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Abstract

The realisation of a universal quantum computer will require the operation
of thousands to millions of qubits. The possibility of using existing industrial
semiconductor fabrication techniques and infrastructure for upscaling and
reproducibility makes silicon based spin qubits one of the most promising
platforms to achieve this goal. The implementation of the up to now largest
semiconductor-based quantum processor was realised in a silicon/silicon-
germanium (Si/SiGe) heterostructure known for its low charge noise, long
qubit coherence times and fast driving speeds, but the high structural com-
plexity creates challenges for industrial implementations.

In this work, a cryogenic setup was optimised for the characterisation of
semiconductor-based spin qubits. In collaboration with the Interuniversity
Microelectronics Centre (imec), the cryogenic setup was then used to demon-
strate the operation of electric dipole spin resonance (EDSR) qubits, hosted
in a natural Si/SiGe heterostructure, fully fabricated by an industrial CMOS
300 mm wafer process line, from heterostructure growth to the cobalt micro-
magnet monolithic integration. Measurements of charge noise affecting the
formed qubit quantum dots, yield values below 2 peV/VHz and a measured
valley splitting energy of (87.9+0.5) eV allows for a wide frequency window
for spin qubit operation.

Coherent spin manipulations result in Rabi frequencies up to 5 MHz at qubit
resonance frequencies of 18.5 GHz. At this qubit working point, spin relax-
ation times of over 1s and spin coherence times T, and TZH of 1us and 50 ps
are achieved respectively, for a natural silicon quantum well. Qubit lifetimes
were measured for four different samples, coming from two different wafers
and yield consistent results. Single qubit gate fidelities were extracted by
randomised benchmarking experiments and result in a single qubit gate fi-
delity of 99.2 %, above the surface code error correction threshold. These
results demonstrate the successful operation of state-of-the-art Si/SiGe spin
qubit devices fabricated using advanced industrial 300 mm wafer process
technologies.






Zusammenfassung

Die Realisierung eines universellen Quantencomputers wird den Betrieb von
Tausenden bis Millionen von Qubits erfordern. Die Moglichkeit, vorhandene
industrielle Halbleiterfertigungstechniken und -infrastrukturen fir Skalier-
barkeit und Reproduzierbarkeit zu nutzen, macht siliziumbasierte Spin-Qubits
zu einer der vielversprechendsten Plattformen, um dieses Ziel zu erreichen.
Die Implementierung des bisher grofiten halbleiterbasierten Quantenprozes-
sors wurde in einer Silizium/Silizium-Germanium (Si/SiGe) Heterostruktur
realisiert, die fiir ihr geringes Ladungsrauschen, lange Kohérenzzeiten der
Qubits und hohe Ansteuerungsgeschwindigkeiten bekannt ist. Die hohe
strukturelle Komplexitit stellt jedoch Herausforderungen fiir industrielle
Implementierung dar.

In dieser Arbeit wurde ein kryogener Versuchsaufbau zur Charakterisie-
rung von halbleiterbasierten Spin-Qubits optimiert. In Zusammenarbeit mit
dem Interuniversity Microelectronics Centre (imec) wurde der kryogene Ver-
suchsaufbau anschlieffend verwendet, um den Betrieb von Elektrischen Dipol
Spin Resonanz (EDSR) Qubits zu demonstrieren, die in einer natiirlichen
Si/SiGe-Heterostruktur integriert sind und vollstandig in einem industriel-
len CMOS-300 mm-Waferprozess gefertigt wurden, von der Heterostruktur-
Wachstumsphase bis zur monolithischen Integration des Kobalt Mikromagne-
ten. Messungen des Ladungsrauschens, das die gebildeten Quantenpunkte
der Qubits beeinflusst, ergaben Werte unter 2 peV/VHz, und eine gemessene
Valley-Aufspaltung von (87.9 + 0.5) peV ermdglicht ein breites Frequenzfens-
ter fiir den Betrieb von Spin-Qubits.

Kohérente Spin-Manipulationen fithren zu Rabi-Frequenzen von bis zu 5 MHz
bei Qubit-Resonanzfrequenzen von 18.5 GHz. An diesem Qubit-Betriebspunkt
werden Spin-Relaxationszeiten von iiber 1s und Spin-Koharenzzeiten T, und
T} von jeweils 1ps und 50 s erreicht, fiir einen Quantentopf in natiirli-
chem Silizium. Die Lebensdauern der Qubits wurden fur vier verschiedene
Proben, die von zwei unterschiedlichen Wafern stammen, gemessen und
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Zusammenfassung

zeigen konsistente Ergebnisse. Die Ein-Qubit-Gatter-Fidelitdt wurde durch
Randomisierte Benchmarking-Experimente extrahiert und ergibt eine Ein-
Qubit-Gatter-Fidelitat von 99.2 %, oberhalb der Fehlerschwelle des Surface
Codes. Diese Ergebnisse demonstrieren den erfolgreichen Betrieb moderns-
ter Si/SiGe-Spin-Qubit-Bauelemente, die mit fortschrittlicher industrieller
300 mm-Wafer-Prozesstechnologie hergestellt wurden.

iv
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1. Introduction

The power of a quantum bit, or "qubit", compared to a classical bit can be
clearly seen when performing a calculation f(x). A classical computer must
compute f(0) and f(1) sequentially, whereas the superposition of the quan-
tum state allows simultaneous evaluation [1]:

FAv) = af(10)) + Bf(11)). (1.1)

The computing power of a quantum computer can be increased significantly
by increasing the number of qubits. In general, N qubits can compute on 2
states simultaneously. This means that while a classical computer needs to
double the number of classical bits to double its computing power, a quantum
computer doubles its computing power by adding a single qubit. This gives
an exponential speedup, and it is commonly said that a quantum computer
with only 50 qubits can theoretically perform calculations that are intractable
by the most powerful classical computers available today [2]. This is known
as quantum advantage.

However, the exact speedup will depend on the class of the problem and the
efficiency of the quantum algorithms, and a universally practical quantum
computer will require thousands to millions of interconnected qubits [3-7],
presenting an immense, long-term challenge for the quantum computing
community to overcome.

The concept of quantum computing was introduced at the first Conference on
the Physics of Computation, held at the Massachusetts Institute of Technol-
ogy (MIT) in 1981, where the physicist Paul Benioff discussed the potential
implementation of a quantum mechanical Turing machine [8] and Richard
Feynman talked about the need for a computer based on quantum mechanical
principles to effectively simulate natural phenomena [9].

Since then, quantum information processing has become an exciting new field
within information technology with the potential to transform numerous
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industries and scientific fields [10-13]. In particular, the development of
universal quantum computing holds the promise of exponentially acceler-
ating certain algorithms compared to classical computing techniques [14-
16], with the claim of solving certain mathematical problems with already
existing quantum hardware even faster than with the most powerful classical
computers [17-19].

1.1. DiVincenzo criteria

The development of a practical and functional quantum computer requires a
complex orchestration of physical, computational and engineering considera-
tions, postulated by the DiVincenzo criteria. Any possible qubit system must
meet these requirements proposed by David DiVincenzo in 2000 [20]:

1. "A scalable physical system with well characterised qubits":

A well-characterised qubit requires precise knowledge of its physical
properties, including its internal Hamiltonian, interactions with other
states and qubits, and coupling with external fields used to manipu-
late its state. To achieve relevant quantum computational power, the
system must also be scalable, which sounds simple but is ultimately
the biggest challenge on the road to a universal quantum computer.

2. "The ability to initialise the state of the qubits to a simple fiducial
state":

The primary reason for initialising a qubit in a specific state is the
computational requirement that registers must be set to a known value
before the calculation begins. In addition, high initialisation fidelity is
required, as initialisation affects everything from algorithm execution
and error correction to system scalability and overall computational
fidelity.

3. "Long relevant decoherence times, much longer than the gate operation
time":

Decoherence time is the period over which a quantum state loses its
phase information due to interaction with its environment, leading
the state to transform into a mixture of classical states. This process
is crucial in understanding the transition from quantum to classical
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behaviour and poses a significant challenge for quantum computing,
as it can degrade the quantum information. Further, the manipulation
speed of the qubit determines the time needed to execute qubit gates.
An increased manipulation speed increases the computational speed,
but should not reduce the coherence and lifetime of the qubit itself.

4. "A universal set of quantum gates":

A quantum computer must be able to execute a universal set of quan-
tum gates, allowing it to perform any arbitrary quantum operation.
A universal gate set typically includes single-qubit rotations and one
of the two-qubit gates XOR or CNOT. High fidelity in implementing
these gates is essential for executing complex algorithms and error
correction. The overall "clock time" of a quantum computer depends
on the duration of these quantum gates and the need to prevent overlap
between consecutive operations.

5. "A qubit-specific measurement capability"

The result of the calculation must be read out, which requires the ability
to measure the state of individual qubits, ideally without changing the
state of the rest of the quantum computer. If the measurement of a qubit
does not change its state, this is referred to as a "non-demolition" read-
out. While quantum computers can operate without non-demolition
readout, quantum non-demolition measurements are particularly cru-
cial for implementing quantum error correction . Further, while a high
readout efficiency is desirable, a low efficiency can be compensated
for by additional repetitions of the calculation.

In theory, any quantum mechanical system that meets these five criteria
could be used for quantum computation, and over the years, several different
physical implementations were demonstrated involving superconducting
qubits [21-23], neutral atoms [24-26], trapped ions [27-29], color centres
in diamond [30-32], magnetic molecules [33-35] or semiconductor-based
qubits [36-38].

So while the five DiVincenzo criteria for quantum computing could be fulfilled
by physical qubit implementations in various different platforms, the concept
of ’scalability’ adds another layer of difficulty, as it involves not only these
fundamental requirements but also technological considerations.
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1.2. Scaling up with semiconductor spin qubits

the end o , bot. and the startu tom Computing have develope
By the end of 2023, both IBM and th p Atom Computing have developed
quantum processors employing over 1000 qubits, IBM using superconducting
qubits [39], and Atom Computing employing neutral atom-based qubits [40].
While this marks a significant milestone, it is still far away from universal
practicability, and a lot more progress will have to be made to further increase
the qubit number and reduce error rates.

A simple but very important difference between the various approaches
to implement quantum processors become apparent when considering the
physical size of the qubit. A recent proposal for a microwave-trapped ion
quantum computer hosting 2 billion qubits puts the required area to an
astonishing size of more than 100 m x 100 m [41, 42]. The same number of
superconducting qubits is estimated to require an area of 5m x 5m [3, 43].
Qubits defined by the spin states of semiconductor quantum dots, on the
other hand, could fit in an area of less than 5 mm x 5 mm. [44-46]

In addition to their small footprint, semiconductor-based qubits further have
demonstrated single and two qubit gate fidelities exceeding the error cor-
rection threshold [47-49]. Furthermore, high-fidelity operations at elevated
temperatures [50-53], with qubit operations possible at temperatures up to
4 K[54], significantly increase the available cooling power and ease the inte-
gration with classical control electronics. Additionally, multi-qubit processors
have been implemented across various heterostructures [55-57].

Further, industrial CMOS fabrication technologies have advanced to the point
where they can produce classical processors containing up to trillions of MOS-
FETs (metal-oxide-semiconductor field-effect transistors) [58]. Utilising these
fabrication techniques in the production of semiconducting qubits has the
potential to enhance reproducibility and uniformity, as well as simplify the
optimisation and fine-tuning of qubit parameters. These are all crucial steps
towards the realisation of a universal quantum computer. Recent demonstra-
tions of semiconductor qubits fabricated with CMOS-compatible technology
show promising progress, with quantum dot yields exceeding 99 % [59-62].

The goal of this thesis is to demonstrate the feasibility and quality of spin
qubits hosted in a silicon/silicon-germanium heterostructure, fully fabricated
by an advanced industrial CMOS 300 mm wafer process line. This thesis starts
with a brief review of the current state-of-the-art regarding implementations
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of semiconductor spin qubit architectures and presents possible ideas in order
to overcome the challenges of upscaling toward the achievement of universal
quantum computing.

Next, the fabrication processes used to produce the samples in this work are
described, along with the development of the experimental setup necessary for
addressing and manipulating the qubits. The experimental results begin with
an explanation of quantum dot formation and charge state control, followed
by valley splitting measurements needed to identify the possible working
region for performing spin manipulation measurements. The final chapter
describes the measurement procedures which were used to characterise qubit
manipulation speed, spin coherence times and single qubit gate fidelities.






2. Achieving universal quantum
computing with silicon spin
qubits

This chapter provides a brief review of recent advancements in the field
of semiconductor-based quantum computing, with a focus on a potential
implementation of an universal quantum computer, in which the quantum
information is encoded in spins of electrons or holes confined in quantum dots.
It begins by introducing a possible architecture that combines the strengths of
classical semiconductor transistor technology with novel quantum processors
and couplers, in order to achieve the required addressability and connectivity
for large-scale quantum computing.

The chapter further explores progress in translating academic quantum pro-
cessor concepts to industrial large-scale clean rooms and 300 mm wafer pro-
cess lines. Then follows a short introduction to the most commonly used
heterostructures for quantum computing, with the focus on the silicon/silicon-
germanium heterostructure, which is worked with in this thesis. The chapter
concludes with an explanation of the DiVincenzo qubit, as utilised in this
thesis.

2.1. Large scale quantum computing architecture

As mentioned in the introduction, excellent scalability is often argued for
semiconductor-based qubits, based on the success of classical semiconductor
integrated circuits. However, the wiring and interconnection requirements
for quantum circuits differ significantly from those in classical circuits, as
each qubit requires individual routing of direct current, pulsed, and, in some
cases, microwave control signals from external sources.
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NxM qubit array ) Ny

Figure 2.1.: A potential architecture for a universal semiconductor-based quantum computer.
The local electronics would incorporate ADC and DAC converters, along with vector modulation,
reducing the number of control lines that need to interface with external systems. Long-distance
qubit couplers provide space for local electronics to manage small, dense NxM qubit arrays.
Charge-storage capacitors for biasing quantum dots, in analogy to DRAM. Individual qubit
communication can be achieved through a matrix of word lines and bit lines, in analogy to
classical DRAM. Taken from [64].

An architecture which aims to combine the strengths of classical control
electronic with quantum processors in order to overcome wiring boundaries
for large scale quantum circuits is presented in Figure 2.1. At the core of the
architecture is a 2D NxM qubit array, which is connected and controlled by
a matrix structure of control lines, similar to the implementation in classical
dynamic random-access memory (DRAM). Two-dimensional qubit arrays
enable both high-density qubit packing, which is advantageous for large-
scale applications, and simplified implementation of error correction methods
such as the surface code. Such error correction is possible as long as the
probability of error per operation remains below the accuracy threshold,
which is approximately 1 % for the surface code, a method that can be operated
on two-dimensional qubit arrays with nearest-neighbor couplings [3, 63].
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Depending on the limitations given by the dense NxM qubit array processor,
additional methods are needed to couple individual processor units over
larger distances. Methods such as coupling electron spins to superconducting
microwave cavities [65-68] and electron shuttling gate architectures with
time-varying gate voltages [69-72] have already been demonstrated and are
introduced in more detail in Section 2.1.2.

The long-range couplers would also create space for implementing local
electronics, such as multiplexers, to further reduce the fan-out of required
connection lines to the exterior of the cryostat. Further, it would be possible
to locally integrate analog-to-digital and digital-to-analog converters for
enhanced low-noise voltage control and signal readout, as well as low-power
vector modulators for precise qubit manipulation. While integrating the
classical electronics on the same wafer as the qubit processors would be
ideal, the limited cooling power available at temperatures below 100 mK
may be a restricting factor. An alternative approach is to place the classical
electronics on a separate chip, thermalised at the 1 K or 4 K stage, where orders
of magnitude higher cooling power is available. This setup would require
an additional interconnection between the two chips, but it is achievable.
Following the same argument, developing high-fidelity spin qubit processors
that can operate at 1K or 4 K would be a milestone, as it would drastically
ease the cooling power limitations of large-scale quantum computers, and
promising results have already been demonstrated in this regard [50, 53,
54].

2.1.1. Qubitinterface to classical electronics

In order to efficiently wire and connect all individual qubits in a large scale
quantum processor, a possible adaptation of the matrix based connections
of existing DRAM technology can be implemented. Figure 2.2a shows a
schematic of a charge-storage capacitors in order to bias quantum dots, sim-
ilar to DRAM for classical electronics. Rather than connecting every gate
continuously to a voltage source, an individual gate is connected to a ca-
pacitor that stores the desired voltage. The voltages can be set efficiently
via a cross-bar addressing scheme consisting of a matrix of word lines (W)
and bit lines (B). A voltage to the qubit gate Q; ; will be applied by biasing
line B; and setting W; to high, so the classical transistor switch is on. The
charge is stored on the storage capacitor C; ; when setting line W; low again.
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a b Bit lines

J address Qubit address
Word lines D'_’y i+l
w, )
i » ]
I O
Charge-storage £ ]
» =
S g electrode -
= 5
5 =

CijI ‘ Qij

e N
Floating memory ) I
Classical transistor switch

Figure 2.2.: a Schematic of charge-storage capacitors in order to bias quantum dots, similar to
DRAM for classical electronics. Communication with individual qubits is realised by pairs of
word (W) and bit lines (B). A voltage can be applied to the qubit gate Q; ; via B; by setting W;
high, and stored on capacitance C; ; by subsequently setting W; low. Adapted from [64]. b A
matrix composed of word lines and bit lines, extended by additional data lines D; ;, which can
be used for manipulation pulses or qubit readout. Adapted from [74].

Depending on the exact qubit processor architecture, this addressing scheme
can be expanded in complexity, by additional data lines D; ; used for qubit
manipulation pulses or qubit readout, as illustrated in Figure 2.2b

In classical DRAM, charge-storage electrodes require periodic refreshing to
compensate for leakage or fluctuations in capacitive coupling with nearby
structures. For example, typical DRAM refresh intervals are around 64 ms,
with each refresh cycle taking approximately 30 ns. Although the voltage
tolerances in quantum dots are more demanding, leakage is significantly
reduced at temperatures of a few Kelvin or lower, suggesting that a similar
approach might be practical. Experimental measurements have shown voltage
drifts of around 8 mV/h in charge-storage electrodes integrated with quantum
devices [73], and this drift can potentially be minimized further.

2.1.2. Long range quantum processor couplers

Several methods have been investigated to couple spin qubits over larger dis-
tances, including spin coupling through an intermediate quantum dot [75, 76],
capacitive coupling [77], electron shuttling [69, 71, 78], and coupling electron
spins via superconducting microwave cavities [65, 79, 80]. While the first
two methods are still limited to sub-micron distances and more interesting
for dense qubit arrays with the possibility to go beyond nearest-neighbour

10
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Figure 2.3.: a Coloured SEM image of the gate architecture which enables the formation of
two quantum dots, which are coupled over a distance of 250 um by a superconducting NbTiN
resonator. The quantum dots are formed in the regions indicated by the blue boxes and labeled
Q1 and Q2. Adapted from [65]. b Coloured SEM image of a 10 pm long electron shuttle device,
called quantum bus (QuBus). The quantum dots are formed/loaded at the positions indicated by
the white circles and labeled Q1 and Q2. Phase-shifted sine voltage signals are applied at the
four "clavier" gates to transport the electron along the shuttle pathway. Adapted from [78].

coupling, electron shuttling and superconducting microwave cavity coupling
have demonstrated qubit coupling across distances from tens to hundreds of
microns.

Figure 2.3a displays a coloured SEM image of a device architecture enabling
the formation of quantum dots coupled over a distance of 250 pm via a super-
conducting NbTiN resonator. Each end of the resonator is used as a barrier
gate of a qubit, and the spin-spin interaction between the distant quantum
dots is mediated by virtual photons in the resonator. This setup allows co-
herent two-qubit gates to be performed over the entire 250 pm length of the
resonator [65]. Although long-range coupling through photons achieves long
coupling distances at high speeds, incorporating additional superconducting
resonators as part of the quantum dot control gates introduces additional
layers of complexity that must be considered for scalable architectures.

11
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Figure 2.3b shows a coloured SEM image of the electron shuttling architecture
for long-range coupling of distant electron quantum dots. Electrons can be
loaded into the shuttling channel from the quantum dots formed at the
locations marked by white circles. The electrons are shuttled by applying
sinusoidal voltages to the four "clavier" gates, S1-S4. The sinusoidal signals
are phase-shifted with respect to each other, creating a wave-like voltage
modulation that forms potential wells that allow the electron to move along
the channel. In this device, a charge shuttling fidelity of 99.7 + 0.3 is achieved
for transporting an electron from one side to the other and back.

This shuttling architecture is particularly advantageous because it uses the
same overlapping gate structure as many other quantum dot architectures, en-
suring minimal increase in complexity for integration with existing quantum
processors.

In addition to charge shuttling, coherent spin shuttling has also been demon-
strated [81, 82], as well as an active two-qubit gate scheme involving shuttling
[83].

2.1.3. Qubit processor units and industrial scaling

As mentioned above, the core of the universal quantum computing archi-
tecture will the qubit processor. To date, the demonstration of the larges
semiconductor-based quantum processor is a six qubit processor in a 1D chain
of quantum dots [55]. A coloured SEM picture is shown in Figure 2.4a. Six
individual qubit quantum dots are formed below the blue gates labeled P1-P6,
called plunger gates, which are used to control the quantum dot energy. The
green gates B0-B6 are barrier gates and used to control the tunnel coupling to
adjacent quantum dots, which enables two qubit gates to nearest neighbours.
Further, coherent spin shuttling was demonstrated in a device of the same
architecture. The electron can be shuttled from one side to the other, similar
to the device shown in Figure 2.3b. While the total distance of the shuttle
is smaller in the six qubit device, the possibility to shuttle an electron back
and forth over a cumulative distance of 10 pm in less than 200 ns and with a
fidelity of 99 % to preserve the spin coherence of the electron [84].

Another possible implementation of a quantum processor architecture is
shown in Figure 2.4b where four quantum dots are arranged in a 2x2 grid
and also nearest neighbour coupled. Universal one and two qubit operations

12



2.1. Large scale quantum computing architecture

Mi
Screening gate (EDSR) icromagiel

e

ive.
e O

v g

P2

Figure 2.4.: a False coloured scanning electron microscopy (SEM) image of a six qubit processor
based on a silicon/silicon-germanium heterostructure. The quantum dots hosting the qubits are
formed below the six electrostatic gates in blue, labeled P1-P6. Taken from [55]. b SEM picture
of a four qubit processor in a 2x2 array structure, based on a germanium/silcon-germanium
heterostructure. Taken from [56].

were demonstrated in this device [56]. Such a 2D architecture would benefit
from even better scalability and the option of a possible surface code error
correction scheme, and efforts to scale it up to a 4x4 grid are in progress [85].
Other multi qubit processor architectures involve singlet-triplet qubits, for
which the universal control of four qubits was demonstrated [86], or electron
spins coupled to nuclear spins of donor atoms , where the coherent coupling of
an electron spin to three individual nuclear spins were demonstrated [57].

But while there are an unlimited amount of ideas on how scale up to larger
quantum processors [37, 66-68, 74, 75, 77, 87-107], the tools to fabricate high
quality devices by academia are drastically more limited compared to the
resources, industrial classical semiconductor manufacturer posses, where
the transistor count of a classical processor now already exceeds the trillion
range [58]. Industrial state of the art 300 mm wafer process lines are able to
achieve unrivaled control precision over thin film deposition, doping, and
etching processes, essential for building multilayered structures required
in modern semiconductor devices. If this infrastructure could be applied
to achieve similar precision in the fabrication of semiconductor-based spin
qubits, it would mark a significant milestone. Laboratory-based devices often
experience low yield and significant inter-device variability. Consequently,
most spin qubit results are achieved through an extensive screening process,
where numerous devices are tested to find one with optimal electrostatic
behaviour.
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2. Achieving universal quantum computing with silicon spin qubits

Qubits fabricated using industrial semiconductor manufacturing technologies
have recently been demonstrated [59-62, 108, 109]. This has also led to the
development of large-scale characterisation tools to assess device yield and
variation in identically designed devices, with reported yields of functional
quantum dots exceeding 99 % [62]. This is where the present work becomes
highly relevant.

Demonstrating functional qubits within a silicon/silicon-germanium het-
erostructure, fully fabricated using an industrial 300 mm wafer process line,
would represent another crucial milestone towards the realisation of a large-
scale, universal quantum computer.

2.2. Silicon/Silicon-Germanium heterostructure

A silicon/silicon-germanium (Si/SiGe) heterostructure is a layered structure
composed of alternating layers of silicon (Si) and silicon-germanium (SiGe)
alloy. A schematic illustration is shown in Figure 2.5a. From bottom to top, a
thick SiGe buffer layer is grown, usually top of a Si substrate. It often starts
with a gradually increasing Ge concentration in the SiGe layer, in order to
minimise strain, followed by more SiGe of constant concentration. On the
unstrained SiGe layer, a thin Si layer of 5-15nm is grown. Because of the
latice missmatch between the Si and SiGe, strain is induced in the Si layer,
which importance is discussed later in this section. In this silicon layer, the
two dimensional electron gas (2DEG) is induced later and is called quantum
well. On top of the silicon quantum well, another SiGe spacer layer is grown
with a usual thickness between 20-50 nm. A final thin Si layer (1-2 nm) is
grown on top of the SiGe spacer before the oxide is deposited, and the thin
Si layer protects the SiGe spacer from oxidation. Metal gates on top of the
heterostructure are then used to accumulate and confine electrons in the
quantum well.

The principle on how the 2DEG is formed in the quantum well is illustrated
in Figure 2.5b and c. The conduction band gap of pure silicon is lower than
for Ge, and the conduction band energy of SiGe can be tuned by the Ge
content inside the alloy. For no applied gate voltage, the conduction band of
whole heterostructure is above the fermi energy Er the conduction band is
unoccupied. Further, because of the thickness of the two silicon layers, the
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Figure 2.5.: a Example of a SiGe heterostructure. A Si, strained between two SiGe layers, is
used as the quantum well, in which a two dimensional electron gas (2DEG) can be accumulated
by gates deposited on top of the heterostructure. A thin Si cap protects the SiGe layer from
oxidation, and an oxide layer insulates the metal gates from the heterostructure. b Conduction
band energy Ec in z-direction of the heterostructure. The conduction band edge of the SiGe
layers is higher in energy than for pure Si. ¢ Conduction band energy Ec for a possitive applied
gate voltage V. The positive gate voltage pulls down the conduction band of the heterostructure.
As soon as the ground state energy E; of the conduction band of the strained Si layer is pulled
below the fermi energy Ef, a 2DEG starts to accumulate. Because of the very thin nature of the
Si cap, the ground state energy for this layer is higher compared to the Si quantum well and no
electrons accumulate in the Si cap. Inspired by [110].

ground state energy E in the thin layer, is higher, compared to the ground
state energy in the thicker Si layer.

When applying a positive gate voltage Vg as illustrated in ¢, the conduction
band of the heterostructure is pulled to lower energies. As soon as the ground
state energy of the Si quantum well is pulled below the fermi energy Ef, the
conduction band can be occupied in this layer, and a 2DEG is accumulated.

The goal of this heterostructure is to decouple the accumulated electrons,
which are later used to form quantum dots and qubits, from the semicondcutor-
oxide interface. This interface is kown to posess a high defect density [111],
which can act as fluctuating two level systems and induce charge noise or act
as scattering sites for electrons [112-115]. This is especially crucial, because
it was shown that charge noise is a limiting factor regarding two qubit gate
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2. Achieving universal quantum computing with silicon spin qubits

fidelities [116], and investigation and reduction of charge noise is an ongoing
research topic and of general interest [110, 117-119].

2.2.1. Silicon valleys

While gallium-arsenide/alluminum-gallium-arsenide was for a long time
the preferred heterostructure for quantum dot devices and investigation of
spin qubits [120-123], because of its clean interfaces leading to high electron
mobilities, and the less challenging gate litography because of larger quantum
dot sizes. GaAs heterostructures suffer from magnetic noise by fluctuating
nuclear spins in the vicinity of the quantum dots/qubits, which led to low
spin coherence times. And because GaAs has no isotope without a nuclear
spin, over time, the choice of material shifted more and more to Si based
architectures.

Silicon has the three stable isotopes 28Si, 2%Si, 3°Si with the respective natural
abundance of 92.23 %, 4.69 %, 3.09 %, where only °Si posesses nuclear spin
[124]. So by isotopical enrichment of ?8Si, the spin noise can be reduced
which resulted in long spin coherence times in silicon.

But while the reduced magnetic noise is a great advantage, using Si introduces
a different challenge compared to GaAs. Compared to the direct band gap
in GaAs, Si posesses an indirect band gap of 1.12 eV at room temperature
[125], increasing to 1.17 eV at 4K [126]. In bulk silicon, there are six degen-
erate conduction band minima in the Brillouin zone (valleys) as depicted in
Figure 2.6a and b.

This degeneracy is problematic for spin-qubit operation because the Pauli
exclusion principle, which normally forbids two electrons with the same
spin to occupy the orbital ground state, gets circumvented and the two-qubit
gate fails. Therefore, the previously mentioned strain of the Si quantum well
becomes important. The large in-plane strain lifts the energies of the inplane
(x and y) valleys. The remaining two-fold degeneracy of the z valleys is broken
by electronic z confinement induced by electric fields and by the quantum
well [128]. The breaking of the twofold valley degeneracy is very sensitive
to atomic-scale details of the interface and can therefore vary for different
locations in the device [82, 129], and has to be determined in order to know
the alowed working regime of the qubits. Figure 2.6¢ shows a summary of
the valleysplitting, from bulk silicon to the confinement in strained silicon.
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Figure 2.6.: a Band structure diagram of bulk silicon. b A zoomed-in view of the indirect con-
duction band gap. The minimum close to the end of the Brilloin zone is six-fold degenerate. ¢
Valleysplitting of a strained silicon quantum well. The bulk six-fold degeneracy gets lifted by
the strain into four higher energy valleys (+x and +y valleys) and two low energy valleys (+z
valleys). The final degeneracy gets lifted due additional confinement by the quantum well and
by gate voltages. Adapted from [127].

Because of the many advantages a Si/SiGe heterostructure brings, many of
the impressive results regarding spin qubit devices where achieved in Si/SiGe
heterostructures. The six qubit processor [55], high fidelity coherent spin
shuttling [84], a working device with 12 individual qubits [109], a tunable
2x2 quantum dot array [130] and the record for two qubit gate fidelities of
semicondcutor based qubit devices [36, 131], by using Loss-DiVincenzo qubit
architectures in Si/SiGe. The promise of combining all the advantages of the
Si/SiGe heterostructure with the unmatched precision of industrial 300 mm
CMOS process lines holds great promise in the process of developping a large
sclae quantum computer.

2.3. Loss-DiVincenzo qubit

In 1998, Daniel Loss and David P. DiVincenzo proposed a quantum computing
architecture utilizing the spin states of single electrons confined in quantum
dots as qubits [87]. In order to illustrate the working principle of the qubit,
the qubit state is represented as a vector on a sphere of radius one, the Bloch
sphere. The Bloch sphere is a geometric representation of the pure state
space of a two-level quantum system. It is named after physicist Felix Bloch
[132, 133], in honor of his foundational work in nuclear magnetic resonance,
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2. Achieving universal quantum computing with silicon spin qubits

|0)

Figure 2.7.: Representation of a qubit state in spherical coordinates on the Bloch sphere

which inspired representations of two-level quantum systems. A qubit state
vector

[¥) =a|0)+f11), (2.1)
can be represented on the Bloch sphere by:

[¥) = cos(6/2) |0) + €' sin(6/2) 1), (2.2)

with 0 being the polar angle measured from the z-axis of the Bloch sphere,
and ¢ being the azimuthal angle measured from the x-axis in the xy-plane of
the Bloch sphere. The two poles of the sphere represent the basis states |0)
(north pole) and |1) (south pole), and points on the equator represent equal
superpositions like 1/v2(|0) + |1)). The time evolution of the qubit can be
described as the trajectory of the state vector on the Bloch sphere.

The Loss-DiVincenzo (LD) qubit encodes quantum information in the spin
state of a single electron, where the spin—% of the electron serves as a natural
realisation of a qubit. A static magnetic field lifts the degeneracy between
the electron’s spin-up and spin-down states, while a transverse AC magnetic
field drives coherent rotations between these spin states. Figure 2.8 illustrates
the physical implementation of a LD spin qubit, its representation on the

Bloch sphere, and the two level energy splitting of the two qubit states.

The encoding for an LD qubit involves a direct mapping S; = —0;/2, between
spin operators and encoded Pauli operators. In the regime of tight electronic
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2.3. Loss-DiVincenzo qubit

Spin Qubit Bloch Sphere Level Diagram

Figure 2.8.: Single electrons confined next to each other in quantum wells (left), Bloch sphere
representation (centre), and qubit energy level diagram (right). The qubit energy splitting is
tuned by a constant external magnetic field, which lets the spin precess around the z-axis with
the same frequency as the energy splitting. An oscillating magnetic field in resonance to the
qubit frequency, perpendicular to the constant field, can drive the qubit, which rotates the qubit
vector on the bloch sphere around the x or y-axis. Adapted from [36].

confinement, with one electron per quantum dot, the electron spin dynamics
are governed by the Heisenberg exchange Hamiltonian and the single-electron
Zeeman Hamiltonian, resulting in a total Hamiltonian of the form [36]:

1 1
H(t) = Zizj:]i,j(t)ﬁi'ffﬁLEZgiﬂBBi'Ui, (2.3)

with the time dependent exchange coupling J(¢), the effective magnetic field
B, and the Landé g-factor for the electron at the position i.

The exchange interaction arises from the requirement that the total wavefunc-
tion of two electrons—which includes both spatial and spin components—must
be antisymmetric, as dictated by the Pauli exclusion principle [134, 135].
When electrons overlap spatially, the energy of the spin-singlet state is re-
duced relative to the spin-triplet states by an amount called the exchange
coupling J. This effect occurs because electrons in the singlet state can move
to and from the same location (maintaining a totally antisymmetric wave
function), while this motion is forbidden for the spin-symmetric (and hence
spatially antisymmetric) triplets.

This exchange effect between spins i and j is captured by the Heisenberg
exchange Hamiltonian H = J; ;S; - S;, where S; denotes the quantum operator
for the spin of the electron at site i. From a quantum control perspective,
one advantage of spin qubits is that J; ; can typically be tuned over many
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2. Achieving universal quantum computing with silicon spin qubits

orders of magnitude by adjusting gate voltages [136]. This tunability allows
for time-dependent two-qubit control, enabling the realisation of two-qubit
gates between nearest-neighbor spins [137, 138]. The exact experimental
implementation of the universal qubit control will be described in more detail
in Section 6.4.

While there are a lot more different qubit encoding schemes based on semi-
conductor quantum dots [36], the LD qubit type implemented in a Si/SiGe
heterostructures holds the the record for the highest two qubit gate fidelities
[131] and form the largest semicoductor qubit processors [55, 109] to date.
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3. Spin qubit devices and
experimental setup

This chapter begins with an introduction to the spin qubit devices used in
this thesis, followed by a detailed description of the experimental setup. It
describes the *He/*He dilution refrigerator used to achieve the required oper-
ating temperatures, the sample printed circuit board (PCB) for the electrical
addressing of all gates, the cabling and filtering of the electrical lines, and the
measurement electronics used for device control and data acquisition. The
chapter concludes with a brief explanation of the IQ mixing used for coherent
spin manipulations.

3.1. 300 mm industrial wafer fabrication at imec

The spin qubit devices characterised in this work were fabricated by our
collaborators from the Interuniversity Microelectronics Centre (imec). The
heart of imec’s headquarters in Leuven, Belgium, possesses a state-of-the-art
7200 m? cleanroom, equipped with advanced 300mm wafer processing tools.
Unlike university cleanrooms, where wafers are processed less frequently,
imec operates 24/7 with dedicated cleanroom staff handling 300 mm silicon
wafers. Although the cleanroom is rated as class 1000, wafers are transported
between fabrication steps in Front Opening Unified Pods (FOUPs), which
provide a class 1 environment. All equipment is designed with loading bays
compatible with FOUPs, ensuring wafers remain secure in a controlled set-
ting at all times. Adopting industry-standard, high-quality materials and
minimizing human interaction is a promising approach to address the vari-
ability in spin qubit devices, a key bottleneck for scaling quantum computing
architectures [44, 64].
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Figure 3.1.: A 3D model of the device. 3-layer TiN gate architecture (orange, blue, red) on the
SiGe heterostructure (cyan and green). SiO; (grey) insulates the different layers from each
other. The electron gas is formed in the buried Si layer. The CoMM (violet) is encapsulated by a
SiO; passivation layer, and all structures are connected by vias (yellow). In reality, the vias are
connected farther from the qubit region, where the gates fan out and become wider. Additionally,
the width, length, and height of the CoMM are reduced for better visibility, with only the 300 nm
gap of the CoMM shown to scale. Adapted from [139]

The natural Si/SiGe heterostructures used in this thesis are grown on a 300 mm
silicon wafer. A 3D visualisation of the device is shown in Figure 3.1. From
bottom to top, the heterostructure comprises a 8 pm strained relaxed buffer
(SRB) finished by an unstrained 1 pm Sig 75Geg 25 layer of constant concentra-
tion. This is followed by chemical vapor deposition (CVD) of a tensile-strained
natural Si quantum well of 9 nm and a Sip 75Geg 25 buffer layer of 40 nm thick-
ness. To avoid oxidation of the SiGe buffer, a 2 nm thick silicon cap is grown
on top of the heterostructure. Ohmic contacts to the natural Si quantum well
are formed by phosphorus implants. Three overlapping gate layers made of
titanium nitride (TiN) and insulated by silicon oxide (5iO;) (From bottom
to top: 8 nm SiOz, 30 nm TiN, 5 nm SiOy, 20 nm TiN, 5nm SiO3, 20 nm TiN)
are used for the formation and manipulation of the quantum dots. A cobalt
micromagnet (CoMM) module of 250 nm thickness is made in line using a
damascene process. A SiO, passivation layer is deposited on top of the stack.
Vias are etched in this passivation layer to connect the ohmics, gate layers
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Figure 3.2.: a Schematic of the Si/SiGe heterostructure, the three gate layers, and the CoMM
layer. The thicknesses are to scale except for the lowest SiGe buffer layer and the CoMM layer.
The quantum dots are formed in the 9 nm strained Si layer. b False coloured SEM of the three
layer TiN gate architecture for quantum dot and qubit control. The dark blue regions indicate
the areas where a mobile 2D electron gas is formed, and the blue dots indicate the position of
the formed quantum dots. The black arrows indicate the measured tunnelling current through
the sensor dot below the ST gate, and the oscillation direction of the two qubit quantum dots
below gate PL and PR. The spatial oscillations are induced by pulsing the central screening gate
CC with microwaves. The quantum dots are formed approximately 120 nm below the center of a
CoMM gap, creating a local inhomogeneous magnetic field necessary for EDSR manipulation.

and the CoMM. A cut of the heterostructure is shown in Figure 3.2a in which
all layers are to scale in respect to their layer thicknesses, except the low-
est Sig.75Gey 25 buffer layer and the upmost CoMM thickness are reduced in
height for better visibility. The 2 nm Si cap is suspected to be even thinner,
as part or possibly the entire layer may have been converted to SiO; during
the growth of the oxide layer.

The gate layout of the device is shown in the false coloured scanning electron
microscopy (SEM) picture in Figure 3.2b. The architecture is designed to
enable the formation of two quantum dots in the single electron regime, later
used as qubits, and an adjacent single electron transistor (SET) for readout.
Mobile 2D electron gases can be formed below the four accumulation gates
LTA, RTA, LBA, RBA, which have a slight overlap with the ohmic implant
region further away from the qubit region. The qubit dots are centered below
the gap of a C-shaped CoMM, which creates an inhomogeneous external
magnetic field at the qubit positions used to manipulate the qubit spin state.
Applying a microwave signal to the central screening gate (CC) causes the
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Table 3.1.: Device ID of all measured devices

Wafer Subdie CoMM gap size

D11 Die12 SD10B 650 nm
D09 Diel3 SD10B 650 nm
D09 Die09 SD11B 400 nm
D09  Die05 SD15B 300 nm

position of the qubit dot to oscillate, effectively subjecting the qubit to an
alternating magnetic field at the frequency of the applied signal. This principle
is called electric dipole spin resonance (EDSR) [140, 141] and is explained in
more detail in Section 6.1.

Figure 3.3 shows a scanning electron microscopy (SEM) image of the CoMM
and its dimensions. The CoMM on the devices is about 1.5 pm wide and 4 pm
long and features different gap sizes which change the resulting inhomoge-
nious magnetic field at the position of the later formed qubit quantum dots.
Qubit quantum dots are formed ~ 120 nm below the CoMM, and the magnetic
field strength and gradient for different CoMM geometries and gap sizes were
simulated and optimised in [142]. The four spin qubit devices presented in
this work, and are listed in Table 3.1. They all possess the same gate architec-
ture but feature different CoMM gap sizes. Also two devices with identical
architecture but from different fabricated 300 mm wafers were measured. The
coherent spin manipulation measurements presented in Chapter 6 are all
performed on the sample with the ID "D09 Die05 SD15B", which features a
CoMM gap size of 300 nm. Measurements on the other samples are shown in
the Appendix A.1.

3.2. Dilution refrigerator

The samples were cooled down in a home built SHe/*He dilution refrigerator,
a Qinu Version XL. The speciality of Qinu cryostats is their speed in which
the cryostats cool down and warm up. The time needed to reach tempera-
tures below 100 mK is approximately 7 h, and additional 2 h to reach its base
temperature at about 30 mK. The cooling power at 100 mK reaches about
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Figure 3.3.: Scanning electron microscopy image of a CoMM with a gap size of 300 nm. The
image was taken from an angled viewpoint, so the lengths in the y-direction appear smaller than
in the x-direction. The Co layer has a thickness of 250 nm, is encapsulated in SiO; and connected
to a via in order to be able to ground the micromagnet. The blue dots and black arrows indicate
the position and oscillation direction of the quantum dots, which are located in the quantum
well approximately 120 nm below the CoMM. Taken from [139]

300 pW. Unlike most conventional cryostats, Qinu cryostats have an upside-
down design, where the coldest part, the mK-plate, is located at the top of
the assembly rather than at the bottom, as is common in other commercially
available systems. A full warm up of the cryostat takes approximately 2h
by introducing *He exchange gas into the cryo vacuum and heating of the
outermost shield. For a detailed description of the working principle and
technical details of the Qinu cryostats, see [143].

The specific Qinu version XL used in this work, named "Obelix," is illustrated
in Figure 3.4 and has several unique features. The XL version has a larger
experimental space and significantly more mass compared to the L version,
so an extra line was added to allow the 4K stage to be directly precooled
using liquid N during the cooldown. N; becomes liquid at ~ 77K and can
therefore be used to quickly cool down the whole system to about 100K, at
which the cooling with liquid 4He is continued. N, becomes solid at ~ 63K,
so after reaching these temperatures and below, the N; line leading to the
4K pot is blocked by solid N, and the Ny line to the 100K stage in parallel
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Figure 3.4.: Schematic illustration of the cryostat used in this thesis, named Obelix. Special for
Obelix is the elevated second mK stage with a fast-exchangeable sample holder, an extended 4K
copper radiation shield that allows the use of a 3D vector magnet combined with the high cooling
power of the 4K stage, and the possibility to precool the 4K stage with N, during cooldown.
Adapted from [144]

can be used further. This drastically reduces the liquid *He consumption
for a cooldown from ~ 201, to ~ 61, and the *He consumption per day for
operation at mK, to about 131/day instead of 191/day.

The other unique features include the extended 4 K copper radiation shield,
to which the 3D vector magnet can be attached, and the elevated mK stage,
which is paired with a fast-exchangeable sample holder. The extended 4 K
copper shield allows to bring the 3D vector magnet in nearest vicinity of
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Figure 3.5.: Pictures of Obelix and the Quickswap sample holder. 1: Customizable vacuum access
windows. 2: Extended 4 K shield. 3: Elevated mK stage. A detailed view is shown in Figure 3.6. 4:
Cold finger of the Quickswap sample holder. 5: Sample space with glued sample. 6: Split-PCI-
connection for up to 24 DC lines. 7: SMP-connectors for up to 3 RF lines. 8: Radiation shield
hosting the second filtering stage. Adapted from [145].

the measured sample, while profiting from the high cooling power at the 4K
stage. The higher cooling power of the 4K stage facilitates thermalisation
of the superconducting coil compared to thermalisation at the mK stage,
resulting in faster total cooldown times. Additionally, the higher cooling
power allows faster magnetic field ramping speeds, as it can compensate for
the self-heating of the coils caused by eddy currents.

The elevated mK stage was developed to use in combination with the fast
exchangeable sample holder, named "Quickswap" system. As the name im-
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Figure 3.6.: Close-up of elevated mK stage. 9 The Quickswap sample holder inserted upside-down
into the elevated mK stage. 10 Elevated mK stage. 11 Three coaxial copper cables connecting to
to the three SMP connectors on the sample holder via SMA to SMP feedthrough adapters. 12
Superconducting 3D vector magnet. 13 Thermal anchor for the high current lines supplying the
magnet. 14 DC line filter boxes. 15 The extended 4 K copper radiation shield. 16 The lower mK
stage. Adapted from [145].

plies, it enables the exchange of a PCB with a mounted sample in just a few
minutes. The connection to the cryostat wiring is achieved by plugging in
the SMP and split-PCI connectors, while mechanical stability is provided by
three 4 mm banana plugs, which fit into corresponding holes on the elevated
mK stage. This setup allows the sample to be prepared in advance while
the cryostat is still in operation. Swapping the sample holder with a new
sample then requires minimal time, thereby reducing the cryostat’s overall
downtime.
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Figure 3.7.: Photograph of the sample PCB with coloured highlights. The SMP connectors used to
connect the RF lines on the PCB to external RF lines are highlighted in green. The PCI connectors,
used to connect the DC lines to their counterparts inside the cryostat, are highlighted in yellow.
The second RC filtering stage of the DC lines is highlighted in blue. The position where the
sample chip is glued and wire-bonded to the adjacent ends of the RF and DC lines is highlighted
in red. Adapted from [144].

3.3. Sample PCB

A detailed view of the sample PCB that enables the Quickswap system is
shown in Figure 3.7, and was designed by Tino Cubaynes. The PCB features in
total 24 DC lines and 3 RF lines. The PCB has allocated pads which allow the
integration of onboard RC filters for the DC lines. The DC lines are connected
to two sets of split PCI connectors, one set on the bottom and one set on the
top of the main PCB. This allows the possibility to provide a galvanic ground
connection for the DC lines at all times, in order to prevent damage from
electrostatic discharge effects. The RF lines are connected by SMP connectors,
and guided to the sample space by three individual coplanar waveguides,
designed for frequencies up to 20 GHz. The sample space is located close to
the end of the long cold finger, used to insert the sample in the centre of a
3D vector magnet. The sample is glued onto a 12 x 6 mm gold-coated copper
plate, which can serve as a back gate or ground plate. The sample is then
wire-bonded to the RF and DC lines that are positioned around the sample
space. Optional resistive bias-tees are added by soldering a capacitor between
the inner conductors of an RF line and a resistor in line of the respective DC
line. The lines are then connected by wire bonds at the point closest to the
sample. The image shown in Figure 3.7 displays mounted bias-tees for the
lower two RF lines. The bias-tees are composed of 15nF SMD capacitors and
10 MQ Metal Electrode Leadless Faces (MELF) resistors.

The sample PCB shows parasitic capacitive coupling between the RF lines and
the nearest DC lines for frequencies above 16 GHz, where the relevant factor
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Figure 3.8.: Schematic of the PCB shown in Figure 3.7, where the front side DC lines and RF
connectors are labeled. Also included are the resistors and capacitors for the second DC filter
stage, which are discussed in more detail in Section 3.4.

is the distance between the DC line and the soldered SMP connector port of
the RF line. More specifically, RF line 3 shows the strongest coupling to DC
line 13, while RF line 1 shows the strongest coupling to DC line 6. Figure 3.8
shows a schematic in which all front side DC lines and RF connectors are
labeled. This cross-talk was measured across three different PCBs and is
crucial to consider when selecting the DC and RF lines for connecting to the
sample. If not properly accounted for, this cross-talk can introduce significant
noise into the system when coupled to the wrong gate. However, if used
correctly, it can be turned into an advantage.

The initial qubit measurements were performed with an RF line directly wire-
bonded to the manipulation gate, but the observable manipulation speeds
were limited due to sample heating, which resulted in a loss of SNR. In
contrast, when using RF line 3 without a direct wirebond connection to the
sample, and connecting DC line 13 to the qubit manipulation gate, orders
of magnitude higher qubit manipulation are achieved before any heating
effect was observed. This line configuration was tested across three different
PCBs and four different qubit samples, consistently demonstrating the same
behaviour.
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The reason for this orders-of-magnitude improvement in performance re-
mains unclear. The hypothesis is that heat dissipated at the last attenuator,
thermalised at the mK stage, is directly conducted to the sample when the
RF line has a direct thermal connection to it. In contrast, when RF line 3 is
capacitively coupled to DC line 13, but not connected to the sample directly
by a wirebond, the electromagnetic signal is transmitted without direct heat
transfer via electrons between the lines. Due to its legendary performance,
this RF 3 to DC line 13 cross-talk has been named the "Ghost line" and should
be taken into account for future use cases and PCB designs.

3.4. Cabling and measurement electronics

The dilution cryostat is equipped with 48 DC lines and 6 RF lines. The DC lines
consist of superconducting NbTi filaments embedded in a constantan matrix,
with a total wire thickness of 100 pm. The DC lines are bundled in groups of
12, encased in Apiezon grease, and housed in a CuNi capillary with an outer
diameter of 1.7 mm. The CuNi capillary is later galvanically connected to
ground, providing both electromagnetic shielding and mechanical stability.
The Apiezon grease enhances thermal conductivity to the CuNi capillary.

Each RF line consists of three CuNi coaxial cables, one from room temperature
to the 4K stage, from the 4K to the 1K stage, from the 1K stage to the 30 mK
stage, and a final copper coaxial cable connecting the first 30 mK stage with
the elevated one. The total attenuation of the three RF transmission lines,
from the outer SMA connector of the cryo access window, up to the elevated
mK stage and the SMP feedthrough adapters, is shown in Figure 3.9 for
frequencies up to 20 GHz. Additional RF attenuators of 3, 6 and 10dB are
built in at the 4K, 1K and 30 mK stage respectively.

The DC lines are filtered by two RC low pass filter stages at mK with cutoff
frequencies of 250 Hz for the static gate voltages, and 60 kHz for DC lines
used for current measurements through the charge sensor and qubit plunger
voltage pulses. Additionally, every line was filtered by a LFCN-80+ for mid
range frequency filtering between 225 MHz and 4500 MHz. A schematic of the
filter configuration and the used passive components is shown in Figure 3.10.
The LFCN-80+ and the first RC filter are soldered on a dedicated filter PCB
and placed inside a filter box, thermalised at the 30 mK stage. The second
RC filter is soldered on the sample PCB directly as shown in Figure 3.7 or
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Figure 3.9.: Measured line attenuation of the three built in RF lines from the external SMA
connector at the outer cryostat window, up to the SMP connector at the elevated mK-stage, at
room temperature. a shows the full frequency window from 10 kHz to 20 GHz, while b shows a
close-up of the frequency window from 15 to 20 GHz more relevant for later qubit operations.

Figure 3.8. All electrostatic control gates of the samples are connected to DC
lines equipped with the 250 Hz filters. Only the source and drain contacts
and the two qubit plunger gates are connected to the "fast" DC lines with the
60 kHz filters, to be able measure shorter signals and to be able to perform
faster pulses on the plunger gates. The central screening gate, also used for
EDSR drive is connected to DC line 13 and driven with RF line 3, as explained
in the previous section.

Figure 3.11 presents a schematic illustrating how the measurement electronics
are interconnected and connected to the cryostat. All DC lines in the cryostat
are connected via an external breakout box, with the voltages controlled by
an Adwin Pro II system from Jaeger Messtechnik. The source drain currents
are converted to a voltage at room temperature by an SP983c Basel Precision
Instruments I-V converter, and the voltage is digitized by an analogue input
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Figure 3.10.: DC filter configuration. The LFCN80+ and the first set of RC filters are located and
thermalised in a copper filter box at the 30 mK stage, and the second set of RC filters are soldered
directly on the used sample PCB.

module of the Adwin Pro II. The qubit plunger voltage pulses are realised by
an HDAWG from Zurich Instruments. The microwave manipulation is done
by controlling the in-phase (I) and quadrature (Q) channels of an SMW200A
Rohde & Schwarz vector signal generator by two HDAWG outputs. Optionally,
a Mini-Circuits Power Splitter ZMSCQ-2-90 can be used to control both the I
and Q channels of the vector signal generator with a single HDAWG output,
generating a single-sideband mixer output signal.
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Figure 3.11.: Schematic of the combined measurement setup. On the left, the cryostat with built-
in DC and RF lines. The small black-framed boxes represent attenuators, the number inside
indicating the attenuation in dB. The orange/red circles represent thermalisation of the cables
with silver epoxy/tin. Silver epoxy is used for temperatures below 3.72K, where tin becomes
superconducting and drastically less thermally conductive. Only 1 DC capillary and 3 RF lines
are shown for clarity, but the cryostat is equipped with 4 such DC capillaries and 6 RF lines. On
the right are the measurement electronics and their interconnections.
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Figure 3.12.: Schematic of an IQ mixer, which consists of four components. From right to left: A
hybrid quadrature coupler, two identical RF mixers, and an in-phase combiner. Taken from [146]

3.5. 1Q mixing

IQ mixers, where "I" stands for in-phase and "Q" for quadrature, are four-port
devices constructed from two identical mixers. A schematic representation
is shown in Figure 3.12 and works as follows. A hybrid quadrature coupler
is used to split the Local Oscillator (LO) signal into two signals that are 90
degrees phase shifted, which are then fed into two separate mixers. These
mixers process the RF and LO signals (from the quadrature coupler) and per-
form the mixing. After the mixing, the in-phase combiner merges the signals
from both mixers. For an example LO signal of cos(wro), the mathematical
expression for the output signal of the IQ mixer is:

Vrr(t) = I(t) - cos(wrot) — Q(t) - sin(wrot). (3.1)

Now assuming I(#) = cos(wawg) and Q(¢) = 0, and using the trigonometric
identity cos(x) - cos(y) = % [cos(x —y) + cos(x +y)],

Vrr(t) = I(t) - cos(wro0) (3.2)
= % [cos(wLo + wawe) + cos(wLo — wawe)] (3.3)

where the resulting signal has two equal sidebands at frequencies wro + @wawa,
similar to the behaviour of a single RF mixer.

However, for I(t) = cos(wawg) and Q(t) = sin(wawg), the output be-
comes:
Vrr(t) = cos(wro — wawa)- (3.4)
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3. Spin qubit devices and experimental setup

In this case, one of the sidebands is canceled due to the two 90-degree phase
shifts, which combine to create a 180-degree phase difference. The positive
and negative versions of the signal cancel each other out, effectively suppress-
ing one sideband and creating single-sideband (SSB) mixer behaviour.

In summary, an IQ mixer enables modulation of the amplitude, phase, and
frequency of a high-frequency local oscillator signal, while control can be
achieved using an arbitrary waveform generator (AWG) operating at MHz
frequencies. This method provides maximum flexibility in shaping microwave
pulses necessary for the universal qubit control pulses described in Section 6.4.
For more information on IQ mixers, see [147].
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4. Tuning of the Si/SiGe quantum
dot device

This chapter describes how the quantum dots in the device are tuned to
their operating points, which is the prerequisite for all subsequent qubit
characterisation measurements. Starting from the first accumulation of the
2DEG to the formation of the sensor and qubit quantum dots, to gate lever
arm estimation and charge sensing of the qubit double dot down to the single
electron regime. Parts of this chapter are adapted from T. Koch et al. [139].

4.1. 2DEG accumulationin the Si/SiGe quantum well

The first step is accumulating a free electron gas in the desired regions
while minimizing parasitic charged areas or unwanted electron tunnelling
from the quantum well to the cap [110, 145]. This task can be particularly
challenging in a Si/SiGe heterostructure, especially without prior knowledge
of the average accumulation voltage. The accumulation voltage V. is defined
as the voltage at which the electron density in the quantum well exceeds
the critical electron density and a conductive channel is formed. However,
applying too high voltages at the wrong gates can create unwanted charged
regions that are often irreversible. If the gate voltages are lowered after the
critical electron density has been exceeded once, some charges may remain
trapped in the conduction band, since it is modulated by defects in the vicinity.
These trapped charges can only be removed with additional thermal energy
by heating the entire sample.

The gate architecture of the sample consists of three different gate layers.
The purpose of the first gate layer differs fundamentally from that of the
second and third gate layers. The first gate layer consists of screening gates
that serve to divide the electron gas into two well-separated channels. It is
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4. Tuning of the Si/SiGe quantum dot device

important to keep the screening gates well below the accumulation voltage
(> 100 mV below V,) in order to minimise the electron density under these
gates. However, this requires knowledge of the rough accumulation voltage.

To measure V., all voltages on all gates must be increased in parallel to form
a large conductive area and reduce the effects of individual gate voltages or
single defects on the measured current. The increased gate voltage will lower
the conduction band of the quantum well until the electron ground state
reaches the Fermi energy, at which electrons start to populate the conduction
band energies. The electron density increases linearly with higher gate voltage
[148, 149] and as soon as the critical electron density is reached, a sheet of
mobile electrons have formed and a current becomes measurable. The first
voltage at which a non-zero conductance/current is measured is defined as
Vace-

After V. is determined, the 2DEG has to be confined to the intended regions.
For this, the CB and CT gate are lowered ~ 100 mV below V., and the
CC gate is lowered ~ 300 mV below V. to prevent leakage between the
lower and upper current branches. Ideally the electron density below these
gates is completely depleted, but usually some charges stay trapped in the
modulated conduction band. These trapped charges can cause an unstable,
less predictable behaviour of the charge environment and require additional
thermal energy to be removed, as mentioned above. If a thermal cycle is
performed, the measured accumulation voltage can be used as orientation
for the fresh cool down. Now, there are two possible scenarios:

1. no thermal cycle was performed/necessary:

The CB and CT gates are 100 mV below V., the CC gate is 100 mV
below V¢, and all other gates are at V.. Usually, the previously
measurable current is now depleted again because the screening gates
block the source and drain current path and the current has to be
accumulated again with the remaining gates. For this, the gate voltage
at all gates except the screening gates are ramped up until a current
becomes measurable again.

2. athermal cycle was performed/necessary:

All gates are back at zero and are first ramped up until 300 mV below
Vace- From here, all gates except the CC gate are ramped further until
100 mV below V... In the next step, all gates except the screening
gates are ramped up until a current becomes measurable.
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4.2. Formation of the quantum dots

The source drain current of the upper and lower channels are observed in
parallel. As soon as one channel becomes conductive, the voltages responsible
for this accumulation are kept constant, and only the gates for the other chan-
nel are further increased until accumulation. As an example: All gates except
the screening gates are ramped up until a first current becomes measurable.
Most of the time, the lower current path accumulates first due to the slightly
larger gate pitch between the CB and CC gates compared to the CT and
CC gates. A source-drain current in the lower channel is measured and the
voltage increase is halted as soon as a the current reaches 1 nA. Now all gate
voltages responsible for the lower channel accumulation (LBA, LB, ST, RB,
RBA) are kept constant and only the gates for the upper channel (LTA, BL, PL,
B, PR, BR, RTA) are increased further. If increasing the voltage of the upper
channel gates also raises the current measured through the lower channel,
the current can be reduced again by lowering the SET barrier gates. This will
start to pinch the current in the SET region, preparing for the formation of
the desired quantum dot for charge sensing. Further, it is important to keep
source-drain currents below 10 nA to reduce the risk of damaging the sample
due to strong local heating effects.

The dark blue regions in Figure 4.1a visualise where the 2DEG should now
be accumulated and two independent current channels should be measurable.
Figure 4.1 b shows an exemplary measurement of the source-drain current of
the lower channel as the voltages at all gates, except the screening gates, are
increased.

4.2. Formation of the quantum dots

Once both current channels have been accumulated, the next step is to form a
quantum dot beneath the ST gate, which will later serve as a charge sensor. To
achieve this, the barrier voltages of LB and RB are individually lowered to mea-
sure their respective "pinch-oft" voltages, where each barrier gate suppresses
the conducting channel. In an ideal device, these pinch-off voltages would be
identical. However, due to local disorder and slightly misaligned gates, they
can become asymmetric. Once both pinch-off voltages are approximately
identified, a 2D gate map is performed, where the source-drain current is
observed while varying the voltages at both barrier gates. Figure 4.2b shows
an example of such a gate map. Starting from the upper right in the region of
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Figure 4.1.: a False coloured SEM picture of the device gate architecture. The dark blue regions
indicate the regions where a 2DEG is accumulated. b Usual measured signature of the source-
drain current when the gate voltages reach a regime in which the critical electron density of
the quantum well is surpassed. All voltages except the three screening gates are increased. The
upper and lower current channels are measured in parallel. The applied source-drain voltage is
1mV, the CC gate is kept at 0.3V, while CB and CT are kept at 0.49 V.

highest current, the current initially decreases as the barrier gate voltages
are lowered. Reducing the barrier gate voltages raises the tunnel barrier
height, slows down the electron tunnelling rate, and consequently lowers the
measured current. As the barrier voltages are reduced further, the measured
current begins to rise again. The voltage change at the barrier gates not only
alters the tunnel barrier height but also affects the quantum dot energy level.
When the quantum dot energy level is adjusted between the Fermi energies
of the source and drain reservoirs, an electron can tunnel from source to
drain through the quantum dot, leading to the increase in current visible for
lower barrier voltages. So the reappearing current to lower gate voltages is a
clear indication that a quantum dot has been formed. If the current does not
reappear at lower gate voltages, the voltage at the ST gate is increased until
the current is reaccumulated, and the barrier-barrier gate map is repeated.
The quantum dot is formed as soon as Coulomb oscillations become visible,
either as an oscillating current in the barrier gate map or directly measured
by changing the ST gate voltage. The latter is shown in Figure 4.2c where
the current is measured while increasing the ST gate voltage. Starting from
zero current, the current increases and oscillates periodically as the quantum
dot energy level is tuned between the source and drain Fermi energies of
the reservoirs. The rising average current is due to cross-capacitive coupling
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Figure 4.2.: a False coloured SEM picture of the device gate architecture. The dark blue regions
indicate the regions where a 2DEG is accumulated. A quantum dot is formed below the ST
gate and the black arrows indicate a source-drain tunnel current through the dot. b Measured
tunnel current through the SET for different barrier voltages LB and RB. The visible Coulomb
oscillations of the tunnel current in the gate map are caused by the cross-capacitive coupling of
the barrier gates to the quantum dot energy level. The maximum SET current rises with higher
barrier voltages due to an increase in the electron tunnelling rate. ¢ Measured SET current for
varying voltages at the plunger gate ST. Coulomb oscillations become visible.

from the plunger gate ST on the tunnel barrier heights, where an increased
gate voltage lowers the tuned barrier height.

Analogously, the quantum dots are formed in the upper channel. If for
example a quantum dot is to be formed below the PR gate, the cut-off voltages
of the neighbouring barrier gates B and BR are measured, and a 2D barrier gate
map is performed. If the gate map does not show any Coulomb oscillations,
the voltage at the plunger gate PR is increased, and the previous steps are
repeated until Coulomb oscillations become measurable.
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4. Tuning of the Si/SiGe quantum dot device

4.3. Coulomb diamonds

As soon as a quantum dot is formed, it is important to characterise the lever
arm of the plunger gate voltage on the quantum dot energy level. One way
to determine this lever arm is to measure the tunnelling current through
the quantum dot in dependence of the applied gate source-drain voltage
and plunger gate voltage. This measurement is shown in Figure 4.3a for the
formed quantum dot below the ST gate. Three distinct regions are visible. The
red area indicates no tunnelling current, while yellow and black represent
positive and negative current flow, respectively. The red regions form a
diamond shape and indicate areas where Coulomb blockade is active, hence
the term "Coulomb diamonds". The shape of the diamonds can be described
using the constant interaction model (for a detailed discussion, see [150-153]).
By determining the width and height of the diamond, the shift in quantum dot
energy due to the plunger gate voltage can be mapped using the equation:

0.5+ AVsp
a=————

4.1
AVst (1)

where AVsp represents the total height of the diamond in voltage, and AVsr
represents the total plunger gate voltage required to span the width of the dia-
mond. The width and height of the diamonds are determined by extrapolating
the slopes of the diamonds at low source-drain bias voltages and identifying
the voltages at the crossing points. This is illustrated in Figure 4.3b, where
the blue lines extend the diamond edges to higher source-drain voltages, and
the red points mark all the crossing points used to determine the diamond
heights and widths. The extracted heights are listed in Table 4.1 and result in
an averaged lever arm of @ = (0.086 + 0.014) eV/V.

Table 4.1.: SET lever arm estimation

left diamond right diamond

AVsp (5.0 0.5)mV (4.6 +0.5) mV
AVst (28.3+1.0)mV  (27.8 + 1.0) mV
leverarma  (0.089 +0.001) eV/V  (0.083 + 0.001) eV/V

The same measurement is performed for the quantum dot formed under
the PR gate and the tunnelling current in dependence of the source-drain
voltage and PR gate voltage is shown in Figure 4.4. However, for this dot, the
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Figure 4.3.: a Measured tunnel current through the SET, formed under the ST gate, as a function
of the source-drain voltage and the ST gate voltage. The colour bar is limited to absolute currents
up to 0.1nA to better distinguish the Coulomb blocked regions from those where current can
flow. b The same data as in a, with added blue lines to extend the diamond edges to higher
source-drain voltages, and red points to mark all the crossing points used to determine the
plunger gate lever arm.

tunnelling barriers are strongly influenced by the PR gate voltage, altering
the width and height of the Coulomb diamond. This is further illustrated by
the extended diamond edges and crossing points depicted in Figure 4.4b. This
makes it not possible to extract a reliable PR gate lever arm using this method.
Therefore, another method is used which employs charge sensing.

4.4, Charge sensing

Due to its high susceptibility to the electrostatic environment, a quantum dot
can be utilised as a tool for sensing neighbouring quantum dots and their
electron occupancy. This enables the monitoring of quantum dots using much
smaller tunnelling rates to the reservoirs, making it less challenging than
probing the quantum dot through direct transport, which would require the
ability to measure currents in the femtoampere range. Another significant
advantage of using a charge sensor is its flexibility. The tunnelling current
through a quantum dot performs Coulomb oscillations, which can often be
tuned in width and height by altering the applied source-drain voltage or the
tunnelling barrier heights. A dot with lower tunnelling barriers, operated
at source-drain voltages above 1 mV, can have very wide and high Coulomb
oscillations without any zero current windows. This allows for a large voltage
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Figure 4.4.: a Measured tunnel current through the right qubit dot, formed under the PR gate,
as a function of the source-drain voltage and the PR gate voltage. The colour bar is limited to
absolute currents up to 0.1 nA to better distinguish the Coulomb blocked regions from those
where current can flow. b The same data as in a, with added blue lines to extend the diamond
edges to higher source-drain voltages, and red points to mark all the crossing points. The
diamond shape changes drastically for different PR gate voltages due to strong cross-capacitive
coupling on the tunnelling barriers, which makes it not possible to extract a reliable PR gate
lever arm.

window for the working points, where the charge sensor remains sensitive to
changes in the electrostatic environment, which is useful for extensive gate
scans. Operating the charge sensor at low source-drain biases (= 100 uV) and
with higher tunnelling barriers often results in narrow and sharp oscillations.
This is very useful for optimising the SNR when measuring the movement of
single electrons. Figure 4.5a illustrates a typical measurement of a Coulomb
oscillation in the SET with a source-drain bias of 400 uV. This measurement
helps to find a suitable working point for charge sensing of the neighbouring
qubit quantum dots. Here, a working point with a relatively high slope at
the centre of the left flank is used, indicated by the red dot, to provide good
sensitivity to external changes in the electrostatic environment. However, if
the changes are too large, the working point will shift to a region with
no tunnelling current and complete Coulomb blockade, where the SETs
sensitivity drops to zero. The tunnelling current through the SET is now
observed while sweeping the plunger gate voltage of the right qubit dot, as
shown in Figure 4.5b. A sharp, discrete jump is observed at a plunger gate
voltage of approximately 1.061 V, indicating a change in electron occupation
in the close vicinity. The magnitude and sign of the jump amplitude can
provide further information about the distance and whether an electron has
moved closer to or away from the SET. However, both factors are directly
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Figure 4.5.: a Measured Coulomb oscillation of the tunnelling current through the SET at an
applied source-drain bias of 400 uV. The red dot indicates the working point used for the charge
sensing measurement in b. b Measured SET tunnelling current while varying the voltage at the
right qubit plunger gate PR. The tunnelling current performs a discrete jumps at a plunger gate
voltage of approximately 1.061 V, indicating a change in electron occupancy of the quantum dot.

dependent on the chosen SET working point. An additional electron near
the SET always lowers the electrostatic potential due to its negative charge.
Consequently, the working point, such as the one chosen in Figure 4.5a, will
shift to the left. This shift decreases the measured tunnelling current when
using working points on the left flank and increases the tunnelling current
when using working points on the right flank. Furthermore, the magnitude
of the working point shift provides information about the distance to the
location where the change in electron occupation occurred. This allows for
distinguishing between changes in electron occupation in the right qubit
quantum dot and the left qubit quantum dot, as the right qubit quantum dot
is designed to be closer to the SET than the left qubit quantum dot.

For an electron jump to occur, the observed quantum dot must be coupled to
an electron reservoir. In the case of the right qubit quantum dot, the reservoir
is formed below the RTA gate and is connected to the upper drain voltage by
an ohmic connection, which defines the chemical potential of the electron
reservoir. The position of the measured electron jump in Figure 4.5b therefore
also depends on the voltage applied to the reservoir. Tracking the position of
the charge jump as the reservoir voltage changes provides another method
to extract the lever arm of the plunger gate voltage on the quantum dot
energy shift. Such a measurement of the SET tunnelling current, depending
on the right qubit plunger gate voltage and the connected bias voltage, is
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Figure 4.6.: a Measured SET tunnelling current in dependence of the qubit plunger gate voltage
and the applied reservoir voltage. The gate map is in a plunger gate region showing the 0—1
electron transition of the qubit quantum dot. The visible sharp jump in the current indicates the
voltage needed for the transition and shifts linearly with the applied reservoir bias voltage. b
Numerical deviation of the tunnelling current map shown in a. The sharp jump now appears as a
peak, which is linearly fitted and used to extract a plunger gate lever arm of (0.115+0.002) eV/V.

demonstrated in Figure 4.6a. The plunger gate voltage at which the electron
jump occurs shifts linearly with changing reservoir bias voltages. Figure 4.6b
shows the numerical deviation for the same measurement, where the jump
in the tunnelling current now appears as a sharp peak. These peak positions
are used to extract the electron transition voltage over the reservoir bias. The
slope of the linear fit of the peak positions yields a plunger gate lever arm of
(0.115 £ 0.002) eV/V on the quantum dot energy.

There are three main advantages to using this method of lever arm extraction
compared to the previously described method involving Coulomb diamonds.
Firstly, when measuring Coulomb diamonds, the quantum dot source-drain is
connected to DC lines to apply the voltage. When current is sent through the
dot, the applied source-drain voltage at the quantum dot will depend on the
inline resistance of the DC lines relative to the quantum dot resistance. When
using charge sensing to extract the lever arm, no current flows through the
sensed quantum dot, and the full voltage is applied to its reservoir. Secondly,
when extracting the lever arm through Coulomb diamond measurements, it
is necessary to separate the regions where Coulomb blockade is active from
those where current is flowing. This is done by selecting a relatively arbitrary
current threshold for the SET. For example, in Figure 4.3, a threshold current
of 0.1 nA was chosen. Choosing a different threshold current can alter the
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4.5. Electron temperature estimation

shape of the diamond and result in a different lever arm value. Addition-
ally, the transition width from Coulomb blockade to non-blockade is highly
electron temperature dependent, and elevated temperatures further reduce
the precision of the extracted lever arm. Thirdly, when measuring Coulomb
diamonds, the signal near zero source-drain bias is the weakest. Therefore,
to accurately resolve the full diamond shape, it may be necessary to mea-
sure at relatively high bias voltages and sweep the plunger gate voltage over
larger ranges. This can lead to other unwanted effects, such as altering the
tunnelling barriers, changing the quantum dot size, or even causing heating
due to high currents. Compared to the measurement shown in Figure 4.6,
which uses a voltage window five times smaller and yields a lever arm with
higher precision than the Coulomb Diamond method.

4.5. Electron temperature estimation

Charge sensing of the electron transition width of a neighbouring quantum
dot also allows an estimate of the electron temperature of the coupled reser-
voir. Figure 4.7a schematically visualises the measurement principle. The
Fermi level of the electron reservoir coupled to the quantum dot is thermally
broadened, opening a window for electrons to tunnel in or out of the dot
by thermal excitation. Depending on the exact position of the quantum dot
energy in this window, the average electron occupancy of the quantum dot
changes. This is measured capacitively by observing the tunnelling current
through the adjacent charge sensor, which reflects the average electron oc-
cupation of the observed quantum dot, on the measured tunnelling current
through the SET. The experimental implementation is shown Figure 4.7b,
measuring the tunnelling current of the SET, while changing the voltage
at the plunger gate PR of the right qubit dot in a small window of < 2mV
around the 0—1 electron transition. The transition follows the Fermi-Dirac
probability, and is fitted with

N

a-(V—VO)) +1

+Ic. (4.2)
exp ( ot

Isgr =

where I and I¢ are fitting parameters dependent on the SET working point,V;
the centre of the transition, « the gate lever arm on the quantum dot energy
extracted in Section 4.4, and the electron temperature T.
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Figure 4.7.: a Schematic of the electron temperature measurement by charge sensing. The dot
level is swept through the Fermi level at the chemical potential p using the plunger gate voltage
(shown here as wl). The average electron occupation, which reflects the Fermi-Dirac distribution
(i.e. temperature Ts ) of the electron reservoir, is probed by the current/conductance through a
charge sensor that is capacitively coupled to the dot. Illustration taken from [154]. b Experimental
implementation of the scheme in a, measured on the right qubit dot positioned under the gate
PR, tracking the 0—1 electron transition. Each value of the tunnelling current is an average over
2 s, reflecting the average electron occupation of the observed dot. The transition is then fitted
by a Fermi-Dirac distribution, resulting in an electron temperature of (118 + 9) mK.

When performing this measurement, it is important to operate in a regime
where the electron tunnelling rate to the reservoir, T, is small (h[' < kgT).
This ensures that the transition broadening caused by the tunnelling rate
is negligible and dominated by temperature broadening. For temperatures
~ 100 mK, tunnelling rates below 1 MHz fulfill this condition well. This is
another advantage of charge sensing compared to direct transport through a
quantum dot, where tunnelling rates below 1 MHz correspond to tunnelling
currents below 1 pA, making it very difficult to resolve the current at all. For
further details see [154].

4.6. Charge noise measurements

Fluctuations in the electrostatic environment of quantum dots are referred
to as charge noise. It has been shown that charge noise can significantly
affect the coherence and fidelity of quantum operations, often becoming the
limiting constraint on qubit coherence [47, 116, 118, 155-157]. Therefore, the
magnitude of charge noise affecting the electrons in quantum dots is a crucial

48



4.6. Charge noise measurements

parameter to characterise, and the semiconducting spin qubit community is
continuously striving to minimise or eliminate sources of charge noise.

One way to measure charge noise is by performing current spectroscopy
on the tunnelling current through a quantum dot. The entire procedure is
illustrated in Figure 4.8 as an example for the right qubit dot. It has been
demonstrated that charge noise can vary across different charge working
points of the quantum dot [158, 159]. Therefore, the charge noise is measured
for four different quantum dot working points, as shown in Figure 4.8a, and
averaged. The first step is to measure the slope of the working point which
allows a mapping of the current values to a plunger voltage measured in the
later performed current spectroscopy. This is shown in Figure 4.8b, which
shows a zoom-in on the working point in the centre of left flank of the
Coulomb oscillation. In the next step, a long time trace is taken, where the
tunnelling current measured for 5 min with a sampling rate of 10 kHz, shown
in Figure 4.8c. The sampling rate is important because the upper frequency
limit of the spectrum is set by the Nyquist frequency fyy = f;/2, which is
equal to half the sampling frequency f; [160, 161]. For frequencies above the
Nyquist limit, aliasing occurs. This causes higher frequency components of
the signal to be indistinguishably mapped to lower frequencies, resulting in
distortion and an inaccurate representation of the original signal. The lower
boundary of the frequency spectrum is set by the measurement time T where
only signals with a frequency of 1/T can be evaluated.

The timetrace is converted to a power spectral density using the Welch method
[162]. Welch’s method computes the power spectral density by dividing the
timetrace into overlapping segments and averaging them. Additionally, a
window function is applied to the individual segments. The use of the window
function averages noise in the estimated power spectrum in exchange for
a reduced frequency resolution because of overlapping time windows. A
Hann function is used as the window function for the shown spectrum in
Figure 4.8d. The resulting power spectral density is then normalized with the
slope of the Coulomb oscillation at the used working point and converted to
eV by multiplying with the plunger gate lever arm. The final power spectral
density is then fitted with a a/f? function and the value for 1 Hz is extracted.
The 1Hz charge noise values for each working point shown in Figure 4.8a,
numbered from left to right, are listed in Table 4.2. The table also includes
the charge noise values obtained using the same method for the quantum dot
beneath the ST gate, which serves as the charge sensor.
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Figure 4.8.: a Coulomb oscillations of the right qubit dot, formed below gate PR. The red dots
indicate the four positions used to extract charge noise values. The black arrow indicates the
working point referenced in all subsequent measurements. b Zoom in on the working point
and linear fit to the region around it. The fit corresponds to a slope of (16.6 + 0.2) nA/V and is
used to map the current noise to a voltage noise. ¢ A 5min time trace of the tunnelling current
at the indicated working point, measured with a sampling rate of 10kHz. d The calculated
power spectral density from the time trace. For the indicated working point, a 1 Hz value
of (1.43 +0.05) peV/ VHz is extracted, and the mean 1Hz value of all four working points is
(1.36 +0.07) peV/VHz.
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Table 4.2.: 1 Hz charge noise values

Working point  right qubit dot charge sensor
(1eV/VHz) (1eV/VHz)

1 1.31 £ 0.06 1.80 £ 0.05
2 1.56 £ 0.08 1.72 £ 0.05
3 1.43 £ 0.05 2.86 = 0.07
4 1.14 £ 0.07 0.82 +0.06
average 1.36 £ 0.07 2.30 £0.06

This noise characteristic is primarily attributed to the presence of fluctuating
two-level systems (TLS) within the Si/SiO; interface [163-166]. These are
defects or impurities that can switch between two states, causing fluctuations
in the local electric field. The collective behavior of many such TLS, each
switching at different frequencies, results in a noise spectrum that follows a
1/f distribution [113, 167, 168].

4,7. Tuning the double dot

When forming the double quantum dot in the upper channel of the device,
it is generally easier to start with larger quantum dots and then tune them
down to the single electron regime, rather than searching directly for the first
electron occupation of the quantum dots. Starting from a conducting channel
without any tunnelling barriers, the first step is to form individual quantum
dots below each qubit plunger gate and measure the quantum dot in transport,
as explained in Section 4.2. This will provide the respective voltages needed
to form individual dots. Combining the voltages used for both individually
formed quantum dots results in a lower overall electrostatic potential. This
typically results in no measurable tunnelling current for direct transport
measurements, as the reduced potential decreases the individual tunnelling
rates, thereby reducing the tunnelling current. However, this provides a good
starting point for employing charge sensing.

In transport measurements of quantum dots, it is challenging to determine
the exact charge state of the dot. This difficulty arises because changing the
plunger gate voltage not only changes the electron occupation, but also affects
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Figure 4.9.: a False coloured SEM picture of the device gate architecture. The dark blue regions
indicate the regions where a 2DEG is accumulated. Two quantum dots are formed under the
plunger gates PL and PR later used as qubit quantum dots and one larger dot below the ST gate.
The large dot is measured in transport and used as an SET to perform charge sensing of the
two qubit quantum dots. b Charge stability diagram of the two coupled qubit quantum dots,
measured via charge sensing by the SET. Both qubit plunger gates are swept and every visible
line corresponds to a change of electron number in the respective dots, starting with a (0,0)
occupation in the lower left.

the tunnelling barriers, which in turn impacts the SNR of the measurement.
Achieving a good SNR in direct transport measurements typically requires
tunnelling rates in the GHz range (currents above 10 pA). Therefore, when
looking for the regime where the quantum dot is fully depleted and lowering
the plunger gate voltage, the barrier gates must also be compensated. Addi-
tionally, as the dot becomes smaller, the cross-capacitive coupling between
the plunger gate and the barrier gate becomes stronger, further increasing
the complexity of the measurement.

Using charge sensing to identify the charge occupation eases the issue of
significantly changing SNR. This is because the sensors working point is much
less affected by the qubit plunger gates and can be more easily compensated.
Additionally, the charge sensor can be tuned to a regime that allows for
larger changes in the external electrostatic environment while still remaining
sensitive to electron jumps, as mentioned in Section 4.4.

Now while measuring the tunnelling current through the SET, a 2D gate
voltage map is performed, sweeping the two qubit plunger gates PL and PR.
The signature to look for are now sharp jumps in the measured current at
relatively constant voltage spacing, each time indicating a change of electron
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4.7. Tuning the double dot

occupation in the respective dot. An exemplary measurement is shown in
Figure 4.9b and is called a charge stability diagram. Over a large range of
plunger voltages, sharp lines corresponding to a change of electron occupation
are measured. The amplitude of the jump in tunnelling current and the slope
of the line in the 2D map, are two indicators to distinguish between a change
of electron occupation in the left or right qubit quantum dot. The left qubit
quantum dot is slightly further from the SET, resulting in the amplitude of
the jump being ~ 30 % smaller compared to the right qubit quantum dot. The
slope of the transition in the gate map is determined by the cross-capacitive
coupling of the plunger gates on both qubit quantum dots. Therefore, a
change in the voltage at the plunger gate PR will not only affect the right
qubit quantum dot below it, but also the left one with a reduced magnitude.
For further details on the exact shape of charge stability diagrams of double
quantum dots see [150, 169].

To obtain information about the exact electron occupation of each dot, it is
important to find the region where both qubit quantum dots are completely
empty, the (0,0) charge state region. This is done by reducing the plunger gate
voltage of both dots until no further jumps in the tunneling current occur,
visible in the lower left region in Figure 4.9b. This gives now the orientation
needed to have the full control of the charge state of both qubits.
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5. Spinrelaxation time and valley
splitting energy

This chapter introduces the measurement method used to read out the spin
state of the electron which is used in all coherent spin manipulation measure-
ments in Chapter 6, and also used in this chapter to extract the spin relaxation
time Ty of the qubit. Further, two methods of extracting the valley splitting at
the position of the qubit dots are introduced and performed, where the second
method also probes the magnetic field dependence of the spin relaxation time.
The valley splitting, particularly in Si/SiGe heterostructures, can be relatively
low, and valley splittings close to the qubit Zeeman energy can cause hy-
bridisation of quantum states. This hybridisation can significantly reduce
spin relaxation times or interfering with the control of a distinct two-level
quantum system [36, 127, 170]. This chapter is adapted in part from T. Koch
et al. [139].

5.1. Second electron transition in magnetic field

One way to get a first estimation of the valley splitting is by investigating
the 1—2 charge transition of a quantum dot. Figure 5.1a shows the Zeeman
diagram of the two lowest valley states split by a finite energy Est, and the red
line highlights ground state relevant for the second electron in the quantum
dot. For increasing magnetic fields, the degenerate spin-up and spin-down
states of each valley split up by the Zeeman energy. This results in the four
distinct states ||, —), [T, =), ||, +), |, +), where the arrow indicates the spin
state and the + denotes the valley state. For further increasing magnetic
field, the splitting of |T, —) and ||, +) reduces until an external field value of
Bst, where the Zeeman energy equals the valley splitting energy Esr. At
this point the |, —) state and ||, +) state hybridise and form an avoided level
crossing. For higher magnetic fields, the ||, +) state becomes energetically
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Figure 5.1.: a Zeeman diagram of the two lowest valley energy states ||, —), |1], +). The spin-
up and spin-down energy states of both valley states split as the magnetic field increases. An
avoided anticrossing occurs at an external field Bst, where the Zeeman energy equals the valley
splitting energy Est, and the |1, —) and ||, +) hybridise. When tracking the energy of the second
electron in the quantum dot as a function of the magnetic field, highlighted by the red line,
the slope changes its sign at Bst, because the electron transitions from the |, —) state to the
|1, +) state. Adapted from [171]. b Numeric derivation of the charge sensor tunnelling current
while scanning the voltage across the 1—2 charge transition of the right qubit quantum dot
for external magnetic fields up to 2.5 T. The position of the 1—2 transition appears as a peak
in the numeric derivation. The slope changes its sign over magnetic field. By linear fitting the
positions from 0 to 0.5T and 1 to 2.5 T separately and a crossing point at an external field of
(0.73 £ 0.08) T is extracted, which converts to a valley splitting energy of (85 + 9) peV.

favourable, which the second electron will occupy, resulting in a change in
slope compared to the previous state. So by tracking the voltage needed to for
the second electron to occupy the quantum dot for different magnetic fields
and identifying the external field Bst and the change of slope, an estimate
for the valley splitting can be extracted.

Figure 5.1b shows the numerical derivative of the sensor tunnelling current
while sweeping the barrier gate B around 1—2 charge transition of the right
qubit quantum dot, for external magnetic fields up to 2.5 T. The tunnelling
current jumps sharply each time the electron occupation changes, which
is shown as a peak in the numerical derivative. By tracking the peak over
magnetic field, the Zeeman diagram shown in Figure 5.1a can be measured.
In this measurement, the barrier gate B is used instead of the plunger PR, to
intentionally reduce the lever arm on the quantum dot energy. The barrier
gate B has an = 3.4 times smaller lever arm on the dot energy, because being
further away laterally and also vertically because the gate belongs to the third
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gate layer in comparison to the plunger belonging to the second layer. And
because quantum dot is coupled to the reservoir via the barrier gate BR, the
effect of gate B is also minimal on the relevant tunneling barrier.

The measurement is performed by ramping to the maximum external field
value of 2.5 T and ramping down, in order to make sure the Co micromagnet
is fully saturated and does not influence the measurement by additional con-
tributions during its magnetisation (more details regarding the micromagnet
will be discussed in Section 6.3). The peak position of the 1—2 shows a
similar behaviour shown in by the red line in Figure 5.1a. Bst is extracted by
fitting the peak positions from 0 to 0.5T and 1 to 2.5 T separately, where the
slope is not affected by the hybridisation of the |, —) and ||, +) states. By
extrapolating both slopes to the point where they cross a Bst of (0.73+0.08) T
can be extracted. At this point the Zeeman energy is equal the valley splitting
energy, and assuming an electron g-factor of ~ 2, this corresponds to a valley
splitting energy Est = (85 £ 9) peV.

5.2. Spin-selective readout

In Section 4.7, the full control of the charge states of the qubit dots was
established. The next step is the readout of the electron spin state in the
quantum dots. For this, the spin-selective readout scheme first demonstrated
by Elzerman et al. [172] can be used. By applying an external magnetic field,
the degenerate spin states of the electrons are splitted by the Zeeman energy.
It is important that the Zeeman energy 2ppBext > kgT, in order to have two
distinct and well defined electron states. Given an electron temperature of
~ 100 mK corresponds to a thermal energy of 8.6 pueV, so external fields above
150 mT should be aimed for as a minimum, to have at least twice the Zeeman
energy splitting.

The quantum dot energies relative to the coupled reservoir level during the
stages of the Elzerman pulse scheme are illustrated in Figure 5.2a. The pulse
scheme consists of three different stages:

1. Emptying the dot by pulsing the quantum dot energies of both spin
states high above the Fermi energy of the coupled electron reservoir.

2. Loading the quantum dot by pulsing the dot levels deep below the
Fermi energy of the reservoir, so both spin states are addressable by
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5. Spin relaxation time and valley splitting energy

electrons from the reservoir. But only one of the two spin states can
be occupied at a time, because the charging energy necessary to load
a second electron prevents the occupation of both states at the same
time.

3. Spin-selective read out of the quantum dot by pulsing the dot levels to
a point where the Fermi energy of the reservoir lies in between the
spin-up and spin-down energy states of the quantum dot. Here two
different scenarios appear depending on the spin state of the loaded
electron. If the electron is in the spin-up state, it will tunnel out of the
quantum dot, into the reservoir, and a new electron will occupy the
spin-down state of the quantum dot. And if the electron is initially in
the spin-down state, nothing will happen during this period of time.

Figure 5.2b illustrates the voltage pulse at the quantum dot plunger gate and
Figure 5.2¢ shows an exemplary response of the charge sensor during the
different stages. During the empty phase of the pulse, the lowest voltage
is applied at the plunger gate, and current through the charge sensor stays
constant because the electron occupation does not change. In the second
stage, the plunger gate is pulsed to the most positive voltage during the pulse,
in order to pulse the quantum dot levels deep below the reservoir level. The
change of plunger voltage is also visible in the response of the charge sensor,
because of cross capacitive coupling of the plunger gate voltage to the energy
level of the charge sensor. Additionally, the charge sensor shows a jump in
the measured current after some waiting time, which is caused by an electron
tunnelling into the quantum dot. The time scale on which this tunnelling
event happens on average, can be tuned by the tunnelling rate of the quantum
dot to the electron reservoir.

In the third stage, the readout stage, the plunger gate voltage is pulsed to a
level where the reservoir level is in between the spin-up and spin-down energy
levels of the quantum dot. The charge sensor shows here a different response
depending on the spin-state of the electron in the dot. For an electron in the
spin-down state, no tunnelling event happens and the tunnelling current of
the charge sensor stays constant. But if the electron is in the spin-up state, it
will tunnel out of the quantum dot, causing a first jump in the sensor current,
and after some time a new electron will tunnel back into the quantum dot,
occupy the spin-down state, and the sensor current will jump back to its
previous level. The time scales of these events are again dependent on the
tunnelling rate of the dot to the reservoir. The pulse scheme ends again at
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Figure 5.2.: Schematic illustration of the spin-selective readout. Adapted from [172]. aIllustration
of the quantum dot energies relative to the reservoir level during the stages of the pulse. A
constant external magnetic field is applied, which Zeeman splits the electron spin-up and spin-
down states. In the first stage of the pulse, the dot is emptied, by making sure the energies of
both spin states are above the Fermi energy of the reservoir. In the second stage, the quantum
dot energy is pulsed deep below the reservoir level, which allows the occupation of either the
spin-up or spin-down state. At the same time, if one of the spin states is occupied, the needed
charging energy prevents a second electron to occupy the other spin state. In the third stage, the
quantum dot energy is pulsed to a point where the Fermi energy of the reservoir is between
the spin-up and spin-down energies of the electron. During this stage, spin-selective tunnelling
occurs: if an electron is in the spin-up state, it tunnels out of the quantum dot, allowing a new
electron to tunnel in, while if the electron is initially in the spin-down state, no change occurs.
Afterwards, the quantum dot is emptied again, recreating the scenario of stage one. b Schematic
quantum dot plunger gate voltage over time for the 3 different stages of the pulse. ¢ Schematic
tunnelling current response of the charge sensor. The timescales of the electron tunnelling
events measured by the charge sensor strongly depend on the electron tunnelling rate to the
reservoir and can be tuned over a wide range by changing the barrier gate voltage.
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its start by pulsing back a voltage, which completely empties the dot, which
can also be seen in the charge sensor current. The sign of the responses of
the charge sensor depends on the chosen working point, or more specific
which flank of the Coulomb oscillation is chosen. The responses shown in
Figure 5.2¢ are typical for a working point on the left flank of the Coulomb
oscillation, and responses would be inverse for a working point on the right
flank.

5.3. Blip evaluation

The signature of an spin-up electron in the charge sensor signal during
the spin-selective readout, is described as a "blip". Figure 5.3a shows two
exemplary measurements of the tunnelling current for an electron in the spin-
down state (blue) and an electron in the spin-up state (orange). The in case of
the spin-up electron, the tunnelling current performs two sharp jumps in time,
the first one when the electron tunnels out of the dot, and the second one, as
soon as a new electron occupies the spin-down state of the dot. During the
readout phase of the Elzerman pulse, the average lifetime, and therefore the
blip length, of the spin-up state is determined by the tunnelling rate between
the quantum dot and the reservoir. This tunnelling rate is tuned to ~ 1kHz
which results in an average blip length of 1 ms. The tunnelling current of
the sensor is converted to a voltage and amplified by an I-V converter with
a used gain of 10° which at the same time has a 3 dB frequency cutoff at
~ 2kHz, which gives a lower limit for a blip length, to be detectable at all.
Therefore, much faster tunnelling rates than ~ 1 kHz will result in more and
more result in a signal loss. On the other hand, slower tunnelling rates, will
increase the time window over which the sensor current has to be observed,
and therefore increases the total measurement time of the experiments. So
the chosen tunnelling rate of 1kHz is a trade-off between good SNR and a
faster measurement time.

To make efficient use of the spin-selective readout, a single shot measurement
is not sufficient and a reliable statistic of the spin-up fraction generated from
multiple single shot measurements is required. Figure 5.3b shows the raw
data of an exemplary measurement, where 200 single shot measurements
were performed and the response of the charge sensor was measured. In the
first step, the sign of the current jump is corrected, in order to have always
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Figure 5.3.: a Exemplary measurement of the sensor current during the readout stage of the
Elzerman pulse. Blue shows the response of the sensor current for an electron in the spin-down
state, and orange for an electron in the spin-up state. The signature in the spin-up trace is
referred to as a "blip". The tunnelling rate of the quantum dot to the electron reservoir is tuned
to ~ 1kHz, which determines the average length of the blips. b Raw measurement data of 200
single shot measurements, before data treatment. ¢ Data processing, consisting of sign correction,
smoothing, baseline correction and digitisation by a fixed threshold, results in the digitised signal
of the raw data. This digitised signal is used to count the number of traces containing tunnelling
events and dividing by the total number of traces to yield a spin-up fraction of 57 %.

positive current jumps for an electron tunnelling out of the dot. This is needed
because the sign of the current jump depends on the working point of the
charge sensor.
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In the second step, the each trace is smoothed by a Savitzky-Golay filter in
order to lower the effects of high frequency noise, but at the same time lowers
the ability to resolve very short blips. So the strength of the filtering in this
step strongly depends on the SNR of the jump in the charge sensor and its
noise baseline. For the SNR shown in Figure 5.3a and b, only slight filtering
is needed if any at all.

In the third step, the baseline of each trace is corrected by subtracting the
measured current by the minimum value for in each trace, in order to unify
the conditions for the final step.

In the fourth and final step, each sample of each waveform is digitised into
either a 0 or a 1 by filtering through a fixed threshold, where 0 corresponds to
current values where an electron occupies the quantum dot and 1 corresponds
to no electron in the dot. Figure 5.3¢ shows the result of the digitising
algorithm.

The spin-up fraction is now determined by counting all traces in which at
least one tunnelling event occoured, i.e. all traces containing at least one
digital 1, and then dividing the number of traces with tunnel event by the
total number of traces. For the illustrated measurement, the resulting spin-up
fraction is therefore 57 %.

In the ideal case, each trace either contains no blips, or one blip at maximum.
But because of a finite temperature, the thermal energy of the electrons
create additional thermal blips, where electrons which are already in the
ground state, tunnel out of the dot, and a new electron tunnels into the dot.
These thermal events have the exact same current signature in the charge
sensor and can not be distinguished from spin-up events. The only difference
is the occurrence over time between the thermal events and the spin-up
events. Thermal events are equally distributed over time, while the spin-up
events are more likely to happen as soon as the quantum dot is pulsed to the
readout voltage. Therefore, the spin-up events are clustered at the start of the
measurement and exponentially less likely to happen the longer the readout
voltage is kept.
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5.4. Spinrelaxationtime

The Elzerman pulse scheme, explained in detail in Section 5.2, can now be
used to measure the spin relaxation time T; of a single electron in the qubit
quantum dots. The first step is to find the plunger gate voltage needed where
the reservoir level is between the spin-up and spin-down state of the quantum
dot. This is done by performing the Elzerman pulse and varying the voltage
level during the readout window. Figure 5.4a shows the pulse shape applied
at the plunger gate PR on top of a constant DC bias. The coloured region is a
15 ms window, in which the tunnelling current through the SET is measured.
The black arrow shows the voltage plateau value, which is varied over the
measurement. Figure 5.4b shows the measured SET current during the time
windows shown in Figure 5.4a, where the plunger readout voltage is varied
from -4 to 4mV. For the first 2.5 ms the pulse is still in the loading stage, and
an electron in either the spin-up or spin-down state occupies the dot. The x-
axis displays the voltage to which the plunger gate jumps in the time window
between 2.5 and 12.5 ms, and the area from 12.5 ms onwards, shows the start
of the empty stage of the pulse scheme. The bright regions correspond to
a higher SET current through the charge sensor, corresponding to currents
where the quantum dot is not occupied by an electron, and in the darker
regions of lower SET current, an electron occupies the dot. So for voltages
below AVpr & —1.2mV the electron is always pushed out of the dot, while
for voltages above ~ —0.8 mV the electron will stay in the dot until the later
empty stage of the pulse. The circle in Figure 5.4b highlights the region of
interest. In the region between —1.2 and —0.8 mV the SET response depends
on the electron spin state and the blip events from spin-up electrons are
clustered close to the point in time after jumping to the readout voltage. This
clustering creates the region of higher SET current, which decays over time,
which is called "spin tail", because it is caused by the electrons in the exited
spin-up state. The voltage width of the spin tail is directly dependent on
the Zeeman energy divided by the gate lever arm, and the length in time
depends on the tunnelling rate of the electron reservoir to the quantum dot.
The plunger gate voltage for which the spin tail becomes visible can now
be used for all further measurements where the spin state of the electron is
needed to be read out.

One important property of the electron spin is the spin relaxation time Ty,
which describes the average time for the excited spin-up state to relax into
the spin-down ground state, and therefore describes the average life time
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Figure 5.4.: a Voltage over time added to an applied DC bias at the right qubit plunger gate
PR, used to perform the Elzerman pulse scheme. The blue coloured window shows the region
in which the SET current is measured. The pulse scheme is performed for varying voltage
levels during the readout window, as indicated by the black arrow. b Measured SET current for
the pulse scheme in a, used to find the readout voltage for the spin-selective readout. A total
magnetic field of 660 mT was applied. The bright regions indicate the area where no electron
occupies the quantum dot, and the dark regions show the tunneling current when the dot is
occupied. The region of interest is highlighted by the circle, in which the bright region extends
further into the dark then elsewhere. This feature is caused by the clustering of blips caused by
spin-up electrons tunneling out of the quantum dot and a new electron occupying the spin-down
ground state, and indicates the region where the spin-selective readout can be performed.

of the spin. Because the qubit information is planned to be encoded into
this spin-up and spin-down state, the T; time gives an upper limit for the
calculation length, one can perform on the given qubit.

The spin relaxation time T can be measured by varying the time of the second
stage of the Elzerman pulse, the loading stage. When changing the duration of
the loading stage, the electron has the chance to relax from its exited spin-up
state into its spin-down ground state. Therefore, for longer duration of this
stage of the pulse, exponentially more electrons in the ground state will be
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Figure 5.5.: Spin-up fraction for different waiting times during the loading pulse of the Elzerman
pulse scheme. Each point corresponds to the fraction of traces, containing a blip from a total
of 500 single shot measurements. An exponential decay is fitted to the data, resulting in a spin
relaxation time of T = (1.09 + 0.20) s. The measurement was performed at an external field of
660 mT.

measured, with T; being the characteristic time of this exponential behaviour.
Figure 5.5 shows the measured spin-up fraction for different durations of the
loading stage. The black curve is a fit of the function A - exp(#/Ty) + C and
yields a spin relaxation time of T; = (1.09 + 0.20) s. The offset in the spin-up
fraction results from the amount of thermal events in the readout windows,
and strongly depend on the exact readout voltage. The closer spin-down level
of the quantum dot is to the Fermi level of the reservoir, the more thermal
events will occour. However, because thermal events are evenly distributed
over time, they will shift the baseline of the measurement but will not affect
the exponential decay of spin-up events over the waiting time. When using
the Elzerman pulse scheme, pulsing the quantum dot deep below the reservoir
level will result in equal probabilities of loading the spin-up and spin-down
states in an ideal scenario. This gives a maximum theoretical visibility of
50 %, defined as the difference between the highest and lowest values of the
spin-up fraction.

The measurement depicted in Figure 5.5 was conducted at an external mag-
netic field of 660 mT. This field strength is later used for spin manipulations
and qubit characterisation. However, the T; time is highly dependent on
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the applied external magnetic field, which will be elaborated upon in the
following section.

5.5. Magnetic field dependence of the spin
relaxation time

Investigating the magnetic field dependence can not only give insights about
the different noise contributions, leading to the spin relaxation process, but
can give also a measure of the valley splitting energy. Figure 5.6 shows the
measured spin relaxation rate 1/T; for external magnetic fields of up to 2.5T.
The data across the entire magnetic field range is fitted using a rate equation
that combines spin-valley (SV) and spin-orbit (SO) coupling, accounting for
both Johnson noise (J) and phonon noise (ph) [170, 173, 174]:

Tiot(B) = T20(B) + T (B) + T2 (B) + T, (B), (5.1)

with the four individual terms:

I5(B) = ré”};o-(Evs) (1+2(n(E))), (5.2)
Ho(B) =g (%22) - 12 (B 3)
T (B) = rﬁé‘v-(ggjf)s (1= la(E). (54)
(8 =y (%22) - 1= late, 63)

(5.6)

-1
the Bose-Einstein distribution function (n(E,)) = (exp (g” BB) - 1) , and

_(EVS - Ez)

V(Evs —E;)* + A2

The rate equation diverges where the valley splitting energy Evs is equal to
the Zeeman Energy E,, yielding a valley splitting energy of (87.9 + 0.5) peV.

a(E,) = (5.7)
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Figure 5.6.: The spin relaxation rate 1/T; for external magnetic fields up to 2.5 T. The black curve
represents a fit that combines spin-orbit and spin-valley coupling, incorporating both Johnson
noise and spin-phonon interactions. The individual contributions to this fit are shown by the red,
green, and yellow dashed lines. The fit diverges at an external field of (759 + 4) mT resulting in
a valley splitting of (87.9 + 0.5) peV.

For external magnetic fields above 1.5 T, the spin relaxation rate is primarily
governed by phonon-mediated spin-orbit coupling, resulting in a B> depen-
dence of the spin relaxation rate, although different dependencies have also
been observed [175, 176].

The valley splitting extracted using this method, also known as the "hotspot”
measurement, is consistent with the value obtained in Section 5.1, with both
corresponding to frequencies above 20 GHz. In Chapter 6, qubit manipula-
tions are primarily conducted at a resonance frequency of 18.5 GHz or lower,
ensuring that there is no influence from the higher valley state.

However, it has been shown that the valley splitting energy can vary sig-
nificantly depending on the precise spatial location of the quantum dot [82,
170], due to inhomogeneities in the Si/SiGe interface. This effect would be
valuable to investigate further in the devices used in this thesis. Additionally,
fluctuations in the Ge concentration near the Si quantum well can also alter
the valley splitting [177, 178], and some proposals suggest that this could
even be used advantageously [179, 180].
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6. Coherent spin manipulation

This chapter begins by explaining the fundamentals of electric dipole spin
resonance, which is used to manipulate the spin for qubit operations. It
then outlines the experimental procedure required to identify the optimal
qubit working points, including qubit frequency and the magnetisation of
the cobalt micro-magnet. Finally, the chapter presents a comprehensive qubit
characterisation, covering driving speed and power dependence, coherence
times, and the gate fidelity assessed through randomised benchmarking. All
measurements presented in this chapter were performed on the right qubit
located below the PR gate on the same sample, with the ID "D09 Die5 SD15B".
Any references to a qubit in this chapter refer to the right qubit quantum dot
on this chip. Measurements involving different chips and qubits are shown
in the Appendix A.1. Parts of this chapter are adapted from T. Koch et al.
[139].

6.1. Electric dipole spin resonance

The most common way to control an electron’s spin is through electron
spin resonance (ESR), where the spin is resonantly coupled to an external
alternating magnetic field, causing a spin transition. For single electrons in
quantum dots, this is achieved by applying an external magnetic field that
aligns the spin in the direction of the field, splitting the spin-up and spin-
down states due to the Zeeman energy. By applying an alternating magnetic
field perpendicular to the aligned spin direction, at a frequency matching the
Larmor frequency, a spin transition can be actively induced.

This can be experimentally achieved by fabricating a microwave drive line,
such as a coplanar waveguide, near the quantum dot, allowing the spin of
the quantum dot to couple with the oscillating magnetic field generated
by the waveguide [50, 108, 138, 181]. This is often done for quantum dots
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Figure 6.1.: Illustration of the electric dipole spin resonance principle of the device. An external
magnetic field applied along the y-axis magnetises the Co micromagnet in the same direction.
The qubit quantum dot is formed in the silicon quantum well, approximately 120 nm below the
centre of the 300 nm gap in the Co micromagnet. The micromagnet generates an inhomogeneous
magnetic field within the plane of the Si quantum well. The CC gate is pulsed with a microwave
signal, causing spatial oscillations of the quantum dot in the inhomogeneous magnetic field. The
perpendicular component of the field gradient effectively creates a driving amplitude at the same
frequency as the microwave signal applied to the CC gate. When this is in resonance with the
electron’s Larmor frequency, a spin transition can be induced.

in Si-MOS structures, as the quantum dots are located close to the surface,
allowing for strong coupling to the drive lines. For Si/SiGe heterostructures,
however, the quantum dots are located in a quantum well buried several
tens of nanometres below the surface. As a result, the coupling strength to
the drive line is significantly reduced, since the amplitude of the magnetic
field generated by the drive line is proportional to the distance r to the drive
line. Here, the method of electric dipole spin resonance (EDSR) can be useful
[181-183].

The principle of EDSR is illustrated in Figure 6.1. An external magnetic field
applied along the y-direction aligns the electron spin in the same direction and
also magnetises the C-shaped cobalt micromagnet along the y-axis. The quan-
tum dot, which hosts the electron, is formed in the gap of the micromagnet.
The stray magnetic field from the micromagnet generates an inhomogeneous
magnetic field around the quantum dot. A microwave pulse is then applied to
a gate near the quantum dot, causing the electron to couple with the electric
field from the gate. The oscillating electric field induces movement of the
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electron’s position at the same frequency as the microwave pulse. As the
electron oscillates around its initial position and is located in an inhomoge-
neous magnetic field, these spatial oscillations are directly converted into an
oscillating magnetic field. The amplitude of the drive now depends on the
gradient of the magnetic field’s perpendicular component relative to the spin
alignment, as well as the magnitude of the spatial oscillations. Simultaneously,
magnetic field gradients along the y-direction will cause shifts in the Larmor
frequency, leading to additional dephasing.

The Co micromagnet geometry was simulated and optimised in [142] in order
to maximise the coupling strength, while minimising the spin dephasing
caused by the micromagnet field gradient. There, the optimisation was done
for isotopically purified Si?® quantum wells, where the spin coherence is usu-
ally longer and not as limited by fluctuating nuclear spins of the Si?’ isotopes
in natural Si. Therefore a 600 nm gap was predicted to perform the best in
those devices. In the later sections of this chapter, the presented measure-
ments feature a Co micromagnet with a gap size of 300 nm. CoMM gap sizes
of 400 and 650 nm were also investigated regarding the qubit performance
and are listed in Appendix A.1.

6.2. Finding the resonance

A non-trivial task that must be accomplished before any active spin manipu-
lation measurements can be performed is determining the Larmor frequency
of the qubit. Since the influence of the magnetised Co micromagnet can only
be roughly estimated through simulations, an uncertainty of approximately
50 mT results in an uncertainty of around 1.4 GHz in the Larmor frequency.
Given that the resonance width is below 1 MHz, finding the resonance by
scanning the microwave frequency step by step would take several days of
measurement time to cover the full range.

An elegant method that significantly simplifies the search for the spin transi-
tion frequency is rapid adiabatic passage [184-186]. Rapid adiabatic passage
is a method commonly practised in nuclear magnetic resonance (NMR) exper-
iments, and uses pulses with gradually changing frequency (chirps) instead
of pulses at constant frequency. Figure 6.2a illustrates a schematic energy
diagram in the spin-up and spin-down basis, as a function of frequency de-
tuning from the resonance frequency. The microwave excitation produces
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an oscillating (effective) magnetic field in the equatorial plane of the Bloch
sphere. In the rotating frame, which is synchronised with the instantaneous
excitation frequency, the driving field aligns along a fixed axis B; (shown in
the insets of Figure 6.2a). When the microwave frequency is detuned from
the spin’s Larmor frequency by Aw, the electron experiences an additional
effective magnetic field 7Aw/gup, perpendicular to the equatorial plane of the
Bloch sphere. Figure 6.2b illustrates the effect of the rapid adiabatic passage
chirp on the trajectory of the vector on the Bloch sphere. As the microwave
frequency is swept from far below to far above the resonance frequency, the
total effective field B.g gets inverted. The electron spin will follow Beg and
will also be inverted, provided that the frequency sweep satisfies the adiabatic
condition [187]
df

¥ < s (6.1)

d
with the chirping rate d—]: and the Rabi frequency frapi- The probability for

the electron to be excited is given by the Landau-Zener formula [188]

Pup(f) =1-exp (—%) . (6.2)

In addition, the total chirp duration must be shorter than the spin relaxation
time T;, otherwise the spin-up state will decay again before readout. This
condition is easily met in this case, as the spin relaxation times are on the
order of seconds, as shown in Sections 5.4 and 5.5.

Before performing the rapid adiabatic passage measurement, it is necessary to
first estimate the microwave power required to induce any electron excitation.
In Section 3.4, the transmission of the RF lines up to the sample holder is
characterised. However, the sample itself is connected via wire bonds, and
the transmission starting from the wire bonds to the CC gate, and along the
CC gate to the precise location of the quantum dots, is unknown and can
only be estimated.

A method to get a first orientation for the power is to apply a continous
microwave signal at the drive line and increase the power until a heating
effect becomes visible. The inner conductor of the attenuator at the mK stage
is thermally connected to the RF line on the sample PCB. As a result, any
heat generated in the attenuator as a signal passes through it can have an
effect on sample. Further, the dielectric losses directly on the sample chip
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Figure 6.2.: a Schematic illustration of the rapid adiabatic passage. The blue and red solid
lines represent the electron spin eigenenergies in the presence of an AC excitation, which is
perpendicular to the static magnetic field, as a function of detuning from the resonance frequency.
The excitation frequency is gradually varied (chirped) in the direction indicated by the time
arrow. The insets depict the effective magnetic field acting on the spin at three different detuning
values, with k = 71/ (gup). Adapted from [184]. b Exemplary Bloch sphere trajectory of a rapid
adiabatic passage sweep. Adapted from [185].

can also cause direct heating of the sample hosting the quantum dots. This
heating can be observed by monitoring the width and height of a quantum
dot Coulomb oscillation at low source-drain bias. This measurement is shown
in Figure 6.3a, where the SET plunger gate (ST) is scanned within a voltage
window around a single Coulomb oscillation at a bias voltage of 60 pV, while
the CW microwave power applied at the CC gate is gradually increased. For
applied powers below —5 dBm, a sharp peak is measured and no effect of the
power is visible. For powers above —5 dBm, the peak thermally broadens more
and more to increasing power. A first power value for the rapid adiabatic
passage chirp would now be the maximum power where no or only a slight
thermal broadening sets it, which would be a power somewhere between —5
and 0 dBm for the measurement shown in Figure 6.3a. The shown behaviour
was measured for a constant microwave frequency of 17.37 GHz, but as
mentioned before, can change heavily for different frequencies.

The thermal broadening for frequencies between 16.5 and 20 GHz at a constant
power of 23 dBm is shown in Figure 6.3b. For frequencies between 18.4
and 20 GHz, the thermal broadening effect is relatively small compared to
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Figure 6.3.: Measured SET tunneling current while sweeping the voltage at the plunger gate
(ST) within a small window around a Coulomb oscillation, with a continuous microwave signal
applied to the central screening gate (CC), used for later qubit manipulation. a A constant
frequency of 17.37 GHz is applied, and the power is increased from —22 to 23 dBm. b Frequency
sweep of the continuous microwave signal at an applied power of 23 dBm.

frequencies below 18.4 GHz, where it is approximately 10 dB higher when
compared with the power behavior shown in Figure 6.3a. Additionally, a
strong resonance is observed at 17.37 GHz. However, the thermal broadening
cannot be directly used as a measure of the power that reaches the qubit and
can be used to drive it. The thermal broadening reflects the total dissipated
power affecting the entire sample, which only correlates to the transmitted
power if the system’s losses remain constant across frequencies. This is not
necessarily the case, and the actual power that reaches the qubit can only be
measured directly when the qubit is manipulated, by determining the qubit
drive speed for a given power at different frequencies.

With a rough estimate of the power, the search for the electron resonance
frequency can begin. Figure 6.4a shows the voltage pulse used to load an

74



6.2. Finding the resonance

electron into the ground state in the quantum dot, pulse the quantum dot
level deep below the reservoir level for manipulation, and then jump to a
readout voltage level to perform spin-selective readout. The voltage pulse at
the qubit plunger gate PR is shown in blue, and the time window in which
data is collected for analysis of the blip events is highlighted by the light blue
area. The orange line shows the trigger signal, which gives the start time of
the microwave chirp.

The pulse shape applied to the qubit plunger is a shortened version of the
Elzerman pulse, combining the readout pulse with a modified loading pulse.
The loading stage of the pulse features a voltage slope designed to improve
the initialisation fidelity of the electron in the spin-down state while enhanc-
ing the working point’s robustness against fluctuations in the electrostatic
environment. This concept is inspired by the ramped measurement technique
demonstrated in [189], where the voltage during the readout window is gradu-
ally increased, allowing the spin-up and spin-down states to be distinguished
by the timing of the observed blip. When operating the dot energy at the
readout point, the amount of thermal events is highly sensitive to the applied
plunger voltage, making it also vulnerable to electrostatic fluctuations in the
environment. Additionally, the thermal events are evenly distributed over
time, resulting in a finite probability that the dot may not be occupied by
an electron at any given moment, as the electron could have tunnelled out
due to thermal energy. When pulsing deep below the reservoir for electron
manipulation and the dot is unoccupied, this creates the possibility of loading
an excited-state electron into the dot. Therefore, by gradually lowering the
quantum dot energy further below the reservoir until the probability of a
thermal event drops to zero, the risk of an unoccupied quantum dot pulsing
to the manipulation level is eliminated, preventing the parasitic loading of an
electron in an excited state.

Figure 6.4b illustrates an exemplary waveform of a frequency chirp, which is
sent from the AWG output into an I-Q mixer. This signal is then mixed with
the microwave signal from the vector source, which in this case is set to a
constant frequency of 17.4 GHz. The frequency is gradually increased over
time which creates a frequency chirp at the frequency of the local oscillator
(LO) = the mixing frequency (explained in more detail in Section 3.5). The
illustrated waveform is not the actual chirp used in the experiment, but has
slower frequencies and a shorter time window for better visibility. The pulse
used for the experiment shown in Figure 6.4¢, chirps the frequency from 100
to 120 MHz over a time period of 4 ms.
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Figure 6.4.: a The voltage pulse applied to the qubit plunger gate PR, used to load an electron
and perform spin-selective readout, is shown in blue. The trigger signal for the microwave
chirp timing is shown in orange, and the blue-shaded region marks where the SET current is
measured. b A frequency chirp is applied when the orange trigger signal in a rises. The length
and frequencies have been adjusted for better visibility, illustrating the continuous increase in
the frequency pulse over time. ¢ The spin-up fraction of the qubit dot is measured during the
rapid adiabatic passage experiment as the external magnetic field strength is reduced. Double
sideband mixing is used, with the microwave source set to a center frequency of 17.4 GHz, mixed
with a 100-120 MHz frequency chirp. As the external field is decreased, the qubit resonance
frequency is lowered, and when it aligns with a sideband of the frequency chirp, an increase in
the spin-up fraction is observed.

Figure 6.4c shows the result of the performed rapid adiabatic passage mea-
surement. Each point represents the spin-up fraction of the electron in the
quantum dot, determined from the blip events extracted from 200 single-shot
measurements. The vector source is set to a frequency of 17.4 GHz with
an output power of 5dBm. The measurement is performed while gradually
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reducing the external magnetic field, which lowers the Zeeman energy of
the quantum dot and therefore the resonance frequency of the spin tran-
sition. Similarly, the frequency of the microwave source could be swept
while applying a constant external magnetic field. However, as shown in
Figure 6.3b, the power driving the qubit can vary significantly across different
frequencies. Therefore, it is typically easier to sweep the electron resonance
frequency through the frequency chirp of the microwave source by adjusting
the external magnetic field.

The displayed magnetic field range of 50 mT covers a frequency window of
~ 1.4 GHz. As soon as the electron resonance frequency enters the frequency
chirp of one of the sidebands of the mixed RF signal, the spin-up fraction
rises sharply. The spacing between the two peaks in the spin-up fraction is
determined by the lower boundary of the chirp of 100 MHz, resulting in a
gap of 200 MHz (~ 8 mT). The width of the peaks is set by the 20 MHz chirp
window, corresponding to a peak width of around 1 mT. In summary, the
right peak corresponds to the external field where the electron resonance
frequency lies between 17.5 and 17.52 GHz, while the left peak corresponds
to the external field where the resonance frequency falls between 17.28 and
17.3 GHz. Another advantage of the frequency chirps of the rapid adiabatic
passage method, is that the adiabatic inversion is independent of the exact
resonance frequency. This makes it resilient to slow fluctuations in the
resonance frequency, as the noise affecting the electron resonance frequency
is much smaller than the available frequency chirp windows.

The result of the rapid adiabatic passage narrows the frequency window to
be scanned to find the electron resonance frequency from the GHz range to
20 MHz, making it feasible to scan with a standard frequency sweep. Such
a frequency scan is shown in Figure 6.5, for an externally applied field of
532mT, later used for all coherent spin manipulations. The measurement
uses the same plunger gate pulse as in Figure 6.4a but mixes a 0.5 ms long
pulse at constant frequency. The frequency pulse should be long compared
to the estimated coherence time of the qubit, so the spin is completely de-
phased, leading ideally to a 50 % spin-up fraction of the electron spin. The
measurement is performed for different microwave output powers, and it is
visible that the measurement performed at a power of 0 dBm shows a higher
and broader peak compared to the measurement performed with a power of
—20 dBm. While the measurement at higher power, eases the determination
of the exact qubit resonance frequency, because of better SNR and a larger
peak width, the peak where no power broadening occurs can be used to
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Figure 6.5.: Spin-up fraction of the electron in the qubit quantum dot over different frequencies
of the applied microwave pulse, for an applied external magnetic field of 532 mT. The sweep
is performed for a microwave output power of 0 dBm (blue) and —20 dBm (orange). The lines
correspond to lorentian fits of the spin-up fraction. The data of the spin-up fractions are fitted
by a lorentian curve

extract a first estimate of the spin coherence time T;'. To lower microwave
powers, the peak narrows until the line width is limited by the qubit lifetime.
The shape of the curve is after all a result of multiple excitation pulses and
averaging, and the noise on the resonance frequency is reflected by this on
the width of the resonance curve. Fitting the peak in the low power limit with
a lorentian function and extracting the full width half maximum (FWHM)
of the peak, an estimation for T, can be obtained by following the equation
[150, 190]:

. 2VIn2

Ty = ————— = (1.29 £ 0.12) us. 6.3
2= FwWEM - ) s (63)

This value is very similar to other reported values for the spin coherence time
T in natural silicon [109, 191-194]. Performing the frequency scans for even
lower microwave powers, does not narrow the line width further, and only
decreases the SNR further.
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6.3. Cobalt micromagnet magnetisation

As mentioned in the previous section, the behaviour of the Co micromag-
net (CoMM) on the qubits until now could only be approximated based on
simulations and estimations. But with the possibility of measuring the exact
resonance frequency of the qubit, the micromagnet can be characterised
with higher precision. The CoMM featured on the qubit chip, used for all
the coherent spin manipulation measurements demonstrated in this chapter,
posesses a 300 nm gap, and the two qubit quantum dots are positioned in its
centre, aproximately 120 nm below the micromagnet. Qubit measurements
on chips with the same gate architecture, but different CoMM gap sizes are
shown in Appendix A.1.

By applying an external magnetic field in the y-direction with the supercon-
ducting coils, the ferromagnetic CoMM becomes magnetised. The extent
of this magnetisation and the external field required to fully magnetise the
micromagnet can be determined by measuring the qubit resonance frequency
across a wide range of frequencies. Figure 6.6a shows the measured resonance
frequency of the qubit as a function of the applied external magnetic field in
y-direction. The field is always ramped to the maximum field value first, in
order to make sure the CoMM is fully saturated. The used vector source limits
the maximum measurable frequency to 20 GHz. The resonance frequencies
are narrowed down to a precision of 10 MHz determined by the resolution of
the rapid adiabatic passage measurements used to determine the resonance
frequencies. The two branches for positive and negative fields are measured
independently. For the positive branch, the field was first ramped up to 1T,
then reduced to the values used to extract the resonance frequencies, down
to 0 external field. The negative branch was measured similarly by ramping
to an external field of —1 T, then returning to 0 field. At high external mag-
netic fields, the CoMM is expected to be fully saturated, providing a constant
magnetic field contribution in the direction of the externally applied field.
This increases the Zeeman splitting of the qubit, thereby raising its resonance
frequency. A linear fit of the electron resonance frequencies between 15 and
20 GHz is used to determine the contribution of the CoMM field in saturation.
This yields a field of (129.0 + 1.8) mT for the resonance frequencies measured
at positive external magnetic fields, and (129.3 + 1.3) mT for the frequencies
at negative external fields. From simulations, a magnetic field offset of ap-
proximately 120 mT was predicted, which is very close to the measured value.
Further, a perpendicular magnetic field gradient of 1.2 mT/nm at the qubit
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position is predicted by the simulation, which will be relevant for the later
qubit manipulations.

In Figure 6.6b, the measured resonance frequencies for externally applied
magnetic fields between 0.2 and 0.6 T are displayed for two magnetic field
sweep directions. The blue data corresponds to that shown in Figure 6.6a,
where the resonance frequencies were measured while sweeping downwards
from high magnetic fields. In contrast, the orange data represents the mea-
sured resonance frequencies for the same externally applied magnetic fields,
but starting from a negative external field of —1 T, sweeping down to zero,
and then upwards to the positive field values. The black line represents the
same fit of the resonance frequencies above 15 GHz, as shown in Figure 6.6a.
For external fields below 0.3 T, resonance frequencies deviate from the linear
behaviour observed at higher external fields. Additionally, the extracted qubit
resonance frequencies vary depending on the magnetic field sweep direc-
tion. The inset provides a zoomed-in view of the lowest measured resonance
frequencies, where the deviation is most pronounced.

Figure 6.6¢ shows the difference in qubit resonance frequencies between the
upward and downward sweep direction of the external magnetic field for the
data shown in Figure 6.6b. For external fields of 0.2 T, a resonance frequency
difference of ~ 200 MHz is measured, which converges to zero for externally
applied magnetic fields above 0.45T.

The deviation of the qubit resonance frequencies from the linear behaviour
observed at higher fields is attributed to a decreasing magnetisation of the
CoMM. Additionally, the resonance frequencies deviation for different mag-
netic field sweep directions further hint at a regime where the cobalt is no
longer fully magnetised and follows a hysteretic magnetisation curve char-
acteristic of a ferromagnetic material. The maximum resonance frequency
difference of =~ 200 MHz between the up and down magnetic field sweep
directions corresponds to a magnetic field difference of ~ 8 mT, which is only
about 6 % of the CoMM field at full saturation. This leads to the hypothesis
that the majority of the ferromagnetic hysteresis behaviour is yet to occur for
externally applied magnetic fields below 0.2 T. However, it was not possible
to resolve any qubit resonance frequencies below 8 GHz, and the exact reason
for this remains unclear.

The coherent spin manipulation measurements presented from Section 6.4 to
the end of Chapter 6 were performed using an RF line that is not galvanically
connected to the driving gate CC. Instead, the RF signal is coupled capacitively

80



6.3. Cobalt micromagnet magnetisation

a 2
15
~
T
2104
o
5 4
0= T T T T T T
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Bext (T)
b _
® downward —
184 —
upward /
CRER T -
o __ 104 .
0 [ ]
L 124 ol *
ot
e B 2 R 3 .
"""""""""""" 0.20 0.25
0.20 0.25 0.30 0.35 0.40 045 0.50 0.55
Bext (T)
c
200
o
[ ) L)
1504
E o0
£ 100
o
< 504 . °
L]
L] L ]
L ] L]

020 025 030 035 040 045 050 055
Bext (T)

Figure 6.6.: a Resonance frequency the qubit as a function of the applied external magnetic field
in y-direction. The frequencies are extracted starting from the maximum external field and
decreasing to zero. The two branches for positive and negative fields are measured independently.
The black lines correspond to a linear fit of all resonance frequencies between 15 and 20 GHz.
The contribution of the CoMM field in saturation is extracted from the y-offset of the linear fit
and yields a field of (129 + 2) mT. b Zoom on the positive magnetic field branch shown in a, to
which qubit resonance frequencies extracted from an upward magnetic field sweep have been
added. For external magnetic field values below 0.3 T, a deviation from the linear behaviour is
visible. In addition, the extracted qubit resonance frequencies deviate depending on the magnetic
field sweep direction and chronology. The inset shows a zoom of the lowest measured resonance
frequencies at which the deviation is the greatest. ¢ Difference in qubit resonance frequencies
between the upward and downward sweep direction of the external magnetic field.
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6. Coherent spin manipulation

to the gate, as described in Section 3.4. For such a connection, the RF input
power decreases for frequencies below approximately 16 GHz. Therefore, it
is possible that, for frequencies below 8 GHz, the driving power was simply
too low to induce a spin transition using the rapid adiabatic passage chirp.
However, all measurements used to characterise the CoMM magnetisation
were performed with an RF line directly wire-bonded to the CC gate, thus
creating a direct connection. This configuration leads to a behaviour where
the attenuation of the RF power decreases at lower frequencies, allowing
for even higher possible driving powers for the qubit. Thus, a loss in RF
driving power is ruled out as the explanation for the inability to measure
qubit resonance frequencies below 8 GHz.

Another possibility could be that, by lowering the external magnetic field
further to measure qubit frequencies below 8 GHz, the Zeeman energy is
also reduced. This leads to a smaller ratio of Zeeman energy to the thermal
energy of the electron reservoir, which in turn results in a progressively
worse SNR during the spin-selective readout. However, as seen in the data in
Figure 6.6¢, the magnetic field steps at which the qubit resonance frequency
was determined become increasingly smaller at the lowest magnetic fields.
This was due to the attempt to investigate the rather abrupt disappearance
of the qubit resonance signal. If the loss of SNR were solely due to the
lower Zeeman energy relative to the thermal energy, it should decrease
more gradually as the external field is lowered, compared to the sudden drop
observed.

Thus, the main explanation for the vanishing qubit resonance signal below
8 GHz is attributed to the decreasing magnetisation of the CoMM and the
resulting changes in its field gradient at the qubit position. This gradient
is crucial for the EDSR qubit drive, and variations in the gradient can lead
to significant changes in the qubit drive amplitude. Moreover, the observed
hysteretic behaviour already suggests that, at external magnetic fields below
0.2'T, this hysteresis becomes more pronounced, leading to increasingly
significant changes in the field gradient provided by the CoMM.

6.4. Rabi oscillations

The cyclic behaviour of a two-level quantum system under an oscillating
driving field is referred to as Rabi oscillations, named after the physicist Isidor
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Rabi, who first observed them in atomic spectroscopy experiments during
the 1930s [195]. In case of a qubit, its state can be represented by a point on
the Bloch sphere, and its time evolution can be described as the trajectory of
this point on the surface of the Bloch sphere, as explained in Section 2.3:

|¥) = a|0) + 1) (6.4)
= cos(6/2) |0) + €' sin(0/2) |1), (6.5)

For the Loss-DiVincenzo qubit discussed here, the ground state |0) and excited
state |1) are separated by the Zeeman energy resulting from a constant
external magnetic field applied along the z-axis, Eext = Bexté;. The spin
aligns with this external field and precesses around the axis at the Larmor
frequency. This spin can be driven by applying an oscillating magnetic field,
perpendicular to the spin alignment, B (t) = By cos(wt)é,. The Hamiltonian
of the system is given by [196]:

H(t) = H, +H1(t) (66)
1 1
= EgﬂBBextUz + EgﬂBBl cos(wt)oy, (6.7)

with the respective pauli matrices o, and o. To simplify this time-dependent
Hamiltonian the rotating wave approximation (RWA) can be used. The idea
is to move into a frame rotating at the frequency w of the applied AC field,
which simplifies the time dependence.

In the rotating frame, the system Hamiltonian becomes:

hi hi hi
Hrwa = EACL)O'Z + EQRGX = ( (6.8)

n Aw QR
2

QR -Aw

where Aw = wy — w is the detuning, with wy = gupBext /i being the natural
Larmor frequency of the qubit, and

Qg = gupBi/h (6.9)

is the Rabi frequency, which characterises the strength of the driving field.

The solution to the time-dependent Schrédinger equation for the time-independent
Hamiltonian Hgrwa is given by the unitary transformation:

[Y(£)) = e~ AT |y (0)) . (6.10)
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6. Coherent spin manipulation

The probability to observe the qubit in the |1) state at the time t, can now be
determined by

Piyy(1) = [ (1]y (1) °. (6.11)

If the qubit is initially in the ground state |/(0)) = |0), and assuming resonant
driving frequencies, for which the first term in Equation (6.8) vanishes, the
probability to find the qubit in the excited state results in:

Piy(t) = sin® (%t) = %(1 — cos(Qgt) (6.12)

So under the influence of a driving field at resonance frequency the two level
quantum system transitions between its two states with the Rabi frequency
Qg. This is visualised in Figure 6.7a, where the qubit state, represented as a
vector on the Bloch sphere, is rotating around the x-axis. Figure 6.7b shows
the measured spin-up fraction for different microwave pulse lengths applied
at the qubit resonance frequency. The rotational frequency fr,p; is extracted
by fitting the oscillating data with a sine function. The measurement was per-
formed for a qubit resonance frequency of 18.5 GHz with a microwave output
power of 24 dBm and yields a Rabi frquency of frap; = (5.24%0.01) MHz which
is state of the art driving speed when comparing to university grade devices
[47, 55], and the highest value when comparing EDSR devices manufactured
in industrial foundries [59, 62, 109].

As mentioned above, the Rabi frequency depends on the amplitude of the
driving field. In case of the EDSR qubit used here, the driving field amplitude
is determined by a combination of the external magnetic field gradient, which
is perpendicular to the applied magnetic field that defines the spin alignment,
and the amplitude of spatial oscillations in this magnetic field gradient, caused
by the oscillating electrostatic field applied to the driving gate. The Rabi
frequency can be calculated by:

dB
frabi = g% L= 8y (6.13)

dy
with the perpendicular magnetic field gradient dB, /dy along the direction
of the spatials oscillations, and the amplitude of the spatial directions dy.
Based on the simulations of the CoMM mentioned in Section 6.3, using a
magnetic field gradient of dB, /dy ~ 1.2 mT/nm, results in spatial oscillations
of 8y ~ 0.3 nm. While a Rabi frequency of frap; = 5 MHz is already a record
value for industrially fabricated devices, spatial oscillations of 1 nm and above
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Figure 6.7.: a Representation of Rabi oscillations on the Bloch sphere. The qubit state is repre-
sented as a vector pointing towards a point on the surface of the Bloch sphere. If the driving
frequency matches the Lamor frequency of the electron spin, the vector is rotated around the
x-axis with the frequency frap;. b Measured spin-up fraction of the qubit depending on the
microwave pulse length. Every value of the spin-up fraction is the result of 200 single shot
measurements. The black line corresponds to a sine fit to the data yielding a Rabi frequency
JfRabi = (5.24 £ 0.01) MHz. The measurement is performed at a qubit resonance frequency of
18.5 GHz with a microwave output power of 24 dBm.

are reported [182, 190]. Assuming the simulated perpendicular magnetic
field gradient, spatial oscillations of 1 nm would result in a Rabi frequency
of ~ 16.7 MHz, which would speed up the manipulation pulses even further.
The Rabi frequency dependence on the microwave drive power is further
investigated in the next section.

Now, also considering the first term in the Hamiltonian in Equation (6.8),
which becomes relevant when the qubit drive is not at the exact qubit reso-
nance frequency. For a detuned drive, the qubit state is also rotated around
the z-axis on the Bloch sphere, depending on the strength of the detuning.
The Rabi frequency in case of a detuned drive becomes:

Qe = A[Aw? + Q2 (6.14)

The rotation speed effectively increases for higher detunings and the trajec-
tory of the rotation on the Bloch sphere becomes tilted. This is visualized
in Figure 6.8a, for Aw = 0 (blue) , Aw = Qg/2 (red), Aw = Qg (green) and
Aw = 2Qp (black). The qubit is measured by projecting the state on the z-axis.
This results for a detuned Rabi frequency in a faster oscillation speed, but
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Figure 6.8.: a Representation of the qubit trajectory on the Bloch sphere for resonant (blue) and
off-resonant microwave drive (red, green, black). b Measured spin-up fraction of the qubit for
different microwave detunings, depending on the microwave pulse length. Because of the shape
of the patter also called a Chevron pattern. Measured at a microwave output power of 23 dBm
over a span of ~ 7h.

the probability to end up in the excited state decreases, and therefore the
amplitude of the oscillations. The spin-up fraction of the qubit for different
microwave pulse lengths and frequency detunings is shown in Figure 6.8b,
which demonstrates the previously described behaviour. The maximum ampli-
tude is measured for zero detuning. As the detuning increases, the frequency
of the oscillations increases while the probability of the qubit ending up in
the excited state decreases. Because of its visual shape, which resembles a
chevron pattern, such a measurement is often called a Chevron Rabi mea-
surement. It helps to identify the true qubit resonance frequency because
changes in the qubit resonance frequency are clearly visible compared to a
1D measurement. The entire measurement was carried out over a period of
approximately 7 h which demonstrates the long term stability of the qubit
resonance frequency and readout working point.

The final parameter to consider in relation to Rabi oscillations and qubit
manipulations is the phase dependence of the oscillating driving field. Adding
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6.5. Qubit drive power dependence

a phase ¢ to the oscillating magnetic field By(t) = B cos(wt + $)éy, the
Hamiltonian in the rotating wave approximation is modified:

h h
Hrwa = EAwUZ + EQR(cos(ng)ax +sin(¢)oy) (6.15)
R Ao Qge™
=3 (QRe"¢ Ao ) (6.16)

The off-diagonal elements now carry a complex phase factor %, reflecting
the phase shift in the oscillating magnetic field. The phase ¢ effectively
rotates the direction of the driving field in the xy-plane of the Bloch sphere.
Physically, this means:

« When ¢ = 0, the driving field is aligned along the x-axis.
« When ¢ = /2 (90°), the driving field is aligned along the y-axis.

In summary, Rabi oscillations describe the oscillating probability of a two-
level quantum system transitioning between its two states under an external
driving field. The field’s frequency controls the rotation angle in the xz-plane,
while its phase sets the rotation angle in the xy-plane. Additionally, the
amplitude and duration of the external field determine the speed and distance
traveled by the state.

For a spin qubit, applying a resonant driving field B, (t) with control over the
phase ¢ is sufficient to create arbitrary qubit rotations, allowing full control
on the Bloch sphere and enabling the implementation of universal quantum
gate operations.

6.5. Qubit drive power dependence

As described in the previous chapter, the Rabi frequency of the qubit deter-
mines its manipulation speed and, consequently, the speed at which calcu-
lations can be performed, making it a key metric for qubit characterisation
and quality. Maximising the Rabi frequency, without disturbing the system
through heating or additional dephasing noise from the microwave pulse,
will result in optimal qubit performance. Figure 6.9a shows the measured
spin-up fraction of the qubit for increasing pulse length and varying mi-
crowave output powers. As expected, to increasing power, the frequency
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Figure 6.9.: a Measured spin-up fraction for increasing pulse length and varying microwave
output powers. b Extracted Rabi frequencies for all used powers of the measurement shown in a
converted to the corresponding microwave amplitude in mV after accounting for a total inline
attenuation of 45 dB. The black line corresponds to a linear fit excluding the 5 data points of
highest applied power (marked in red).

of the oscillations continuously increases, and all displayed powers show
no visible change in amplitude during the displayed pulse length window.
In Figure 6.9b, the Rabi frequency is extracted for each applied power and
plotted against the respective microwave amplitude in mV, after accounting
for an estimated total inline attenuation of 45 dB (26 dB attenuation from
the RF transmission line at 18.5 GHz and an additional 19 dB from inline RF
attenuators. See Section 3.4 for details). The Rabi frequency increases linearly
over the whole amplitude range up to values of about 13 mV. Above these
amplitudes, a deviation from the linear increase and a starting saturation
of the Rabi frequency is measured. Saturation is a sign of a different qubit
drive regime. One explanation could be a lower magnetic field gradient for
higher microwave and therefore quantum dot displacement amplitudes. But
the displacement is quite small and the magnetic field gradient should stay
constant over ~ +40 nm around the centre of the CoMM gap when trusting
the simulations. Another possibility could be an anharmonic qubit quantum
dot confinement potential, dampening larger displacements of the quantum
dot position [194, 197-199]. However, the exact reason for the saturation
effect remains unclear for now and needs further investigation.

Exploring the behaviour of the Rabi frequency at microwave powers beyond
24 dBm would also be of interest. However, the measurement electronics are
currently limited to 24 dBm at 18.5 GHz, so removing attenuation in the RF

88



6.6. Determining the spin coherence times

line would be necessary, and this has been scheduled for a later cooldown.
Additionally, further investigation into the behaviour of the Rabi frequency
for different quantum dot positions along the y-axis, achieved by adjusting
the voltages at screening gates CC and CT, could potentially enable even
faster qubit manipulation speeds in the future.

6.6. Determining the spin coherence times

Being able to induce Rabi oscillations opens the gateway to all other coherent
qubit manipulation schemes. However, the effectiveness of these manipula-
tions relies not only on the ability to control the qubit but also on how long
the qubit can maintain its coherent state before decoherence sets in. This
duration, known as the spin coherence time, is crucial because it defines the
operational time window within which quantum information can be reliably
stored and processed. The most common methods for determining qubit
coherence times are Ramsey Interferometry and the Hahn Echo technique.
Ramsey Interferometry, developed by Norman Ramsey [200] based on con-
cepts from Isidor Isaac Rabi, is used to measure the dephasing time T,'. The
Hahn Echo (or spin echo) method, introduced by Erwin Hahn, who first
observed spin echoes in nuclear magnetic resonance experiments [201], is
used to measure the spin coherence time TZH.

6.6.1. Ramsey and spin coherence time T,

The Ramsey pulse sequence is shown in Figure 6.10a and consists of a 7/2-
pulse followed by a varying waiting time 7, and finished by a second 7 /2-pulse
which has to be in phase with the first z/2-pulse. In Figure 6.10c, the Ramsey
pulse sequence is illustrated on the Bloch sphere. The qubit is initialised in
the ground state |0) and the first 7/2-pulse induces a 90° rotation around the
x-axis. This rotates the qubit vector on the equator of the Bloch sphere, at
which the qubit is allowed to evolve for a variable waiting time z. During
this time, noise on the qubit resonance frequency will lead to a dephasing of
the state, relative to the initial phase. Mathematically, this dephasing can be
modeled as a rotation around the z-axis on the Bloch sphere, and represents
the accumulated phase due to noise. This dephasing is visualized by the red
trajectory and vectors in Figure 6.10c. The final in-phase 7 /2-pulse rotates
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6. Coherent spin manipulation

the qubit vector further by 90° around the x-axis. For 7 = 0, the Ramsey pulse
sequence is equivalent to a z-pulse, rotating the qubit from the ground state
into the excited state. However, for a finite time 7, the accumulated phase
during this period causes the resulting state to increasingly deviate from the
ideal spin-up state. The qubit state ends up in a random result, when the
phase information is lost.

When executing the pulse sequence with detuning, the qubit vector is ac-
tively rotating around the z-axis during the waiting time 7 at the frequency
corresponding to the detuning. This is visualized by the green trajectory
in Figure 6.10d, and the dephasing component is added to the z-rotation.
The active detuning induces oscillations in the final spin projection, corre-
sponding to the set detuning frequency. Figure 6.10b shows the measured
spin-up fraction for a Ramsey pulse sequence, for different r waiting times
and frequency detunings. With zero detuning, the spin-up fraction decays
continously to longer 7 waiting times. With increasing frequency detuning,
oscillations in the spin-up fraction become visible. These oscillations match
the same frequency as the given detuning, and lead to the overall visible
pattern known as Ramsey fringes.

The measured spin-up fraction after a Ramsey pulse sequence for increas-
ing 7 waiting times, and a constant detuning of 2 MHz is shown in Fig-
ure 6.10e, and the same for a constant detuning of 6 MHz is shown in Fig-
ure 6.10f. The experimental data is fitted using a function of the form
Asin(Bt + ¢) - exp(—(t/T;)?) + C, which represents a Gaussian-damped
oscillation. In this expression, the frequency corresponds to the detuning
from the qubit’s resonance frequency, while the decay time is determined
by the characteristic spin dephasing time T,'. For both measurements, the
spin dephasing time T, results in ~ 1 ps, with the primary difference being
the frequency of the oscillations. This demonstrates that, while the decay
characteristics remain consistent, the oscillation frequency varies with the
applied detuning. To reliably extract T, it is therefore more robust to utilize
a frequency detuning which is significantly larger than the noise amplitude
affecting the resonance frequency. In contrast, a Ramsey measurement per-
formed at resonance will be highly sensitive to even small shifts in the qubit’s
resonance frequency, resulting in distortion of the curve.
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Figure 6.10.: a Amplitude over time of the microwave pulse to perform a Ramsey experiment. b
Measured spin-up fraction after a Ramsey pulse sequence for varying frequency detuning and
waiting time 7 between the two 5z /2-pulses, measured over the course of ~ 6 h. ¢ Representation
of the qubit vector trajectory on the Bloch sphere for a pulse on resonance and d for a detuned
pulse. The red arrows represent dephasing of the qubit state. For a given detuning the qubit
state is rotating around the z-axis with the frequency of the detuning in addition to the intrinsic
dephasing. The additional z-rotation due to detuning is visualised in green. The z-rotation leads
to oscillations between spin-up and spin-down of the final projection for an increasing waiting
time 7, which is visible in the form of the Ramsey fringes in b. The resulting spin-up fraction for
increasing waiting time 7 for a Ramsey pulse sequence for intentional detuning of 2MHz in e,
and 6 MHz in f. The black curve corresponds to a fit of the form A sin(Bt + C) - exp(— (t/TZ*)Z),
resulting in gaussian damped oscillations with the frequency of the detuning, and the decay
time corresponding to the characteristic spin dephasing time T
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6.6.2. Spin echo and spin coherence time Tf

The spin echo pulse sequence is shown in Figure 6.11a and consists of a
7 /2-pulse followed by a varying waiting time 7/2, an in-phase 7-pulse, a
second waiting time 7/2, and a final in-phase 7/2-pulse. For 7 = 0, the
qubit is rotated in total by 27 around the x-axis and the qubit state ends
up in its initial state. Now introducing a finite waiting time between the
pulses, the picture changes. Figure 6.11b visualises the effect of the pulse
sequence on the qubit state vector on the Bloch sphere. The first 7/2-pulse
rotates the qubit vector onto the equator by a 90° x-rotation. On the equator,
noise on the qubit frequency can induce a z-rotation of the qubit vector
during the waiting time 7/2, resulting in a change of the qubit phase. The
phase accumulated during the waiting time, often referred to as the "free
evolution time", will affect the outcome of the 180° rotation around the x-axis,
induced by the in-phase z-pulse of the pulse sequence. The qubit state is
rotated on the other side of the equator, and a phase shift ¢ is converted
to a —¢ phase shift. Now during the second waiting time 7/2, while still
being objected to the same noise amplitude, the qubit phase drifts further,
but is now compensating the previous dephasing effect. The qubit refocuses,
and the second z-pulse of the spin echo sequence is therefore also called
the "refocusing pulse". The final in-phase 7/2-pulse rotates the qubit vector
again by 90° around the x-axis and the qubit state is read out by projection
onto the z-axis. Because of this refocusing effect, the qubit is only affected by
noise frequencies in the same order of magnitude as the total waiting time
1/7. Noise frequencies much smaller/larger will average out in a spin echo
sequence. The resulting spin-up fraction for a spin echo pulse sequence over
the increasing total waiting time 7 is shown in Figure 6.11c. The data is fitted
by a function of the form A - exp(—(t/ TZH)"‘ +C and results in a spin coherence
time T}! = (51.24 + 1.49) ps with an exponent a = 2.06 + 0.17.

6.6.3. Discussion of the extracted spin coherence times

The measured dephasing time of T,' ~ 1 ps, is similar to the reported values in
other natural silicon spin qubit devices [109, 191, 194] and consistent for all
four measured qubit devices in this work (see Appendix A.1). The extracted
TH value of approximately 50 ys, along with an exponent « ~ 2, indicates a
Gaussian damped decay, typically observed in systems where the primary
decoherence mechanism follows a 1/ f noise spectrum [150, 167, 202].
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Figure 6.11.: a Amplitude over time of the microwave pulse to perform a spin echo experiment.
b Representation of the effect of the spin echo sequence on the qubit vector on the Bloch sphere.
The first 7/2-pulse rotates the qubit vector on the equator of the Bloch sphere. During the 7/2
waiting time, the phase is affected by noise on the qubit resonance frequency and dephases.
The in-phase 7-pulse brings the qubit vector on the other side of the Bloch sphere, by a 180°
rotation around the x-axis, and converts a phase shift ¢ to a phase shift —¢. Affected by the
same noise on the qubit resonance frequency, the further dephasing in the same direction results
in a refocusing effect of the qubit, by canceling out the phase shift. The final in-phase 7/2-pulse
rotates the again by 90° around the x-axis, bringing the qubit back to the initial state. ¢ Measured
spin-up fraction after performing the spin echo pulse sequence for increasing total waiting time
7. The data is fitted by a function with the form A - exp(—(¢/ TZH)“ +C.
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Comparing T; and T}! highlights the frequency-dependent nature of the
dominant decoherence channel, revealing that noise amplitudes increase at
lower frequencies. In natural silicon, the abundance of nuclear spins of the
298] isotope near the qubit is known to be the primary source of decoherence
[48, 127]. Isotopic enrichment of 2Si can therefore significantly mitigate this
low-frequency decoherence channel, and thereby increase the T, time by
orders of magnitude [55, 62, 191, 203].

6.7. Randomised benchmarking and gate fidelity

The final metric regarding qubit characterisation, is the benchmarking of
the qubit gate fidelity. A first estimate can be done by performing long Rabi
experiments in which a decay of the amplitude can be extracted. Figure 6.12a
shows the measured spin-up fraction for increasing microwave pulse lengths
up to 8 ps. The data is fitted with the function A-sin(Bt+C) -exp(—t/Trapi) +D
and gives a decay time of Trap; = (8.71 + 0.69) pus with a 7-pulse length of
(94.94 £ 0.03) ns. The ratio between both values defines the quality factor Q
and gives:

_ Trabi
=

0 ~ 92 (6.17)

which effectively means that approximately 92 z-pulses can be performed
before the amplitude of the Rabi oscillations decays to 1/e of its initial value.
However, this value only reflects the fidelity when repeatedly applying the
same gate, which is not the case when using the qubit for computations.

To obtain a more realistic measure of gate fidelity, randomised benchmarking
is performed. In randomised benchmarking, the qubit is initialised in a specific
state, and a sequence of randomly selected quantum gates, often from the
Clifford group, is applied to the qubit(s). After applying these randomly
chosen gates, a final "inversion" gate is applied to return the qubit(s) to their
original state. The length of these random gate sequences varies, allowing the
observation of how errors accumulate over different numbers of operations,
allowing the extraction of a more accurate gate fidelity [204-206]. The Clifford
group is a set of quantum gates that can be efficiently simulated on classical
computers and plays a key role in fault-tolerant quantum computing [207-
209]. Widely used in the quantum computing community, the Clifford group
allows qubit systems to be compared across different hardware platforms.

94



6.7. Randomised benchmarking and gate fidelity

a
0.8 A Y °
_S b ({14 | 14 l i
0 0.6 1 \ l \
o
a \ 4 \ ' '
= ) \ ] |
04 S TR UL Y YL MEIRAN }
S L | | (1 \ o i
n TEL Y e
b | P 4 ° o © Trabi =8.71 =+ 0.69 s
[ 3 ° " : 0o o °o® -
021 be8e tn=94.94 * 0.03 ns,
0 1 2 3 4 5 6 7 8
Pulse length (us)
b c
0.8 1 0.8 1
“
°
s s % 4
© 0.6 1 5 0.6
o o
= =
s 55 °
< 0.4 < 0.4
3 3 °
) %)
°
02{e © & @ ° ® 0.2
0.0 0.5 1.0 6.50 6.75 7.00 7.25 7.50 7.75
Pulse length (us) Pulse length (us)

Figure 6.12.: a Measured spin-up fraction for a resonant microwave pulse with increasing du-
ration. The measurement was performed at a microwave output power of 24 dBm at a qubit
resonance frequency of 18.5 GHz. The black line represents a fit of the entire dataset using
an exponentially decaying sine function. b and ¢ provide zoomed-in views of the highlighted
rectangles to demonstrate the matching phase of the fit across the entire dataset.

For a single qubit, there are 24 unique Clifford gates. However, not all of
these gates can be directly executed on a physical qubit. Instead, a set of
basic, primitive gates that can be performed with the physical qubit is used
to construct each of the 24 Clifford gates as a sequence of operations. This
primitive gate set fully represents the Clifford group on the qubit.

6.7.1. Single qubit Clifford gates and primitive gate set
The single qubit Clifford gates and the primitive gate set representation is de-

rived by following [210]. The single qubit Clifford operators are decomposed
by introducing the Pauli group P = {I, oy, 0y, 0}, with
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O'y:

where oy, 0y, 0, correspond to 7 rotations around the x, y and z axes. The

exchange group S = {I, S, 8%} with

permutes (x,y,z) — (z,x,y) — (v,2,x), and the Hadamard group H = I, H

H = _1

1

which exchanges (x,y,z) — (z,-y,x). The single qubit Clifford gates are the
possible combinations of the elements in P, S and H and resultin 4x3x 2 = 24
single qubit Clifford gates. Table 6.1 gives the complete list of all 24 single
qubit Clifford gates and the physical representation using the primitive gate
set {I, +X, +Y, X2, Y2}, where +X corresponds to a +90° rotation around the
x-axis and X? a 180° rotation. Using this primitive gate set, a single qubit
Clifford gate consists on average out of 1.875 primitive gates.
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6.7. Randomised benchmarking and gate fidelity

Table 6.1.: 24 Single qubit Clifford gates and primitive gate representation

Clifford elements  Primitive gates
LILI I

ox, LT X2

oy, 11 Y?

o, L1 X2 y?
LLS Y, X

0, IS -Y,-X
0y, 1S -Y, X
Oz, 15 S Y9 -X
I1,8? -X,-Y
0, I, S? X,-Y
0y, 1, S? XY

0., 1,82 -X,Y
LH,I Y, X?

o, H, I -Y

oy, H,1 -Y, X*
o, H, I Y
LH,S -X

o, H, S X

oy, H, S X, Y?

o, H,S -X,Y?
ILH,S? X,-Y,-X
oy, H, S? X,Y, X
oy, H,S? X,-Y, X
0237-{382 X, Y, -X
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6. Coherent spin manipulation

6.7.2. Generation of the pulse sequence

As explained above, a randomised benchmarking experiment consists of a
qubit initialisation, followed by a random sequence of length n, and concludes
with a final gate that inverts the random sequence, returning the qubit to
its initial state. For instance, if the initial state is the ground state |0), then
after applying n random gates, the final inversion gate should ideally return
the qubit to the ground state. Deviations from this initial and final result are
due to gate errors, which accumulate progressively as n increases. When
measuring the spin-up fraction, a perfectly initialised spin-down state will
show an increase in the measured spin-up fraction from 0 % to 50 % as the
qubit phase information is lost with increasing n. This results in a maximum
signal amplitude of 50 % for changes in the spin-up fraction. By performing
the same random sequence twice, and rotating the final state once to spin
down and once to spin up, and then taking the difference between these
results, the change in signal caused by gate errors is effectively doubled.
Additionally, this differential approach is more robust to drifts in the readout
working point, as both spin-up and spin-down projections will be equally
affected by any drift, preserving the relative difference.

Figure 6.13 illustrates an example pulse sequence for a random gate sequence
with length n = 8. The qubit starts in the spin-down ground state and a
X-gate is chosen as an initialisation pulse, which rotates the qubit vector onto
the equator of the Bloch sphere and gives a phase reference for all further
pulses. This first X gate can also be omitted and the ground state of the qubit
can be chosen as the initial state. Historically, initialisation with an X gate
was chosen for testing of the randomised benchmarking software. Either
approach does not affect the final result of gate fidelity, as fidelity is measured
based on the change over increasing sequence length n. This measurement
remains independent of the quality of the qubit initialisation, provided that
the initialisation process is kept consistent throughout.

After initialisation, a random sequence of n = 8 gates, chosen from the
primitive gate set, is applied. The mathematical transformation of the random
sequence on the qubit state must be calculated and tracked to determine the
final gate needed to invert the random gate sequence. This inversion gate
is then executed, and the qubit state is read out. Figure 6.13b and ¢ present
zoomed-in views of the highlighted rectangles in Figure 6.13a, illustrating
the relative phase shift with respect to the phase reference (shown in grey),
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Figure 6.13.: a Example pulse sequence for a randomised benchmarking measurement with
sequence length n = 8. The qubit is always initialised in the same state, followed by a random
gate sequence of length n. After completing this random gate sequence, a single gate returns the
qubit to a defined final state for readout. A Hann window function is applied here to visually
distinguish the different gates from one another. The actual experiment was conducted using a
rectangular window function. The grey sine wave in the background provides a phase reference
and is in-phase with the X gates. b A zoomed-in view of an X gate, which rotates the qubit
by 90° around the x-axis. ¢ Implementation of a Y gate, which has a 90° phase shift relative to
the X gate, and rotates the qubit by 90° around the y-axis. d A close-up of the final inversion
gate. The entire random sequence is performed twice: once with a final projection onto the
spin-up state (blue), and once with a final projection onto the spin-down state (orange). The
difference between these two results is used to estimate the gate error, effectively doubling the
signal amplitude compared to using a single final projection.

which is in-phase with the X gates. Figure 6.13d shows the final rotation of
the qubit state, once into the excited spin-up state (blue) and once into the
ground state (orange). Each randomised sequence is thus performed twice,
and the difference in the final projection is used to extract the gate fidelity, as
explained above.

All gates in the example were multiplied by a Hann-window function in order
to distinguish the different gates better from each other visually. However,
for the actual measurements, no active windowing was applied, effectively
making it equivalent to a rectangular window function. The use of a Hann-
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6. Coherent spin manipulation

window function was tested, but the power loss introduced by the windowing
led to a reduction in qubit manipulation speed. This loss in power could not
be simply offset by increasing the external microwave output, as the measure-
ment electronics were already at the maximum output power. The reduced
manipulation speed consequently led to lower gate fidelities compared to
using a rectangular window function combined with the higher manipulation
speeds. Optimisations to the RF setup, combined with the use of windowed
manipulation pulses, should result in even better qubit performance and gate
fidelity [211].

6.7.3. Pulse calibration

Before performing the actual randomised benchmarking experiments, it is
essential to calibrate the gate durations of the primitive gate set with maxi-
mum precision, otherwise the qubit gate fidelity may suffer due to avoidable
calibration errors. For example, as indicated by the error bounds of the Rabi
frequency fit in Figure 6.7, the extracted Rabi frequency, and consequently
the 7m-pulse duration 7, has an imprecision of approximately 0.2 %. While
this level of imprecision is negligible for the Ramsey or spin echo pulse
schemes, it becomes significant when performing, for instance, 100 sequen-
tial z-pulses, as might be required in a randomised benchmarking sequence.
In such a case, an error of 0.2 % would accumulate to 20 %, resulting in under-
or over-rotation of the qubit state for the given sequence length.

Additionally, all measurement electronics are inherently constrained by the
maximum sampling rate, limiting time increments accordingly. Consequently,
pulse durations cannot be chosen arbitrarily but must be multiples of the
hardware’s sampling increment. Therefore, to minimise pulse calibration
errors, the 7-pulse duration should be calibrated as precisely as possible
within a reasonable timeframe, during which drift of the qubit resonance
frequency is negligible. A simple yet highly accurate method for achieving
this is introduced in the following. In the initial step, a rough estimate of
the Rabi frequency and z-pulse length is obtained for a given microwave
output power by following the standard procedure shown in Figure 6.7. The
extracted z-pulse length is then rounded to the nearest integer multiple of
the hardware sampling rate. This adjusted pulse length is extrapolated with
the intention of performing, for example, 51 7-pulses in succession instead of
just one. The ideal result of the 51 7-pulses would bring the qubit again to the
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Figure 6.14.: a Difference of the probabilities of finding the qubit in the spin-up versus spin-down
state for varying ratios of applied to optimal microwave output power, shown for 1 (green),
51 (orange), and 101 (blue) 7z-pulses. The difference of the probabilites doubles the maximum
amplitude achievable in the measurement. The amount of 7-pulses determines the sensitivity to
errors in the applied power relative to the optimal power. While a 2 % error is barely noticeable
in the green curve, the orange curve reaches a minimum, and the blue curve has already reached
a second maximum, indicating a 27 under- or over-rotation. b Experimental realisation of
the scenario depicted in a (blue curve). The data shows the measured spin-up fraction for 101
sr-pulses minus the measured spin-up fraction for 100 -pulses for varying microwave output
powers. The microwave power at which the difference of the spin-up fractions reaches its
maximum is then used for the subsequent randomised benchmarking measurements.

spin-up state. However, by performing the pulse 51 times instead of just once,
any calibration error becomes 51 times more pronounced. The same pulse
sequence is now performed for varying microwave output powers, which in
turn changes the real Rabi frequency and 7z-pulse length. When the applied
power matches the ideal power, a maximum signal is observed. However,
for powers that deviate by 2 % from the ideal power, a minimum appears, as
the 51 m-pulses will under- or over-rotate the qubit state by an additional -
pulse. This behaviour is illustrated by the orange curve in Figure 6.14a, which
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6. Coherent spin manipulation

shows the difference in probabilities of finding the qubit in the spin-up versus
spin-down state for 51 z-pulses. By extracting this probability difference, the
visibility of the result is effectively doubled, following the approach described
in the previous section. By changing the amount of performed m-pulses,
the sensitivity to errors can be adjusted. The blue curve in Figure 6.14a for
example corresponds to 101 z-pulses and possesses double the sensitivity to
the misscalibrated microwave output power, while the green curve shows
barely any difference for the shown error margin of 3 %.

Figure 6.14b shows the experimental realisation of this calibration method.
Each data point represents the difference between the measured spin-up
fraction for 101 performed 7-pulses and the measured spin-up fraction for
100 performed z-pulses. Ideally, 101 7-pulses should yield a maximum in the
spin-up fraction, while 100 z-pulses should result in a minimum, making the
difference a maximum once again. Slight variations in power induce under-
or over-rotations, and the power level at which a maximum is observed
corresponds to the ideal power for the given z-pulse duration.

6.7.4. Gate fidelity measurements

With the pulse sequences established and the pulse duration and microwave
power precisely calibrated, the randomised benchmarking experiment can
begin. Figure 6.15a shows the measured spin-up fraction following a ran-
domised gate sequence of varying lengths. Each data point corresponds to
the average spin-up fraction across 40 distinct randomised sequences, each
performed and read out with 200 single-shot measurements. The blue data
represents the final projection into the spin-up state, while the orange data
represents the final projection into the spin-down state. As the number of
gates n increases, the probability to reach the desired final state decreases
due to cumulative gate errors and finite qubit lifetimes.

In Figure 6.15b, the difference between the final spin-up projection and the
final spin-down projection is plotted for increasing n. This difference begins
at a maximum for small n and converges to zero for large n, which is modelled
by fitting a function of the form A - P". The single qubit gate fidelity can now
be calculated with

1-P
F=l-——=(92+01)% (6.18)
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Figure 6.15.: a Spin-up fraction over the number of randomly applied gates with an ideal final
result of spin-up (blue) and spin-down (orange). Every point corresponds to the mean spin-up
fraction of 200 single shot measurements of 40 different randomised sequences. b Difference of
the blue and orange data shown in a, which is used to extract the gate fidelity. The black curve
corresponds to a fit of the form A - P"* which yields the primitive gate fidelity F = 1- (1-P)/2 =
(99.2+0.1) %.

This value corresponds to the primitive gate fidelity, as the random sequence
consisted only of gates from the primitive gate set. The primitive gate fidelity
can be converted to a Clifford gate fidelity by replacing the number of primi-
tive gates n with the average number of Clifford gates n., as a single-qubit
Clifford gate is composed, on average, of 1.875 primitive gates, as derived in
Section 6.7.1. As a result, the primitive gate fidelity of (99.2 + 0.1) % converts
to a Clifford gate fidelity of (98.5 + 0.1) %.

In Figure 6.16, the resulting primitive gate fidelity of (99.2 + 0.1) % is shown
in black and compared to the fidelity achieved when rotating around only one
qubit axis: pure Y gates (blue) and pure X gates (orange). The gate fidelities
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Figure 6.16.: Blue and orange correspond to rotations around one axis only, yielding gate fidelities
of (99.81+0.02) % for X-only rotations, and (99.82+0.02) % for Y-only rotations. These fidelities
are less affected by pulse calibration errors of the randomised sequences used in randomised
benchmarking, and demonstrate an upper boundary set by the qubit lifetime itself. The black
curve corresponds to the data shown in Figure 6.15b and was done by using a qubit idle time of
the same duration as a 77/2-pulse duration in order to implement the identity gate I and yields a
gate fidelity of (99.2 + 0.1) %. The red curve implements the identity gate I with a 2s-rotation
and results in a gate fidelity of (99.0 £ 0.1) %

for single-axis rotations are (99.82 + 0.02) % for pure y-axis rotations and
(99.81 + 0.02) % for pure x-axis rotations.

In Figure 6.16 the resulting primitive gate fidelty of (99.2 + 0.1) % is drawn
in black and is compared to a resulting gate fidelity, when only rotating
around one qubit axis, in this case pure Y gates in blue and pure X gates in
orange. The gate fidelities for single axis rotation results in (99.82 + 0.02) %
for pure y-axis rotations and (99.81 + 0.02) % for pure x-axis rotations. These
values are quite similar and represent an upper boundary for the achievable
gate fidelity via randomised benchmarking, as single-axis rotations involve
less frequency noise, consisting of a continuous sine wave, compared to the
more complex randomised benchmarking pulses. Additionally, in randomised
benchmarking, the qubit is more susceptible to phase errors than with pure
single-axis rotations.

Further, two methods of implementing the identity gate I are compared.
For the black data, the identity gate I was realised by an idle time for the
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6.7. Randomised benchmarking and gate fidelity

qubit equal to the duration to the time required for an X or Y gate (the time
needed for a 7r/2-rotation). For the red data, randomised benchmarking was
performed using the identity gate I implemented as a 2z-rotation instead of
idling. This results in a reduced gate fidelity of (99.0 + 0.1) %, likely explained
by the four-times longer duration of the identity gate compared to a the idle
time of a 7z/2-rotation, which accumulates more gate error.

An intermediate approach could involve implementing the identity gate I by
sequentially applying an X gate followed by a —X gate. This would be twice
as fast as a 27r-rotation while avoiding a free idling time of the qubit state.
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During the course of this thesis, a cryogenic setup optimised with the goal of
measuring semiconductor-based qubit samples was established. Measurement
routines, from the initial formation of quantum dots to the universal control
of a qubit, were developed and implemented

In collaboration with imec, the formation and operation of electric dipole
spin resonance qubits in natural Si/SiGe heterostructures, fully fabricated and
grown in a 300 mm industrial semiconductor wafer process line, have been
demonstrated. Low charge noise values of 1.4 peV/vHz and valley splitting
energies above 87 ueV were achieved which allows a broad window for qubit
operations. Spin relaxation times T; exceeding 1 s at external magnetic fields at
which the qubit is operated imposes virtually no time constraints on possible
qubit manipulation pulses relative to qubit gate times. With the possibility to
apply an external magnetic field in all directions, different CoMM geometries
were investigated, where the optimal orientation paired with an optimised
cryogenic RF-setup, lead to measured qubit Rabi frequencies above 5 MHz,
a record value for devices from an industrial foundry [62], and competitive
with the best Si/SiGe EDSR devices from academic cleanrooms [55, 131].

Spin coherence times (T, and TZH) of 1 us and 50 ps, respectively, were achieved.
These coherence times were consistent across four different spin qubit devices
from two different 300 mm wafers, and similar values have been observed for
spin qubits in natural silicon [109, 191-194]. Nuclear spin fluctuations of 2°Si
isotopes in natural silicon are known to limit qubit lifetimes, particularly in the
low-frequency regime. This becomes when comparing the T values, which
is strongly affected by low-frequency noise, with the TZH values, where the
filter function of the spin-echo scheme makes it robust against low-frequency
noise and therefore more sensitive to higher frequencies. Isotopic purification
of #Si in the quantum well is expected to enhance the T times by at least an
order of magnitude, further improving the spin coherence times [62, 191].
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Further, with the current coherence times and paired with Rabi frequencies
up to 5 MHz, single-qubit gate fidelities of 99.2 % are achieved, determined
by randomised benchmarking experiments, and above the surface code error
correction threshold. Simulations of the micromagnet’s magnetic field gradi-
ent suggest that Rabi frequencies above 15 MHz could be feasible with further
refinement of the working points and slight RF setup optimisations.

Additional optimisations to further improve single-qubit gate fidelities include
advanced manipulation pulse shaping [211], combined with higher microwave
output powers, and further micromagnet optimisation in terms of material,
geometry and position optimisation for stronger qubit drive gradients and
lower dephasing contribution.

In parallel, steps towards the implementation of universal two-qubit logic
by exchange coupling of the two adjacent qubits in the current devices is
also feasible, when compared to similar demonstrations in laboratory devices
[212, 213] and is already actively worked on.

Another advancement would be the implementation of a fast RF readout,
which would further increase readout fidelity and reduce total measurement
time by orders of magnitude [214-218].

Overall, these results demonstrate the successful operation of state-of-the-art
spin qubit devices fabricated using advanced industrial 300 mm wafer process
technologies. This progress paves the way for the large-scale optimisation of
qubit metrics needed to bring the vision of complex, industrial-grade spin-
qubit architectures, and ultimately a universal quantum computer, a step
closer to reality. The perfect foundation for an even deeper dive into the vast
realms of quantum computing.
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A.1. Qubit performance for other micromagnet gap
sizes and field directions

Table A.1 summarises the qubit performance of the four samples presented
in this work. Sample D09 Die05 SD15B, which has a 300 nm micromagnet
(CoMM) gap, demonstrated behaviour closely matching predictions from
simulations. In contrast, samples with micromagnet gap sizes of 400 nm or
650 nm exhibited entirely different behaviour.

Historically, sample D11 Die12 SD10B was measured first. Measurements
of the CoMM magnetisation revealed a negative contribution to the exter-
nally applied field, raising many questions, as this behaviour could not be
explained by the ferromagnetic properties expected for cobalt. Alongside
the micromagnet’s influence on the external field, qubit performance was
analysed, revealing that the qubit drive speed also diverged from simulated
predictions. When the external magnetic field was applied in the y-direction,
the micromagnet displayed the most significant negative field contribution,
yet no coherent qubit manipulations could be performed. Conversely, apply-
ing an external field in the z-direction resulted in the lowest magnetic field
contribution by the micromagnet, along with the highest Rabi frequencies.
This trend was also observed in sample D09 Diel3 SD10B, which shares the
same CoMM geometry as D11 Diel2 SD10B but originates from a different
wafer. For D09 Diel3 SD10B, only external fields in the z-direction were
tested, yielding results very similar to those of D11 Die12 SD10B.

Similarly, sample D09 Die05 SD11B, which has a 400 nm CoMM gap, showed
behaviour consistent with the other samples, except a slightly higher neg-
ative field contribution and a slightly higher Rabi frequency. However, a
completely different behaviour emerged when the CoMM gap was reduced to
300 nm. As previously mentioned, the 300 nm CoMM gap aligns closely with
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Table A.1.: Qubit and CoMM characteristics for other samples and external magnetic field direc-
tions

Sample Eext Bcomm  frabi at 23dBm TZ* TZH
direction  (mT) MHz Us  ps
D11 Diel2 SD10B X -76 0.8 0.82 -
650 nm CoMM gap y -177 - - -
z -41 1.3 0.89 50
D09 Die13 SD10B z -33 1.4 1.08 -
650 nm gap
D09 Die05 SD11B z -54 1.6 1.02 -
400 nm CoMM gap
D09 Die05 SD15B y 129 5 1.07 51
300 nm CoMM gap z 8 - - -

simulation predictions: with an external magnetic field in the z-direction, the
micromagnet’s external field contribution was nearly negligible, and coher-
ent manipulations were unachievable. In contrast, applying the field in the
y-direction produced the best qubit performance among all samples, in line
with the predictions based on micromagnet simulations.

While this behavior could be considered an outlier when reviewing the data
from the four presented samples, the findings were confirmed through addi-
tional measurements by our group, as well as by independent measurements
at imec on samples with the same 300 nm CoMM gap size.

Regarding the qubit coherence times, the measured T, and TZH times are very
consistent over all four samples.
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Figure A.1.: Qubit measurements of sample D11 Die12 SD10B, which features a CoMM gap size
of 650 nm. All measurements are performed at a microwave output power of 23 dBm and a qubit
resonance frequency of ~ 18.5 GHz. The maximum Rabi frequency of the qubit was achived for
an external magnetic field applied in z-direction. a Rabi measurement. b Ramsey measurement
with 1 MHz detuning. ¢ Spin echo measurement. d CPMG with n = 3 z-pulses.
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Figure A.2.: Qubit measurements of sample D09 Die13 SD10B, which features a CoMM gap size
of 650 nm. All measurements are performed at a microwave output power of 23 dBm and a qubit
resonance frequency of ~ 18.5 GHz. The maximum Rabi frequency of the qubit was achived for
an external magnetic field applied in z-direction. a Rabi measurement. b Ramsey measurement
with 2 MHz detuning.
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Figure A.3.: Qubit measurements of sample D09 Die05 SD11B, which features a CoMM gap size
of 400 nm. All measurements are performed at a microwave output power of 23 dBm and a qubit
resonance frequency of ~ 18.5 GHz. The maximum Rabi frequency of the qubit was achived for
an external magnetic field applied in z-direction. a Rabi measurement. b Ramsey measurement
with 2 MHz detuning.
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A.2. Superconducting coil parameter

For the work on the spin qubits in this thesis, in addition to the 3D vector
magnet, designed and simulated in [145], an additional single big cylindrical
coil, and two pairs of helmholtz coils, one big one smaller, were used individ-
ually to achieve higher maximum magnetic fields in the respective direction.
The ampere to tesla conversion factor of each coil is listed in Table A.2.

Table A.2.: Coil conversion factors and maximum field

Coil Conversion factor Maximum field

mT/A T

Big zylindrical 242.47 2.5
Big Helmholtz 229.70 1.6
Small Helmholtz 124.60 0.9
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