−,↑(↓) c†+,↑(↓) |0i and
|T0 (1, 1)i =

c†−,↑ c†+,↓ + c†−,↓ c†+,↑
√
|0i ,
2
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A.5 Singlet-Triplet basis
and the singlets are
|S(0, 2)i = c†+,↑ c†+,↓ |0i and
|S0 (1, 1)i =

c†−,↑ c†+,↓ − c†−,↓ c†+,↑
√
|0i ,
2

(A.32)

where we introduce the fermionic ladder operators c†i,σ creating an electron at the ith
dot with spin σ. We do not consider here the singlet state S(2, 0) because it is far
detuned in energy, and so the interactions of these states with it are suppressed by the
large energy difference.

By aligning the spin quantization axis to the direction of the magnetic field, we find in
T



the singlet-triplet basis S(0, 2), S(1, 1), T↑↑ (1, 1), T↓↓ (1, 1), T0 (1, 1)
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U −ε
√
2tc

√
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tso

−tso
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UH

0

0

0
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0
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0

0
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0

0
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0

0

0

0

UH
















,

(A.33)

where tc , tso and g and U are defined in Eqs. (A.25a), (A.19) and (A.30), respectively.
The singlet sector is hybridized by the spin-conserving tunneling energy. By introducing
the hybridized singlet states S± obtained by rotating the singlet sector by θ/2, where
θ is

√
!
2 2tc
θ = arctan
,
U − UH − ε
163

(A.34)

A.5 Singlet-Triplet basis
we can rewrite the Hamiltonian in the convenient form


H=

















E+
0
∆+
ST



0

∆+
ST

−∆+
ST

E−

−∆−
ST

∆−
ST

0

0

0

−∆−
ST UH + gµB B
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−∆+
ST

∆−
ST

0
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0

0

0

0
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,

(A.35)

where we defined the hybridized singlet energies E± and the spin-orbit interaction ∆±
ST
via
1
E± = (U + UH − ε) ±
2
s

∆±
ST = tso

s

2t2c +

1
(U − UH − ε)2 ,
4

1 ± cos(θ)
.
2

(A.36a)
(A.36b)

Note that in the limit of weak spin orbit coupling, i.e., a/λso  1, we recover the result
obtained previously for the ST splitting [Ste12a].
The leakage current is related to the matrix elements ∆±
ST between singlet and triplet
states via [Naz93; Li15; Sto96; vdWie02a]


I± = eΓL



(ε − ε± )2 + ∆±
ST

∆±
ST

2 

2

ΓL
ΓR



+ 2 + h2 ΓL 2 /4

.

(A.37)

where ΓR(L) is the coupling between the right, occupied (left, unoccupied) dot to the
metallic lead and ε± is the position of the triplet T↑↑,↓↓ (1, 1) and the singlet S± anticrossing. In particular, by using Eq. (A.36a), we find
2t2c
− gµB B
ε± = U − UH ±
gµB B

!

.

(A.38)

Neglecting the corrections due to the Hartree energy UH , small compared to the addition energy U , and assuming symmetric dot-lead coupling ΓL ≈ ΓR = Γ, we obtain
164

A.5 Singlet-Triplet basis
Eqs. (7.1) and (7.5) of the main text. Note that in the main text the detuning is
measured from the singlet-singlet anti-crossing, therefore Eq. (7.1) contains a constant
energy shift.

165

B

Supplementary Information:

Ultrafast Hole Spin

Qubit with Gate-Tunable Spin-Orbit Switch Functionality
B.1

Microwave Power Calibration

The transmission of the high-frequency part of the setup is frequency-dependent in the
GHz regime. In addition to a continuously increasing attenuation at higher frequencies,
there are also a number of pronounced, sharp, resonances where transmission is strongly
attenuated due to impedance mismatch e.g. on the printed circuit board on which
the sample is mounted. Changing the microwave frequency can therefore lead to a
highly nonlinear change of microwave power, thus affecting the Rabi frequency for these
technical reasons (see Fig. 8.2 b of the main text). Therefore, in order to acquire the
data shown in Fig. 8.2 d of the main text, we calibrate the microwave power arriving at
the sample for each data point. To do so, we measure the linewidth of the zero-detuning
line which is broadened due to inelastic tunneling assisted by the microwave drive on
the gate [vdWie02b; Now07]. In case of a dot-reservoir tunnel coupling Γ that is large in
comparison to the drive frequency fMW , applying a microwave tone predominantly leads
to broadening and a power-dependent splitting with continuous shift of peak positions
with applied microwave power. As shown in Figure B.3, this results in a V-shaped
dependence when detuning is plotted as a function of power. Here, fMW = 3.75 GHz,
which corresponds to the datapoint at |Bext | = 264 mT in Fig. 8.2 d of the main text.
We compare line cuts along the detuning axis to a reference measurement at fMW
= 6 GHz and PMW = 25 dBm applied at the signal generator (blue dashed curve in
Figure B.3 b), and match the linewidth by adjusting PMW for each fMW . For the case
of fMW = 3.75 GHz, shown in Figure B.3, the reference linewidth is best matched for
a power of 19 dBm (green curve). The highest (lowest) power which still gives a good
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overlap with the reference measurement (red curves in Figure B.3 b) then determines
the vertical error bars in Figure 8.2 d in positive (negative) direction, where we assume
a linear dependence of fRabi on AMW .
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b
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Figure B.1 | Microwave power calibration. a Linewidth measurement of the zerodetuning line with varying microwave power for calibrating the microwave power arriving at
the sample. The drive frequency in this case is fMW = 3.75 GHz. b Line cuts along the
detuning axis at different powers, as indicated in a. The reference measurement (blue dashed
curve) corresponds to fMW = 6 GHz and PMW = 25 dBm. Comparing the linewidth, the best
match for fMW = 3.75 GHz is found for PMW = 19 dBm (green curve) and the upper (lower)
limits are PMW = 20 dBm (16.5 dBm), resulting in the error bars in Figure 8.2 d of the main
text.
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B.2
B.2.1

Electrical Qubit Tunability
Tuning of Qubit Resonance with ∆VP

For coherent manipulation with EDSR, the qubit is pulsed deeply into Coulomb blockade in order to protect it from unintended effects of the applied microwave burst. We
measure EDSR for different pulse depths ∆VP of the square voltage pulse which pulses
the system into Coulomb blockade (see pulsing scheme depicted in Fig. 8.1 of the main
text). Figure B.1 shows the result as a function of the magnetic field |Bext | and the
pulse depth ∆VP , while tburst and fMW are kept constant. The two vertical features in
Figure B.1 a at ∆VP = −0.1 V and ∆VP = 0.2 V, between which the region of Pauli spin
blockade is located (blue shaded area in Figure B.1 b and c), correspond to the T (1, 1)T (2, 0) transition and the zero-detuning line of the bias triangle, respectively. The two
curved features at |Bext | = 320 mT and 360 mT correspond to the microwave induced
T+ (1, 1) − S(1, 1) and T− (1, 1) − S(1, 1) EDSR transitions, respectively.
For −0.1 V . ∆VP . 0.2 V, spin manipulation takes place inside the bias triangle,
leading to comparably bright features because charge transitions are not inhibited by
Coulomb blockade, resulting in large interdot and dot-reservoir tunneling rates. The
readout point, indicated by the green line in Figure B.1 b and c, is positioned inside
this area at ∆VP = 0 V. For pulse amplitudes above ∆VP & 0.2 V, spin manipulation
takes place inside Coulomb blockade, which prevents dot-reservoir tunneling during
the microwave burst. This leads to the faint EDSR resonance indicated by the red
dashed line in Figure B.1 a. Note that due to the exchange interaction the resonance
splits up for ∆VP . 0.35 V.
Moreover, we observe a pronounced shift of the qubit resonance frequency as a function
of the pulse depth ∆VP , corresponding to a decrease of the g-factor. Figure B.1 b shows
a relative change of the g-factor by up to 20 % in a different gate configuration than
the data shown in Figure B.1 a. We emphasize here that when pulsing into Coulomb
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blockade, one must compensate for the induced change in g-factor at the manipulation
point M. For a hole spin qubit tuned to be on resonance in the PSB region, the Coulomb
pulse will easily drive it far off-resonance, thus obliviating Rabi oscillations. Next, we
measure the Rabi frequency for different values of ∆VP along the red dotted line in
Figure B.1 a and find the results shown in Figure B.1 c. The Rabi frequency is highest
at manipulation points with small ∆VP and decreases from 180 MHz to 130 MHz when
increasing ∆VP .
0.0
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Figure B.2 | Rabi frequency as a function of the Coulomb pulse amplitude. a Measurement of the EDSR resonances as a function of magnetic field Bext and Coulomb pulse
amplitude ∆VP . The microwave burst tburst = 100 ns, the frequency fMW = 3.8 GHz, and
the power PMW = 23 dBm are constant. When the spin manipulation is performed inside the
Coulomb-blockaded region, the resonance signal is weak in intensity (red dashed line). b,
c Relative change of g-factor and Rabi frequency as a function of the Coulomb pulse depth
∆VP for a different dataset than shown in a. The region of Pauli spin blockade (shaded blue)
and the readout point at ∆VP = 0 V (green line) are indicated.
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B.2.2

Electrical Tunability with VM

The main text discusses the variation of the Rabi frequency due to changes of the
voltage VM . In addition to the spin-orbit length, also the electric field amplitude
~ MW (t)|, the g-factor and the orbital level splitting ∆orb determine the Rabi frequency,
|E
which can be written as (see also equation 8.1 of the main text):
fRabi = fMW ·

~ MW (t)|ldot
ldot e|E
·
.
lso
∆orb

(B.1)

~ eff (t)|/(2h) with |B
~ eff (t)| as defined in Eq. 8.1 of the main
Here, we used fRabi = gk µB |B
~ ext (t)| is converted to fMW via the resonance condition gk µB |B
~ ext (t)| =
text, and |B
hfMW , since fMW is held fixed. In order to stay on resonance, we compensate the
variation of gk (shown in Figure 8.3 c of the main text) with a proportional change of
~ ext (t)| in the opposite direction, effectively making fRabi independent of gk . We note
|B
√
that ldot = ~/ ∆orb meff with the effective hole mass meff .
Because several quantities in equation (B.1) could depend on the gate voltages, we
discuss the relative contributions of these individual terms to the 7-fold change of the
Rabi frequency as observed in Figure 8.3 b of the main text. We treat the contribution
of the change in spin-orbit length lso separately in section B.2.3.
First, we investigate the contribution of the electric field amplitude, which can change
as a function of VM even at constant applied microwave power, due to changes of the
quantum dot shape, size, or position, which may alter the electric dipole coupling. To
roughly estimate the microwave electric field amplitude at the quantum dot for different configurations of VM , we convert the voltage drop over gate VL into an electric
field across the quantum dot. The voltage drop, in turn, we determine from linewidth
measurements of the modified zero-detuning line[Now07], as discussed in section B.1.
We assume that the microwave voltage drops over 50 nm, corresponding to the distance
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Figure B.3 | Additional data supporting the qubit tunability with electric fields.
a Electric field strength of the microwave drive for different values of VM in the same range
as in Figure 8.3 of the main text. The values are extracted from the shift of the zero detuning
line (see section B.1) at the used microwave power P = 11 dBm. b Singlet-triplet splitting
EST as a function of VM extracted from line cuts in the bias triangle along the detuning line.
c g-factor in perpendicular directions compared to the magnetic field orientation in Figure 8.3
of the main text. d Anisotropy measurements of the g-factor in the x̂ẑ- (left) and x̂ŷ- (right)
plane for VM = 1422.5 mV and Bext = 260 mT. The anisotropy is highlighted by the red
dashed line. e From measurements as shown in d, the g-factor anisotropy in the x̂ẑ- (left)
and x̂ŷ- (right) plane is extracted for several values of VM . In order to compare differences
of the g-factor anisotropy due to a change in VM , each curve is normalized to its maximum.

between two neighboring gates. Figure B.2 a shows the microwave electric field amplitude in the dot as a function of gate voltage VM in the same range as used in the main
text. Overall, the microwave electric field amplitude does not change significantly,
which rules out an unintentional variation of the microwave power while changing the
value of VM .
Second, the Rabi frequency scales with the orbital level splitting ∆orb roughly as ∼
1/∆2

orb

(see equation (B.1)). In order to estimate this contribution, we extract the
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single-dot singlet-triplet splitting EST for all values of VM used in the main text and
plot it in Figure B.2 b. Note that EST = ∆orb − Eexchange includes contributions from
both ∆orb and the single-dot exchange energy Eexchange , which is not easily determined
independently. In a realistic case, a more positive VM increases both ∆orb and Eexchange
as the holes become more confined. Here, however, we disregard any changes in Eexchange
as a function of VM and assign the observed decrease of EST in Figure B.2 b solely to
a change of ∆orb . Note that this approach leads to an overestimation of the role of a
change in ∆orb with VM . If the exchange energy indeed varies with VM , the decrease
of ∆orb would be even smaller and therefore contribute less to the change in fRabi . If
∆orb increases with VM , it would even lead to a downward trend of fRabi with VM .
We conclude that the reduction of the orbital level splitting ∆orb from 4.1 meV to
3.3 meV can therefore maximally account for only a factor 1.5 out of the 7-fold increase
of the Rabi frequency observed in the main text.
In conclusion, we estimate the contributions from changes in electric field amplitude
(no change) and orbital level splitting to account for a total of not more than a 1.5-fold
change of the Rabi frequency. The very large change of the Rabi frequency by a factor
of 7 can therefore be attributed mainly to an electrically tunable spin-orbit interaction,
as expected from a direct Rashba type of spin-orbit interaction.
We also study the evolution of the g-factor in other directions as a function of VM .
Figure B.2 c shows g-factors in two directions that are perpendicular to the orientation
~ ext as function of VM , extracted from measurements of the Larmor frequency.
of B
We find that the g-factor in the x̂ẑ-plane (red dots in Figure B.2 c) does not change
significantly as a function of VM . In the x̂ŷ-plane (blue dots in Figure B.2 c), we find
that the g-factor increases as a function of VM by a factor of 1.3.
This increase is somewhat less but comparable to the change of gk in Figure 8.3 c of
the main text, which increases by a factor of 1.5 in the same range of VM , indicating
that the changes in g-factor are indeed rather isotropic.
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Although indicative of an isotropic change of g-factors, a full proof would entail determination of the complete g-matrix. Our measurements do not allow for such a full
characterization, but we can give more indications for the g-matrix variation by providing measurements of the g-factor anisotropy in various planes, and as a function of
VM .
We measure the complete g-factor anisotropy in the x̂ŷ and in the x̂ẑ planes for a
relevant range of VM . Figure B.2 d shows examples of such anisotropy measurements,
for VM =1422.5 mV. We extract the anisotropic g-factor, indicated by the red dashed
curves, for different values of VM as shown in Figure B.2 e.
Each curve in Figure B.2 e has been normalized to the maximum in order to better
compare the change of the anisotropy. Overall, the g-factor anisotropy in the x̂ŷ-plane
decreases by about 10 % with increasing voltage VM . Conversely, in the x̂ẑ-plane the
anisotropy increases by about 30 % with increasing voltage VM and furthermore the
position of the minimum g-factor shifts.
~
After estimating the impact of |E(t)|,
g-factor and ∆orb , we now estimate the value of
lso .

B.2.3

Estimation of spin-orbit length

We estimate the spin-orbit length lso using equation (B.1) directly from the measured
Rabi frequency fRabi . Here, we use an effective value of lso defined by πlso /2 being the
length along the nanowire which a hole has to travel in order to have its spin flipped.
This definition of lso includes the possibility that the direction of the spin-orbit field
~ so with respect to the external magnetic field B
~ ext can be non-optimal for EDSR, i.e.
B
~ so , B
~ ext ) 6= 90°. In this case, |B
~ eff | assumes a smaller value, leading to lower Rabi
∠(B
~ so ⊥ B
~ ext .
frequencies than achievable with B
~ so . However, values extracted
In our experiment, we do not determine the direction of B
for lso from Eq. (1) of the main text using this effective definition correspond to upper
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bounds of the spin-orbit length defined in terms of the Rashba coefficient α as ~/(meff α)
~ so ⊥ B
~ ext . We estimate such upper
as obtained by taking the optimal orientation B
~ ext | are
bounds for lso for four different values of VM . The corresponding values of |B
given by matching the Larmor frequency to fMW and we determine the values of the
remaining parameters |E(t)|, ∆orb , and ldot from other measurements. Note that these
four values of VM form a subset of those used in the main text.
The electric field amplitude |E(t)| is estimated as described in section B.2.2 and shown
in Figure B.2 a. Given the assumption that the entire voltage of the applied microwaves
drops over the distance of 50 nm between neighbouring gates the value of |E(t)| ≈
13 kV m−1 (see Figure B.2 a) will result in conservative values for lso , as taking a larger
distance over which the voltage drops would result in a weaker electric field and hence
larger lso . For ∆orb we take the values shown in Figure B.2 b, which were obtained
from anisotropy measurements and bias triangles, respectively. Note again that for
determining ∆orb , we neglect the exchange energy and a possible variation of it with
VM . Therefore, ∆orb could be larger than we estimate here, which would make the
extracted values of lso even smaller than those we find.
√
Lastly, to estimate the longitudinal dot length ldot , we use ldot = ~/ ∆orb meff , given
an effective hole mass meff . For holes in Ge/Si nanowires, the effective mass depends
strongly on the number of holes in the quantum dot[Klo11; Klo18]. Since we did
not independently measure meff , we estimate ldot and lso both for meff being equal to
the heavy-hole (HH) mass (0.28 m0 , with m0 the electron mass) and for meff being
equal to the light-hole (LH) mass (0.044 m0 ). Table B.1 and Fig. B.4 present the
calculated upper bounds for ldot and lso for the four different values of VM . For the
measurement with VM = 1422.5 mV, corresponding to the highest Rabi frequency, we
find extremely short spin-orbit lengths of maximally 4 nm (26 nm) assuming a HH (LH)
effective mass. Note that the fact that the current running through the double dot
does not get significantly quenched even for high values of a magnetic field transverse
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to the nanowire (up to 6 T, not shown) points towards meff being rather closer to the
HH mass than to the LH mass [Fro21a]. Further, note that for the relatively low
microwave powers used here, equation (B.1) of the main text is valid even in the case
that lso < ldot 5 .
Table B.1 | Extracted values of ldot and upper bounds of lso for different values of VM . Here
LH (HH) corresponds to the case of a light-hole (heavy-hole) effective mass. The errors on
all extracted values of ldot and lso are smaller than 15 %.
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Figure B.4 | Estimation of spin-orbit length and dot length. Plot of lso and ldot
as a function of VM , estimated using measured values of ∆orb and |EMW for each value of
VM as described in text. Here meff corresponds to the heavy-hole mass. Note that assuming
another mass will change the absolute values of lso and ldot , but will leave the tunability with
VM unaffected.
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C

Fabrication Recipes

For the fabrication as described in section 4, electron beam lithography (EBL) with
subsequent metallization by electron beam evaporation have been used. General information about EBL [Ste12b, Ch. 2] and resists [All20d] can be found elsewhere, and are
not subject of this section. Here, only commonly used process parameters are listed.
Note that all parameters are subject to alteration and need to be adjusted regularly
with a dose test.

C.1

Miscellaneous Metallized Structures
Table C.1 | Process parameters for miscellaneous structures

Step
Wafer cleaning
Resist

Parameters

Comment

acetone, isopropanol
4.5 % PMMA 950K

Metallization

4000-6000/4/40
(speed [rpm]/ramp [s]/time
[s])
bake 7 min at 180 °C
20 kV, 10 µm or 120 µm aperture
area dose 400 µC/cm2
IPA:MIBK 3:1 developer with
1.3 % MEK
60 s at Tdev = 4 °C
stop 30 s in isopropanol
blow dry with N2
O2 reactive ion etch for 1 min

Lift-off

Ti/Pd, thickness variable
acetone bath at T = 50 °C

EBL

Development
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Si wafer
Allresist GmbH, AR-P 671 or
AR-P 672 series [All20c]

hotplate
working distance and writefield as necessary
developer AR 600-56 [All20b],
mix with MEK

parameters: 30 W, 16 % O2 ,
base pressure 5 × 10−5 mbar,
working pressure 250 mTorr
electron beam evaporation

C.2 Finger Gates

C.2

Finger Gates

The fabrication of the narrowly spaced finger gates seen in Figure 4.2 is described in
section 4.3. Here, only detailed process parameters are listed which were commonly
used.
Table C.2 | Process parameters for fabrication of finger gates The main steps and
process parameters are listed here, while a detailed discussion of each step can be found in
section 4.3. Note that some parameters need regular adjustments.

Step
Wafer cleaning
Resist

Parameters

Comment

acetone, isopropanol
1.8 % PMMA 950K

6000/4/40
(speed [rpm]/ramp [s]/time
[s])
bake 7 min at 180 °C

EBL

Metallization

30 kV,
7.5 µm
aperture,
9.1 mm working distance,
50 µm writefield
line dose 2700 pC/cm
area dose 1000 µC/cm2
IPA:MIBK 3:1 developer with
1.3 % MEK
30 s at Tdev = −15 °C
blow dry with N2
O2 reactive ion etch for 10 s

Lift-off

1 nm Ti, 12 nm Pd
acetone bath at T = 50 °C

Development

177

Si wafer
Allresist GmbH, AR-P 671 or
AR-P 672 series [All20c]
dilute if necessary (e.g. with
AR 600-02) [All20f]
depends on concentration of
resist
hotplate
final thickness around 45 nm
to 50 nm

determined by dose test
determined by dose test
developer AR 600-56 [All20b],
mix with MEK
IPA bath, cool with dry ice
prevent water condensation
parameters: 30 W, 16 % O2 ,
base pressure 5 × 10−5 mbar,
working pressure 250 mTorr
electron beam evaporation

C.3 Ohmic Contacts to Nanowire

C.3

Ohmic Contacts to Nanowire

Ohmic contacts are fabricated after removing the thin native oxide prior to metallization. During this wet etch with hydrofluoric acid, an adhesion promoter is employed.
Table C.3 | Process parameters for fabrication of ohmic contacts
Step
Transfer
nanowires
Pre-Treatment
Adhesion
promoter

Resist

EBL

Development

Metallization

Lift-off

Parameters

Comment
micromanipulator

dip 2 min in acetone, then in
isopropanol
4000/4/40 (speed [rpm]/ramp
[s]/time [s])
bake 2 min at 185 °C
immerse 7 min in acetone,
1 min in isopropanol, blow dry
two step spinning process:
(i) 250/0/15 (ii) 4000/4/40
(speed [rpm]/ramp [s]/time
[s])
bake 90 s at T = 185 °C
repeat
30 kV, 10 µm aperture
9.1 mm working distance
100 µm writefield
area dose 140 µC/cm2
IPA:MIBK 3:1 developer

optional
AR 300-80 [All20a]
hotplate

copolymer resist [Kay20]
MMA(8.5)MAA EL6

hotplate
in total, two layers of resist

developer AR 600-56 [All20b],
no MEK added

60 s at room temperature
stop with 10 s rinse in isopropanol
O2 reactive ion etch for 1 min parameters: 30 W, 16 % O2 ,
base pressure 5 × 10−5 mbar,
working pressure 250 mTorr
10 s etch with buffered HF
rinse in DI water
0.3 nm Ti, 50 nm Pd
electron beam evaporation
acetone bath at T = 50 °C
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