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Introduction

1
In 2025, the centenary of quantum mechanics marks a milestone in the history of a
theory that has fundamentally transformed the understanding of the physical world. After
experimental observations provided the first hints of quantum nature, 1925 marked the
birth of quantum mechanics [1–4]. This fundamental change in the perception of the world
through quantum physics not only had a tremendous impact on science but also paved the
way for groundbreaking technological advancements, such as clean energy solutions like
photovoltaics, precise time measurement with atomic clocks, semiconductor technology
as the core of modern smart technologies, and magnetic resonance imaging as a key tool in
medical diagnostics. Just as classical physics reached its limits in fully describing quantum
nature, R. Feynman stated in 1981 [5] that classical computation faced fundamental
constraints in simulating it and that computation itself should follow the rules of quantum
mechanics to overcome these limitations. This realization sparked the idea of quantum
computing, which has since become a major research field. The unique strength of
quantum computing lies in encoding information in quantum mechanical states, enabling
it to utilize quantum superposition and entanglement for computation. This fundamental
distinction from classical computers makes quantum computing a promising counterpart
for applications that can benefit from this unique form of computation. Beginning with
the quantum algorithms of Deutsch-Jozsa [6], Grover [7], and Shor [8], the field has
since seen a growing number of proposed applications, ranging from materials science
and chemistry to logistics and optimization, encryption, machine learning and artificial
intelligence. However, the full spectrum of potential applications has likely not yet been
imagined. At this stage, the transformative impact of quantum computing can only be
speculated, including the groundbreaking insights and technologies that may arise from
it.
Since the first theoretical proposals, various approaches and physical systems have
been competing in the ongoing race to realize a quantum computer. The fundamental
requirements that a candidate for the physical implementation of a quantum computer has
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1 Introduction

to meet were formulated by D. DiVincenzo [9] in 2000, as follows:

• A scalable physical system with well-characterized qubits.

• The ability to initialize the state of the qubits to a simple fiducial state.

• A universal set of quantum gates.

• Long relevant decoherence times (longer than gate operation times).

• A qubit specific measurement capability (readout).

The qubit represents the quantum mechanical counterpart of a bit in a classical computer.
While a classical bit, encoding either a 0 or 1, is commonly implemented in transistor-
based circuits, a qubit can be any physical system that realizes a well-defined quantum
mechanical two-level system with states |0⟩ and |1⟩. For computation with this system, the
criteria state that it is necessary to initialize a well-defined state, perform computational
operations before the information is lost, and read out the final computed state. As quantum
mechanics manifests in nearly all physical systems, the possible implementations of
quantum computers are equally diverse. The approaches span photonic qubits, trapped ion
qubits, neutral atoms, nuclear spins in a liquid, semiconductor quantum dots, impurities
in silicon or diamond, superconducting qubits, and Majorana qubits [10–12]. Each qubit
platform comes with its own strengths and challenges, and it remains unclear which
one will take the lead, while further advancements may still bring new platforms into
consideration. Across all considered platforms the primary challenge toward realizing
universal quantum computing nowadays is scalability, requiring a transition from proof-
of-principle systems to millions of qubits estimated to be required for fault-tolerant
computing [13].
A promising candidate for quantum computing, particularly in terms of scalability, are
spin qubits in Si/SiGe quantum well semiconductor heterostructures. First proposed by
D. Loss and D. DiVincenzo in 1998 [14], the use of single-electron spin states confined
in quantum dots exploits their natural two-level system in a magnetic field for encoding
qubit information. Choosing Si/SiGe as a material platform offers the advantage of
low spin-orbit coupling and the availability of nuclear-spin-free isotopes. Naturally
occurring silicon consists of only 4.7 % 29Si, the only stable isotope carrying a nuclear
spin. Additionally, it can be grown in an isotopically purified form (28Si with < 60 ppm
in our group). Compared to other material systems, such as GaAs, this results in long
coherence times, with typical spin relaxation times T1 on the order of seconds [15,
16] and decoherence times T∗

2 reaching up to 20 µs [17, 18]. Furthermore, this qubit
implementation has already shown all required qubit operations with sufficient fidelities
in few-qubit systems. Initialization and readout have been achieved with a fidelity over
97 % [19]. Single-qubit operations have been demonstrated with gate times on the order of
100 ns [17], while two-qubit gate times range from tenths to hundreds of nanoseconds [20].
Single-qubit operation fidelities exceed 99.9 % [17], while two-qubit operation fidelities
surpass 99 % [19, 21, 22]. So far, only few-qubit devices with up to 12 qubits have
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been demonstrated [23, 24], yet the intrinsic properties of this platform make it a strong
contender for rapid scaling. Its small physical footprint of only a few 100 nm per qubit
enables high qubit densities, while its compatibility with industrial large-scale silicon
semiconductor fabrication could allow fast scaling to system sizes capable of fault-tolerant
operation. As pathways to scaling up, two fundamental architectural blueprints have
been proposed for this platform. The first approach is a dense qubit architecture [25–27],
featuring a tightly packed grid of qubits. However, an inherent challenge of this design
is the inevitable crowding of gate electrodes and their wiring as the qubit count grows,
commonly referred to as the fan-out problem. To address this, several strategies have
been proposed, including multiplexing techniques, cross-bar arrays, and floating memory
gates. Nonetheless, this design typically imposes strong requirements on the homogeneity
of the quantum-dot potentials across the array, and many operations can only be executed
sequentially. The second approach is a sparse qubit architecture [25, 28, 29], where
intentionally more space is left between qubits to incorporate classical electronics on-chip.
For qubit operations, transport links connect qubits, such as electron shuttling [30–32].
This design helps alleviate the fan-out problem and enables the on-chip integration of
classical electronics for qubit operations.
Within this thesis, we address building blocks for scalable Si/SiGe spin qubit device archi-
tectures, beginning with gate-controlled undoped semiconductor field-effect stacks (FESs)
as the basis of these qubit systems and the correlation of their stack details to their
transport properties. It then explores the biased cooling effect on FES, which is closely
linked to a precise understanding of electrostatics and device tuning. Furthermore, the
thesis introduces a new sensor design for qubit readout with an enhanced output signal
and concludes with the investigation of one of the first devices fabricated on an industrial
fabrication line within the national research consortium QUASAR. These topics are
covered in this thesis as follows:

• Chapter 2 introduces the fundamental concepts providing the framework for the
research findings presented in this thesis.

• Chapter 3 examines five state-of-the-art FES, establishing correlations between their
layer stack properties, fabrication details, and transport characteristics extracted
from Hall-bar geometry magneto-transport measurements. This analysis, which
provides direct access to the properties of the two-dimensional electron gas forming
the basis for qubits, is vital as it yields insights that cannot be obtained from qubit
device measurements, however, severely impacting qubit device operability.

• Chapter 4 systematically studies the effect of biased cooling, which refers to the
cool-down of the FES with a non-zero voltage applied at the TG, an aspect that
has not yet been considered in undoped Si/SiGe FES. We correlate this effect with
changes in the amount of trapped charges at the dielectric/semiconductor interface
and investigate how the modified electrostatics influence the transport properties
of the 2DEG in the Si/SiGe quantum well. Additionally, we provide an empirical
model for the biased cooling effect. These insights are also relevant to qubit devices,
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1 Introduction

as the dielectric/semiconductor interface represents a potential source of charge
noise. Finally, we present an outlook on possible applications of the biased cooling
effect in quantum circuits.

• Chapter 5 introduces a new proximal charge sensor design, termed the asymmetric
sensing dot. This sensor concept leverages a significantly reduced capacitive
coupling to the drain reservoir, enabling a substantial boost in output signal
compared to conventional sensor dots. We present the asymmetric sensing dot
concept and provide Coulomb diamond measurements to quantify the reduction in
capacitive coupling across two material platforms: undoped Si/SiGe and doped
GaAs/(Al,Ga)As. Additionally, we demonstrate the high output signal of the ASD
in charge sensing measurements on a nearby qubit-like double quantum dot.

• Chapter 6 demonstrates the functionality of one of the first qubit devices fabricated
in an industrial setting at Infineon Technologies Dresden’s 200 mm production line,
leveraging the advantages of the Si/SiGe material platform and its compatibility with
well-established industrial silicon processing techniques, aiming toward scaling
up to a large number of qubits. Furthermore, we use this device to investigate the
influence of the magnetic field on the few-electron energy spectrum of the quantum
dot, allowing us to determine a lower bound for the local valley splitting, which
is a key material property that can be reliably measured in qubit devices but is
not accessible via FES measurements. The underlying factors determining valley
splitting remain an active topic of ongoing research.
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Fundamentals

2
In this chapter, we provide an overview of the fundamental concepts underlying the
research presented in this thesis. We start by discussing the Si/SiGe heterostructures
that serve as the foundation for our spin qubit devices and examine charge carrier
control through the field-effect including how the transport properties of the FES are
characterized. Next, we present the characteristics of single and double quantum dots.
The single quantum dot is also introduced in the functionality of a highly sensitive
charge sensor. We then address the impact of magnetic fields on the single quantum dot
few-electron energy spectrum. The chapter concludes by describing the experimental
setups and magneto-transport measurement techniques employed.

2.1 Si/SiGe Field-Effect Stack
The foundation for our qubit devices are Si1−𝑥Ge𝑥/Si/Si1−𝑥Ge𝑥 quantum well FES capable
of hosting a two-dimensional electron gas (2DEG).
A unique property of silicon (Si) and germanium (Ge) is their ability to form Si1−𝑥Ge𝑥
alloys with arbitrary compositions, enabling band structure tuning. Both elements
crystallize in the diamond lattice structure, with lattice constants of 𝑎Si = 5.431 Å and
𝑎Ge = 5.657 Å, respectively. Si has a band gap of 𝐸G,Si = 1.11 eV, while Ge has a
smaller band gap of 𝐸G,Ge = 0.66 eV. In pure Si, the conduction band minimum lies
along the ⟨100⟩ crystallographic direction, whereas in pure Ge, it is along the ⟨111⟩
direction. However, in Si1−𝑥Ge𝑥 alloys, once the Si content surpasses approximately 15%,
the conduction band minimum shifts to the ⟨100⟩ direction. This shift, combined with
the ability to tune the band gap by adjusting the Ge content, facilitates band structure
engineering tailored to specific device requirements. [33]
This material platform allows the formation of a quantum well (QW) capable of hosting a
2DEG by the growth of a semiconductor heterostructure. The QW consists of a thin Si
layer enclosed between SiGe layers, forming a type-II band alignment. This alignment
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2 Fundamentals

Figure 2.1: Cross-section schematic of an
undoped Si/SiGe FESs. In the side view of
the heterostructure, the band alignment of the
conduction band (CB) and valence band (VB)
across the different layers is illustrated, with
the band gap represented as hatched regions.

confines electrons in the growth direction, leading to the formation of quantized energetic
subbands. Due to the strong confinement, the energetic difference between the subbands
is large enough that, within the operation window, only the first subband is populated,
resulting in the formation of a 2DEG. A cross-sectional schematic of the undoped Si/SiGe
FES with its band alignment is shown in Figure 2.1 with the growth direction from bottom
to top. The epitaxial thin Si layer of the QW adapts its lattice constant to that of the relaxed
SiGe layer beneath, resulting in tensile strain. This uniaxial strain induces a splitting
of the sixfold degenerate conduction band minimum of Si into four equivalent in-plane
valleys, which are energetically higher, and two valleys along the growth direction, which
are energetically lower [33]. The remaining degeneracy of the two lower-lying valleys is
also lifted, with the energy difference referred to as the valley splitting 𝐸VS. This splitting
results from a complex interplay between the electronic wave function and the properties
of the QW heterostructure, which remains a subject of ongoing studies. Recent research
points out that 𝐸VS is highly sensitive to atomistic details [34–36].
In order to obtain relaxed Si1−𝑥Ge𝑥 with the desired Ge content 𝑥, a graded buffer is
grown on a Si (100) substrate. This buffer gradually increases the Ge content before
transitioning into a Si1−𝑥Ge𝑥 layer with a constant composition (virtual substrate). The
resulting lattice mismatch during the composition change induces strain, which is relieved
by the formation of dislocations extending along the growth direction of the crystal.
The two most prominent types of dislocations are misfit dislocations and threading
dislocations. Both dislocation types must either terminate at the crystal edges or intersect
with another dislocation. Misfit dislocations typically propagate horizontally along the
interface, while threading dislocations extend at an angle of approximately 60 degrees.
As threading dislocations are more likely to penetrate the QW region, they pose a greater
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2.2 2DEG Accumulation via Field-Effect

challenge and are the dominant type impacting transport properties within Si/SiGe
heterostructures [37, 38]. In addition to gradually increasing the Ge content within the
graded buffer, introducing a virtual substrate between the buffer and the QW has been
shown to significantly reduce threading dislocation density (TDD) in the QW. The virtual
substrate allows threading dislocations to run out laterally of the crystal before reaching
the QW region, with the reduction in TDD depending on the thickness of the virtual
substrate. The heterostructure growth is completed with a Si cap layer, which becomes
partially or fully oxidized. This cap protects the underlying SiGe from oxidation, as Ge
forms an unstable, water-soluble oxide upon exposure to air, whereas Si forms a stable
oxide layer that shields the structure.
Despite the structural confinement, no electrons are naturally present in the QW without
additional steps to accumulate them. One method is modulation doping, where a
dopant layer is embedded in the SiGe spacer during growth, spatially separated from
the QW, inducing electrons within the QW. However, this approach has shown to be
problematic regarding charge noise [39, 40] and gate hysteresis [40, 41]. This led to
the adoption of gated undoped structures for qubit devices [42], an approach initially
developed for quantum Hall effect studies [43], achieving record electron mobilities of up
to 2.4 × 106 cm2/Vs [44]. In this now commonly used approach, a metallic gate, which
we will denote as top gate (TG), is fabricated on top of the heterostructure, separated
by a dielectric layer, which allows for accumulation of electrons in the QW through the
field-effect.

2.2 2DEG Accumulation via Field-Effect

The field-effect enables the accumulation and tuning of the carrier density in the 2DEG
by applying a voltage to the TG. Fig. 2.2 illustrates the impact of the field-effect on
the conduction band of an undoped Si/SiGe FES. For simplicity, the reference case
of 𝑈TG = 0 V is shown in panel a) with a flat band edge. The QW ground state lies
above the Fermi level, resulting in no electrons (pink dots) being accumulated in the
QW. Applying a 𝑈TG ≠ 0 V to the TG creates an electric field between the TG and the
QW, which is kept at the reference potential. This is illustrated by pinning the deeper
end of the QW (in the growth direction) at 0 V. The change in charge on the TG shifts
its energy, and the resulting electric field induces a tilt in the conduction band between
the TG and the QW. This tilt also shifts the ground state energy of the QW. In order to
accumulate electrons within the QW, it is necessary to apply a 𝑈TG > 0 V strong enough
to drag the QW ground state below the Fermi energy (𝑈TG = 𝑈Acc) as illustrated in
panel b). Furthermore, to form a fully developed 2DEG, the system must overcome the
metal-insulator transition [43, 45–48], which marks the phase change from insulating to
metal-like conduction. This can be understood as requiring a critical electron density,
𝑛crit, to overcome the inherently uneven potential landscape of the QW ground state.
Initially, electrons fill isolated potential minima, and only after 𝑛crit – which strongly
depends on the FES properties – is exceeded, the electrons accumulate sufficiently to
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2 Fundamentals

Figure 2.2: Field-effect impact on the conduction band of an undoped Si/SiGe FES.
Panels a) to e) showcase the scenarios for different voltages 𝑈TG applied at the TG, which
are discussed in detail in the text. The purple line represents the conduction band edge
for different regions of the gate stack, as indicated at the bottom of the figure. The dark
gray line within the Si shows the confined ground state energy of the QW. The lower
edge of the QW conduction band energy is fixed at 0 V. The blue dashed line illustrates
the Fermi energy. The electrons, depicted as pink dots within the Si QW, represent the
accumulation of the 2DEG.
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2.3 Field-Effect Stack Characterization via Hall-bar measurements

form a uniformly connected 2DEG. Further increasing 𝑈TG > 𝑈Acc increases the electron
density 𝑛e, illustrated in panel c). It has been observed that the TG and the QW behave
similar to the two plates of a classical capacitor with a FES dependent capacitive coupling.
Within this regime the 𝑛e of the 2DEG within the QW depends linearly on the voltage
𝑈TG applied at the TG [41, 49–52]. This approximation starts to break down as soon as
the potential difference is strong enough for electrons to tunnel out of the QW, through the
SiGe barrier, into the interface between the heterostructure and the dielectric, depicted
in panel d). In this saturation regime, the 𝑛e does not further increase with 𝑈TG [41,
49–52]. Panel e) illustrates the scenario where a 𝑈TG < 0 V is applied. This shifts the TG
upwards in energy and consequently raises the QW ground state, which does not result in
the accumulation of electrons.
The field-effect not only enables the accumulation but also allows the modification of
the electron density of the 2DEG within the QW in the FESs. For most applications, the
operation range is restricted to the linear regime of the field-effect before saturation sets
in. A large operation range is desirable to improve device tunability. Moreover, qubit
applications – ultimately targeting the isolation of a single electron – are particularly
interested in tunability within the low-density regime. This makes the 𝑈TG-tunable 𝑛e
range a key property of the FES and an essential aspect of its characterization.

2.3 Field-Effect Stack Characterization via Hall-bar
measurements

For the characterization of the FES, we utilize Hall-bar geometry magneto-transport
measurements, which provide insights into the FES transport characteristics via the
quantum Hall effect (QHE) and allow us to draw conclusions about FES properties, such
as the TDD. A detailed derivation of the presented equations within this section can be
found in [53, 54].
The foundation of these measurements is a conduction channel with well-defined width and
length in the 2DEG. Since the FES are undoped, we can selectively accumulate the 2DEG
exclusively beneath the TG. The gate geometry allows for the electrostatic definition of the
shape of the accumulated, and thus conducting, regions. Fig. 2.3 a) shows a microscope
image of a representative Hall-bar device, with the metal gates appearing in light yellow.
The gate in the center is the TG, which defines the conduction channel by applying 𝑈TG.
The conduction channel has a width of 𝑊 = 20 µm and is divided into segments of length
𝐿 = 300 µm. Each segment is equipped with electrical contacts at both ends, enabling
direct electrical connection to the accumulated 2DEG in the QW. To achieve this, we
utilize phosphorus-implanted and thus conducting regions. These implanted regions
connect the outer metal gates, which serve as bond pads for wire bonding the device, to the
accumulated QW beneath the TG. A corresponding region is representatively illustrated
for one bond pad, outlined with a black frame. The corresponding layer stack for this
region is illustrated in Fig. 2.3 b). The bond pads (orange) are fabricated, in contrast to
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2 Fundamentals

Figure 2.3: Hall-bar device layout and layer stack. a) Microscope image of a representative
Hall-bar device. The light-yellow appearing regions are covered with metal gates, with its
different layers depicted in panel b). The gate in the middle is the TG and electrostatically
defines the conduction channel in the 2DEG by its shape. The outer metal pads are
the bond pads, which are electrically connected to the TG accumulated region through
implanted areas. An implanted area is representatively illustrated for one bond pad with a
black frame and corresponds to the dotted region shown in panel b). The width𝑊 = 20 µm
and length 𝐿 = 300 µm of each Hall-bar segment is labeled in light pink. Additionally, a
typical wiring configuration is illustrated: 𝑈TG is applied at the TG, a current 𝐼 is applied
along the conduction channel, and contacts placed next to each other and opposite to each
other are used to measure 𝑈xx and 𝑈xy, respectively. b) Schematic cross section of the
layer stack. The bond pads (orange) are fabricated directly on top of the heterostructure
and are in direct contact with implanted areas (dotted), enabling electrical connection
to the QW. The TG is separated from the heterostructure by a dielectric layer and solely
electrostatically defines the conduction channel. This channel overlaps with the implanted
regions to allow for its electrical contact.

the TG (gray), directly on top of the heterostructure, with naturally formed oxides at the
surface removed beforehand to ensure reliable electrical contact to the implanted regions
(dotted). These implanted regions extend in depth to the QW and continue beneath parts
of the TG. With the electrical contacts, we can apply a current 𝐼 along the conduction
channel and measure the voltage perpendicular to and along each segment of the channel
to determine 𝑈xx and 𝑈xy, respectively (see Fig. 2.3 a)). This allows us to calculate the
longitudinal resistivity 𝜌xx =

𝑈xx
𝐼

𝑊
𝐿

and the transversal resistivity 𝜌xy =
𝑈xy
𝐼

, which are
the characteristic quantities measured in a Hall-bar experiment under the influence of a
perpendicular magnetic field.
These quantities allow us to observe the characteristic QHE features and enable the
extraction of the key 2DEG transport parameters: the electron density 𝑛e and the electron
mobility 𝜇e. Additionally, the presence of these features verifies the existence of a 2DEG
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2.3 Field-Effect Stack Characterization via Hall-bar measurements

and allows to exclude parallel conduction channels. A typical measurement can be found
in Sec. 3.1, shown in Fig. 3.2. At small magnetic fields, we are in the classical regime
of the Hall effect, described by the Drude model. In this regime, 𝜌xx remains constant,
while 𝜌xy shows the characteristic linear Hall behavior. This model derives

𝜌xx =
𝑚∗

e
𝑛e · 𝑒2 · 𝜏

=
1

𝑛e · 𝑒 · 𝜇e
(2.1)

𝜌xy =
𝐵

𝑛e · 𝑒
, (2.2)

where 𝑒 represents the elementary charge, 𝑚∗
e the effective mass and 𝜏 the mean

scattering time. The electron mobility is defined as 𝜇e =
𝑒·𝜏
𝑚e∗

. These relations enable the
determination of 𝑛e and 𝜇e from the slope of the Hall line and the longitudinal resistivity
at 𝐵 = 0 T:

𝑛e =

(
𝑒 ·

d𝜌xy

d𝐵

)−1
(2.3)

𝜇e = (𝑛e · 𝑒 · 𝜌xx |𝐵=0)−1 . (2.4)

At sufficiently low temperatures and higher magnetic fields, the quantization of Landau
levels with energy 𝐸 = ℏ𝜔c

(
𝑙 + 1

2

)
, where the cyclotron resonance is given by 𝜔c =

𝑒𝐵
𝑚∗

e
,

can be resolved. This quantization results in the characteristic features of the QHE
becoming observable. In the longitudinal resistivity, the typical Shubnikov-de Haas (SdH)
oscillations appear, while the transversal resistivity 𝜌xy exhibits the characteristic Hall-
plateaus, which emerge simultaneously with the minima of the SdH oscillations. At these
minima, transport along the Hall-bar becomes resistance-free, and the Hall resistance 𝜌xy
is quantized in integer fractions of the Klitzing constant 𝑅K = ℎ

𝑒2 :

𝜌xy =
1
𝜈

ℎ

𝑒2 , (2.5)

where 𝜈 denotes the filling factor. The position of the minima of the SdH oscillations
in the magnetic field is directly related to the electron density via 𝑛e,qm = 𝜈·𝑒·𝐵

ℎ
. This

provides an alternative method to evaluate 𝑛e, which we denote as 𝑛e,qm. By taking into
account the degeneracy 𝑑 = 4 in silicon, arising from the twofold valley and twofold spin
degeneracies, we can derive (

1
𝐵𝑖+4

− 1
𝐵𝑖

)
= 𝑑

𝑒

𝑛e,qm · ℎ , (2.6)

with 𝑖 denoting the observable SdH minima, corresponding to filling factors that are
multiples of four.
Our Hall-bar devices thus offer us a versatile platform for investigating the transport
characteristics of FESs via the QHE and thus gaining insights into their properties.
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2.4 Gate-defined Quantum Dot

The electrostatic control of the 2DEG provided by the metal gate on top of the FES offers
the flexibility to not only use a single TG, as in the Hall-bar device, but also to introduce
multiple gates allowing for great versatility. By reducing the gate size to the scale of tens
to hundreds of nanometers, we can form quantum dots purely electrostatically within
the FES. This is achieved by shape of several gates on the FES combined with applying
different voltages to locally accumulate or deplete electrons, enabling the creation of
complex potential landscapes.
Fig. 2.4 shows a schematics of the spatial potential distribution of a quantum dot (QD) in
top view. A gate-defined QD is a small island of accumulated electrons confined in all
three dimensions. In addition to being restricted in the growth direction of the FES by the
size of the QW, it is locally confined within the QW plane by gates that create a local
potential minimum. The size of this electron island can range from hundreds of electrons
down to a single isolated electron, which forms the foundation of our spin qubit. The metal
gates that confine the size of the QD are also typically used to define the tunneling barriers
between the dot and potential neighboring QDs or reservoirs. In the illustrated scenario,
the QD is both tunnel-coupled and capacitively coupled to a source and a drain reservoir.
These reservoirs are regions of accumulated electrons that are electrically connected via
implanted regions, as previously described for the Hall-bar, with the implanted regions
deliberately positioned at a greater distance from the dot region to minimize the influence
of dopants on the QD. Additionally, the QD is capacitively coupled to a dedicated gate,
which contributes in defining the QD and enables its electrostatic tuning.
To understand the transport properties of a QD, it can be modeled as a metallic island with
a radius 𝑟 in the 2DEG, occupied by 𝑁 electrons, thereby carrying a charge of 𝑄 = −|𝑒 |𝑁 .
Detailed derivations of the equations presented within this model can be found in [53].
The electrostatic energy of the island with 𝑁 electrons at an applied gate voltage 𝑈Gate is
described by

𝐸QD(𝑁) =
𝑒2𝑁2

2𝐶
− |𝑒 |𝑁𝛼Gate𝑈Gate, (2.7)

where the self-capacitance of the island is given by 𝐶 = 8𝜖0𝜖r𝑟. Here, 𝜖0 is the vacuum
permittivity, and 𝜖r is the dielectric constant of the host material. The constant 𝛼Gate

Figure 2.4: Single quantum dot. Schematics
of the spatial potential distribution in top
view. The QD, depicted as a blue circle, is
both tunnel-coupled and capacitively coupled
to the source and drain reservoirs (labeled
S and D) and is additionally capacitively
coupled to a gate.
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2.4 Gate-defined Quantum Dot

the lever arm of the gate, which serves as conversion factor between the gate voltage
and the shift in the energy of the QD. An important observation is that the electrostatic
energy of the QD is quantized by the number of electrons confined on the island.
This quantization arises solely from electrostatics and the fundamental quantization of
charge. The energy required to add the 𝑁th electron to the island is described by the
electrochemical potential

𝜇𝑁 (𝑈Gate) = 𝐸QD(𝑁,𝑈Gate) − 𝐸QD(𝑁 − 1,𝑈Gate) (2.8)

=
𝑒2

16𝜖0𝜖r
(2𝑁 − 1) − |𝑒 |𝛼Gate𝑈Gate. (2.9)

This set of discrete electrochemical potentials is also referred to as Coulomb levels.
The applied 𝑈Gate shifts this ladder of levels towards lower energies for positive gate
voltages and towards higher energies for negative gate voltages. The amount of energy
necessary to load the next electron onto the island can be determined by the difference in
electrochemical potential of two consecutive Coulomb levels is called charging energy

Δ𝐸C = 𝜇𝑁 (𝑈Gate) − 𝜇𝑁−1(𝑈Gate) ≃
𝑒2

𝐶
. (2.10)

The ladder of Coulomb levels of the QD is illustrated in the schematic of the electrochemical
potential landscape depicted in Fig. 2.5 a). The dot is separated from its two reservoirs
by sharp tunnel barriers. The source and drain reservoirs are filled with electrons up to
their respective electrochemical potentials, 𝜇S and 𝜇D, which can be independently tuned.
Applying a source-drain voltage𝑈SD creates a bias window, defined as 𝜇S − 𝜇D = −|𝑒 |𝑈SD.
In the illustrated scenario the 𝑁 + 1th Coulomb level is within the bias window

𝜇S ≥ 𝜇𝑁+1 ≥ 𝜇D. (2.11)

This allows electrons to tunnel from the source reservoir onto the QD and subsequently
into the drain reservoir, creating a current flow through the QD. The 𝑁th Coulomb level,
being below the bias window, is occupied by an electron and does not contribute to
transport, while the 𝑁 + 1th Coulomb level, being above the bias window, also does not
participate in transport. As the applied 𝑈Gate increases, the entire ladder of Coulomb
levels shifts to lower energies until the 𝑁 + 1th Coulomb level moves below the bias
window. This situation, illustrated in Fig. 2.5 b), leads to a suppression of current flow,
the characteristic feature of the Coulomb blockade effect. The resulting current 𝐼 through
the QD at a fixed 𝑈SD as a function of 𝑈Gate is depicted in Fig. 2.5 f). The current flows
through the QD whenever one of the Coulomb levels lies within the bias window and
is blocked until the next level shifts into the bias window. The appearance of peaks is
influenced by both the broadening caused by tunnel coupling and the effects of thermal
broadening.
When 𝑈SD is varied alongside𝑈Gate, altering the bias window, the characteristic diamond-
shaped pattern of the Coulomb blockade appears, as shown in Fig. 2.5 g). The white
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Figure 2.5: Transport through a single quantum dot. a) to e) Schematics of the elec-
trochemical potential landscape for different scenarios of source-drain bias 𝑈SD and
gate voltage applied at the QD. f) Current through the QD at a fixed 𝑈SD, showing
regions of blocked current flow due to Coulomb blockade. g) Typical Coulomb diamond
measurement resulting from varying both 𝑈Gate and 𝑈SD. Within the white regions,
current flow is blocked, while in the light pink regions, a single Coulomb level contributes
to transport. The corresponding electron occupation is denoted with 𝑁 , and the charging
energy with Δ𝐸C. In the darker pink regions, two Coulomb levels contribute. The
black dashed line represents a cut through the measurement corresponding to panel f).
h) Current in dependence of two gates capacitively coupled to the QD. The corresponding
electron occupation is denoted with 𝑁 . The white dashed line represents a cut through the
measurement corresponding to panel f). The scenarios of the electrochemical potential
landscapes shown in a) to e) are marked with gray circles in f) to h).
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regions indicate no current flow, while the light pink regions correspond to current flowing
through one level, and the darker pink regions to current flowing through two levels. The
black dashed line illustrates a cross-section through the diamonds, corresponding to the
current shown in panel f). In the case of 𝑈SD = 0 V, the source and drain electrochemical
potentials align, 𝜇S = 𝜇D, as depicted in Fig. 2.5 c). As a result, current flow is only
possible when a Coulomb level aligns with the source and drain electrochemical potentials
and thus at a single 𝑈Gate. With an increasing |𝑈SD |, i.e., increasing bias window, the
gate voltage ranges allowing current flow become wider. Fig. 2.5 d) illustrates the onset
of current flow as 𝑈Gate increases, when Coulomb level 𝑁 + 1 aligns with 𝜇S. Similarly,
Fig. 2.5 e) depicts the last 𝑈Gate position at this 𝑈SD with current flow, corresponding
to the alignment of the Coulomb level with 𝜇D. The opposite scenario occurs for the
upper half (𝑈SD > 0 V) of the Coulomb diamond, where alignment first happens with 𝜇D
and later with 𝜇S, as in this case 𝜇D > 𝜇S. If the bias window is widened further, two
Coulomb levels can simultaneously fall within the window, both contributing to transport.
This is reflected in the darker pink regions. The voltage 𝑈SD, which corresponds to the
onset of this regime, i.e., the height of the Coulomb diamond, also allows us to determine
Δ𝐸C, as at the crossover of two occupation regions the condition |𝜇𝑁 − 𝜇𝑁−1 | = |𝜇S − 𝜇D |
holds.
A further typical measurement for characterizing QDs involves additionally varying a
second gate that is capacitively coupled to the QD, such as the gate primarily intended
to define the tunnel barrier to one of the reservoirs. The typical appearance of such a
measurement is shown in Fig. 2.5 h), with the Coulomb peaks forming diagonal lines.
The white dashed line represents a cross-section at a fixed 𝑈Gate 2, corresponding to the
current shown in panel f). Since both gates are capacitively coupled to the QD, they
both shift the QD’s Coulomb level ladder. However, due to a possible difference in their
capacitive coupling to the QD, the levels can be shifted by different amounts. The slope
of the Coulomb peaks provides insights into the relative coupling strengths of the two
gates. The steeper the slope, the greater the influence of 𝑈Gate compared to 𝑈Gate 2.
In the multi-electron regime, transport through a QD is very useful for its tuning and to
gain insights in the dot’s properties. However, when tuning the dot to the few-electron
regime and ultimately to the last electron, the tunnel barriers become too opaque for the
tunnel current to be detected. To monitor the physics of the dot in this regime, a second
dot can be formed in close proximity and used as a charge sensor.

2.5 Charge Sensing utilizing a Quantum Dot as
Sensor

The method of using a dot as a charge sensor relies on tracking the current through the
sensor dot to detect changes in the electron occupation of a nearby QD.
A schematic representation of a sensor dot (pink) utilized to detect the charge state of a
QD (blue) is illustrated in Fig. 2.6 a). The sensor dot (SD) is both tunnel-coupled and
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Figure 2.6: Charge sensing utilizing a quantum dot as sensor. a) Schematics of the spatial
potential distribution of a QD (blue) and a second QD used as a sensor dot (pink) in
top view. The dot, whose electronic state we aim to track, is both tunnel-coupled and
capacitively coupled to a reservoir (R), from which it can load and unload electrons.
Additionally, it is capacitively coupled to two gates in this simplified scenario. The
sensor dot has its own two reservoirs, acting as source and drain, to which it is both
tunnel-coupled and capacitively coupled. Furthermore, it is capacitively coupled to its
own gate, named Gate S, as well as to the two gates of the QD. b) Working principle
of charge sensing via a QD. Since the QD is electrostatically coupled to the sensor QD,
the loading or unloading of an electron in the QD can be interpreted as an equivalent
electrostatic change, Δ𝑈, in 𝑈Gate,1. When the sensor’s working point is set to the flank
of one of its Coulomb peaks, this electrostatic change causes a shift in the peak position,
resulting in a measurable Δ𝐼. c) The resulting current through the sensor in dependence
of 𝑈Gate,1 thus exhibits dips and peaks, depending on whether the sensor operates on
the rising or falling flank, indicating a change in the electron occupation of the QD.
d) The sensor current as a function of 𝑈Gate 1 and 𝑈Gate 2 (charge stability diagram), with
sudden shifts in the sensor current indicating changes in the electron occupation of the
QD, illustrated as black dashed lines. The white dashed line represents a cut through the
measurement corresponding to panel c).
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capacitively coupled to a source and drain reservoir, enabling current flow through it. Its
tuning is controlled via a dedicated gate, referred to as gate S. The nearby QD is tunnel-
and capacitively coupled to its own reservoir, allowing it to load and unload electrons.
Importantly, for this process, no second reservoir is required. Electrons are loaded or
unloaded when the gates capacitively coupled to the QD (gate 1 and gate 2) shift its
Coulomb level ladder such that one of the levels aligns with the reservoir’s electrochemical
potential, 𝜇R. For charge sensing, it is crucial that the SD and QD are capacitively well
coupled, which necessitates their proximity. Additionally, due to this proximity, gate 1 and
gate 2 of the QD will typically also influence the SD. The fundamental idea of utilizing
the QD as a charge sensor, illustrated in Fig. 2.6 b), relies on its Coulomb physics. When
operated on a steep flank of one of its Coulomb peaks, the sensor becomes highly sensitive
to electrostatic changes in its environment. Electrostatic changes, such as an electron
loading or unloading from the nearby QD, can be interpreted as an equivalent change in
voltage of one of the capacitively coupled gates. This change, Δ𝑈, causes an abrupt shift
of the Coulomb peak, leading to a sudden jump in the corresponding current through the
SD. The stronger the capacitive coupling between the QD and SD, the larger the induced
Δ𝑈, and, as long as the SD remains on the flank of the Coulomb peak, the larger the
resulting Δ𝐼, enhancing the signal. Changing a gate voltage, e.g., 𝑈Gate,1, which shifts the
QD’s energy levels, also shifts the Coulomb peaks of the SD. The occupation change of
the QD can be detected when the SD is in a sensitive position on the flanks of its Coulomb
peak. Depending on whether this occurs on the rising or falling flank of the SD’s peak,
it results in either a dip or a peak in the SD’s current, as illustrated in Fig. 2.6 c). At
the top of the Coulomb peak or within the blocked regions between peaks, the sensor
remains insensitive to changes in the electrostatic environment. This enables us to record
a so-called charge stability diagram of the QD by measuring the SD current as a function
of 𝑈Gate 1 and 𝑈Gate 2, as illustrated in Fig. 2.6 d). The occupation of the QD is reflected
as sudden shifts in the diagonal lines of the SD’s Coulomb peaks. These shifts allow for
tracking charge transition lines, illustrated as black dashed lines, whenever an electron is
loaded or unloaded from the QD. The white dashed line represents a cross-section through
the measurement at a fixed 𝑈Gate 2, corresponding to the current shown in panel c).
The dot, utilized as a charge sensor due to its high sensitivity to electrostatic changes,
allows us to track occupation changes down to the last electron of the QD. Gate S provides
additional tunability by shifting the SD’s energy levels relative to the QD, enabling access
to different sensitive regions. In principle, this tuning could be used dynamically, adjusting
gate S while varying the QD gate voltage to continuously align the SD’s Coulomb peaks,
ensuring it remains on a flank for optimal sensitivity. However, this capability has not
been utilized within this thesis.

2.6 Gate defined Double Quantum Dot

Building on the concept of charge sensing, we can extend our analysis to the charge
configurations of two coupled QDs, forming a double quantum dot (DQD).
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Fig. 2.7 illustrates a schematic top view of the spatial potential distribution of a DQD,
consisting of two QDs arranged in series, each connected to its own reservoir. The QDs
are both capacitively and tunnel-coupled to each other, as well as to their respective
reservoirs. Additionally, each QD is controlled by an individual gate, allowing for charge
configuration tuning within the system. However, these gates also exhibit capacitive cross-
coupling, albeit to a lesser extent, to the opposite QD. A schematic of the electrochemical
potential landscape of the DQD is depicted in Fig. 2.8 a), where 𝑁 and 𝑀 denote the
electron occupation of the left and right QD, respectively, with 𝑈SD = 0 V. The left QD
can change its occupation by exchanging an electron with its reservoir when one of its
Coulomb levels aligns with the reservoir’s electrochemical potential. The same principle
applies to the right QD, as shown in Fig. 2.8 b). In both configurations, no current flow
occurs between the source and drain reservoirs. However, by utilizing charge sensing,
we can still detect these occupation changes. This results in the characteristic DQD
charge stability diagram shown in Fig. 2.8 c). The honeycomb pattern of orange lines
shows the charge transition lines, while the charge occupation remains fixed within the
blue regions. In these regions, none of the two QDs Coulomb levels aligns with their
respective reservoirs, as illustrated in Fig. 2.8 d). The tilt of the honeycomb lattice is
determined by the capacitive cross-coupling between the gates. Current can only flow
between the source and drain reservoirs at the so-called triple points, located at the edges
of the honeycomb lattice where three charge occupation regions meet. At these points,
the electrochemical potentials of both QDs and their respective reservoirs align, depicted
in Fig. 2.8 e), enabling electron transport through the DQD.
The characteristic honeycomb pattern of the charge stability diagram not only offers
essential insight into the charge configuration of a DQD system but will also prove useful
in identifying unwanted, additional dots in the course of this work.

Figure 2.7: Double quantum dot. Schemat-
ics of the spatial potential distribution in top
view. The QDs, depicted as blue circles, are
tunnel-coupled and capacitively coupled to
each other. Additionally, each dot is tunnel-
coupled and capacitively coupled to either
the source (S) or drain (D) reservoirs. Each
dot is also capacitively coupled to gate 1 and
gate 2.
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Figure 2.8: Charge configuration of a double quantum dot. a), b), d) and e) Schematics
of the electrochemical potential landscape for different scenarios of gate voltages applied
at the DQD. 𝑁 and 𝑀 denote the electron occupation of the left and right dot, respectively,
forming the DQD. c) Charge stability diagram of the DQD. The sensor current is displayed
as a function of 𝑈Gate 1 and 𝑈Gate 2. The orange lines, representing shifts in the sensor
current, signify a change in the electron occupation of at least one of the dots. The
scenarios of the electrochemical potential landscape are marked with gray circles.
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2.7 Magnetic Field Impact on the Energy Spectrum
of a Few-Electron Quantum Dot

The application of an in-plane magnetic field offers a pathway to investigate the spin
configuration of the few-electron energy spectrum of a QD. To achieve this, we employ
the method of magnetospectroscopy, which monitors changes in the dot’s electrochemical
potential. The description and corresponding equations presented in this section are
adapted from [55].
In a magnetic field, in addition to the Coulomb interaction of the QD, the Zeeman effect
depending on the spin state must be taken into account, with the associated energy given
by 𝐸z = 𝑚s𝑔𝜇B𝐵, where 𝑚s denotes the spin projection along the magnetic field, 𝑔
represents the electron Landé-factor, and 𝜇B is the Bohr magneton. For each occupation 𝑁

the Zeeman energy contribution 𝐸𝑁 will be influenced by the magnetic field according to
its ground state spin configuration. These changes will manifest as differences between
two energy states, 𝐸𝑁 − 𝐸𝑁−1 in the electrochemical potential of the charge transition
𝑁 − 1 → 𝑁 . The magnetic field dependence of the 𝐸𝑁 and the resulting 𝐸𝑁 − 𝐸𝑁−1
are depicted in Fig. 2.9. The magnetic field dependence of the 0 → 1 transition (black
dashed line) is illustrated in Fig. 2.9 a) as the difference between the zero-electron ground
state energy 𝐸0 and the one-electron ground state energy 𝐸1 magnetic field dependence.
The zero-electron ground state remains constant since it has no spin. The one-electron
ground state 𝐸1 decreases with increasing magnetic field, as expected for a single-electron
spin-down state |𝑆, 𝑚s⟩ = | 12 ,−

1
2⟩. The 𝜇0→1, i.e., 𝐸1 − 𝐸0, thus follows the behavior of

𝐸1. With the second electron, a spin of opposite sign is added to the QD, forming a singlet
ground state |0, 0⟩ at zero magnetic field. This remains valid until the 𝑇− triplet state is
Zeeman-shifted by an amount equal to the zero-magnetic-field singlet-triplet splitting
𝐸ST, becoming the new ground state |1,−1⟩. The corresponding two-electron Zeeman
contribution is illustrated in Fig. 2.9 b). The kink in the curve marks the transition between
ground states, and the magnetic field value at this point allows for the determination
of 𝐸ST. The slope of the resulting electrochemical potential (see Fig. 2.9 b)) can be
understood as it is proportional to 𝑚s(𝑁) − 𝑚s(𝑁 − 1), a relationship that holds for any
electron charge transition. Since it reproduces the kink, this slope enables the evaluation
of 𝐸ST. Fig. 2.9 c) shows the Zeeman energy contributions for the 2 → 3 transition. The
three-electron Zeeman energy contribution 𝐸3 exhibits a kink where its spin configuration
changes from | 12 ,−

1
2⟩ to | 32 ,−

3
2⟩. The corresponding magnetic field at this kink allows

for determining the three-electron excitation energy 𝐸3/2. The resulting electrochemical
potential reveals both kinks, originating from 𝐸2 and 𝐸3, giving access to both 𝐸ST and
𝐸3/2.
However, while the Zeeman contribution accounts for the magnetic field dependence of
the few-electron energy spectrum, it is not sufficient on its own to derive the formulas
needed to accurately fit the charge transition lines. The fitting formulas were derived
based on a model that additionally incorporates the Coulomb energy contribution, the
zero-magnetic-field energy of the excited spin states, and the energy shift induced by

20



2.7 Magnetic Field Impact on the Energy Spectrum of a Few-Electron Quantum
Dot

Figure 2.9: Magnetic field dependence of the few-electron ground state energies. The
lines labeled with 𝐸𝑁 depict the magnetic field dependence of the 𝑁-electron ground state
energies of a QD. The dashed lines represent the difference 𝐸𝑁 − 𝐸𝑁−1, corresponding to
the measurable change in electrochemical potential during a charge transition 𝑁 − 1 → 𝑁 .
A kink indicates a change in the spin configuration of the 𝑁-electron ground state energies,
which also translates into a kink in the electrochemical potential. a) Charge transition
0 → 1. b) Charge transition 1 → 2. c) Charge transition 2 → 3.
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the applied gate voltage. The gate voltages of the 0 → 1, 1 → 2, and 2 → 3 electron
charging transitions are expressed as:

𝑈0→1(𝐵) = − 𝛽𝐵𝑔𝜇B + 2log(e−𝛽𝑔𝜇B𝐵 + 1)
2𝛼𝛽

+𝑈0 (2.12)

𝑈1→2(𝐵) =
1
𝛼𝛽

log

(
(e𝛽𝑔𝜇B𝐵 + 1)e𝛽( 1

2𝑔𝜇B𝐵+𝐸ST)
e𝛽(𝑔𝜇B𝐵+𝐸ST) + e2𝛽𝑔𝜇B𝐵 + e𝛽𝑔𝜇B𝐵 + 1

)
+𝑈0 (2.13)

𝑈2→3(𝐵) =
1
𝛼𝛽

log

(
e𝛽( 1

2𝑔𝜇B𝐵−𝐸ST+𝐸3/2) (e𝛽(𝑔𝜇B𝐵+𝐸ST) + e𝛽𝑔𝜇B𝐵 + e2𝛽𝑔𝜇B𝐵 + 1)
(e𝛽𝑔𝜇B𝐵 + 1) (2e𝛽(𝑔𝜇B𝐵+𝐸3/2) + e2𝛽𝑔𝜇B𝐵 + 1)

)
+𝑈0

(2.14)

where 𝑈0 denotes a voltage offset, 𝛼 represents the lever arm of the gate, and 𝛽 = 1/𝑘B𝑇
is the Boltzmann factor. More details on the derivation can be found in [55].
The magnetic field dependence provides valuable insights into the spin configurations
of the few-electron energy spectrum of a QD. Through magnetospectroscopy, we gain
access to key parameters such as the two-electron singlet-triplet splitting energy 𝐸ST and
the first three-electron excitation energy 𝐸3/2.

2.8 Experimental Setup and Magneto-Transport
Measurement Techniques

The foundation for our experimental investigation is built upon the experimental setups
and magneto-transport measurement techniques employed. In this section, we introduce
the key concepts of these techniques and setups. Further details, particularly regarding
the technical implementation, can be found in [56].

Cryostat Systems

We utilize three cryostat systems, a 4He cryostat, a 3He cryostat and a dilution cryostat,
with different operating temperatures and magnetic field ranges, tailored for conducting
magneto-transport measurements. Cooling in the 4He cryostat is facilitated by the phase
transition of liquid 4He to the gaseous phase under reduced pressure, achieving an
operating temperature of 𝑇 ≈ 1.5 K. The cryostat is equipped with a magnet capable
of generating magnetic fields up to 𝐵 = ±5 T. The 3He cryostat operates on the same
cooling principle but uses the helium isotope 3He, which has a lower boiling temperature
than 4He, enabling an operating temperature of 𝑇 ≈ 400 mK. It supports magnetic fields
up to 𝐵 = ±10 T. The lowest temperatures are achieved in the dilution cryostat, which has
a base temperature of 𝑇 < 7 mK and allows for magnetic fields up to 𝐵 = ±8 T. Unlike
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the other two cryostats, in this system the device is not in direct contact with the coolant
but is thermalized via a cold finger. The cooling principle relies on the transition of 3He
atoms from a concentrated phase to a diluted phase in a 3He/4He mixture.

Hall-bar Device Measurements Technique

For the Hall-bar device measurements, we apply a current of 50 nA along the entire length
of the Hall-bar. This is achieved using a lock-in amplifier outputting an AC signal at 17 Hz
with a voltage amplitude of 5 V, combined with a 100 MΩ pre-resistor. Simultaneously,
the longitudinal and transverse resistivity are measured using dedicated lock-in amplifiers
phase-locked to the current-driving lock-in amplifier, with a time constant of 500 ms.
We utilize a source-measure unit to adjust the voltage at the TG while concurrently
monitoring potential leakage by measuring possible DC currents from the TG. Before
measuring any QHE features, it is necessary to accumulate a 2DEG within the QW of the
FES, as described previously in Sec. 2.2. To achieve this, we increase the TG voltage
while tracking the current through the Hall-bar as an indicator of electron accumulation
within the QW. Before accumulation, the current remains at zero. As the TG voltage
increases, it stays zero until a FES dependent voltage threshold is reached, after which
the current rises steeply and saturates at the set current limit of 50 nA. To establish a
comparable measure across the FES for determining the lowest voltage at which the FES
is fully accumulated, we define the accumulation voltage 𝑈Acc, i.e., the accumulation
point, as the voltage where the current through the Hall-bar channel exceeds 48 nA of the
50 nA applied by the lock-in amplifier. Based on QHE signatures and years of Hall-bar
measurements, we have verified that this definition is sufficient to ensure the 2DEG is
fully accumulated and beyond the metal-insulator transition (described in Sec. 2.2). To
determine the electron density and mobility as a function of the TG voltage, we utilized
two different measurement techniques. The first involves incrementally increasing the TG
voltage step by step and sweeping the magnetic field at each TG voltage. This approach
not only allows for the extraction of the electron density and mobility as a function of
the TG voltage but also provides full access to QHE features. These features serve as a
verification of the 2DEG and help exclude parallel conduction channels (see Sec. 3.1).
While this method is insightful and necessary for the initial characterization of the FESs,
it is also very time-consuming. To accelerate the measurement routine after the initial
characterization, we employ a second approach based on continuously sweeping the TG
voltage. By simultaneously measuring the transversal resistivity at 𝐵 = 1 T, previously
identified during the initial characterization as being within the classical regime of the
QHE, we can determine the electron density as a function of the TG voltage. This is
achieved by approximating the slope at each TG voltage value using these data points,
combined with the fact that the transversal resistivity is zero at zero magnetic field. To
evaluate the electron mobility, the longitudinal resistivity is measured during a separate
TG sweep at a magnetic field of 𝐵 = 0 T. Note that to also access the saturation regime
of the field-effect (see Sec. 2.2), it is necessary to reset the FES with a thermal cycle
between these two measurements. Nevertheless, since magnetic fields can only be swept
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at comparatively low rates, this remains a very time-efficient measurement technique.

Qubit Device Measurement Technique

Qubit device measurements require the ability to individually control the voltage applied
to multiple gates. This enables the creation of complex potential landscapes, such as
those needed to form QDs and tunnel barriers. To achieve this, we utilize a voltage source
capable of outputting multiple individually controllable DC voltages, combined with
voltage dividers and adders to tailor the resolution. The current at the drain reservoirs is
measured using an I/V converter with an amplification of 108 V/A and a cutoff frequency
of 10 kHz. Additionally, the converter can apply a voltage to the drain, supplied by the
voltage source. The cutoff frequency is selected to align with the limitations imposed
by the DC lines in the dilution cryostat, which are restricted to approximately 8 kHz due
to the filters, capacitors, and resistances installed in the system. In the 3He cryostat, the
measurement speed of the multimeter used to measure and digitize the output voltages
from the I/V converter as well limits the frequency to below the chosen cutoff frequency.
The selected amplification provides a measurable current range of ±100 nA, as the I/V
converter can output voltages up to ±10 V. For the dilution cryostat, we utilize an AD
converter card mounted directly in the PC, allowing for significantly faster sampling rates
of up to 180 MSamples/s. Since the AD converter card is directly connected to the PC, it
is necessary to isolate the measurement ground from the PC’s grounding. This is achieved
using an additional voltage amplifier placed between the I/V converter and the PC, with
a minimum amplification factor of 10. This setup results in an overall amplification
of 109 V/A for the current measurements and limits the measurable current to ±10 nA
due to the maximum output voltage of the voltage amplifier. This current limit is still
sufficient, as we do not intend to exceed it in order to protect the sample. Additionally,
qubit operations typically operate with even lower currents, minimizing heating of the
sample.

Our different measurement techniques, combined with the range of cryostat systems, offer
a versatile platform for conducting various magneto-transport experiments. Whether
for Hall-bar geometry FES characterization or qubit device measurements, they are
well-suited to support the demands of quantum research.
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3

FES serve as the basis for realizing a variety of quantum circuits in semiconductor
heterostructures, including semiconductor spin qubits [12, 16, 18, 32, 57–60]. The
development of FES remains an active area of research, with ongoing advancements
particularly tailored to qubit applications [34, 41, 48, 61–63]. Key characteristics of
the 2DEG transport properties in FES, such as electron density and electron mobility,
are not directly accessible in qubit device measurements. Other parameters, like the
valley splitting – known to display a significant spatial in-plane variation [36] – can only
be reasonably inferred through qubit experiments. Therefore, combining insights from
both qubit and Hall-bar measurements is advantageous for optimizing the performance
of FES-based qubit devices [24, 62, 63]. For qubit applications, a comprehensive
understanding of impurities in the FES and the disorder potential fluctuations they induce
in the QW is crucial. These factors play a decisive role in the precise control of charging
energies, the position and shape of QDs, the occurrence of disruptive disorder dots, and
the sources of charge noise. Especially, charge noise remains a prominent challenge
for further improving qubit operation [17, 18, 64]. Furthermore, the operation window
defined by the gate-tunable range of electron density is an important property for device
tunability. It is restricted to the range before saturation due to tunneling towards the
dielectric/heterostructure interface, as described in Sec. 2.2, sets in, which is known to
introduce detrimental effects as on the operation and charge noise of the device [65, 66].
Moreover, the properties of the low-density regime have gained particular importance
for qubit operation. The Hall-bar geometry measurable 2DEG properties allow us to
draw conclusions about the characteristics of the FES. The gate-tunable range can be
directly determined, while insights into the dominant scattering mechanisms can be
inferred from the electron mobility. Additionally, the lower bound of the electron density
tuning regime offers information about the potential fluctuations within the QW. FES
characterization is indispensable as it provides deeper insights into the correlation between
transport properties and the layer stack details. These insights facilitate optimization and
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custom tailoring of the heterostructure to align with the specific demands of different
applications.
In the following, we present a comparison of the transport properties of five selected
FESs, fabricated on state-of-the-art heterostructures, and correlate the differences in their
layer stack and fabrication details with their respective transport properties. The FESs are
standard undoped Si1−𝑥Ge𝑥/Si/Si1−𝑥Ge𝑥 quantum well heterostructures for field-effect
applications like quantum circuits. All of them are based on the same heterostructure
concept, but featuring differences in the layer stack crucial for the transport properties.

3.1 Field-Effect Stack Overview and Transport
Property Characterization

The FES concept, as previously discussed in Sec. 2.1, is further illustrated in Fig. 3.1.
The abbreviations shown correspond to Tab. 3.1 summarizing the layer stack details
of the five FESs. We chose the five FESs to differ in a variety of properties regarding
their heterostructure as well as the fabrication. FES A and D were grown by chemical
vapor deposition and further processed in a semi-industrial environment at the IHP -
Leibniz-Institut für innovative Mikroelektronik. FES B and C were grown by molecular
beam epitaxy and subsequently fabricated by our group in an academic clean room, while
FES E is a commercially purchased wafer from Lawrence Semiconductors Research
Labs, further processed by our group. One key difference to highlight is the absence of
an (oxidized) Si cap for FES A and D. Additionally, these two FESs differ in their QW
growth temperatures, resulting in a longer wait time between the barrier and QW growth
for FES A compared to D. It can be suggested that the longer wait time makes FES A
more susceptible to impurities, such as nitrogen or oxygen, being incorporated near the
QW.
The characterization of the FESs was done by Hall-bar geometry magneto-transport

Figure 3.1: Cross-section schematic of the
undoped Si/SiGe FESs. Details on the inves-
tigated five FESs are listed in Tab. 3.1.
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FES A B C D E

Dielectric
(method)

SiOx
(HDP)

AlOx
(ALD)

AlOx
(ALD)

SiOx
(HDP)

AlOx
(ALD)

TG material TiN Ti/Au Ti/Au TiN Ti/Au
𝑡TG (nm) 30 10/100 10/100 30 10/100
𝑡Dielectric (nm) 10 20 50 10 20
𝑡Cap (nm) 0 1.5 1.5 0 2
𝑡Spacer (nm) 33 45 45 37 30
𝑡QW (nm) 7 12 12 8 10
𝑡VS (µm) 3.1 0.78 0.8 3.1 2
𝑥 0.34 0.26 0.32 0.34 0.30
Heterostr.
growth

CVD (semi-
industrial)

MBE
(academic)

MBE
(academic)

CVD (semi-
industrial)

CVD
(industrial)

Fabrication semi-
industrial

academic academic semi-
industrial

academic

Table 3.1: Overview of the five undoped SiGe/Si/SiGe quantum well FES summarizing
their differences in the layer stack. The abbreviations are introduced in Fig. 3.1.

measurements at a temperature of 1.5 K (4He cryostat) using standard lock-in techniques
(as described in Sec. 2.3 and Sec. 2.8). A representative example of a magneto-transport
measurement, performed on a duplicate of FES A at a temperature of 𝑇 = 400 mK
(3He cryostat), displaying the characteristic quantum Hall effect features in the longi-
tudinal resistivity 𝜌xx and transversal resistivity 𝜌xy is shown in Fig. 3.2. The typical
Shubnikov-de Haas (SdH) oscillations are clearly visible in the longitudinal resistivity 𝜌xx,
while the transversal resistivity 𝜌xy exhibits the characteristic Hall-plateaus that emerge
simultaneously to the minima of the SdH oscillations.
These measurements enable the extraction of key 2DEG transport parameters, such as
electron density 𝑛e and electron mobility 𝜇e (as described in Sec. 2.3). Additionally, they
confirm that transport occurs exclusively within the 2DEG and thus allow to exclude a
parallel conductance channel. This can be demonstrated in two ways: first, by comparing
the electron density 𝑛e, extracted from the slope of 𝜌xy, with the electron density 𝑛e, qm
derived from the SdH oscillations (see Sec. 2.3). A discrepancy between the two values
would suggest the presence of an additional parallel conduction channel besides the 2DEG.
Second, a clear indication is provided by the SdH oscillations reaching zero, signifying
completely resistance-free transport, which is a strong indication that transport occurs
solely in the Landau-quantized 2DEG. The 𝜌xx in Fig. 3.2 clearly shows zero resistivity
for oscillations beyond a magnetic field of 𝐵 = 1.5 T. In combination with the evaluation
of 𝑛e, qm and 𝑛e closely matching, the presence of a parallel conduction path beside the
2DEG can be ruled out.
Furthermore, due to the high electron mobility and the chosen measurement temperature,
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the Landau level broadening is narrow enough to observe the degeneracy, characteristic
for strained Si (see Sec. 2.1), lifting with increasing magnetic field. The minima of the
SdH oscillations reaching zero correspond to Landau levels 𝜈 = 12, 8, 6, 4, 3 and 2
indicating that the fourfold degeneracy in spin and valley states is gradually lifted by the
increasing magnetic field. Given the state-of-the-art valley splitting in such devices, it is
likely that spin splitting occurs before valley splitting. During the lifting of degeneracies,
it can be observed that, for example, at the filling factor 𝜈 = 5, a Hall plateau begins to
form. However, due to the Landau level broadening, the corresponding SdH oscillation is
not fully developed yet, as it does not reach zero resistivity. Additionally, some of the
Hall-plateaus exhibit overshoots in the transversal resistivity. This phenomenon likely
arises from more than one Landau level coexisting and contributing to the transport.
Details on this can be found in [67].
Overall, magneto-transport measurements that provide access to the quantum Hall effect
are invaluable for characterizing the 2DEG transport properties of FESs in relation to the
applied TG voltage. They allow us to evaluate key quality metrics of the 2DEG, making
them an ideal tool for understanding how variations in heterostructure layer stack and
fabrication details influence transport characteristics.

Figure 3.2: Representative example of quantum Hall effect features in the longitudinal
resistivity 𝜌xx and transversal resistivity 𝜌xy measured on a duplicate of FES A. The
measurement was performed at a temperature of 𝑇 = 400 mK and a TG voltage within
the linear regime of 𝑈TG = 0.95 V. The electron density and mobility derived from this
measurement are 𝑛e = 3.9 × 1011 1/cm2 and 𝜇e = 3.0 × 105 cm2/Vs.
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3.2 Electron Density Tuning Regime and Dominant
Scattering Mechanism

By leveraging the quantum Hall effect, we can assess the electron density tuning regime
for the FES and infer the dominant scattering mechanisms influencing electron transport
through mobility measurements. The tuning range and corresponding mobility are crucial
indicators of FES performance and suitability for applications like quantum circuits. In this
section, we will compare the transport and tuning properties of the five FESs, correlating
their stack designs with transport characteristics, which highlights the importance of the
FES layer stack and fabrication details for their applications.
The electron density tuning regime is defined by the TG voltage tunable range of 𝑛e lying
within the linear regime, i.e., not being affected by tunneling of electrons out of the QW
and thus hysteretic behavior. Staying within this operation window allows for reproducible
tuning of 𝑛e by the TG voltage. A larger 𝑛e range is beneficial as it provides a wider tuning
scope, allowing for greater control, especially in advanced quantum applications.
The electron density in dependence of the TG voltage for all five FESs is shown in
Fig. 3.3. For all FES the typical behavior of a linear increase of 𝑛e with the applied
TG voltage 𝑈TG transitioning into a saturation, as already discussed in Sec. 2.2, can be
observed. However, when comparing the electron density tuning regimes of the five FES
devices, the difference in the minimum electron density 𝑛e, min and maximum electron
density 𝑛e, max defining beginning and end of the linear electron density tuning regime,
i.e., operation window, becomes clearly visible. Whereas the capacitive coupling of the
TG to the 2DEG, which shows as the slope of the linear regime, and absolute TG of
the operation window can be tailored within certain extent by the oxide material and
thickness, the accessible 𝑛e, min and 𝑛e, max are closely linked to the heterostructure growth
details.
Comparing the minimum electron density of the five FES in Fig. 3.3 the lowest value
is observed for FES D followed by FES A, B, C and E. The corresponding 𝑛e, min
values, which we evaluate at the accumulation point 𝑈Acc (see definition in Sec. 2.8), are
presented in Tab. 3.2. We chose the definition of𝑈Acc to ensure a fully accumulated 2DEG,
i.e., being beyond the characteristic metal-insulator transition of gated semiconductors,
allowing a metal-like conduction (see Sec. 2.2). At this point, we want to emphasize
that 𝑛e, min > 𝑛crit, where 𝑛crit corresponds to the critical electron density of the metal-
insulator transition. Since 𝑛crit is challenging to determine and lacks unified standards for
experimental measurement, we defined 𝑈Acc to provide a well-defined and comparable
metric for Hall-bar measurements, based on a conductivity threshold along the Hall-bar
channel.
Fig. 3.4 illustrates the impact of potential fluctuations of the conduction band edge on the
2DEG accumulation. Fig. 3.4 a) illustrates the scenario below the accumulation point,
where the Fermi energy 𝐸F is lying within the energetic span of the potential fluctuations,
leading to a non-uniform "puddle"-like occupation of the potential minima by electrons.
To fully accumulate the 2DEG, the entire energy range of the potential fluctuations must
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Figure 3.3: Comparison of the electron density tuning regime for the five FESs. The
electron density 𝑛e is shown in dependence of the applied TG voltage 𝑈TG.

FES A B C D E

𝑛e, min (1011

cm2 ) 1.7 2.9 3.8 1.1 5.0

𝑛e, max (1011

cm2 ) 7.7 5.0 7.3 7.1 6.7

𝜇e, min (105cm2

Vs ) 1.4 0.6 0.3 0.9 0.3

𝜇e, max (105cm2

Vs ) 3.4 1.0 0.7 3.9 0.6

TDD ( 107

cm2 ) <0.6 1.4 5.0 <0.6 —

Table 3.2: Comparison of the five FESs in their minimum electron density 𝑛e, min,
maximum electron density 𝑛e, max, minimum electron mobility 𝜇e, min, maximum electron
mobility 𝜇e, max and threading dislocation density TDD. The minimum electron density is
defined as the electron density at the accumulation point. The maximum electron density
is defined as the lowest electron density deviating more than 2% from a linear fit through
the linear regime. The minimum and maximum electron mobility are evaluated at 𝑛e, min
and 𝑛e, max respectively. The TDD was evaluated via etch pit count measurements by our
partners at the IHP - Leibniz-Institut für Innovative Mikroelektronik.
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Figure 3.4: Impact of potential fluctuations of the conduction band edge on the 2DEG
accumulation. The purple line sketches the conduction band edge energy impacted by
surrounding defects inherent to the heterostructure. The Fermi energy determining the
occupied states (light blue) is shown as blue line. a) The scenario of a Fermi energy lying
within the energetic span of the potential fluctuations leading to non-uniform "puddle"-like
occupation of the potential minima by electrons. b) The scenario of a Fermi energy lying
above the energetic span of the potential fluctuations leading to a uniform accumulation
of electrons across the whole conduction band.

be shifted below the Fermi energy, as depicted in Fig. 3.4 b). This allows for uniform
accumulation of electrons across the whole conduction band. The larger the energetic span
of the potential fluctuations, the further the conduction band needs to be shifted below
𝐸F, and consequently, the higher the minimum electron density at 𝑈Acc becomes. This
makes 𝑛e, min an insightful quality factor for any kind of defects or impurities especially
in vicinity of the QW impacting the 2DEG conduction band potential. The comparison
of the 𝑛e, min for the five FES indicates that FES D exhibits the lowest extent of potential
fluctuations, while they progressively increase for FES A, B, C, and E, with FES E being
the most affected by potential fluctuations.
One of the most prominent dislocations within these heterostructures known to deteriorate
the transport properties of the QW are threading dislocations [37, 38], previously described
in more detail in Sec. 2.1. Threading dislocations passing through the QW alter the
potential landscape of the QW ground state, leading to increased potential fluctuations.
The threading dislocations density (TDD) for FES B and C were measured by our
partners at the IHP - Leibniz-Institut für Innovative Mikroelektronik via etch pit count
measurements. The results are shown in Tab. 3.2. For FES A and D they can estimate an
upper limit of TDD based on heterostructures grown by the same fabrication recipe. The
TDDs show that FES A and D posses less threading dislocations than FES B and this one
even less than FES C. This matches the expectation from the observed 𝑛e, min.
The reduced TDD of FES A and D can be attributed to the thicker virtual substrate layer
in these two FESs compared to FES B, C and E, which is known to be beneficial for
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reducing the TDD (see Sec. 2.1). The virtual substrate thickness 𝑡VS is more than three
times thicker (see Tab. 3.2). A thicker virtual substrate allows more threading dislocations
to laterally leave the crystal without entering the QW region. The increase in TDD of
FES C compared to B, both inheriting a very similar virtual substrate thickness, could
be caused by the increase in Ge content as it was observed to correlate to an increased
TDD [38].
Comparing FES A and D, which were fabricated very similar, the observation of a higher
𝑛e, min for FES A is likely not caused by a difference in TDD. The main difference between
those two FES is, as previously mentioned, a longer wait time between the SiGe barrier
growth and the growth of the Si QW due to the varied growth temperature. During this
longer wait time it is more likely for impurity atoms like e.g. oxygen to contaminate the
growth. These impurities especially as they are in close vicinity to the QW are expected to
be adverse for the the transport properties [47]. The increased 𝑛e, min of FES A compared
to FES D strengthens the assumption that more impurities are located close to QW.
For the commercially grown FES E no TDD measurement is available, but when
considering the previous trend in 𝑛e, min, it can be suggested that it is the most affected
by potential fluctuations and thus probably inherits the most impurities or defects in the
vicinity of the QW. This could be caused by an increased TDD compared to the other four
FESs or contamination with impurities.
Further insights into the heterostructures can be gained by comparing the maximum
electron density of the five FESs, which marks the end of the linear tuning regime and
occurs when tunneling from the QW to the dielectric interface sets in. We evaluated this
as the first 𝑛e to deviate by more than 2% from the fitted linear regime. The corresponding
values for the five FESs are presented in Tab. 3.2. The 𝑛e, max is known to be directly
correlated to the Ge content 𝑥 [49]. This can be understood as with increasing 𝑥 the
energetic height of the SiGe barrier to overcome increases and tunneling sets in for higher
electron densities. Comparing the 𝑥 of the five FES shown in Tab. 3.1 and the 𝑛e, max
shown in Tab. 3.2 the correlation between Ge content and 𝑛e, max is clearly observable.
The impact of the depth of the QW, i.e., the thickness 𝑡Spacer of the upper SiGe barrier,
on 𝑛e, max has not yet been fully systematically studied in Si/Si1−𝑥Ge𝑥 heterostructures.
First results indicate that, unless the QW depth is shallow enough for direct tunneling
to set in, 𝑛e, max does not depend on the spacer thickness [49, 51, 68]. For the five
FES no direct tunneling, which would manifest as no distinct linear regime occurring
in the 𝑛e dependence on the 𝑈TG, is observed and thus no impact of 𝑡Spacer on 𝑛e, max is
expected.
A new aspect, to our knowledge not yet systematically studied, is the impact of the absence
of a Si cap on the 𝑛e, max. We do not observe any adverse effect of the absence of a Si cap
on the 𝑛e, max. To the contrary, FES A and D show the highest maximum electron densities.
The absence of the Si cap could be assumed to reduce the amount of unoccupied states
at the dielectric/heterostructure interface and thus decrease the tunneling probability of
electrons from the QW to the interface, which could be beneficial for 𝑛e, max. However, this
assumptions is up to further testing as FES A and D distinguish in too many parameters
from FES B, C and D to attribute this to the absence of a Si cap.
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Figure 3.5: Comparison of the electron mobility 𝜇e for the five FESs as a function of the
electron density 𝑛e within the linear regime, plotted on a double logarithmic scale.

The second key quality feature for assessing the FES operation region beside the electron
density tuning regime is the corresponding electron mobility. It serves as a key metric how
scattering impacts electron transport, providing further important insights for drawing
conclusions about the FES.
Fig. 3.5 shows the electron mobility 𝜇e for the five FESs in dependence of the respective
𝑛e within the linear regime. As 𝜇e is dependent on 𝑛e (see Sec. 2.3), comparing 𝜇e
between the five FESs is only meaningful when considering it as a function of 𝑛e. We
observe that the 𝜇e accessible within the linear 𝑛e regime increases in the sequence from
FES E, C, B, A to D. The minimum electron mobility 𝜇e, min and the maximum electron
mobility 𝜇e, max for the five compared FESs, evaluated at 𝑛e, min and 𝑛e, max respectively,
are summarized in Tab. 3.2. Since the 𝜇e is directly related to the number of scattering
events, the observed increase in 𝜇e indicates a reduction in the number of scattering
centers that disrupt electron transport within the 2DEG of the FESs.
To gain deeper insights into the origin of the dominant scattering mechanisms within the
FESs, we can evaluate the 𝜇e as a function of 𝑛e. It is an empirical observation deduced
from other material platforms like GaAs/AlGaAs structures, Si MOSFETs and doped Si
heterostructures [51] that the 𝜇e follows a power-law dependence on 𝑛e

𝜇e ∝ 𝑛𝛼e , (3.1)

with the exponent 𝛼 being insightful for the scattering mechanism [51]. To allow for
a direct comparison of the slopes between the different FESs, Fig. 3.5 is presented as
a double logarithmic plot. Two different scattering mechanisms that prevail in such
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FESs can be distinguished by the steepness of their slopes [38, 47, 48]: First, long-range
scattering caused by charges trapped at the heterostructure/dielectric interface, which
manifests as a steep increase in 𝜇e with 𝑛e, as these charges can be effectively shielded
by the increasing number of electrons within the 2DEG. Second, short-range scattering
arising from defects or impurities located near the QW, leading to a more gradual increase
in 𝜇e with increasing 𝑛e, as these scattering centers are less effectively shielded by
additional electrons within the 2DEG. Long-range scattering typically dominates in the
low-electron-density regime, whereas both long-range and short-range scattering can
dominate at higher electron densities.
Comparing the slopes of the five presented FESs it can be observed that FES D, inheriting
the highest overall electron mobility, shows the expected steep increase of 𝜇e in the regime
of lower 𝑛e transitioning into a flat slope in the high 𝑛e regime. It can be deduced that
transport within FES D is dominated by long-range scattering for lower 𝑛e and dominated
by short-range scattering for higher 𝑛e. In comparison with the other FESs, a trend shows
that as the overall 𝜇e decreases, the clear distinction between the two slope regimes
diminishes, resulting in a progressively more uniform slope. This suggests that the FESs
become increasingly dominated by short-range scattering throughout the entire linear 𝑛e
regime.
This trend indeed matches our previous observations on the 𝑛e, min, evident as both
properties are greatly impacted by scattering centers in vicinity of the QW: The more the
transport properties are impacted by defects in vicinity to the QW the larger the 𝑛e, min and
the more uniform the slope of 𝜇e. As previously discussed, these observations match the
trend of increasing TDD throughout the FESs. Comparing FES A and D, likely inheriting
a similar amount of TDD, the more pronounced impact of short-range scattering for
FES A can be understood by the increased amount of impurity atoms caused by the delay
time in between the QW and barrier growth. An adverse effect on the electron mobility
has already been observed for a contamination with oxygen atoms [47]. By placing
FES E within this trend it strengthens the previous assumption of being impacted the
most compared to the other FESs by defects or impurities in vicinity to the QW.
Comparison of the five FESs highlights that, although all represent state-of-the-art designs
for field-effect applications, they display significant variation in electron density tuning
regimes and corresponding mobility. This underscores the strong correlation between
transport properties and layer stack as well as fabrication details. Further exploration,
such as the impact of a missing Si cap in certain FESs, could provide valuable insights for
further optimization and tailoring of FESs for their field-effect applications like quantum
circuits.
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FESs, which are the foundation of our semiconductor spin qubits, offer purely electrostatic
gate-tunability of electric carriers down to the nanoscale. This underscores the importance
of a precise understanding of the electrostatics generated by gate tuning, which is
increasingly recognized as critical for the stable operation of quantum circuits [18, 61, 62,
64–66, 69, 70]. In undoped gated devices, the gate dielectrics interfacing with the silicon-
based semiconductor play a key role. In particular, the interface between the typically
polycrystalline dielectric and the single-crystalline semiconductor has garnered growing
attention, as charge traps at this interface can significantly impact device performance,
influencing both gate-tunability and charge noise in quantum circuits. Typically, FESs
are cooled down with zero bias applied to the gates. Biased cooling represents the
cool-down under a non-zero applied gate voltage. Biased cool-down has been studied
for modulation-doped GaAs/AlGaAs quantum well heterojunctions in the context of the
operation of 2DEGs [71–74] and of quantum point contacts [75, 76]. In these works,
the observed impact on the operation of the devices have been phenomenologically
linked to the presence of dopant-induced defects and to leakage of Schottky gates. The
statistical nature of dopant-induced defects and of the presence of leakage has limited
the application of biased cooling as an additional degree of freedom for the device
operation. More recently, in particular for spin qubit quantum circuits, FES based on
undoped semiconductor heterostructures and including oxide-based dielectrics instead
of Schottky gates are used [42, 70, 77]. The absence of dopant-induced defects and
the dielectric/semiconductor interface in the FES create an electrostatic environment in
which biased cooling had not yet been considered at the beginning of my dissertation.
The growing interest in this topic is also reflected in a only recently published report
of biased cooling-depending shifts of the turn-on voltage in a single electron transistor
device [78].
In this chapter, we systematically study the effect of biased cooling on the charge state of
the dielectric/semiconductor interface as well as the impact of the modified electrostatics
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on the transport properties of the 2DEG in the Si/SiGe QW. We particularly discuss
the impact of biased cooling on the electron density and the electron mobility under
gate-tuning of the 2DEG, as well as on the temporal stability, saturation behavior and
reproducibility of the 2DEG density. Additionally, we present an empirical model based
on charge traps at the dielectric/semiconductor interface, which includes all experimental
trends observed in our systematic study. For the investigation we select three of the five
previously presented FES – A, B, and C – focusing on key characteristic differences.
These FESs differ in the presence of a Si cap, the dielectric material and its thickness, and
the epitaxy method used for the heterostructures (CVD vs. MBE). They also vary in Ge
content and SiGe barrier thickness. Furthermore, FES A was grown and fabricated at
a different facility than FES B and C. Our results show that biased cooling can provide
an useful tuning parameter for field-effect devices and quantum circuits especially for
qubit applications. Furthermore, they contribute to a better understanding of correlations
between FES operation and the properties of the dielectric/semiconductor interface.
The biased cooling investigations were conducted at a temperature of 1.5 K using our
4He cryostat, combined with the Hall-bar geometry measurement technique described
in Ch. 2.8. The complete series of biased cooling measurements for all three FESs,
along with a detailed list of all determined values and further analysis, can be found in
the master’s thesis of L. Zinkl [79], whom I collaborated with on this topic and whose
master’s thesis I supervised. The main findings discussed in the subsequent chapter are
also published in [80, 81].

4.1 Impact of Biased Cooling on the 2DEG
Characteristics

We find the heterostructures in all three FESs to be conducting at room temperature for
any 𝑈TG value, even at 𝑈TG = 0 V. At the contrary, we observe the conductance of the
heterostructure to freeze-out during the cool-down to 1.5 K, stating that the 2DEGs are
normally off at 𝑈TG = 0 V. To explore the influence of the biased cooling on the transport
properties of a 2DEG, we apply a non-zero voltage at the TG while cooling down the FESs
from room temperature to 1.5 K. We refer to this voltage applied during the cool-down
as biased cooling voltage 𝑈BC. We cooled down the FESs various times with varying
𝑈BC and determined the electron density as a function of the applied TG voltage (𝑈TG
sweep) at 1.5 K for each cool-down. These measurements were performed for all three
FES A, B and C. Fig. 4.1 a) representatively shows the results for FES A. The FES cooled
down with the commonly used 𝑈BC = 0 V shows the state-of-the-art behavior of a 2DEG
accumulating within the Si QW at a positive𝑈TG (see Sec. 3.2). As seen in Fig. 4.1 a), we
find the characteristic behavior of a linear increase of 𝑛e, followed by a saturation, to be
independent of the applied 𝑈BC. In quantum Hall experiments for selected negative and
positive 𝑈BC, we have verified that the electron density contributing to the transport after
cooling down with a non-zero 𝑈BC is exclusively located in the QW 2DEG, excluding
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Figure 4.1: Impact of biased cooling on the electron density and the mobility of the
2DEG, representatively shown for FES A at 1.5 K. The definitions of the different voltages
and of 𝑛e,max are found in the text. a) 2DEG density 𝑛e as a function of 𝑈TG for different
biased cooling voltages 𝑈BC. b) 2DEG mobility 𝜇e dependence on 𝑛e within the linear
capacitive coupling regime (𝑛e < 𝑛e,max) for different biased cooling voltages 𝑈BC.

measurable, biased cooling-induced parallel conductance. Comparing the electron density
curves, we observe a shift induced by 𝑈BC. For positive biased cooling voltages applied
during the cool-down, the electron density curves shift towards more positive/higher 𝑈TG,
whereas for negative biased cooling they shift towards more negative/lower 𝑈TG. The
shift increases with the absolute value of the 𝑈BC applied during cool-down.
In the remainder of this chapter, we focus on the linear electron density tuning regime,
which is the operation region for most field-effect device applications, including quantum
circuits. We have verified that the 2DEG densities 𝑛e are reproducible within cool-downs
in all three FESs (no hysteresis of the electron density in a 𝑈TG sweep). They are also
reproducible among separate cool-downs for a given 𝑈BC value. Across all FES, we
observe no systematic dependence of the minimum electron density 𝑛e,min as well as of
the maximum electron density 𝑛e,max on 𝑈BC. Also, the slope of the 2DEG density’s
𝑈TG-dependence - which represents the capacitive coupling between the TG and the
2DEG - is unaffected by biased cooling with 𝑈BC ≠ 0 V for all three FESs (see Fig. 4.1 a)
representatively for FES A). In Fig. 4.1 b), we report the 2DEG mobility 𝜇e as a function
of 𝑛e for all tested 𝑈BC, representatively for FES A. No impact of 𝑈BC on the 𝜇e is
observed.
To summarize the key features observed for the three FESs and representatively shown
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for stack A in Fig. 4.1: The main consequence of the biased cooling effect is a shift of
the field-effect tuned 2DEG density compared to 𝑈BC = 0 V, the shift increasing with
the absolute value of 𝑈BC. At the same time, the 𝑈TG-tunable 𝑛e range, the capacitive
coupling between the TG and the 2DEG and the 𝜇e at each given 𝑛e are unaffected
by 𝑈BC. Finally, the heterostructures are conductive at room temperature, while this
conductivity vanished during the cool-down. At this point it should be highlighted that
these observations are identical in all three FESs, although they differ with respect to the
presence of a Si cap, the dielectric material and its thickness as well as in the epitaxy
method of the heterostructures (CVD vs. MBE), their Ge content and the thicknesses of
the SiGe barrier (see Fig. 3.1 and Tab. 3.1). Also FES A has been grown and fabricated
in different facility than FES B and C.
A plausible source for the observed experimental phenomenology is an additional static
𝑈BC-dependent electric field which superimposes onto the field resulting from 𝑈TG at the
QW at 1.5 K. The charge causing this static field needs to be adjustable by the applied
𝑈BC at room temperature, to explain the 𝑈BC-dependent shift of the accumulation voltage
𝑈Acc (defined in Sec. 2.8). At the same time, to guarantee the observed parallel shift -
i.e., constant capacitive coupling - of the 𝑈TG sweeps in Fig. 4.1 a), this charge must be
independent of𝑈TG at 1.5 K. Since we verified via quantum Hall traces that no measurable
parallel conductance channel occurs at 1.5 K after cooling down with 𝑈BC ≠ 0 V, i.e.,
that transport occurs solely within the 2DEG, this additional charge must be immobile
under device operation at 1.5 K. In case this hypothetical charge would build-up in the
vicinity of the QW after cooling down with𝑈BC ≠ 0 V, we would expect a variation in the
potential fluctuations affecting the 2DEG in correlation to𝑈BC. As we experimentally find
the 2DEG mobility at higher 2DEG densities (Fig. 4.1 b)) and also the minimum 2DEG
density 𝑛e,min (Fig. 4.1 a)) to be unaffected by 𝑈BC in all three FESs, we conclude that
the charge build-up occurs further away from the QW and is homogeneously distributed.
Given that the SiGe barrier is undoped, the most plausible locations are the thin oxidized
Si cap and the heterostructure interface with the polycrystalline dielectric oxide. As
FES A, in contrast to B and C, does not contain a (oxidized) Si cap, but nevertheless shows
the same behavior under the influence of biased cooling, we exclude the necessity of a Si
cap for this effect. Hence, from the previously acquired requirements we conclude that the
charges induced at room temperature by the𝑈BC are localized at the interface between the
heterostructure and the polycrystalline dielectric. This interface meets all the criteria. It
has been previously shown to host a large enough density of trap states to allow for charge
build-ups up to a screening of the capacitive coupling between the TG and the 2DEG [41,
49–51]. Its location in between the TG and the QW allows the electric field of the trapped
interface charges to statically superimpose the electric field of the TG effectively, without
being to close to the QW to influence the 2DEG mobility and the minimum 2DEG density.
We have verified in 1D Schrödinger-Poisson simulations that the introduction of a fixed
charge density at the dielectric/heterostructure interface allows to mimic the experimental
behavior reported in Fig. 4.1 a). The corresponding simulations are presented in [79].
The required charge density is of the order of 1011−12 1/cm2, in accordance with reports
on charge traps [41, 49–51] and capacitance-voltage estimations for the oxide used in
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FES A. Since all three heterostructures are conductive at room temperature, positive as
well as negative 𝑈BC may induce the hypothetical charges exerting the static electric field
by loading or unloading trap states at the interface. At the contrary, the freeze-out of the
conductance of the heterostructure during the cool-down to 1.5 K, suppresses this loading
mechanism of interface trap states.

4.2 Empirical Model for Biased Cooling of Undoped
QW Heterostructures

Based on this hypothesis, we develop a model for the biased cooling effect in the following.
Our model relies on the fact that the TG and the interface between the heterostructure
and the dielectric act like a classical capacitor at room temperature. Essential ingredients
of the model are sketched in Fig. 4.2. The mechanism for loading and unloading the
interface at room temperature - and hence before the freeze-out of the heterostructure -
are sketched in Fig. 4.2 a). Panel 4.2 a) i) shows the conductance band edge energy of the
heterostructure stack (dark purple line) for 𝑈BC = 0 V, with the ground state energy of
the Si QW depicted in dark gray. For simplicity, we illustrate this reference case with a
flat band edge. These interface states (sketched as purple circles) are populated up to the
Fermi energy (blue dashed line) with electrons (pink dots). A non-zero applied𝑈BC at the
TG results in a tilt of the band edge in the sketches. In the case of a 𝑈BC < 0 V this lifts a
certain amount 𝑄 of occupied interface states above the Fermi energy (non-equilibrium
situation) shown in panel 4.2 a) ii). Due to the room temperature conductivity of the
FES, these electrons will, however, quickly unload from the interface. This results in a
less negative/more positive charge configuration at the interface. As a consequence, two
properties of the classical capacitor formed by the TG and the dielectric/heterostructure
interface manifest, as sketched in panel 4.2 a) iii): First, the band bending between the TG
and the interface steepens in the dielectric compared to panel 4.2 a) ii) proportionally to
the charge reconfiguration. Second, outside of the capacitor - i.e., below the interface
(in the heterostructure) - there is no electric field. Hence, the conduction band is flat
again, as in panel 4.2 a) i). In exact analogy, for 𝑈BC > 0 V, the applied electric field
leads to pushing unoccupied interface states containing 𝑄 charges below the Fermi energy
(see panel 4.2 a) iv)) in non-equilibrium. The charge reconfiguration resulting from the
room temperature conductivity of the FES hence adds the amount 𝑄 of electrons to the
interface (see Fig. 4.2 a) v)). Thus, we end up in a more negative charge configuration at
the interface compared to panel 4.2 a) i). The model in Fig. 4.2 a) highlights two features,
which are key to explain the experimental observations: The applied 𝑈BC changes the
charge state at the interface. Also, the energetic position of the TG relative to the QW
ground state energy changes as a function of the applied 𝑈BC, while flat band conditions
are retained between the interface and the QW. Note that both features result from the
fact that the TG and the dielectric/heterostructure interface behave like the plates of a
classical capacitor before freeze-out.
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Figure 4.2: Empirical model of the biased cooling effect. The panels i)-v) in a) and b)
are discussed in detail in the text. The purple line depicts the conduction band edge for
different regions of the gate stack indicated at the bottom of the figure. The dark gray
line within the Si represents the confined ground state energy of the QW. We chose to fix
the lower end of the QW conduction band energy at 0 V. The blue dashed line illustrates
the Fermi energy. The empty purple circles between the dielectric and the SiGe depict
empty trap states at the dielectric/heterostructure interface. Electrons are shown as pink
colored dots and can fill these states at the interface. a) Impact of 𝑈BC applied before
freeze-out of the heterostructure. At these temperatures, the heterostructure is conductive.
Each panel i) to v) illustrates a distinct equilibrium or non-equilibrium for specific 𝑈BC
situations. The charge 𝑄 results from electrons, which are loaded to or unloaded from the
interface due to the applied 𝑈BC. b) Impact of 𝑈BC after freeze-out of the conductivity of
the heterostructure. At the typical device operation temperature 1.5 K, the electrons at
the interface then can not be loaded or unloaded anymore. Each panel i) to v) illustrates a
specific scenario of combination of 𝑈BC and 𝑈TG. Electrons within the Si QW illustrate
the accumulation of the 2DEG.
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Moving now to temperatures cold enough to freeze-out the conductance of the heterostruc-
ture, a major consequence for our model is the suppression of loading or unloading of
the trap states at the interface via the heterostructure. Hence, the charges 𝑄 trapped at
the interface states before cool-down will then be insensitive to the 𝑈TG applied after
freeze-out. Fig. 4.2 b) i), as a reference, shows the scenario of a FES which was cooled
down with 𝑈BC = 0 V, keeping 𝑈TG = 0 V after freeze-out. The charge density at the
interface is non-zero and the QW ground state is above the Fermi energy. Hence no
electrons are accumulated in the QW. In order to accumulate electrons within the QW, it
is necessary to apply a positive𝑈TG strong enough to drag the QW ground state below the
Fermi energy as illustrated in panel 4.2 b) ii). Importantly, since the interface states can
not be loaded after freeze-out, the empty interface states pushed below the Fermi level
will stay unoccupied, leaving the electric field induced by the electrons trapped at the
interface unaffected by 𝑈TG variations. The electron accumulation in the QW is sketched
as pink dots. The density of accumulated electrons in the 2DEG located in the QW is
proportional to 𝑈TG, experimentally resulting in the typical FES electron density curve
shown for 𝑈BC = 0 V in Fig. 4.1 a). Next, Fig. 4.2 b) iii) illustrates the case of a negative
𝑈BC. Compared to 𝑈BC = 0 V, the diminished electron density at the interface leads
to a less negative electric field superimposing the field created by 𝑈TG. This is visible
as an additional downwards tilt of the conduction band. The tilt drags the QW ground
state closer to the Fermi energy. Now, a less positive 𝑈TG (e.g., 𝑈TG = 0 V) is required
to accumulate electrons within the QW, in line with the electron density curves being
shifted towards more negative 𝑈TG in the experiment, as observed in Fig. 4.1 a). For
even stronger negative 𝑈BC applied during cool-down, Fig. 4.2 b) iv) illustrates the ability
to already accumulate electrons in the QW at negative 𝑈TG, capturing the experimental
observation that the electron density curves are shifted even further towards negative 𝑈TG.
Fig. 4.2 b) v) shows the opposite scenario of a positive 𝑈BC applied during the cool-down.
The increased electron density at the interface causes a stronger shielding of the 𝑈TG
compared to 𝑈BC = 0 V, resulting in the experimentally observed shift of the electron
density curves towards more positive 𝑈TG (see Fig. 4.1 a)).
Summarizing our experimental observations and the empirical model, applying 𝑈BC at
room temperature traps an amount of charges𝑄 = 𝐶BC·𝑈BC at the dielectric/heterostructure
interface (see Fig. 4.2 a) ii) to v)), where 𝐶BC is the capacitive coupling between the TG
and the conductive heterostructure during biased cool-down, before freeze-out. After
freeze-out, the charge trapping mechanism is suppressed, turning 𝑄 into being insensitive
to 𝑈TG (applied to the FES at 1.5 K). The constant, static electric field created by the
trapped charges 𝑄(𝑈BC) then superimposes the field imposed with a 𝑈TG sweep (see
Fig. 4.2 b)). This is equivalent to stating that the accumulation voltage 𝑈Acc of the 2DEG
will be shifted exactly by 𝑈BC with respect to 𝑈BC = 0 V. As a consequence, our model
predicts a linear relationship between Δ𝑈Acc = 𝑈Acc − 𝑈Acc, 𝑈BC = 0 V and 𝑈BC, with a
slope 𝑠 = 1. In Fig. 4.3, we test this prediction by displaying Δ𝑈Acc for all three FESs.
The linear relationship is indeed verified in a significant range of 𝑈BC. Also, the slopes 𝑠
are only slightly smaller than 1, with 𝑠 = 0.9 V/V for FES A and C and 𝑠 = 0.8 V/V
for FES B. This slight deviation seems to indicate that 𝐶BC is a bit smaller than the
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Figure 4.3: Shift of the 2DEG accumulation point Δ𝑈Acc as a function of 𝑈BC for all
three FESs. The dashed lines are guides to the eyes.

capacitive coupling at 1.5 K. As a second feature of Fig. 4.3, we observe a deviation from
the linear relationship beyond a certain negative value of 𝑈BC for each FES. This suggests
that the amount of interface states per energy interval decreases for larger negative 𝑈BC
and thus lower energies in Fig. 4.2 b). Hence, less charges are unloaded from trap states
at the interface at room temperature for these 𝑈BC. Note that FES A does not include a
Si cap, while FES B and C do and that they were fabricated at different facilities with
different fabrication methods and dielectrics. Both, the deviation from linearity of Δ𝑈Acc
and the slight variation of the capacitive coupling between 1.5 K and warmer temperatures
(slope 𝑠 < 1) thus seem to sensitively depend on non-systematic and subtle details of the
FES fabrication.

4.3 Tunability of the FES Operation Region after
Freeze-Out

Up to here, based on the experimental observations, we have concluded that the amount
of trapped charges 𝑄 at the dielectric/heterostructure interface does not change when
varying 𝑈TG > 𝑈BC at 1.5 K. To test this observation in more detail, we investigate
whether, after a given cool-down with 𝑈BC, the trapped charge density at the interface 𝑛Int
can be influenced at 1.5 K when applying 𝑈TG = 𝑈D beyond the depletion of the 2DEG
(𝑈D < 𝑈Acc). A related experimental approach has recently been used to homogenize
local accumulation voltages in quantum circuits without biased cooling [66, 82]. We
denote 𝑈Acc, sweep # = 0 as the accumulation point observed after biased cooling with 𝑈BC,
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tied to its corresponding value of 𝑛Int. We then interpret any deviation of the 2DEG
accumulation point observed after applying 𝑈D (𝑈D < 𝑈Acc, sweep # = 0) as an indicator
for a modification of 𝑛Int at 1.5 K. Experimentally, we perform a series of 𝑈TG sweeps
at 1.5 K, within the same cool-down. Each sweep 𝑖 starts from a value 𝑈TG = 𝑈D
beyond the depletion of the 2DEG, before the 2DEG is driven into accumulation again,
to record the corresponding accumulation point 𝑈Acc, sweep # = i. In the accumulation, we
explicitly avoided to enter the saturation regime where tunneling between the 2DEG and
the interface sets in. Such sweep series were carried out on FES A and FES C, each time
for most of the biased cooling voltages tested on that FES (see Fig. 4.1 for FES A).
For each sweep 𝑖, we evaluated the relative deviation of the accumulation point of the
2DEG:

𝑈Dev
Acc (sweep #=i) =

𝑈Acc, sweep # = i −𝑈Acc, sweep# = 0

𝑈Acc, sweep # = 0 −𝑈BC
. (4.1)

Fig. 4.4 a) exemplarily reports observed values of 𝑈Dev
Acc for two separate biased cool-

downs of FES A, 𝑈BC = 0 V and 𝑈BC = −0.5 V. The sweeps are numbered consecutively
(sweep #) in chronological order starting at zero for the accumulation point obtained
directly after biased cool-down at 𝑈BC. The chronological series of sweeps 𝑖 contains
random variations of the depletion voltages 𝑈D between sweeps to test the impact of the
magnitude of 𝑈D on 𝑛Int. Also, some of the 𝑈D values are used twice or more times in
one series, to also resolve the role of such repetitions on 𝑛Int. For 𝑈BC = 0 V the series
of 11 sweeps contains three different values of 𝑈D, randomly varied and repeated. For
𝑈BC = −0.5 V the series of 10 sweeps contains a random succession of 10 different 𝑈D
values.
For both series - which represent different 𝑈BC and hence two different initial 𝑛Int - we
observe that 𝑈D > 𝑈BC tend to shift the 2DEG accumulation point towards more positive
𝑈TG (𝑈Dev

Acc > 0). Equally, 𝑈D < 𝑈BC tend to shift the accumulation point towards lower
𝑈TG (𝑈Dev

Acc < 0). At the same time, the effective action of the applied 𝑈D seems to be
statistical. Meaning that applying a certain value of 𝑈D may shift the accumulation point,
but will not necessarily do so. For both FES A and C, we find the magnitude of 𝑈Dev

Acc as
well as the probability for a variation of𝑈Dev

Acc to correlate with the magnitude of𝑈D. Also,
there is a clear trend that the more often the FES is subjected to a given value of 𝑈D, the
higher the probability to observe a non-zero 𝑈Dev

Acc and even a comparatively larger 𝑈Dev
Acc .

Finally, the data show that the action of successive𝑈D add up. In Fig. 4.4 a), for both𝑈BC,
𝑈Dev

Acc ends up to reach up to -10 % after the tenth sweep with mostly negative 𝑈D.
We used the same constant 𝑈TG sweep rate in all experiments, meaning that increasing
magnitudes of 𝑈D and higher sweep numbers 𝑖 both imply that the FES spends more time
being subjected to voltages < 𝑈Acc, sweep # = 0. To address the influence of this aspect of
duration, we performed the additional measurement series Fig. 4.4 b) on FES A, where we
vary the duration for which a constant𝑈D is applied. The cool-down was conducted under
𝑈BC = −0.5 V and three values of 𝑈D(−0.1 V, −1.5 V, −2.5 V) were tested. For each 𝑈D,
a series of three sweeps was performed: applying 𝑈D during 3 min before the sweep # = 1,
0.2 min before sweep # = 2 and 10 min before sweep # = 3. For the comparatively small
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Figure 4.4: Impact of varying depletion voltages 𝑈D on the accumulation point at 1.5 K.
a) Different accumulation sweeps started from depletion at 𝑈D without thermal cycle
of the device, representatively shown for FES A. The data are shown for two biased
cool-downs. The results for 𝑈BC = 0 V are coded with circles, for 𝑈BC = −0.5 V with
triangles. We show the relative deviation of the accumulation point 𝑈Dev

Acc [see Eq. (4.1)]
for each sweep. Each sweep is started from a specific depletion voltage 𝑈D, color coded
in the figure. The light gray dashed line for 𝑈BC = 0 V and the dark gray dotted line
for 𝑈BC = −0.5 V serve as guide to the eye. b) Relative deviation of the accumulation
point 𝑈Dev

Acc for different durations Δ𝑡 spent at 𝑈D, shown for 𝑈BC = −0.5 V on FES A.
The results are shown for three different values of 𝑈D, color coded in the figure.

𝑈D = −0.1 V, no observable deviation of the accumulation point is induced, independently
of the duration of application of 𝑈D. For a stronger 𝑈D = −1.5 V, we see that only
the longest (10 min) and simultaneously last (sweep # = 3) exposure to 𝑈D induces a
deviation of the 2DEG accumulation point. For the strongest tested 𝑈D = −2.5 V, 3 min
(sweep # = 1) are sufficient to induce a significant deviation 𝑈Dev

Acc . The shorter duration of
0.2 min in sweep # = 2 now also has an impact, slightly larger per time than (sweep # = 1).
Compared to the series with 𝑈D = −0.1 V and −1.5 V this observation may indicate that
the statistical rate of the electrostatic process underlying 𝑈Dev

Acc is significantly enhanced
for all durations at this larger depletion voltage 𝑈D = −2.5 V. The third sweep, which
has a duration of 10 min, further increases 𝑈Dev

Acc , but with less impact per time on 𝑈Dev
Acc

than the sweeps # = 1 and # = 2, although sweep # = 3 is added to the previous two. We
interpret this behavior as an indication for a saturation of the electrostatic effect on 𝑛Int, at
a given 𝑈D.
Summarizing the results of the experiments discussed in Fig. 4.4, we demonstrate that
𝑛Int - which is initialized at room temperature by the choice of 𝑈BC - may be modified
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during experiments at 1.5 K, by applying a depleting voltage 𝑈TG = 𝑈D. At the same
time, varying 𝑈TG while the 2DEG is accumulated does not modify 𝑛Int. The impact of
𝑈D is strongly statistical. Increasing the duration of 𝑈D, repeating its application and also
increasing the 𝑈D-magnitude increases the probability of the process. In our view, all
these experimental signatures strongly hint towards a modification of 𝑛Int via tunneling of
electrons between the trap states and the QW.

4.4 Conclusion on the Biased Cooling Effect

In conclusion, we have demonstrated that the biased cooling of undoped QW heterostruc-
tures creates a static electric field which superimposes on any gate action at the device
operation temperature of 1.5 K. While the magnitude of the static electric field scales
with the biased cooling voltage 𝑈BC applied at room temperature, it is insensitive to the
TG voltage 𝑈TG action at operation temperature. As a result, the accumulation voltage
𝑈Acc of the 2DEG is reproducibly tunable with 𝑈BC, allowing to set 𝑈Acc to be positive
as well as negative. The shift of 𝑈Acc depends linearly on 𝑈BC in a wide range. Also, the
capacitive coupling of the FES at device operation temperature is not modified by biased
cooling. As a consequence, the whole linear 𝑈TG-characteristic of the 2DEG density 𝑛e
can be shifted deterministically. Importantly, the main measurables of the 𝑈TG-tuned
2DEG remain unchanged compared to 𝑈BC = 0 V: We did not detect any influence of
𝑈BC on the minimal measurable 2DEG density 𝑛e,min, on the maximal field-effect tunable
density 𝑛e,max, nor on the 2DEG mobility within the whole range from 𝑛e,min to 𝑛e,max or
on the temporal stability of any chosen 𝑛e(𝑈TG) within this density range.
As we discuss in an empirical model, all our experimental observations are consistent
with a charge 𝑄 = 𝐶BC ·𝑈BC being created at the dielectric/heterostructure interface at
room temperature via loading or unloading of charge traps. Importantly, the loading and
unloading mechanisms are suppressed at the device operation temperature. In addition,
the charge is homogeneously distributed, such that it does neither impact 𝑛e,min, nor the
2DEG mobility or 𝑛e,max. Notably, the mechanism is qualitatively identical, although the
three investigated FESs differ (see Tab. 3.1). In particular the presence of an (oxidized)
Si cap at the dielectric/heterostructure interface does not impact the mechanism. While
the trapped charge 𝑄 is insensitive to variations of 𝑈TG in the accumulated 2DEG at the
device operation temperature of 1.5 K, we have shown that 𝑄 can be modified by applying
a voltage 𝑈D to the depleted QW. Our experiments indicate that the modification of 𝑄
occurs via tunneling between the dielectric/heterostructure interface and the QW.
Our model should apply to any undoped semiconductor heterostructure. The ability to
shift the operation range of the FES deterministically and reproducibly without affecting
the quality features of the 2DEG represents an interesting additional degree of freedom
for optimization of gate operation windows. It for example allows to shift "normally on"
devices to a "normally off" operation regime [70]. It has also been shown to allow to
avoid initializations of 2DEG in a metastable capacitive coupling [70] or leakage regimes
in Coulomb blockade devices with integrated charge sensors [83]. Applying the biased
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cooling effect does not require to cycle the device at room temperature. It is sufficient to
apply 𝑈BC above the freeze-out temperature of the heterostructure to induce the loading
of 𝑄 at the interface.

4.5 Outlook towards Applications in Quantum
Circuits

FES-based quantum circuits with multiple gates, such as current overlapping gate
layout designs for scalable fault-tolerant and long distance spin qubit operations, require
reproducible operation voltages for each gate and are sensitive to large voltage differences
applied between neighboring gates during device tuning. The biased cooling effect
applied to individual gates in such devices could be a new and advantageous degree of
freedom for tuning.
To gain insights into the impact of biased cooling on individual gates in quantum circuit
devices we simulated the electric potential 𝑉 and electric field distribution 𝐸 with and
without biased cooling. The simulated FES consists of a 10 nm thick QW followed by a
25 nm thick SiGe barrier and the 25 nm thick dielectric chosen as SiOx. On top of this
stack two individual gates are placed surrounded by air. The gates were chosen to have
dimensions typical for state-of-the-art qubit applications. Their width is 100 nm, height
30 nm and length reaching 300 nm in the simulated volume. The electrostatic simulation
solves Maxwells equation using the finite element method with respect to the different
material properties implemented via their different permittivities. In order to implement
the change of trapped charges 𝑄 by biased cooling we incorporate, in accordance to
our empirical model, a interface charge density Δ𝜌BC at the SiGe/SiOx interface. The
interface charge density is located below the gate spanning the same dimensions as the
gate. The dielectric/heterostructure interface was chosen to be free of charge in the case
of no biased cooling 𝑈BC = 0 V, which is a valid simplification as the main ingredient of
biased cooling is the change of the trapped charges 𝑄 and the value of trapped states is
strongly heterostructure dependent. The value of Δ𝜌BC was chosen to resemble the same
electric potential 𝑉 and 𝑧-component of the electric field 𝐸z, evaluated in the middle of
the QW and centered under the gates, for biased cooling voltages to perfectly shift the
TG influence by the value of 𝑈BC i.e. acting like a perfect capacitor before and after
freeze-out. Fig. 4.5 a) shows the simulated electric potential and electric field in a cut
plane through the FES comparing the influence of gate 1 cooled down conventional
without biased cooling - i.e. with Δ𝜌BC being zero - and a voltage applied at the gate
of 𝑈TG = 1 V to gate 2 with 𝑈TG = 0.5 V and a Δ𝜌BC = 4.4 × 1011 1/cm2 (shown in
red) being equivalent to negative biased cooling with 𝑈BC = −0.5 V. The normalized
electric field distribution is shown as white arrows at the interfaces between the different
layers indicated on the right. Comparing the two gates, it can be seen that biased cooling
allows to drastically alter the potential as well as the electric field distribution throughout
the FES, while keeping it the same within the QW plane beneath the gates. This effect
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Figure 4.5: Comparison of the simulated potential and electric field distribution for
gates with and without biased cooling. The electric potential 𝑉 and the electric field
distribution 𝐸 (normalized white arrows) are shown for a typical FES based quantum
circuit application. The gray lines are guides to the eyes for the gate width through the FES
stack. a) Negative biased cooling: Gate 1 shows the reference case of a gate cooled down
without biased cooling𝑈BC = 0 V and with a voltage of𝑈TG = 1 V applied. Gate 2 is set to
𝑈TG = 0.5 V and possesses a interface charge density Δ𝜌BC = 4.4× 1011 1/cm2, depicted
in red, at the SiOx/SiGe interface, which is induced by cooling down with 𝑈BC = −0.5 V.
b) Positive biased cooling: Gate 1 shows the reference case of a gate cooled down without
biased cooling 𝑈BC = 0 V and with a voltage of 𝑈TG = 0.5 V applied. Gate 2 is set to
𝑈TG = 1 V and possesses a interface charge density Δ𝜌BC = −4.4 × 1011 1/cm2, depicted
in red, at the SiOx/SiGe interface, which is induced by cooling down with 𝑈BC = 0.5 V.
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can also be reproduced for simulating positive biased cooling. Fig. 4.5 b) illustrates the
scenario of gate 1 being cooled down conventional without biased cooling and a voltage
applied at the gate of 𝑈TG = 0.5 V in contrast to gate 2 with 𝑈TG = 0.5 V applied and a
Δ𝜌BC = −4.4 × 1011 1/cm2 being equivalent to cooling with 𝑈BC = 0.5 V.
The biased cooling effect thus allows us to engineer the potential landscape as well as
the electric field distribution, while keeping them unaltered within the QW and thus the
2DEG. This new degree of freedom could be advantageous in different aspects. Especially,
as utilizing the biased cooling effect only comes with a limited overhead of thermally
cycling above the freeze-out temperature of the heterostructure. A beneficial use case
of biased cooling can be homogenizing the pinch-off voltages across the device. This
could compensate for unwanted variations between the gates in the fabrication as well
as the different distance between the 2DEG an the gates in overlapping gate designs
with gates stacked in different layers. Furthermore, as biased cooling allows to shift the
operation window of each individual gate the distinct functionalities of different gates
can be addressed by biased cooling in the way that the typically very different voltage
values being necessary for the different functionalities can be homogenized across the
sample. The advantages of homogenizing the voltages in a FES-based quantum circuit
are threefold: First, it could effectively reduce the risk of leakage in the device. Second, it
could reduces the risk of local tunneling towards the dielectric/heterostructure interface,
which is known to introduce detrimental effects as on the operation and charge noise of
the device [65, 66]. Third, it could help the implementation of virtual gates during device
tuning.
A further advantage is that the interface charge density induced by biased cooling may
reduce spatial smearing of the electric potential within the QW plane. Indeed, in Fig. 4.6 a)
and b) we see that negative biased cooling helps to reduce spatial smearing of 𝑉 as well
as 𝐸z within the QW plane. At the same time the 𝑥- and 𝑦-component of the electric
field are reduced in their spatial smearing (see App. A.1). This sharper definition of the
potential within the QW should ease the definition and tunability of few-electron QDs.
For positive biased cooling voltages the opposite effect of an increased spatial smearing
of 𝑉 and 𝐸z within the QW plane can be observed in the simulations, which can be seen
in Fig. 4.6 c) and d). The influence on the 𝑥- and 𝑦-component of the electric field, which
also experience increased smearing, is shown in App. A.1. However, in terms of charge
noise positive biased cooling could be beneficial as the dielectric/heterostructure interface
is known to have a crucial impact. First experiments [75, 78] indicate sweet spots in the
charge noise utilizing positive biased cooling. Our model suggests that robustly trapping
charges at the interface helps to prevent charges hopping between different unoccupied
states making this preliminary observed effect evident.
It will be exciting to see the applications of biased cooling on quantum circuits in the
near future and see how exploiting this effect not only helps to shift the operation window
of individual gates and engineering the trapped charges at the dielectric/heterostructure
interface with various advantages, but also which further use cases will arise.
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Figure 4.6: Comparison of the simulated electric potential distribution𝑉 and 𝑧-component
of the electric field 𝐸z within the QW plane below two gates with and without biased
cooling. The black dash-dotted lines illustrate the gate positions on top of the FES.
a), b) Negative biased cooling: Gate 1 (left) shows the reference case of 𝑈𝐵𝐶 = 0 V and
a voltage of 𝑈TG = 1 V applied. Gate 2 (right) is set to 𝑈𝑇𝐺 = 0.5 V and possesses a
Δ𝜌BC at the SiOx/SiGe interface equivalent to 𝑈BC = −0.5 V. The corresponding electric
potential distribution 𝑉 and 𝑧-component of the electric field are shown in panel a) and b),
respectively. c), d) Positive biased cooling: Gate 1 shows the reference case of 𝑈𝐵𝐶 = 0 V
and a voltage of 𝑈TG = 0.5 V applied. Gate 2 is set to 𝑈𝑇𝐺 = 1 V and possesses a
Δ𝜌BC at the SiOx/SiGe interface equivalent to 𝑈BC = 0.5 V. The corresponding electric
potential distribution 𝑉 and 𝑧-component of the electric field are shown in panel c) and
d), respectively.
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Asymmetric Sensing Dot: New
Charge Sensor Design with High

Output Voltage

5

Fast and high-fidelity qubit readout is an essential building block of qubit architectures.
With scalability gaining importance, additional demands emerge also for gate-defined
quantum dots, requiring efficient use of the limited space and cooling power within
cryostats.
For readout, the spin information of the spin qubits can be translated into charge
information – a process known as spin-to-charge conversion. This can be achieved either
through Pauli spin blockade [84, 85] or via energy-selective tunneling to a reservoir,
referred to as Elzerman readout [86]. The resulting charge information can be tracked
using proximal charge sensors, either a quantum point contact (QPC) [87, 88] or a QD,
often referred to as a single-electron transistor (SET) [89, 90] in this context, capacitively
coupled to the measured spin qubit. Due to their higher sensitivity, SETs have increasingly
become the preferred choice. The conductivity change in the QPC or SET can be
measured either through a baseband approach [16, 32], typically by tracking the current,
or via radio frequency (RF) readout [90, 91] by incorporating a resonator to the proximal
charge sensor. More recently, dispersive gate sensing techniques [92, 93] have also been
used, avoiding the need for a proximal charge sensor by utilizing the RF response of a
resonator directly connected to a gate of the qubit quantum dot. The usage of RF and
dispersive readout enables high bandwidth, but these approaches require significant space
and involve a complex readout periphery due the use of resonators, posing challenges for
scalability. While it cannot yet match RF and dispersive readout in bandwidth, baseband
readout is a strong contender for scalable architectures given its significantly smaller size
and reduced complexity.
A well-established and commonly used technique for baseband readout is a voltage-biased
sensor dot (see Sec. 2.5), i.e., SET, with a current amplification stage at room temperature.
The main limitations of this approach are the limited output signal and bandwidth
constraints caused by the sensor dot’s resistance in combination with the capacitance of
the cryostat wiring to room temperature. An alternative approach is to operate the sensor
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dot with a current bias instead of a voltage bias and use voltage as the readout signal. Since
voltage amplifiers can be built more compact and energy-efficient than current amplifiers
in an integrated circuit, this enables amplification directly within the cryostat, closer to
the sensor dot. Shorter signal lines and amplification entirely at cryogenic temperatures
reduce noise and improve bandwidth, enhancing readout fidelity and reducing readout
time. A detailed technical discussion, including a comparison of different transistor
technologies for amplification, can be found in the doctoral thesis of E. Kammerloher [77].
In addition, increasing the output signal presents another potential improvement. It could
allow for even lower total power consumption, enabling more simultaneous qubit readouts,
or enhance readout fidelity in the baseband readout approach, as the power requirement is
primarily determined by amplifier gain and sensitivity.
Building on the advantages of a current-biased sensor with a voltage output, we introduce
a new proximal charge sensor design, the asymmetric sensing dot (ASD), which aims to
achieve a high output signal and overcome the current limitations of conventional sensor
dots in this regard. This new sensor concept leverages a significantly reduced capacitive
coupling to the drain reservoir, enabling a substantial boost in output signal. In this chapter,
we present the ASD concept along with a simulation-guided device design approach
that effectively translates this concept into a practical device layout. We further provide
Coulomb diamond measurements to quantify the reduction in capacitive coupling across
two material platforms: undoped Si/SiGe and doped GaAs/(Al,Ga)As. Additionally, we
demonstrate the high output signal of the ASD in charge sensing measurements on a
nearby qubit-like DQD.
The ASD investigations on Si/SiGe, presented in this chapter, were performed at a temper-
ature of about 400 mK using our 3He cryostat in conjunction with the previously described
qubit measurement technique (see Ch. 2.8). The complementary ASD measurements
on GaAs/(Al,Ga)As were conducted at a temperature of about 50 mK. Details on the
corresponding experimental setup are presented in [77]. This project took place in close
collaboration with our partners at the Rheinisch-Westfälische Technische Hochschule
Aachen. The main findings discussed in the subsequent chapter and further details on the
simulation-guided device design are also published in the two articles [83, 94].

5.1 New Asymmetric Sensor Design Concept and
Simulation-Guided Device Design

A conventional sensor dot (CSD) used as proximal charge sensor consists, as previously
discussed in Sec. 2.5, of a dot in the multi-electron regime which is capacitively coupled to
a metallic gate G and capacitively as well as tunnel coupled to two reservoirs. To facilitate
signal amplification, the ASD concept, unlike the more commonly used voltage-biased
sensor dot that produces a current output signal (see Sec. 2.5), is based on current-biased
readout, yielding a voltage as the output signal. Fig. 5.1 illustrates the corresponding
wiring concept. In order to detect an electrostatic change in the environment inducing
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Figure 5.1: Schematic of the ASD wiring
concept. The output voltage is detected,
which is necessary to maintain a constant
current flow between the source and drain
reservoir through the dot (blue circle). The
reservoirs are depicted as semi-ellipsis, la-
beled S for the source and D for the drain.

a conductivity change in the sensor, the source-drain voltage necessary to maintain a
constant current flow is measured.
CSDs, illustrated in Fig. 5.2 a) in a top-view of the spatial potential, are usually charac-
terized by a comparable distance and capacitive coupling to both the source and drain
reservoirs 𝐶D,CSD ≈ 𝐶S. The corresponding potential landscape, depicted in Fig. 5.2 b),
consists as key element of the ladder of the dots Coulomb levels, which can be shifted
by Δ𝑈G, bordered by sharp tunnel barriers to the source and drain reservoirs with their
electrochemical potentials defining the bias window (see Sec. 2.4). We choose to fix the
source potential to the measurement ground. This is an arbitrary choice that simplifies
defining the bias window exclusively through 𝑈D, which is the relevant parameter for
the ASD concept. The current through the CSD in dependence of Δ𝑈D and 𝑈G is
characterized by the well known symmetric Coulomb diamonds (see Fig. 5.2 c)), as
previously discussed in Sec. 2.4. In order to estimate the corresponding output voltage
Δ𝑈D,CSD of the CSD an electrostatic change in its surrounding, e.g., an electron jump
in a close by DQD, can be envisioned as an equivalent electrostatic change in 𝑈G. As
the current through the CSD is fixed, a Δ𝑈G will lead to a corresponding Δ𝑈D,CSD along
the Coulomb diamond edge. Thus the slope of the chosen diamond edge is the defining
quantity for the magnitude of Δ𝑈D,CSD. According to the constant interaction model, the
slopes of the Coulomb diamonds are directly linked to the dots capacitive coupling to its
environment. The positive slope and negative slope are defined by 𝐶G/(𝐶Σ − 𝐶D) and
−𝐶G/𝐶D, respectively, where 𝐶Σ represents the dot’s total capacitance to ground [57].
From this, we can conclude that a decrease in 𝐶D is directly related to an increase in the
negative slope of the Coulomb diamonds, and consequently, an increase in the output
voltage.
This leads to the fundamental idea of the ASD concept to increase the output signal:
an asymmetrically capacitively coupled dot to its source and drain reservoirs, with a
significantly reduced capacitive coupling to the drain reservoir while maintaining the
capacitive coupling to the source reservoir (𝐶D,ASD ≪ 𝐶S). An increase in the distance
between the dot and the drain reservoir, as illustrated in Fig. 5.2 d), allows to effectively
decrease their capacitive coupling. However, simply increasing the width of the barrier
between the dot and the drain reservoir would also render the tunnel barrier opaque,
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Figure 5.2: ASD concept in comparison to a CSD. a), d) Schematics of the spatial
potential distribution in top view, showing a CSD in panel a) and the ASD in panel d).
The reservoirs are depicted as semi-ellipses, labeled S for the source and D for the drain.
The dot, illustrated as a blue circle, is tunnel-coupled and capacitively coupled to both the
source and drain reservoirs and is additionally capacitively coupled to a gate, abbreviated
as G. The ASD concept differs from the sensor dot by an increased spatial distance
between the dot and its drain reservoir. b), e) Schematics of the potential landscape with
an applied bias of 𝑈D between source S and drain D for a CSD in panel c) and the ASD in
panel d). In the CSD, the drain is separated from the dot by a sharp tunneling barrier. In
contrast, the ASD features a compound barrier structure, where region I, termed the slide,
is followed by a sharp tunnel barrier in region II that controls tunneling. In both cases, the
ladder of the dot’s Coulomb levels (pink lines) can be shifted by the gate voltage 𝑈G. c),
f) Schematic Coulomb diamonds for both sensor concepts. No current flow occurs in the
white regions due to Coulomb blockade. Single-electron transport current flows in the
light gray regions. Blue and pink lines mark the edges of the diamond-shaped Coulomb
blockade regions. An equivalent shift Δ𝑈G on the 𝑈G-axis results in an enhanced shift
Δ𝑈D,ASD for the ASD compared to Δ𝑈D,CSD, in current bias mode.
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causing the sensor to become non-functional. The challenge is to implement a reduced
𝐶D,ASD while maintaining the dot confinement and a sufficient tunnel coupling to the
drain reservoir. To achieve this, we proposed the concept of a compound drain barrier,
which is subdivided in two destined regions, I and II, as depicted in Fig. 5.2 e). Barrier
region I, termed slide, increases the distance to the drain reservoir from the dot with
a gradually decreasing potential, while barrier region II maintains the sharp tunnel
barrier and confinement. Exploiting this new barrier design, the highly reduced 𝐶D
(𝐶D,ASD ≪ 𝐶D,SD) leads to Coulomb diamonds appearing tilted due to its significantly
steeper negative slope (see Fig. 5.2 f)). For the same electrostatic change in the environment
of the ASD, equivalent to Δ𝑈G, this results in the desired significantly increased output
voltage swing of the ASD compared to the CSD (Δ𝑈D,ASD ≫ Δ𝑈D,CSD), which is only
limited by the charging energy of the corresponding Coulomb diamond.
This appealing concept comes with the downside of a complex potential landscape, which
could be extremely challenging to implement in an actual device design. Typically,
the design of new device layouts relies on adapting previous successful devices and
the evaluation through transport measurements. This approach has a relatively slow
feedback cycle and is often prone to requiring numerous iterations for optimization. For
the development of the ASD device layout we made use of a simulation-based device
design approach, developed by our partners at the Rheinisch-Westfälische Technische
Hochschule Aachen, capable of electrostatically modeling a target potential, taking into
account the gate structure, heterostructures, doping, reservoirs, and applied bias. It allows
to predict the electrostatic potential landscape, optimize the gate layout and make it robust
to unavoidable fabrication imperfections without the need for resource-costly fabrication
iterations. More details on the simulation-guided device design are published in [94].
Utilizing the electrostatic simulations M. Neul and I. Seidler at the Rheinisch-Westfälische
Technische Hochschule Aachen developed a ASD qubit device design (ASD SiGe) custom-
tailoring the drain barrier potential region featuring the desired slow and monotonically
declining transition to the drain reservoir, effectively creating a micron-scale electron slide
with sharp tunnel barriers defining the dot, depicted in Fig. 5.3 a). The corresponding
device design, illustrated in Fig. 5.3 b) with its potential landscape, is tailored for an
undoped Si/SiGe heterostructure with a global TG and incorporates the desired potential
landscape along the predicted electron path showcased as dashed line as well as a dedicated
area to tune a nearby DQD (white dashed circles).

5.2 Experimental Demonstration in undoped
Si/SiGe

Moving forward, we aim to experimentally verify the reduction in capacitive coupling
to the drain reservoir proposed by the ASD concept. The simulation-guided ASD qubit
device design (ASD SiGe) was fabricated on an undoped Si/SiGe heterostructure to
test device functionality and assess the achievable reduction in coupling to the drain
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Figure 5.3: ASD concept realization by a simulated device design. a) Simulated ASD
potential landscape with an applied bias of 𝑈D between source S and drain D. Potential
(blue) and charge-carrier density (pink) along the path length 𝐿. b) Simulated potential
landscape of the ASD device design for an undoped Si/SiGe heterostructure with a global
top gate (not shown). The gate design is outlined in black. The blue dashed line illustrates
the position of the sensor dot and the black dashed line the current path, shown in panel a),
through the sensor and slide region. The white dashed line depicts the position of a DQD
dots, which can be formed adjacent to the sensor in ASD tuning. The device design
and simulations were conducted by M. Neul and I. Seidler at the Rheinisch-Westfälische
Technische Hochschule Aachen.
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Figure 5.4: ASD device layout and layer stack in Si/SiGe. a) False-colored scanning
electron image of a device fabricated in the same manner as the ASD SiGe device,
illustrating the gate layout. A global TG isolated by AlOx is not shown. The blue circle
indicates the position of the sensor dot, while the white circles show the dot positions of
a potential DQD. The drain and source reservoirs are labeled ⊠I and ⊠II for the sensor
current path and ⊠III and ⊠IV for the DQD current path. The dashed line represents a
possible electron trajectory through the sensor. The scanning electron image was taken by
our partners at the Rheinisch-Westfälische Technische Hochschule Aachen. b) Schematic
cross section of the layer stack. The gate layer colors correspond to the colors in a) and
their vertical position illustrates the gate layer plane they were fabricated in. The grey
colored gate corresponds to the global TG not shown in the scanning electron image in
panel a). The metal gates in the first gate layer are separated from the heterostructure by
10 nm of AlOx, and the second gate layer is separated from the first by 50 nm AlOx.

reservoir. In order to do so, we will present a series of Coulomb diamond measurements,
transitioning the sensor from a CSD to an ASD configuration, as proof-of-principle
for the coupling reduction and discuss details of the tilted appearing ASD Coulomb
diamonds.
Fig. 5.4 a) depicts a false-colored SEM image of the ASD SiGe device layout. The
sensor dot (position illustrated by the blue circle) is formed by the light blue colored
gates, from which gate PS serves as the plunger gate for the sensor dot levels. The two
surrounding gates control the sharp tunnel barriers. The sensor dot’s source reservoir ⊠II
is in a common distance, while its drain reservoir ⊠I can be tuned in its distance to
the dot by the pink colored gates. Those allow to form the drain reservoir in a similar
distance to the dot as the source reservoir (conventional symmetrical tuning) or push it
further away by creating a slide potential (asymmetric tuning). The dashed line illustrates
a possible electron path connecting the sensor’s source and drain in the asymmetric
tuning. The orange gates can be used to define and manipulate the nearby DQD (dot
positions illustrated as white circles) with its two reservoirs ⊠III and ⊠IV. An additional
global TG is fabricated in a second gate layer on top in order to accumulate the undoped
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heterostructure. A schematic cross section of the ASD SiGe device with its gate layer
stack and heterostructure is illustrated in Fig. 5.4 b). The global TG is separated from the
first gate layer by a 50 nm thick layer of AlOx, while the first gate layer is separated from
the heterostructure by 10 nm. The gate layout was fabricated at the Rheinisch-Westfälische
Technische Hochschule Aachen on a Si/SiGe heterostructure MBE-grown by our group.
The functional heterostructure consists of a 10 nm natural Si QW on a virtual substrate
of the composition Si0.65Ge0.35, separated from the interface by a 35 nm thick spacer
of the same composition and a 1 nm thick oxidized Si cap. More details on the device
fabrication and heterostructure growth can be extracted from [83].
As a proof-of-principle measurement we initially characterize the ASD SiGe device under
voltage bias by conducting a Coulomb diamond measurement series intended to proof the
achievable reduction in capacitive coupling to the drain reservoir. These measurements
are performed by varying the drain potential 𝑈D at the reservoir ⊠I in dependence of the
plunger gate PS voltage, while keeping the reservoir ⊠II fixed at 𝑈S = 0 V. Initially, the
device is tuned in CSD configuration with symmetrically positioned reservoirs relative
to the dot. To achieve this, the voltage on the slide gate SR is increased to a value
𝑈SR = 0.34 V high enough to accumulate electrons beneath it, thereby forming a reservoir
close to the dot. The gate BLS (𝑈BLS = 0.2 V) is used to define the tunneling barrier. In this
CSD configuration the ASD SiGe device shows the typical symmetric Coulomb diamonds
(see Sec. 2.4), depicted in Fig. 5.5 a). To transition from a CSD configuration to an
intermediate sensor dot (ISD) configuration and finally to an ASD configuration, the slide
is activated by reducing the voltage on gate SR, which pushes the drain reservoir further
away from the sensor dot. Simultaneously, the voltage on barrier gate BLS is increased to
retain a similar tunneling rate for transport through the sensor. All other voltages (listed
in Tab. A.1 in App. A.2) were kept the same during the Coulomb diamond series. The
Coulomb diamonds in the ISD configuration with a 𝑈SR = 0.24 V and 𝑈BLS = 0.29 V
are depicted in Fig. 5.5 b) and in the ASD configuration with a 𝑈SR = 0.215 V and
𝑈BLS = 0.4 V in Fig. 5.5 c). Comparing the CSD to the ISD and finally the ASD
configuration it clearly shows that the negative edge of the Coulomb diamonds becomes
progressively steeper and the diamonds appear more tilted. For all three diamonds, we
determine the negative Coulomb diamond slopes, depicted as white lines, by fitting the
𝐼 = 50 pA contour, which represents the best compromise between low current operation
of the device and a sufficient signal-to-noise ratio. To improve the accuracy of the
extracted contours on the diamond edges, we additionally utilized a modified version
of Akima’s algorithm (Makima) [95, 96] to increase the data point resolution along the
𝑈PS-axis. Evaluating the largest diamond edge for each configuration we get slopes of
𝑔CSD = −0.68 V/V for the CSD configuration, 𝑔ISD = −3.2 V/V for the ISD configuration
and 𝑔ASD = −8.0 V/V for the ASD configuration. The reduction of 𝑔ASD in comparison
to 𝑔CSD indicates the desired reduction of 𝐶D by a factor of 𝐶D,CSD/𝐶D,ASD ≈ 12, which
should be directly proportional to the increase in the achievable output voltage. In addition
to the desired increasing tilt observed during the Coulomb diamond series, the positive
diamond edges are noted to become progressively less sharply defined. Moreover, in the
ASD configuration, a bias window (0 < 𝑈D < 𝑈T ≈ 1 mV), illustrated by white dashed
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Figure 5.5: Coulomb diamond measurement series of the ASD SiGe device tuning the
sensor dot from a symmetric to an asymmetric configuration. To do so the gate potential
of SR is step-wise decreased and simultaneously the gate potential of BLS is adjusted
to maintain the same tunnel rate for transport through the sensor dot. All other voltages
applied at the device were kept the same. The measurements are performed by varying
the drain potential 𝑈D at the reservoir ⊠I while keeping the reservoir ⊠II at 𝑈S = 0 V.
All three measurements share the same colorbar and were performed at a temperature
of 𝑇 = 400 mK. The white lines indicate the negative slopes of the corresponding
Coulomb diamonds linearly fitting the 𝐼 = 50 pA contour. a) Symmetrically tuned
sensor dot with gate voltages 𝑈SR = 0.34 V and 𝑈BLS = 0.2 V. The negative slope
evaluates to be 𝑔CSD = −0.68 V/V. b) Intermediately tuned sensor dot with gate voltages
𝑈SR = 0.24 V and 𝑈BLS = 0.29 V. The negative slope evaluates to be 𝑔ISD = −3.2 V/V.
c) Asymmetrically tuned sensor dot with gate voltages 𝑈SR = 0.215 V and 𝑈BLS = 0.4 V.
The negative slope evaluates to be 𝑔ASD = −8.0 V/V. The white dashed lines illustrate a
𝑈D region without current flow arising in the asymmetrically tuned Coulomb diamonds.
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Figure 5.6: Characteristic features of an ASD Coulomb diamond measurement.
Schematic of Coulomb diamonds expected for the ASD. Single electron current flows
in the light gray regions is separated by blue solid lines (diamond edges with negative
slope) and pink dashed lines (diamond edges with positive slope) from Coulomb blockade
regions in white. The gradual fading of color toward the diamond edges with positive
slopes illustrates a diminishing current flow. The white current-free region is extended by
the threshold voltage 𝑈T (black dashed line). Three insets in pink, blue and black frames
depict details of the ASD potential landscape (compare Fig. 5.2 e)) at the diamond edges
with positive slope, diamond edges with negative slope and the current-free bias window
in the region of small 𝑈D, respectively. Within the inserts the Coulomb blockade energy
level depicted as solid line contributes to the transport, whereas the one depicted with a
dashed line lies without the bias window and thus does not contribute to transport.

lines, with blocked transport, becomes apparent. These observations can be attributed to
the characteristics of the compound drain barrier in the ASD configuration.
Fig. 5.6 illustrates the correlation between the potential landscape and Coulomb diamonds
in the ASD configuration. We focus on 𝑈D > 0, since the ASD is intended to operate
within this bias regime. The potential landscape corresponding to the negative Coulomb
diamond slope (blue), i.e., the desired working point for readout, is depicted in the blue
inset and illustrates that at this diamond edge the dot’s energy level aligns with the
electrochemical potential of the source reservoir. Tunneling through the thin barrier II
becomes possible at sufficiently high bias, allowing the electron to pass through region I
and relax into the drain reservoir. At the opposing diamond edge, i.e., the positive slope
(pink line), the energy level in the dot approaches the electrochemical potential of the
drain, as illustrated in the pink inset. Tunneling through barrier I, in addition to barrier II,
becomes exponentially difficult. Hence, the current flow progressively decreases towards
the diamond edge. The black inset depicts the low bias configurations, below the dashed
black line. The inset shows a state where the dot’s energy level is within the bias window
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and can potentially contribute to the current flow. However, tunneling is nearly impossible
due to the combined barrier thickness of regions I and II. The compound drain barrier
becomes transparent only above a threshold 𝑈T, when a sufficiently large gradient is
formed in region I by the bias voltage.
The Coulomb diamond measurement series demonstrates that the ASD SiGe device can
be tuned from a CSD to an ASD configuration by adjusting the voltage on only two gates.
Moreover, the measurements validate the ASD concepts goal of significantly reducing the
capacitive coupling to the drain reservoir, achieving a reduction factor of approximately
𝐶D,CSD/𝐶D,ASD ≈ 12. Additionally, we correlated the arising ASD Coulomb diamond
features of a fading diamond edge and a current free bias window to the potential landscape
of the compound ASD drain barrier potential.

5.3 Experimental Demonstration in doped
GaAs/(Al,Ga)As

Complementary to the ASD SiGe qubit device measurements, the ASD concept was
also incorporated in a doped GaAs/(Al,Ga)As qubit device (ASD GaAs). Supporting
the previous results of the ASD SiGe device, we will present a Coulomb diamond
comparison to evaluate the achievable reduction in coupling to the drain reservoir,
highlighting the adaptability of the ASD concept as well as serving as further proof-of-
principle. Additionally, we will demonstrate charge sensing operation with the ASD on a
DQD. The presented measurements on the ASD GaAs qubit device were performed by
E. Kammerloher at the Rheinisch-Westfälische Technische Hochschule Aachen.
Fig. 5.7 a) shows a false-colored scanning electron microscope image of a device fabricated
in the same manner as the ASD GaAs qubit device illustrating the gate layout. The
conceptional structure of the gate layout is the same as for the ASD SiGe qubit device.
The light blue gates define the sensor dot (blue circle), the pink gates the slide region
allowing to tune the distance to the drain reservoir ⊠II, while the source reservoir ⊠I
is positioned in a common distance. A potential electron path through the sensor is
illustrated by the dashed line. The orange gates can be used to define and manipulate a
nearby DQD (white circles) with its reservoirs ⊠III and ⊠IV. Although the conceptual
structure of the gate layout remains the same, the ASD GaAs device features a completely
different design due to the distinct requirements of the material platform. The primary
difference arises from the approximately three times smaller effective mass of GaAs
compared to Si, which is addressed by a larger gate layout. Additionally, the doping of
the heterostructure eliminates the need for a global TG. These differing requirements for
the same concept underscore the advantages of the simulation-guided device design, on
which this layout is also based (further details can be found in [77]). A schematic cross
section of the ASD GaAs device with its gate layer stack and heterostructure is illustrated
in Fig. 5.7 b). The gate layout was fabricated at the Rheinisch-Westfälische Technische
Hochschule Aachen on a doped GaAs/(Al,Ga)As heterostructure MBE-grown at the
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Figure 5.7: ASD device layout and layer stack in GaAs/(Al,Ga)As. a) False-colored
scanning electron image of a device fabricated in the same manner as the ASD GaAs
device illustrating the gate layout. The blue circle indicates the position of the sensor
dot, while the white circles show the dot positions of a DQD. The drain and source
reservoirs are labeled ⊠I and ⊠II for the sensor current path and ⊠III and ⊠IV for the DQD
current path. The dashed line represents a possible electron trajectory through the sensor.
The scanning electron image was taken by our partners at the Rheinisch-Westfälische
Technische Hochschule Aachen. b) Schematic cross section of the layer stack. All gates
are fabricated in the same gate layer.

Ruhr-Universität Bochum. The heterostructure consists of a GaAs substrate, followed by
a 35 nm thick Al0.65Ga0.35As layer, a 50 nm thick Si modulation-doped Al0.65Ga0.35As
layer, and a 5 nm thick Si-doped GaAs cap. The 2DEG is formed 90 nm below the
interface at the GaAs/Al0.65Ga0.35As interface. More details on the device fabrication
and heterostructure growth can be found in [83].
As for the ASD SiGe qubit device, the ASD GaAs qubit device is initially characterized
under voltage bias through Coulomb diamond measurements, aiming to evaluate the
achievable reduction in capacitive coupling to the drain reservoir. These measurements
are conducted by varying the drain potential𝑈D at reservoir ⊠I as a function of the applied
voltage on gate SA, while keeping reservoir ⊠II fixed at 𝑈S = 0 V. Fig. 5.8 presents
a comparison of the ASD GaAs device sensor in the CSD configuration in panel a)
and the ASD configuration in panel b). The transition between these configurations
was achieved by adjusting the slide gate voltages, which were set to zero in the CSD
configuration and tuned up for the ASD configuration. More details on the device
tuning can be found in [77, 83]. When the reservoirs are symmetrically tuned relative
to the sensor dot in the CSD configuration, the typical Coulomb diamond pattern is
observed (see Sec. 2.4). As the drain reservoir is pushed further away and the slide
is activated, a steepening of the negative Coulomb diamond edge becomes apparent,
resulting in the tilted appearance of the diamonds, similar to the ASD SiGe device.
Additionally, similar to the observation in Si/SiGe a blockade region within the bias
window (0 < 𝑈D < 𝑈T ≈ 360 µV) emerges. Fitting the negative slope to the 𝐼 = 100 pA
contour for both configurations yields 𝑔CSD = −0.30 V/V in the CSD configuration

62



5.3 Experimental Demonstration in doped GaAs/(Al,Ga)As

Figure 5.8: Coulomb diamond comparison for the ASD GaAs device between CSD and
ASD configurations. In the asymmetric configuration the slide gates were tuned up,
whereas they were set to zero volt in the symmetric configuration. The measurements
are performed by varying the drain potential 𝑈D at the reservoir ⊠I while keeping the
reservoir ⊠II at measurement ground potential. Both measurements share the same
colorbar and were performed at a temperature of 𝑇 = 50 mK. The white lines indicate the
negative slopes of the corresponding Coulomb diamonds linearly fitting the 𝐼 = 100 pA
contour. a) Symmetrically tuned Coulomb diamond with the negative slope evaluated to be
𝑔CSD = −0.30 V/V. b) Asymmetrically tuned Coulomb diamond with the negative slope
evaluated to be 𝑔ASD = −3.96 V/V. The white dashed lines illustrate a 𝑈D region without
current flow arising in the asymmetrically tuned Coulomb diamonds. Measurements
were performed by E. Kammerloher at the Rheinisch-Westfälische Technische Hochschule
Aachen.

and 𝑔ASD = −3.96 V/V in the ASD configuration. This indicates a reduction in 𝐶D by
a factor of 𝐶D,CSD/𝐶D,ASD ≈ 13. These measurements serve as a proof-of-principle,
complementing those conducted on the ASD SiGe device. Moreover, they demonstrate
that the ASD concept functions with equal efficiency on both material platforms.
As the next step, we aim to demonstrate charge sensing operation using the ASD. To
achieve this, a DQD is configured utilizing the orange-colored gates, and the ASD is
subsequently readjusted. Further details of the tuning procedure are provided in [83]. For
charge sensing operation with the ASD, it is crucial to switch to current-biased operation,
as previously shown in Fig. 5.1, to take advantage of the high output voltage swing. We
chose 𝐼ASD = 500 pA. With the ASD set to a sensitive position a charge stability diagram
of the DQD using gates RFA and RFB is recorded, depicted in Fig. 5.9 a), by recording
the output voltage 𝑈𝐷 . The ASD allows to clearly resolve the regions of the different
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Figure 5.9: Charge sensing using a current-biased ASD in the ASD GaAs device.
a) Charge stability diagram of a nearby multi-electron DQD recorded with the ASD
operated in current bias (𝐼ASD = 500 pA), using the voltage drop 𝑈D across the sensor as
the signal (median adjustment per scan-line). (𝑛,𝑚) denotes the occupation of the DQD
with 𝑛 and 𝑚 being the occupation of the left and right dot, respectively. The dashed line
illustrates a possible detuning axis 𝜖 across an inter-dot transition of the DQD. b)𝑈D drop
along the detuning axis 𝜖 (linear background subtracted) resulting in an output voltage of
Δ𝑈D ≈ 3 mV across the inter-dot transition of the DQD. Measurements were performed
by E. Kammerloher at the Rheinisch-Westfälische Technische Hochschule Aachen.

DQD occupations denoted with (𝑛, 𝑚) by charge sensing. Fig. 5.9 b) displays the voltage
swing across a inter-dot transition of the DQD (dashed line in Fig. 5.9 a)), corresponding
to a qubit state change when the DQD is used as a ST-qubit. The observed voltage swing
is Δ𝑈𝐷 ≈ 3 mV, which we expect to be an order of magnitude larger than that of a CSD
in this configuration due to the observed one order of magnitude difference in capacitive
coupling to the drain reservoir.

5.4 Conclusion on the Asymmetric Sensing Dot
We introduced a new proximal charge sensor design based on the concept of an asym-
metrical capacitive coupling of the sensor dot to its reservoirs. The achievable decrease
in coupling to the drain reservoir is directly proportional to the expected increase in
output voltage. We demonstrate a successful implementation of an ASD gate concept in a
DQD device for the two material platforms undoped Si/SiGe and doped GaAs/(Al,Ga)As
evidenced by the drain capacitance reduction by factors of 12 and 13 compared to CSD
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operation, respectively. This underscores the adaptability of the ASD concept as well
as highlights that the ASD concept is equally efficient across material platforms. Both
gate layouts were developed using a simulation-guided device design approach, which
enabled the effective implementation of the ASD concept into actual device layouts,
tailored to the distinct requirements of each material platform. Moreover, we demonstrate
charge sensing operation with the ASD on a DQD with a large output voltage swing of
Δ𝑈𝐷 ≈ 3 mV. The enhanced output signal makes the ASD a promising candidate for
advancing the performance of the baseband readout approach in the context of scalable
quantum computing.
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Industrial Device Fabrication:
Demonstrator Device

6

The Si/SiGe material platform offers a key advantage in terms of industrial compatibility, as
it builds on well-established silicon processing techniques, enabling seamless integration
with existing semiconductor manufacturing technologies. Moreover, it allows for the
integration of electronics on the same chip due to its compatibility with standard CMOS
technology, enabling efficient co-fabrication of qubits and control electronics. These
characteristics make the platform especially promising for scalability, as they suggest the
potential for reproducible fabrication and the parallel production of large qubit arrays
within established semiconductor infrastructure.
To take the next step toward scaling up to a large number of qubits, we have partnered with
industry and academia within the QUASAR consortium. This collaboration focuses on
transferring academic expertise into the fabrication of industrial-grade devices. The joint
goal is the development of a semiconductor quantum processor with a shuttling-based
scalable architecture, utilizing industrial fabrication to bridge the gap between research
concepts and large-scale implementation. As part of this effort, we introduce one of
the first qubit devices of the QUASAR consortium, fabricated in an industrial setting at
Infineon Technologies Dresden’s 200 mm production line. Referred to as the industrial
demonstrator device (IDD), this smaller prototype serves to test functionality before
progressing toward larger structures. In this chapter, we demonstrate successful device
operation by first tuning a QD to function as a proximal charge sensor and then using it to
reliably tune a neighboring QD down to the last electron, establishing the foundation for a
spin qubit.
Moreover, the IDD enables us to investigate the influence of the magnetic field on the
few-electron energy spectrum of the QD and, in turn, gain insights into the magnetic-
field-dependent spin configurations via a method called magnetospectroscopy [36, 55, 63,
97–100]. In doing so, we also determine a lower bound for the local valley splitting, a key
material property that can be reliably measured in qubit devices, while it is not accessible
via FES measurements. Valley splitting energies in gate-defined QDs formed in Si/SiGe
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heterostructures has been observed to vary significantly, ranging from below 10 µeV to
more than 200 µeV [16, 36, 55, 63, 97–99, 101]. A comprehensive understanding of
the factors that influence the valley splitting is essential, as a sufficiently large valley
splitting energy is crucial for preserving spin information and ensuring high-fidelity qubit
operations [16, 102–105]. However, the mechanisms governing valley splitting are not
yet fully understood and remain a key focus of ongoing research.
The characterization of the IDD, presented in the following chapter, was performed
at a base temperature below 7 mK using our dilution cryostat in conjunction with the
previously described qubit measurement technique (see Ch. 2.8). A presentation of the
first tuning steps, the detailed tuning voltages and an additional noise characterization for
the IDD can be found in the master’s thesis of V. Stieß [106], with whom I worked on this
topic and supervised her thesis.

6.1 Industrial Demonstrator Device

The current state-of-the-art device designs involve defining gates across multiple layers.
This approach enables more compact layouts and facilitates enhanced tunability and
controllability, particularly in the few-electron regime. In the IDD, a three-layer gate
structure is used to define two adjacent QDs, each connected to its own pair of reservoirs.
A false-colored scanning electron image of a device fabricated in the same manner as
the IDD is shown in Fig. 6.1 a). The two QDs are located beneath the shared top gate,
labeled AccDots and shown in light blue, in the second gate layer, with one positioned at
its overlap with the plunger gate PL and the other at its overlap with the plunger gate PR,
both situated in the first gate layer and depicted in yellow. The shared top gate facilitates
electron accumulation within the dot region, while the plunger gates serve a dual purpose:
defining the QDs and enabling the tuning of their properties such as electron occupancy.
The two QD regions are separated by the purple gate within the first gate layer, labeled
BG, which also confines the dots along their 𝑥-dimension. This design does not include
dedicated gates to define the outer dimensions of the dots in the 𝑥-direction, besides the
inherent limitation due to the width of AccDots. This restriction affects the tunability
of the QDs shapes, a factor that will become apparent during the tuning process. The
barrier gates within the first gate layer, labeled TBL, BBL, TBR, and BBR, and depicted
in dark blue, are designed to confine the QDs in the 𝑦-direction and define the tunnel
barriers between the QDs and their respective reservoirs. Independent tuning of electron
accumulation within the reservoirs, labeled ⊠I-IV, is achieved via the orange-colored gates
labeled SDAcc, which are electrically connected outside the depicted area. Gates in the
third gate layer, named MAccG, are used to establish the connection via accumulation
between the reservoir regions of SDAcc and their respective implanted regions, which
serve as ohmic contacts located approximately 60 µm away, reducing the interference
of the dopant atoms with the active device region where the QDs are formed. The
pink-colored gates, forming a pinch-off plane around the other gates in the first gate layer,
are dedicated to suppressing parasitic current paths. A schematic cross-section of the IDD
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Figure 6.1: Industrial demonstrator device layout and layer stack. a) False-colored
scanning electron image of a device fabricated in the same manner as the demonstrator
device illustrating the gate layout. Labels ⊠I−IV mark the source and drain reservoirs.
The semi-transparent light blue gate is positioned in a gate layer plane above the other
gates and separated by a dielectric layer, as illustrated in panel b). The white dashed line
indicates the line cut through the device sketched in panel b). The scanning electron
image was taken by P. Muster at Infineon Technologies Dresden. b) Schematic cross
section of the layer stack. The gate layer colors correspond to the colors in a) and their
vertical position illustrates the gate layer plane they were fabricated in. The gray colored
gate is beyond the frame of the scanning electron image shown in panel a). The SiOx
thickness between the heterostructure and first gate layer, the first and second gate layer
and the second and third gate layer are respectively 10 nm, 10 nm and 300 nm.

device, illustrating its heterostructure and gate layer stack along the white dashed line, is
shown in Fig. 6.1 b). The heterostructure and the three gate layers are separated by SiOx
insulating layers, with thicknesses of 10 nm, 10 nm, and 300 nm, respectively, between
the heterostructure and the first gate layer, the first and second gate layers, and the second
and third gate layers. The heterostructure of the commercially purchased benchmark
wafer, grown by Lawrence Semiconductors Research Labs, features a functional layer
stack comprising a 10 nm-thick natural Si QW embedded between a Si0.7Ge0.3 virtual
substrate and a 30 nm-thick spacer layer of the same composition. During fabrication, the
Si cap layer on top is thinned to approximately 2 nm. Additional details on the device
fabrication process within the industrial production line can be found in [107].

6.2 Few-Electron Tuning Regime
Within this section, we showcase the capability of the IDD device to tune a QD to the
last-electron regime, leveraging charge sensing to precisely identify this state.
As the IDD design provides each of the two QDs with its own set of reservoirs, it enables
interchangeable use without a predefined role as either the sensor dot (SD) or the target for
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tuning to the few-electron regime. We chose to tune the left quantum dot as SD and the
right as few-electron quantum dot (FEQD). Despite the novelty of the industrial device,
the configuration of all gates was remarkably straightforward, enabling the tuning of QDs
into the multi-electron regime on both sides. The left QD was configured as a sensor with
minimal additional tuning required, being brought into a sensitive position for charge
sensing, while the right QD underwent gradual tuning to reliably reach the last-electron
regime. During the tuning to the last electron, the fact that both QDs have their own
reservoirs enables simultaneous current detection through both dots. As the right dot is
tuned from the multi-electron regime to reduce its electron occupancy, Coulomb blockade,
visible in transport on the right, begins to appear as charge sensing lines in the SD,
confirming proper charge sensing operation. Additionally, it should be emphasized that
the device exhibited excellent reproducibility, with the voltages required for tuning both
QDs closely matching the precharacterization performed at the Rheinisch-Westfälische
Technische Hochschule Aachen by T. Huckemann. The fact that this precharacterization
was conducted in a different setup and during a separate cool-down further underscores
the device’s consistent performance. Overall, the IDD demonstrated excellent stability
and reproducibility throughout the straightforward tuning process. A detailed description
of the first tuning steps including the complete set of chosen voltages as well as noise
characterization is described in the master’s thesis of V. Stieß [106].
The main challenge throughout the tuning process stemmed from the formation of a
significant number of disorder dots, which could only be partially resolved despite
extensive tuning efforts. As previously described in Sec. 3.2, the ground state energy
of the conduction band inherits potential fluctuations caused by defects or impurities,
particularly in the vicinity of the QW. The magnitude of these fluctuations is a key
limiting factor for 2DEG transport properties and also impacts quantum dot devices,
where pronounced potential fluctuations facilitate the formation of disorder dots. If a dot
forms due to confinement within one of the potential minima, rather than being defined
electrostatically by the gates, it is commonly referred to as a disorder dot. They are
typically quite challenging to overcome by tuning, as they can form directly beneath
a single gate, making them primarily influenced by the voltage applied to that gate.
Eliminating the disorder dot beneath this gate imposes a restriction on the applicable
voltage range, which is often incompatible with the tuning requirements of the intended
electrostatically defined dot. The observation of significant potential fluctuations in the
benchmark wafer grown by Lawrence Semiconductors Research Labs aligns with findings
from FES measurements conducted via quantum Hall characterization on FES E using a
similar wafer from this foundry, as presented in Sec. 3.2. These measurements similarly
concluded that the wafer’s transport properties were severely impacted by potential
fluctuations. Even though the observation of disorder dots is primarily linked to the
heterostructure used and highlights the adoption of a different heterostructure as the main
improvement for future devices, we identified two ideas for an adjusted device design
during the tuning process that could further enhance the tunability of next-generation
industrial device designs, thereby simplifying the tuning process even in the presence of
disorder dots.
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The first suggestion for improving the device design involves dividing the AccDots
gate into two separate gates, each dedicated to one of the dots. This adjustment could
help reduce the number of disorder dots, particularly between gates, by enhancing the
electron accumulation beyond the extent of potential fluctuations. Additionally, meeting
the differing requirements of the SD in the multi-electron regime and the second dot
in the few-electron regime with a single gate is inherently challenging. The second
design improvement could involve implementing additional gates to restrict the outer dot
dimensions in the 𝑥-direction. The advantage of this approach would be threefold: Firstly,
it would simplify confinement, particularly during tuning to the last-electron regime.
Secondly, it would allow for greater control over the shape of the dots, which, due to the
current device layout, tend to form elliptically. Thirdly, it could enhance the sensitivity of
charge sensing by enabling the dots to be brought closer together.
Despite the challenges in the tuning process due to disorder dots and device design
limitations, we successfully tuned the right dot to the last electron by leveraging the left
dot as sensor. Fig. 6.2 presents the charge stability diagram of the FEQD as it is tuned
down to the last electron, showing its dependence on the voltages applied to its plunger
gate PR and barrier gate BBR. The corresponding charge transition lines (highlighted
with light blue and blue dashed lines) are clearly visible against the background of the
SDs Coulomb blockade peak. The corresponding electron occupation is indicated by 𝑁 .
Within this tuning configuration the barrier defined by gate BBR is opaque suppressing
tunneling to the corresponding reservoir. Thus the charge transitions take place by
loading/unloading of electrons from the reservoir ⊠III, whose tunnel barrier is defined by
gate TBR. We identify the lowest-lying line as the 0 → 1 transition line, as no further
transitions are observed below it. This was confirmed by an additional measurement at
even lower voltages applied to gate PR, with the SD tuned for increased sensitivity in
this lower voltage regime. The slope of the charge transition lines reveal that 𝑈PR has a
more dominant impact on the FEQD compared to 𝑈BBR. This matches our observations
during the tuning process that the FEQD is well-centered underneath the plunger gate
PR, predominantly influenced by this gate and, to a lesser extent, equally affected by its
barrier gates. Furthermore, we observe that the charge transition lines exhibit slightly
different slopes, with the light blue highlighted lines being marginally steeper than the
blue ones. This can be attributed to the aforementioned assumed ellipticity of the QDs.
Adding an electron can influence the QD’s shape - specifically its ellipticity - causing it to
respond differently to changes in the barrier gate.
Within the few-electron regime, non-uniform spacing between charge transition lines,
i.e., addition energies, reflecting shell-like energy level filling as seen in artificial atoms,
in addition to the charging energy from Coulomb blockade, has been observed [98,
108]. Within this model, the first four electrons occupy s-like states, with the s-shell
being fourfold degenerate due to valley and spin degeneracy, requiring only the charging
energy for their occupation. For the first electron occupying the p-level (𝑁 = 5), not
only the charging energy but also the energy corresponding to the single-particle level
spacing between the s- and p-shell must be provided. The p-level is eightfold degenerate,
being twofold degenerate due to spatial symmetry [53] (orbital degeneracy) and fourfold
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Figure 6.2: Charge stability diagram of the demonstrator device in the few-electron
regime. The current corresponds to the SD serving as a sensor for the FEQD. Blue
and light blue dashed lines highlight the charge transition lines, with the corresponding
electron occupations denoted as 𝑁 . The dashed line depicted in gray marks a charge
transition line of an adjacent disorder dot.

degenerate due to spin and valley degeneracy. Thus, the subsequent electrons up to 𝑁 = 12
require only the charging energy to be loaded onto the QD. According to this framework,
for a QD in the few-electron regime up to 𝑁 = 5, equal level spacing is expected, except
for the 4 → 5 transition to show an enlarged distance to the 3 → 4 transition reflecting
its increased addition energy. Contrarily, we observe the distance between 0 → 1 and
1 → 2 being the only one noticeably enlarged (see Fig. 6.2). One of the key assumptions
of this model is the nearly perfect two-dimensional spherical symmetry of the QD [109].
Thus not being able to observe this behavior strengthens our suggestion of elliptical QDs
being favored by this device design, which is in accordance to the prediction of a reduced
degree of symmetry leading to a different shell-like structure [109].
Additionally, alongside the charge transition lines of the FEQD, we observe a weaker line
with a different slope, highlighted by a gray dashed line. This transition originates from a
disorder dot in the vicinity of the FEQD. From the charge stability diagram in Fig. 6.2,
we can infer that the disorder dot is located further away from the SD than the FEQD, as
indicated by the weaker transition line. Furthermore, it can be deduced that the disorder
dot is more strongly influenced by gate PR than by gate BBR.
To confirm the assignment of charge transition lines, we recorded an additional charge
stability diagram by varying the barrier gate TBR, while keeping 𝑈BBR = −0.32 V fixed.
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Figure 6.3: Charge stability diagram of the demonstrator device in the few-electron
regime. The current corresponds to the SD serving as a sensor for the FEQD. The
occupation of the QD is denoted as 𝑁 . The white dashed line indicates the𝑈TBR = −0.2 V
chosen for the charge stability diagram in Fig. 6.2. The dashed line depicted in gray marks
the charge transition lines of an adjacent disorder dot.

The corresponding charge stability diagram with a slightly retuned SD is presented in
Fig. 6.3. The set of charge transition lines corresponding to the FEQD is clearly resolved,
with its occupancy labeled as 𝑁 . Additionally, a distinct charge transition line, highlighted
with a gray dashed line, is visible, exhibiting a different slope and thus clearly originating
from a different QD. A comparison of the charge transition lines at 𝑈TBR =−0.2 V (white
dashed line) with those at 𝑈BBR =−0.32 V in Fig. 6.2 confirms our earlier assignment of
the charge transition lines, particularly that the gray line originates from a different most
likely disorder dot.
Moreover, Fig. 6.3 allows us to infer that the FEQD is more strongly influenced by gate PR
than by gate TBR and matches its previously described position, well-centered beneath
gate PR. Furthermore, as already evident in Fig. 6.2, we observe that the FEQD charge
transition lines are not parallel and additionally that their slopes change depending on the
applied gate voltages. This leads to the interpretation that the shape of the FEQD, i.e,
ellipticity, not only changes with the electron occupancy, as previously noted, but also
deforms in response to the surrounding gate potentials.
Additionally, we gain further insights into the location of the disorder dot. The data shows
that it is electrostatically more influenced by gate TBR than by gate PR. Combined with
the previous observation in Fig. 6.2, where it appeared to be more influenced by gate PR
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than by gate BBR, we can conclude that the disorder dot is most likely located between
gate TBR and gate PR. It can be observed that the steepness of the disorder dot’s charge
transition line decreases with increasing 𝑈PR and decreasing 𝑈TBR. From this change in
slope, we deduce that the influence of gate PR increases while the influence of gate TBR
diminishes, leading to the interpretation that the disorder dot shifts slightly closer to gate
PR and further away from gate TBR.
Within the 𝑈TBR range of −0.22 V to −0.18 V, the disorder dot and the FEQD exhibit
characteristic features of a DQD (see Sec. 2.6). The DQD pattern reveals that the two
dots are capacitively coupled and weakly tunnel-coupled. The spacing between the triple
points along the inter-dot transition reflects the strength of the capacitive coupling. Given
the faint visibility of the inter-dot transitions, we conclude that the tunnel coupling is
weak.
A prominent feature visible in Fig. 6.3 is the upward bending and fraying of the FEQD’s
charge transition lines as 𝑈TBR decreases. As the bottom barrier BBR is already opaque
with decreasing voltage on gate TBR we reduce the tunnel coupling to the reservoir
the electrons are loaded/unloaded from. With the tunneling barrier increasing, the
probabilistic behavior of the tunneling process along the sweep direction (negative to
positive𝑈PR) becomes apparent, resulting in the frayed lines. The bending towards higher
PR voltages is caused by the fact that gate PR also acts on the tunnel barrier, albeit to a
lesser extent than gate TBR. A higher 𝑈PR increases the tunnel coupling, allowing the
electrons to load at higher PR voltage values where sufficient tunnel coupling is achieved.
A valuable conclusion that can be drawn from the point at which the lines begin to fray
as 𝑈TBR decreases is whether they belong to the same few-electron dot. An additional
electron on the FEQD increases the tunnel coupling, causing the charge transition lines to
fray at lower TBR voltage values as the occupancy increases. Consequently, for charge
transition lines corresponding to the same QD, it is expected that the fraying sets in at
progressively lower barrier voltages. Observing this behavior once again confirms the
correct assignment of the charge transition lines to the FEQD.
This underscores that we successfully tuned the IDD in a configuration with a SD capable
of charge sensing of a FEQD tuned down to the last electron, despite the challenges
originating in the chosen heterostructure leading to disorder dots.

6.3 Magnetic field dependence of the
Few-Electron Energy Spectrum

With the FEQD tuned to the last electron, applying an in-plane magnetic field allows to
study the effects of spin configurations on the few-electron energy spectrum of the FEQD.
This magnetospectroscopy tracks changes in the ground state energy of the different
charge occupations of a FEQD as a function of an external in-plane magnetic field.
In order to access information about changes in ground state energy, magnetospectroscopy
tracks the change of a QDs electrochemical potential, which correspond to the differences
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in ground state energy between two charge occupations (see Sec. 2.7). The QD’s ladder
of discrete levels in electrochemical potential is reproduced by its charge transition lines.
Hence, we can gain information on the spin configurations by measuring the charge
transition lines as a function of the plunger gate voltage and the in-plane magnetic
field.
As this method relies on the ability to precisely determine changes in the charge transition
lines, we aim to tunnel couple the QD to only one reservoir, which serves as a fixed
electrochemical potential reference to determine the QD’s charge transitions in reference
to. Additionally, we aim to limit the electron temperature, as higher electron temperatures
result in broadened lines. To achieve this, we restrict the magnetic field sweep rate, as
rapid sweeping can heat the device, and we select a small bias voltage. The magnetic field
is chosen in-plane to conduct this study as with an out-of-plane magnetic field applied
Hall physics would disturb the observations. We find that the tuning requirements are
already met in the previously presented tuning of the FEQD. For the magnetospectroscopy
measurements, we set the barrier gate voltages to 𝑈BBR = −0.32 V and 𝑈TBR = −0.2 V,
with a slightly retuned SD achieved by varying 𝑈PL. Although the disorder dot is present
in this configuration, it should not disturb the measurements.
Our initial approach to recording magnetospectroscopy is presented in Fig. 6.4 a), where
the first four charge transitions were recorded simultaneously. The measurement was
conducted by continuously and repeatedly sweeping 𝑈PR at a sweep rate of 15 mV s−1

and a resolution of 300 µV. Simultaneously, the magnetic field was swept at a rate of
100 µT s−1. While the charge transition lines are clearly visible, the expected change in
the charge transitions, which lies in the range of hundreds of microvolts to millivolts, is
not directly discernible in this measurement. A representative line cut at 0.53 T is shown
in Fig. 6.4 b). The dips in current along the Coulomb peak of the SD, corresponding to
the charge transition lines, are clearly visible and allow their 𝑈PR positions to be fitted
using a Fermi function, represented by the colored lines. The charge transition line of the
disorder dot, barely visible in 6.4 a), can also be identified as a small dip at approximately
𝑈PR = −0.09 V. The extracted progression of the different charge transition lines with
magnetic field, determined through the Fermi fit, suggests a trend for the 0 → 1 transition.
For the other transitions, no discernible trend is observed. We identified that the 𝑈PR
resolution is insufficient, limiting the accuracy of the determined charge transition line
positions in 𝑈PR. Enhancing the resolution is necessary to enable a more reliable analysis
of all transitions. We primarily chose the approach of measuring all lines simultaneously
to account for a potential global drift of the QD’s charge transition lines during the sweep.
Such drift, could dominate over the changes induced by the magnetic field, potentially
masking them. Since a global drift would affect all charge transition lines uniformly, it
could be corrected by referencing the 0 → 1 transition, which is expected to appear as a
straight line. This drift could then be extracted and subtracted from the data to isolate the
magnetic field’s effects. However, no significant drift was observed that would severely
distort the line shapes. Thus, we developed an alternative approach, scanning each
line separately. This method reduces the 𝑈PR range, enabling a significantly increased
resolution while still keeping the measurement time reasonable.
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6 Industrial Device Fabrication: Demonstrator Device

Figure 6.4: Magnetospectroscopy performed simultaneously on the first four charge
transitions. a) Magnetic field dependence of the first four charge transitions of the right
QD determined via varying the corresponding plunger gate voltage 𝑈PR. The electron
occupation is labeled by 𝑁 . The charge transitions appear as lines showcasing a dip in the
current of the SD. b) Representative example of a single 𝑈PR sweep at the magnetic field
of 𝐵 = 0.53 T corresponding to the line cut illustrated as white dashed line in panel a). The
dips in the Coulomb peak flank of the SD correspond to the different charge transitions of
the FEQD. For each charge transition the corresponding fit to extract its 𝑈PR position is
illustrated. The smaller dip visible between the 0 → 1 and 1 → 2 transition corresponds
to the disorder dot.

In our next attempt, we measured each charge transition line separately with a tenfold
increase in𝑈PR resolution to 𝛿𝑈PR = 30 µV with a corresponding sweep rate of 1.5 mV s−1.
Simultaneously, we doubled the magnetic field sweep rate to 200 µT s−1 without any loss
in resolution by additionally incorporating measurements during both the forward sweep
of 𝑈PR towards positive values and the back sweep returning to the starting position.
Fig. 6.5 illustrates the drastically improved quality of the fit and the extracted positions of
the transitions, representatively for the 0 → 1 transition, by comparing the two approaches.
Panel a) shows the results from the initial approach, where all charge transition lines
were measured simultaneously, while panel b) shows the results from the improved
approach, where each charge transition line was recorded separately. The comparison
clearly demonstrates a significantly reduced error (root mean square error with 95 %
confidence bounds) and a decreased spread in the data points, which are expected to
align along a straight line with a negative slope (see Sec. 2.7). At this point, it should be
emphasized that no filters need to be applied to the data to extract the 𝑈PR positions of
the transitions prior to using the Fermi fit.
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6.3 Magnetic field dependence of the Few-Electron Energy Spectrum

Figure 6.5: Improvement on the quality of the fit determining the charge transition position
exemplarily shown for the 0 → 1 transition. The 𝑈PR position of the charge transition is
determined for each magnetic field value via a Fermi function. The corresponding error
bar visualizes the root mean square error with 95 % confidence bounds. a) Extracted
charge transition line from the measurement shown in Fig. 6.4 a) with a plunger gate
voltage resolution of 𝛿𝑈PR = 300 µV. b) Extracted charge transition line with an ten times
increased plunger gate voltage resolution of 𝛿𝑈PR = 30 µV.

With this improved method, we can now reliably track the charge transition lines as
a function of the magnetic field. Fig. 6.6 a), c), and e) present the measurements for
the 0 → 1, 1 → 2, and 2 → 3 transitions, respectively. The changes in the charge
transition lines are easily observable directly from the data. Extracting the corresponding
progression of each charge transition line, presented in panels b), d), and f) as pink dots,
reveals clearly resolved behavior consistent with the expectations described in Sec. 2.7.
This is further reflected in the good agreement with the corresponding fits shown as blue
lines.
For the 0 → 1 charge transition, we observe the typical behavior of the Zeeman effect
on a single spin-down state, evidenced by the linear decrease with the magnetic field.
Fitting this behavior allows us to extract the lever arm 𝛼 ≈ 0.1 eV V−1. This value aligns
with our evaluation from Coulomb diamond measurements on the FEQD, as well as
the value obtained during precharacterization performed at the Rheinisch-Westfälische
Technische Hochschule Aachen. The expected kink in the 1 → 2 charge transition,
originating from the anti-crossing of the singlet and lowest triplet state, stands out as a
prominent feature. The magnetic field at which the kink occurs allows us, even visually,
to estimate the two-electron singlet-triplet splitting 𝐸ST, providing a lower bound on
the single-electron valley splitting 𝐸VS [55, 98]. Matching this estimate, we determine
𝐸ST ≈ 50 µeV from the fit. Additionally, the fit provides another estimate of the lever arm,
which aligns with the previously obtained value. The estimated 𝐸VS is consistent with
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6 Industrial Device Fabrication: Demonstrator Device

Figure 6.6: Magnetospectroscopy on the first three charge transitions individually.
a), c) and e) Magnetic field dependence of the 0 → 1 transition in a), 1 → 2 tran-
sition in b) and 2 → 3 transition in c) of the right QD determined via varying the
corresponding plunger gate voltage 𝑈PR. The charge transition appears as lines showcas-
ing a dip in the current of the SD. b), d) and f) Via Fermi fit extracted trajectory (pink dots)
of the corresponding transitions in a), c) and e), respectively. The blue line illustrates the
fit of the transitions to their predicted behavior, described in Sec. 2.7.
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previous observations on the same batch of heterostructures in other devices fabricated by
an academic process at the Rheinisch-Westfälische Technische Hochschule Aachen [36].
The 2 → 3 charge transition is expected to exhibit, as described in Sec. 2.7, two kinks: the
first corresponding to the two-electron singlet-triplet splitting and the second reflecting
the energy of the zero-magnetic-field excited state. We are able to observe the first kink,
which further validates the previously estimated 𝐸ST. Additionally, the fit once again
confirms our estimation of the lever arm. However, the second kink is not observed, which
also explains the slight deviation in the fit. This absence can be attributed to the fact that
the first excited state is associated with the first excited orbital energy, expected to be in
the range of mV [16, 36, 110], corresponding to magnetic fields beyond the capabilities
of our setup and most other setups. The fits of the three lines additionally provide a rough
estimate of the electron temperature 𝑇e ≈ 50 mK.
The magnetospectroscopy measurements not only confirm the successful tuning of the
FEQD to the last electron but also reveal valuable insights into the spin configurations and
the few-electron energy spectrum of the FEQD. Furthermore, they provide an estimate
of the important quantity of the valley splitting. Particularly noteworthy is that neither
the elliptical shape of the FEQD nor the presence of the nearby disorder dot leads to any
significant deviations from the predicted behavior of the charge transition lines.

6.4 Conclusion on the Industrial Demonstrator
Device

The IDD showcases its ability to efficiently tune a QD to the last electron, forming the
foundation for spin qubits, and to perform state-of-the-art charge sensing, enabling reliable
readout of the electronic state. Additionally, magnetospectroscopy offered valuable
insights into the spin configurations of the few-electron energy spectrum.
The tuning process of the IDD was remarkably straightforward, showcasing state-of-the-art
charge noise [106, 107], excellent stability, and high reproducibility across cool-downs
and setups. Besides the already excellent performance of the IDD, we proposed two
potential device design adjustments for the next generation of devices, which could further
optimize its tunability and performance, particularly in terms of charge sensing sensitivity
and dot confinement. The magnetospectroscopy measurements, utilized for the first time
in Regensburg and established within our group, were conducted with outstanding data
quality. They enabled access to the spin configuration in the few-electron regime as a
function of the magnetic field and provided an estimate of a lower bound on the valley
splitting 𝐸ST ≈ 50 µeV, a critical parameter for qubit operation. This value confirms
insights from a spatial mapping conducted on the same batch of heterostructures [36].
As the main challenge during the tuning process arose from the disorder dots linked
to the choice of heterostructure, it will be particularly interesting to investigate devices
of the next generations based on heterostructures manufactured within the QUASAR
consortium by our partner, IHP - Leibniz-Institut für innovative Mikroelektronik. As
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presented in Sec. 3.2, they exhibit less disorder and show overall improved transport
properties, comparable to some of the best reported to date for qubit applications. It will
be equally interesting to test the performance of these heterostructures in terms of valley
splitting energies, since energies of ≈ 200 µeV have been reported [16, 63], while the
commercial wafer used here turned out to have comparatively lower values.
Overall, as one of the first qubit devices fabricated in an industrial setting at Infineon
Technologies Dresden’s 200 mm production line, it also demonstrates the compatibility
of heterostructure-based spin qubit devices with industrial CMOS technology. This
compatibility is promising for rapid scalability and seamless integration of electronics on
the same chip, paving the way for future advancements in quantum computing.
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7
Scalability of the qubit systems remains the central challenge in quantum computing,
requiring a shift from proof-of-principle implementations to providing a route towards
large-scale systems with millions of qubits to enable fault-tolerant computing. This thesis
contributes to this effort by addressing building blocks for scalable Si/SiGe spin qubit
device architectures.
We first presented a detailed analysis of five undoped FESs, which serve as the foundation
for realizing various quantum circuits in semiconductor heterostructures, including
semiconductor spin qubits. We examined the correlation between transport properties
and layer stack properties as well as fabrication details. A comparison of the five FESs
underscores that, although all represent state-of-the-art designs for field-effect applications,
they display significant variation in their transport properties. A thorough understanding
of FES properties is therefore crucial for further optimization and tailoring to specific
applications. In particular for spin qubit applications, a comprehensive understanding
of impurities in the FES and the disorder potential fluctuations they induce in the QW
is essential, making FES A and D, produced by IHP - Leibniz-Institut für innovative
Mikroelektronik attractive for quantum circuit applications. These factors play a decisive
role in the precise control of charging energies, the position and shape of QDs, the
occurrence of disruptive disorder dots, and the sources of charge noise. Especially in
terms of scalability, achieving a high degree of uniformity in FES properties is essential,
as the focus shifts from operating a few qubits at selected locations to integrating many
qubits across large-scale architectures.
Building on this, we examined the effect of biased cooling on three selected FESs from
the batch previously studied, an effect that has not yet been considered in undoped
Si/SiGe. At operation temperature, biased cooling induces a static electric field within
the FES, resulting from charge reconfiguration at the semiconductor/heterostructure
interface at temperatures preceding heterostructure freeze-out. As a result, the field-effect
tunable range of the 2DEG electron density can be deterministically shifted, while
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the 2DEG quality markers, such as electron mobility and the temporal stability of
the 2DEG density, remain unaffected. Moreover, we developed an empirical model
describing the biased cooling effect, which is anticipated to be transferable to any
undoped semiconductor heterostructure. With its ability to shift the operation window of
individual gates and engineer trapped charges at the dielectric/heterostructure interface,
the biased cooling effect offers diverse application possibilities in qubit devices. Shifting
the operation window could compensate for unwanted variations between gates during
fabrication, as well as differences in gate layers and their respective distances to the
2DEG. Homogenizing the operation window voltages for different gates offers several
advantages: it reduces the risk of leakage in the device, facilitates the implementation
of virtual gates during device tuning, and can lower the likelihood of local tunneling
towards the dielectric/heterostructure interface, which is known to introduce detrimental
effects on device operation and charge noise. Furthermore, the operation window of
individual gates could be shifted according to their distinct functionality. In addition, the
engineering of trapped charges at the semiconductor/heterostructure interface by biased
cooling can be advantageous, as negative biased cooling reduces the spatial smearing of
the potential distribution and electric field within the QW plane, whereas positive biased
cooling could reduce charge noise.
Turning to the building block of qubit readout, we introduced a new proximal charge
sensor concept tailored for the baseband approach, the asymmetric sensing dot. This
concept exploits an asymmetrical capacitive coupling between the sensor dot and its
reservoirs, enabling a drastically increased output signal compared to conventional sensor
dots, and is predestined to incorporate classical electronics of the readout circuitry on
chip. We successfully implemented the ASD concept in two DQD devices on two
material platforms, undoped Si/SiGe and doped GaAs/(Al,Ga)As, demonstrating a drain
capacitance reduction by factors of 12 and 13 compared to CSD operation, respectively.
This underscores the adaptability of the ASD concept and highlights its equal efficiency
across different material platforms. Moreover, we achieved charge sensing operation
with the ASD on a DQD, obtaining a large output voltage swing of Δ𝑈𝐷 ≈ 3 mV. The
significantly enhanced output signal establishes the ASD as a promising candidate for
advancing the performance of the baseband readout approach in the context of scalable
quantum computing.
As the last key aspect of this work, we presented one of the first devices fabricated in an
industrial setting at Infineon Technologies Dresden’s 200 mm production line as part of
the QUASAR collaboration, the Industrial Demonstrator Device. It showcased its ability
to efficiently tune a QD to the last electron, forming the foundation for spin qubits, while at
the same time enabling state-of-the-art charge sensing for reliable readout of the electronic
state. The tuning process of the IDD was remarkably straightforward, showcasing state-
of-the-art charge noise, excellent stability, and high reproducibility across cool-downs and
setups. Besides the excellent performance of the IDD, we proposed two design adjustments
to further improve its tunability and performance in terms of charge sensing sensitivity and
dot confinement. Additionally, we performed magnetospectroscopy measurements to gain
access to the spin configuration in the few-electron regime as a function of the magnetic
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Figure 7.1: False-colored scanning electron image of an electron beam lithography test
for the shuttling-based qubit architecture of the QUASAR project. The blue regions
represent shuttling lanes, orange rectangles indicate manipulation zones, and pink areas
mark the readout zones. The scanning electron image was taken by P. Muster at Infineon
Technologies Dresden.

field and provided an estimate of a lower bound on the valley splitting, a crucial parameter
for qubit operation. The IDD demonstrates the compatibility of heterostructure-based spin
qubit devices with industrial CMOS technology, highlighting the potential of Si/SiGe spin
qubits for rapid scalability and seamless integration of electronics on the same chip.
The next step, building on the promising IDD within our QUASAR consortium, which
strives for a semiconductor quantum processor with a shuttling-based scalable archi-
tecture [29, 111], is to fabricate a complete spin qubit architecture. One of the first
electron beam lithography tests for this architecture is shown in a false-colored scanning
electron micrograph in Fig. 7.1. The design follows a sparse architecture approach
that enables two-dimensional qubit connectivity via electron shuttling [30–32, 105] and
supports the integration of classical electronics at cryogenic temperatures. The lanes of
adjacent gates, highlighted in blue, serve as shuttling lanes that allow electrons, along
with their spin information, to be moved across the chip. To accomplish this, every fourth
gate is electrically connected, while four phase-shifted sinusoidal signals applied to the
resulting gate sets enable the continuous translation of the electron within the QD. Since
electrons can be shuttled across the device, dedicated zones for initialization/readout,
and manipulation can be implemented. The initialization and readout zones consist of a
sensor dot, corresponding reservoirs, and a micromagnet, with their positions highlighted
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in pink. The manipulation zones, located where two individually controlled sections of
the shuttling lane meet and complemented by micromagnets, enable single- and two-qubit
gate operations. A detailed description of the individual components, operation concept,
and scaling perspectives of the shuttling-based architecture, can be found in [29].
The IDD’s successful device operation and its excellent performance make the implementa-
tion of this architecture promising in the near future. This allows leveraging the advantages
of industrial fabrication as well as the manufacturing expertise for classical electronics in
co-designing quantum and classical hardware. By scaling up to full architectures, the
demand for device uniformity further increases, emphasizing the importance of a thorough
selection of the FES as the fundamental device building block. Identifying the most
suitable FES as a basis is crucial for further improving the operation of the architecture.
A promising next step is transitioning from the commercially purchased benchmark wafer
used for the IDD to heterostructures fabricated within the QUASAR consortium by our
partner IHP - Leibniz-Institut für innovative Mikroelektronik. These heterostructures
were identified in this thesis to exhibit lower disorder and overall improved transport
properties, comparable to some of the best reported to date for qubit applications. The
biased cooling effect, besides providing fundamental insights into electrostatics in the FES,
can be leveraged in various ways depending on the specific region within this architecture
as it enables shifting the operation window of individual gates and engineering trapped
charges at the dielectric/heterostructure interface. Moreover, the ASD can be seamlessly
incorporated into this architecture. The slightly increased space requirement compared to
the CSD is accommodated by the dedicated readout zones and the sparse architecture,
while also allowing the close integration of the baseband readout circuitry. This allows us
to fully exploit the ASD concept within this architecture, benefiting from its drastically
increased output voltage.
With scalable qubit architectures increasingly taking shape and continuous advancements
in the field, the path toward fault-tolerant quantum computing is becoming increasingly
tangible. As it continues to evolve, quantum computing could push the boundaries of
science and computation, leading to groundbreaking technologies and ultimately offering
deeper insights into the fundamental principles shaping our understanding of the physical
world.
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Appendix

A
A.1 Addition to the Simulation of the Biased

Cooling Effect
This section covers further details on the simulation of biased cooling, described in
Sec. 4.5, presenting the simulated 𝑥- and 𝑦-component of the electric field within the QW
plane.
Fig. A.1 illustrates the comparison of the electric field distribution within the QW plane
below two gates with and without biased cooling for the 𝑥- and 𝑦-component. Gate 1 on
the left serves as a reference without biased cooling, while gate 2 on the right represents
the case with biased cooling. For negative biased cooling the comparison is depicted in
Fig. A.1 a) and b) for the 𝑥- and 𝑦-component of the electric field, respectively. Fig. A.1 c)
and d) illustrate the comparison for positive biased cooling for the 𝑥- and 𝑦-component of
the electric field, correspondingly. It can be observed that, as for the electric potential 𝑉
and the 𝑧-component of the electric field 𝐸z, the spatial smearing increases for positive
biased cooling and decreases for negative biased cooling compared to 𝑈BC = 0 V.
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Figure A.1: Comparison of the simulated 𝑥 and 𝑦-component of the electric field 𝐸

within the QW plane below two gates with and without biased cooling. The black
dash-dotted lines illustrate the gate positions on top of the FES. a), b) Negative biased
cooling: Gate 1 (left) shows the reference case of 𝑈BC = 0 V and a voltage of 𝑈TG = 1 V
applied. Gate 2 (right) is set to 𝑈TG = 0.5 V and possesses a Δ𝜌BC at the SiOx/SiGe
interface equivalent to 𝑈BC = −0.5 V. The corresponding 𝑥- and 𝑦-component of the
electric field are shown in panel a) and b), respectively. c), d) Positive biased cooling:
Gate 1 shows the reference case of 𝑈BC = 0 V and a voltage of 𝑈TG = 0.5 V applied.
Gate 2 is set to 𝑈TG = 1 V and possesses a Δ𝜌BC at the SiOx/SiGe interface equivalent to
𝑈BC = 0.5 V. The corresponding 𝑥- and 𝑦-component of the electric field are shown in
panel c) and d), respectively.
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A.2 ASD Tuning Details
This section provides an overview of the gate voltages applied at the ASD SiGe device
during the Coulomb diamond measurement series presented in Fig. 5.5 tuning the sensor
dot from a symmetric to an asymmetric configuration described in Sec. 5.2.
Fig. A.2 presents a false-colored scanning microscope electron image of a device fabricated
in the same manner as the ASD SiGe device illustrating the gate layout with corresponding
gate names. A global gate, referred to as TG, within the second gate layer and isolated by
AlOx, is not shown. The gate voltages were kept constant during the Coulomb diamond
measurement series, except for the voltages on gates SR and BLS, which were varied
to tune the system from a symmetric to an asymmetric configuration as described in
Sec. 5.2. The voltage 𝑈PS and the drain voltage 𝑈D applied at ⊠𝐼 were swept to measure
the Coulomb diamonds (see Fig. 5.5). The voltages applied to the other gates, which
remained constant, are listed in Tab. A.1.

Figure A.2: False-colored scanning electron
microscope image of a device fabricated in
the same manner as the ASD SiGe device
illustrating the gate layout with correspond-
ing gate names. A global gate in a second
gate layer named TG isolated by AlOx is not
shown. The drain and source reservoirs are
labeled ⊠I and ⊠II for the sensor current path
and ⊠III and ⊠IV for the DQD current path.

Gate
name

TG BRS ST S SL BL PL B PR BR

Voltage
(V)

0.45 0.25 0.55 -0.18 -0.05 -0.15 0.12 -0.24 0.12 -0.15

Table A.1: Device tuning details for the Coulomb diamond measurement series of the
ASD SiGe device shown in Fig. 5.5 giving a gate voltage overview. The gate names are
illustrated in Fig. A.2.
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A.3 Device Overview
An overview of the wafer and device fabrication details for all devices discussed in
this thesis is presented in this section. Tab. A.2 lists the device names used in this
thesis alongside their internal device names, wafer names, and the facilities responsible
for wafer growth and device fabrication, as well as details related to the fabrication process.

Device
Name

Wafer
Name

Internal
Device
Name

Wafer
Growth

Fabrication Fabrication
Recipe

FES A SJZ397#1#B
W5

Mitte1 IHP IHP proprietary
to IHP

FES B R2175 A2 UR UR see [79]
FES C R2151 D3 UR UR see [79]
FES D SJZ411#1#C

W9
X14-2 IHP IHP proprietary

to IHP
FES E 4840R LR1 LSRL UR see [79]
ASD SiGe R2164 P83A3 UR RWTH see [83]
ASD GaAs B14722 ASD04 Ruhr-

Universität
Bochum

RWTH see [83]

Hero 5568 W13 QW-Accu3
G1 W13

Hero
Device

LSRL Infineon
Technolo-

gies
Dresden

see [107]

Table A.2: Overview of the wafer and device fabrication details of the presented devices.
The abbreviation UR stands for Universität Regensburg, IHP for IHP - Leibniz-Institut für
Innovative Mikroelektronik, RWTH for Rheinisch-Westfälische Technische Hochschule
Aachen and LSRL for Lawrence Semiconductors Research Labs.
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