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SUMMARY

Spin qubits in semiconductor quantum dots hold great promises for quantum informa-
tion processing thanks to their small footprint, long coherence time, and similarities
with classical transistors. However, such a new technology comes with new challenges
and requires considering new metrics to develop proof-of-principle devices into a tech-
nological platform at scale.

Here, we study Si/SiGe heterostructures developed to host single electron spin qubits.
We characterize the heterostructure and material stack using different structural tech-
niques and measure the performances of multiple quantum devices with statistical sig-
nificance. We use classical and quantum metrics to identify the performance-limiting
mechanisms and improve them upon modification of selected parameters of the mate-
rial stack to enable the next generation of spin qubit devices.

The first experiment is about the electrostatics of undoped Si/SiGe heterostructures.
We study the semiconductor/dielectric interface between the epitaxial SiGe spacer and
the SiOx and AlOx dielectrics. Against the mainstream approach, we grow heterostruc-
tures without an epitaxial Si cap. We find an improved interface from a structural char-
acterization and in the two-dimensional electron transport at low temperatures.

The second experiment concerns the charge noise in few-electron quantum dots. We
build on the previous results and focus our attention on the thickness of the 28Si quan-
tum well. In thin quantum wells without a sacrificial Si cap, we find lower charge noise
that we attribute to decreased density of remote impurities and misfit dislocations at the
SiGe/Si and Si/SiGe interfaces arising from the local quantum well strain relaxation.

The third experiment finds the balance between disorder and the energy splitting
of the nearly degenerate conduction band valleys (valley splitting) by fine-tuning the
thickness of the 28Si quantum well. We challenge the apparent dichotomy between these
two parameters and demonstrate heterostructures with simultaneously low disorder and
high valley splitting. Besides, we give a quantitative estimation of the amplitude of the
strain fluctuations in the quantum well arising from the virtual substrate.

The advancements reported in this thesis confirm the steady progress of the Si/SiGe
platform towards realizing a full-scale quantum computer. We summarize the results
in the conclusion chapter, where we also highlight the general trends in the spin qubit
community and suggest a few knobs to tweak to further improve the material platform.

ix
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SAMENVATTING

Spin qubits in halfgeleider quantum dots houden grote beloften in voor quantuminfor-
matieverwerking dankzij hun kleine voetafdruk, lange coherentietijd en overeenkom-
sten met klassieke transistors. Zo’n nieuwe technologie brengt echter nieuwe uitdagin-
gen met zich mee en vereist het overwegen van nieuwe metrieken om proof-of-principle
apparaten te ontwikkelen tot een technologisch platform op schaal.

Hier bestuderen we Si/SiGe heterostructuren die zijn ontwikkeld om spin qubits met
één elektron te bevatten. We karakteriseren de heterostructuur en de materiaalstapel
met verschillende structurele technieken en meten de prestaties van meerdere kwan-
tumapparaten met statistische significantie. We gebruiken klassieke en kwantumme-
trieken om de prestatiebeperkende mechanismen te identificeren en deze te verbeteren
door geselecteerde parameters van de materiaalstapel aan te passen om de volgende ge-
neratie spin-qubitapparaten mogelijk te maken.

Het eerste experiment gaat over de elektrostatica van ongedoteerde Si/SiGe hetero-
structuren. We bestuderen de halfgeleider/diëlektrische interface tussen de epitaxiale
SiGe spacer en de SiOx en AlOx diëlektrica. Tegen de gangbare aanpak in, kweken we he-
terostructuren zonder een epitaxiale Si kap. We vinden een verbeterde interface vanuit
een structurele karakterisatie en in het tweedimensionale elektronentransport bij lage
temperaturen.

Het tweede experiment betreft de ladingsruis in kwantumstippen met weinig elek-
tronen. We bouwen voort op de vorige resultaten en richten onze aandacht op de dikte
van de 28Si kwantumput. In dunne kwantumputten zonder een Si opofferingskapje vin-
den we een lagere ladingsruis die we toeschrijven aan een verminderde dichtheid van
onzuiverheden op afstand en misfit dislocaties bij de SiGe/Si en Si/SiGe interfaces als
gevolg van de lokale rekrelaxatie van de kwantumput.

Het derde experiment vindt het evenwicht tussen wanorde en de energiesplitsing van
de bijna ontaarde geleidingsbanddalen (dalsplitsing) door de dikte van de quantumput
28Si nauwkeurig af te stellen. We bestrijden de schijnbare dichotomie tussen deze twee
parameters en tonen heterostructuren met tegelijkertijd een lage wanorde en een hoge
dalsplitsing. Bovendien geven we een kwantitatieve schatting van de amplitude van de
vervormingsfluctuaties in de kwantumput die het gevolg zijn van het virtuele substraat.

De in dit proefschrift gerapporteerde vooruitgang bevestigt de gestage vooruitgang
van het Si/SiGe platform in de richting van het realiseren van een full-scale quantum-
computer. We vatten de resultaten samen in het concluderende hoofdstuk, waar we ook
de algemene trends in de spin qubit gemeenschap belichten en een paar knoppen sug-
gereren om aan te draaien om het materiaalplatform verder te verbeteren.

xi
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1
INTRODUCTION

A digital computer is generally believed to be an efficient universal computing device...
...This may not be true when quantum mechanics is taken into consideration.

P. W. Shor, arXiv:quant-ph/9508027, 1995

Parts of this introduction follow a lecture from Steven Girvin [1].

1
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1

2 1. INTRODUCTION

1.1. THE FIRST QUANTUM REVOLUTION
Quantum mechanics describes nature’s behaviour at atomic scales and low energies.
The theory arose in the early decades of the 20th century to explain experiments on
black-body radiation [2], light-matter interaction [3], and interference [4]. The experi-
ments forced into play the idea of wave-particle duality – that matter particles can be-
have like waves and light waves can act like particles. This simple idea has proven to be
an extremely precise description of physical reality. It underlines nearly all the scientific
and technological breakthroughs associated with the so-called first quantum revolution.

This first quantum revolution took place in the first half of the 20th century, with
scientists busy with apparently useless and curiosity-driven experiments that ultimately
led to technological inventions with a huge impact on society. The atomic clock was in-
vented in 1955 [5] to test some specific hypotheses of special and general relativity [6].
However, it turned out that the possibility of measuring time within a few nanoseconds
could be translated into the ability to measure position within a few meters, known today
as the Global Positioning System (GPS). The inventors of the laser in 1960 [7] were trying
to perform precise spectroscopic measurements of the hyperfine structure of atoms [8].
They did not expect their invention to be used to play music or to transport information
across large distances through fiber optic communication. The transistor was created in
1947 to take over the vacuum tube [9, 10]. It led to the integrated circuit [11], and its ex-
ponential scale-down in price and size made it the most produced component in human
history [12]. Today, we produce 20 trillion transistors per second (20000000000000 s−1).

All these inventions radically changed society and share some common characteris-
tics. The founders of quantum mechanics did not foresee these quantum devices. The
inventors of these quantum devices did not foresee their applications. Most importantly,
these quantum devices do not take full advantage of the power of quantum mechanics.

1.2. THE SECOND QUANTUM REVOLUTION
Some years after the realization that nature is not classical, it was understood that sim-
ulations at the quantum level are resource-expensive and, especially, become exponen-
tially demanding with the system size [13, 14]. From this, the idea of using quantum
mechanics to simulate quantum mechanics [13] and to build a quantum computing ma-
chine. Basically, to fight fire with fire.

The possible applications of such a machine are extensive, ranging from pharmaceu-
ticals (drug design) and agriculture (nitrogen fixation) to the sustainability of our planet
(energy storage and transportation, and carbon capture) [15]. A quantum computer
will be an extremely efficient machine also for the factorization in prime numbers[16],
a problem at the basis of encryption, the calculus of logarithms, and the unstructured
search [17]. Still, a quantum computer will probably be able to do much more than this,
and as it happened with classical computers, the only way to find this out is to build it.

At the basis of quantum information processing, there is the quantum bit (qubit).
Like classical bits, this is the smallest unit of information. It is implemented as a well-
defined two-level quantum system in which the ground (|0〉) and excited (|1〉) states work
as the substitutes for the "1" and "0" or "True" and "False" of classical bits. On the other
side, qubits can leverage two quantum properties that make them much more powerful
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1.2. THE SECOND QUANTUM REVOLUTION
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Figure 1.1: Graphical representations of a classical and quantum bit. a A classical bit can be either in a
1 (True) or 0 (False) state. This can be physically implemented using, for example, an electrical switch that
can be either "open" or "closed." b A quantum bit (qubit) can be in any state |Ψ〉 superposition of the two
states |0〉 and |1〉. This can be represented as a point on the surface of a sphere, so-called Bloch sphere, and
parameterized by the angles θ and φ. It can be physically implemented by using the spin’s state of an electron,
which can be in any superposition of the "up" and "down" states.

than classical bits: superposition and entanglement.
Superposition is the property of a quantum system to be in multiple quantum states

at the same time— for a qubit to be simultaneously in both the |0〉 and |1〉 states. Math-
ematically, any qubit state (|Ψ〉) can be expressed as:

|Ψ〉 =α |0〉+β |1〉 (1.1)

where |0〉 and |1〉 are called basis states, and α and β are complex coefficients (α2 +β2 =
1). Therefore, every quantum state can be visualized as a point on the surface of a sphere
(fig. 1.1), commonly called Bloch sphere.

Superposition is a game-changer for computational power. While classical bits can
be initialized in either one of the two states and have to perform the computation for
each one, quantum systems can be initialized in both states at the same time and com-
plete the computation only once. As the number of states scales exponentially with the
number of qubits, a quantum computer could be exponentially more efficient. Already,
20 qubits can assume more than 1 million configurations in parallel (220).

Entanglement manifests as non-classical correlations affecting distant qubits. Let us
imagine that a specific quantum state describing two qubits is:

|Ψ〉 =α |0〉 |0〉+β |1〉 |1〉 (1.2)

where α and β are complex coefficients, and the first number between brackets refers to
the state of the first qubits and the second number to the second qubit. If we measure
the first qubit in the |0〉 state, then we immediately know the second qubit to be in the
|0〉 state. If we measure the first qubit in the |1〉 state, then we immediately know the
second qubit to be in the |1〉 state. Entanglement acts as a magic wire connecting mul-
tiple qubits, allowing us to operate and measure them simultaneously without the need
to "actually" act on all of them.

The combination of these two principles, superposition and entanglement, leads to
a massive parallelism of the computation. Not because of computation speed but rather
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4 1. INTRODUCTION

because the computation power and the complexity of tasks scale differently with prob-
lem size.

However, the power of a quantum computer is also its Achilles’ heel. While the only
possible error in a classical bit is the bit flip — either a "0" misinterpreted as a "1" or vice
versa — qubits are susceptible to an infinitely larger number of errors. Any unwanted ro-
tation or movement on the Bloch sphere is a possible quantum error. As a consequence,
it is very easy to leak the quantum information through a process known as decoherence.
Decoherence sets how long the quantum information can be stored and, as a conse-
quence, how many quantum operations can be performed in series. One of today’s most
researched problems in quantum information processing is to limit decoherence and
preserve information losses. The challenge is to build a nearly perfect system out of very
imperfect components.

1.2.1. THE DIVINCENZO CRITERIA
While the theory and motivation to pursue a quantum computer are clear, multiple
physical platforms still compete to host a quantum processor. To be able to compare
and evaluate different systems, David DiVincenzo formulated a series of requirements
that a scalable quantum computing platform must satisfy [18]:

• A scalable physical system with well-characterized qubit.

• The ability to initialize the state of the qubits to a simple fiducial state, such as
|00000...〉.

• Long relevant decoherence times, much longer than the gate operation time.

• A "universal" set of quantum gates.

• A qubit-specific measurement capability.

The first requirement asks that the two quantum states |0〉 and |1〉 are well separated
from each other and that we can create multiple copies to scale the computer size. This
sets a first constraint on all the energy scales involved. For example, thermal processes
are activated at an energy scale of ET = kB T , where kB is the Boltzmann constant. This
corresponds to E300K = 25 meV at room temperature. In principle, a "well-defined" two-
level system will have an energy separation ∆E between the two quantum states |0〉 and
|1〉 such that ∆E ≫ ET .

Then, we are required to be able to choose the initial state of all the qubits so that the
starting state of the computation is deterministic. In the case of spins, this could mean
initializing all the qubits in the spin-down state, for example.

The third criterion is the necessary condition to be able to perform multiple quan-
tum operations in series. Since quantum information cannot be stored for a long time,
we require the single quantum operations to be much faster than the coherence time
so that these are performed while the state of the qubits is still quantum mechanical.
The ratio between coherence and operations’ time, together with the number of qubits,
ultimately sets the complexity of the algorithm that can be run on a specific quantum
computer.
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As it happens for classical logic operations, it turns out that all the possible quan-
tum gates can be performed once we know how to perform a few particular single and
two-qubit operations, forming together a universal set. We also have some freedom in
choosing this set of quantum gates, so we can choose the most convenient for the spe-
cific physical implementation.

Finally, we demand to be able to measure each qubit independently to collect the
results of the computation. In quantum mechanics, measuring is an active action. The
measurement collapses the quantum state in one of the two states we choose as a basis
for the computation, |0〉 or |1〉. Therefore, at the end of the computation, we can verify
the final state of each qubit.

So far, many different physical platforms have been shown to fulfil some or most
of these requirements, motivating scientists to implement qubits in different physical
systems. The platforms pursued to date include superconducting circuits[19–21], cold
ions[22–24], nuclear magnetic resonance[25, 26], topologically protected states[27, 28],
color centers[29, 30], photons[31, 32], and spins[33–35].

1.3. DEVELOPMENT CYCLE OF SILICON-BASED MATERIALS FOR

SPIN QUBITS
Classical modern electronics is made out of Silicon (Si). The possibility of reusing the ex-
pertise already developed to fabricate classical electronics motivated the development of
quantum technologies in semiconductor materials, e.g. Si and Ge. Si/SiGe heterostruc-
tures confine electrons inside a strained Si quantum well sandwiched between two SiGe
layers. Additional gate electrodes on top of the heterostructure stack further confine the
electrons in an effective zero-dimensional system called quantum dot. Quantum dot
spin qubits on Si/SiGe heterostructures are especially appealing thanks to their small
footprint, resemblance with classical transistors, and long coherence times [34, 35]. How-
ever, despite the many similarities, the more stringent requirements of the quantum
computing platform require considering new metrics to fully evaluate performance.

As with classical transistors, a careful engineering of the device architecture and ma-
terial stack is necessary to obtain the best performance. This is achieved through the
iteration of feedback loops in which multiple metrics are compared upon variation of
others. Figure 1.2 depicts the three macro categories forming a development loop for the
Si/SiGe platform. Ideally, a typical single loop gathers information about the crystalline
structure and chemical composition of the material stack, the two-dimensional elec-
tron gas (2DEG) transport properties, and the measurement of few and single-electron
metrics. For each stage, we show an example of a metric already used for classical elec-
tronics (left) and a metric that is relevant for spin qubits (right). The typical feedback
cycle moves from left to right and starts with the growth of the heterostructure and the
structural characterization, passes through the statistical validation of the classical and
quantum transport properties, and ultimately seeks to enable a new generation of quan-
tum devices and processors.

The structural and chemical characterization lays at the basis of every development
loop. Scanning transmission electron microscopy is a powerful technique to character-
ize crystalline structures and is used routinely as an in-line diagnostic tool in modern
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Figure 1.2: Illustration of the three steps forming a complete material development loop. Each loop gath-
ers information about the crystalline and chemical composition (a), the two-dimensional electron gas (2DEG)
transport properties (b), and proper metrics of few/single electrons and qubits (c). Although the develop-
ment cycles take great advantage of techniques already developed for the classical electronic, such as STEM,
mobility-density, and electrostatic noise (on the left of each box), the peculiarities of the spin qubits demand a
more in-depth characterization and consider metrics such as strain fluctuations, quantum mobility, and Valley
splitting (on the right of each box).

semiconductor foundries. Figure 1.2(a) shows on the left a high-resolution STEM image
of a Si quantum well (dark) sandwiched between SiGe layers (light), with the brightness
contrast due to the different chemical compositions. The single atoms forming the crys-
talline lattice can be recognized. On the right is an atomic force microscopy image of the
surface of a Si/SiGe heterostructure. Strain fluctuations in the SiGe substrate arise as a
morphological pattern at the surface aligned with the crystallographic directions.

Next, electron transport within the two-dimensional channel is used to characterize
the disorder properties at the micrometer scale and validate the first fabrication steps,
such as the ohmic contacts and the 2DEG accumulation. Probably the most common
metric in classical electronics is electron mobility. Figure 1.2(b) shows a mobility-density
curve of the 2DEG accumulated in a Si/SiGe heterostructure, albeit at cryogenic temper-
atures. At the same time, other properties of the 2DEG are required to fully characterize
the material stack. The right panel displays a magnetoresistance curve, which is used to
extract the single particle quantum lifetime and quantum mobility. Quantum mobility is
influenced by scattering events at all angles; therefore, it is more sensitive than classical
mobility to different scattering mechanisms.

Ultimately, the few/single electron properties and qubits metrics are used to bench-
mark the material. Electrostatic noise is a common problem in classical electronics. On
the left is a low-frequency noise spectral density trace measuring the electrical noise
power spectral density sensed by a quantum dot in the many-electrons regime. The few-
electrons regime makes quantum dot qubits extremely sensitive to electric noise than
classical transistors, where many electrons screen such a noise. The necessity to iden-
tify well-defined quantum states requires considering metrics such as the single electron
valley splitting that are not necessary for classical transistors. On the right is a magne-
tospectroscopy trace used to evaluate the valley splitting in a quantum dot in the single
electron regime.

The complete cycle of the material stack considers all of these parameters with the ul-
timate ambition of improving spin qubit performances by finding correlations between
metrics at different stages of the characterisation loops.
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1.4. THESIS OUTLINE
This thesis discusses recent advancements in the Si/SiGe platform tailored for spin qubit
applications. The aim is to advance the Si/SiGe heterostructure and optimize disorder,
charge noise, and valley splitting while using a comprehensive approach to the material
stack to highlight the connection between material characteristics and device perfor-
mances. This approach adopts metrics familiar to classical transistors as well as new
ones that are relevant to single-electron spin qubits.

Chapter 2 reviews the relevant theoretical framework and introduces most of the
common language used throughout the manuscript. Starting from the electronic band
structure of bulk Si, we describe the effects of strain and confinement on the electronic
wave function. We show how these knobs can be tuned to enhance spin qubits perfor-
mances and focus the attention on a few specific arguments of interest, such as disorder,
strain fluctuations, valley splitting, and electric and magnetic noise. At the end of the
chapter, we describe the various devices used to quantify performances, the different
metrics, and how they relate to each other and the material stack.

Chapter 3 describes the experimental techniques. We describe the growth of the
Si/SiGe heterostructure, the device fabrication, and measurement setups. This consti-
tutes a detailed description of the characterization methods adopted in the experiments.

The journey in the material development starts in chapter 4, where we focus on im-
proving the semiconductor-dielectric interface and, thereby, the electrostatic control
over charge carriers in the Si quantum well. We challenge the mainstream approach of
depositing a sacrificial Si cap and instead terminate the growth with a self-terminating
low-temperature exposure to dichlorosilane. As a result, we demonstrate a statistical
improvement in uniformity and performance of the 2DEG transport on a 100 mm wafer-
scale.

We build upon these results and study in chapter 5 the influence of the semiconduc-
tor/dielectric interface and quantum well thickness on the low-frequency charge noise
measured statistically on a plethora of quantum dot devices. We find that both parame-
ters affect the charge noise, indicating that both impurities in the dielectrics and amor-
phous layers and dislocations at the heterogeneous interfaces play a role in shaping the
electrostatic landscape.

We complete the feedback loop in chapter 6 with the fine-tuning of the thickness of
the 28Si quantum well, where we also provide a quantitative estimation of the average
strain and amplitude of the strain fluctuations in the quantum well. Here, we show that
such a parameter strongly influences the disorder landscape and suggest a correlation
with valley splitting, demonstrating heterostructures able to support low disorder and
high valley splitting.

Finally, in chapter 7, we summarize the main results and suggest a few future possible
directions of focus to develop the material properties further.
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If quantum mechanics hasn’t profoundly shocked you,
you haven’t understood it yet
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2.1. MATERIAL STACKS FOR SEMICONDUCTOR QUANTUM DOTS
The joint effect of the band structure and device engineering produces the three-dimen-
sional electrostatic potential to confine a single charge in a planar heterostructure. The
energy band offset between different materials composing the heterostructure traps the
charges in a two-dimensional electron (2DEG) or hole (2DHG) gas at the heterojunction.
Next, a series of metallic gate electrodes electrically isolated from each other and from
the charges at the heterojunction are fabricated on top of the heterostructure. Here, a
series of voltages applied to each gate shape the in-plane electrostatic potential and trap
the charge carrier in an effectively zero-dimensional system, defining a quantum dot.

To date, the most advanced heterostructure stacks hosting quantum dots spin qubits
comprise: gallium-arsenide/aluminium-gallium-arsenide (GaAs/AlGaAs) [1], silicon me-
tal-oxide-semiconductor (Si-MOS) [2, 3], silicon/silicon-germanium (Si/SiGe)[4, 5], and
germanium/silicon-germanium (Ge/SiGe) [6, 7]. Figure 2.1 provides a schematic rep-
resentation of these heterostructures and respective material stacks used to fabricate
quantum dot spin qubit devices. The material stacks are compared considering the
epitaxial and bandstructure properties of the host heterostructure, the quantum dot
architectures, the electrical transport properties and the quantum dots and qubit per-
formances. From top to bottom, the table follows the steps already described for the
material development loops in fig. 1.2. The specific values compare LossDiVincenzo[8]
qubits in the respective platforms that use the spin up (〈↑〉) and down (〈↓〉) states, sepa-
rated by the Zeeman energy (EZ = 2µB B), that a charge in an external magnetic field (B)
can occupy.

The epitaxy of the heterostructures differentiates in terms of the growth technique
(Chemical Vapour Deposition (CVD)/Molecular Beam Epitaxy (MBE)), the nature of the
heterointerface (epitaxial/amorphous), the presence of strain in the active channel, the
compatibility with the CMOS manufacturing process, the thermal budget, and the possi-
bility of isotopic purification. The properties of each heterostructure are reflected in the
band structure and charge carrier properties, such as the effective mass, which influ-
ences the energy level spacing and hence the lateral dimensions of the confining poten-
tial; the presence of spin-orbit coupling, useful for local coherent manipulation; and the
energy separation of the orbital states necessary to guarantee a well-defined two-level
system for computation.

The thermal budget and the effective mass are two of the main factors constraining
the integration, from a fabrication perspective, of quantum dot devices. Carriers with a
large effective mass require tighter electric confinement to isolate the single electron or
hole and, therefore, smaller gate electrodes to shape the electrostatic potential. A narrow
gate pitch suffers more from dimension non-uniformities among gates and misalign-
ment between different layers, complicating fabrication. The thermal budget constrains
all the thermal processes taking place during the fabrication and, for example, forces
the adoption of low-temperature techniques for the deposition of dielectrics, which are
usually characterized by a high density of interface traps (Di t ). Moreover, the possibility
of contacting the charge carriers with metals diffusing throughout the heterostructure
dramatically simplifies the fabrication process. It avoids the use of implantation, which
is hard to integrate into small structures.

The two-dimensional (2D) transport properties of the channel offer a first overview
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of the disorder present in the different structures. Maximum mobility is a widely used
metric to quantify the disorder landscape already employed in classical electronics. How-
ever, mobility peaks at high carrier density due to electrostatic screening, a regime typ-
ically far away from the single charge occupancy of quantum dot qubits. Percolation
density, on the opposite side of the density range, measures the minimum density re-
quired to establish a metallic conduction channel and is, therefore, considered a better
metric to characterize disorder in the regime relevant for quantum dot spin qubits. In
addition, the quantum mobility can be extracted from the envelope of the Shubnikov-de
Haas oscillations in the quantum Hall regime and, differently from classical mobility, is
affected by scattering from all angles. In particular, comparing classical and quantum
mobility allows us to understand the location of the dominant scattering sources.

Ultimately, we benchmark the semiconducting platform using quantum dots and
qubit metrics. In the few charges regime, we compare them in terms of a maximum
number of dots, i.e., the largest array able to operate single charges with controllable ex-
change interaction, and low-frequency charge noise at 1 Hz. We also report on the num-
ber of qubits, intended as the largest array of simultaneous coherent operations, and
compare the relaxation time (T1), the coherence time extracted from the Gaussian decay
typically appearing in a Ramsey experiment and measuring the inhomogeneous dephas-
ing (T ∗

2 ), the coherence time measured under Dynamical Decoupling sequences filter-

ing out low-frequency noise (T D ynD
2 ), the decay of coherent Rabi oscillations (T Rabi

2 ),
and single (F1Q ) and two (F2Q ) qubit gate fidelities.

The first quantum dots were demonstrated in modulation-doped GaAs/AlGaAs [1]
heterostructures thanks to the maturity of the molecular beam epitaxy of III-V com-
pounds [9] and availability of dislocation-free single crystal commercial substrate. High
mobility [10, 11] (106 − 107 cm2/Vs) and low percolation [12] (< 1010 cm−2) 2DEGs are
easily produced thanks to the small lattice mismatch (≃ 0.01 %) between GaAs and Al-
GaAs. The extremely clean disorder landscape is confirmed in the quantum Hall regime.
Quantum mobility is also very high µq ≈ 106 cm2/Vs correspondent to a single particle
quantum relaxation time of τq ≈ 24 ps [13]. The single electrons are defined by selec-
tively depleting the 2DEG with Schottky contacts on top of the heterostructure without
the need for dielectric layers. The non-degenerate conduction band and light, effective
mass (m∗ = 0.067) allow the definition of the quantum dots using large gate electrodes
(≈ 80 nm), easing the fabrication process. Moreover, the large spin-orbit coupling allows
addressing single spins with full electrical control [14].

The development of spin qubits in GaAs/AlGaAs heterostructures has been challeng-
ing due to the absence of zero-spin isotopes and the incompatibility with the CMOS
semiconductor manufacturing process. The former strongly limits coherence time (T ∗

2 )
due to the hyperfine interaction of the electron’s spin with the nuclear spin bath of the
host material. The latter makes it difficult to leverage advanced semiconductor manu-
facturing and integrate such devices with on-chip classical electronics, which will prob-
ably be necessary to control practical large-scale quantum processors.

These two constraints motivated extensive effort in using Silicon as spin qubit host
material. The isotopic purification of the naturally abundant 28Si (≈ 93 %) drastically re-
duces the hyperfine interactions, boosting the coherence time of more than one order of
magnitude [16]. Isotopic purification of a few hundred parts per million (ppm) is nowa-
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Figure 2.1: Material stacks for quantum dot spin qubits. We compare GaAs/AlGaAs, Si-MOS, Si/SiGe, and
Ge/SiGe heterostructures for spin qubits on multiple metrics related to the heterostructure, device fabrication,
two-dimensional (2D) electron or hole transport, quantum dots, and spin qubits. Adapted from [15].
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days commercially available [17], and a purity of 60 ppm has been demonstrated [18].
Single electron confinement can be implemented at the silicon/silicon-oxide interface
in Si-MOS structures or in buried quantum wells in Si/SiGe heterostructures. The larger
effective mass (m∗ = 0.19) requires the quantum dots to have a much smaller dimen-
sion than in GaAs [19], making the device fabrication process more challenging. More-
over, the multiple metallic layers necessary to shape the electrostatic potential must be
insulated with high-k dielectrics, often deposited at low temperatures via atomic layer
deposition, further increasing device process complexity. Still, the compatibility of the
Si-MOS platform with the semiconductor manufacturing process already enabled the
demonstration of industry-fabricated spin qubits [2].

The presence of two quasi-degenerate conduction band valleys is the major limita-
tion of Si, complicating the qubit initialization, manipulation, and readout[20]. The two-
valley energy separation, called valley splitting, is a less stringent constraint in Si-MOS
where the large electric field at the Si/Silicon-oxide interface permits to obtain reason-
able values (EV S ≃ 1 meV) [21]. These were the necessary requirements to demonstrate
the operation of spin qubits at "hot" temperatures above 1 K [22], encouraging for the
integration of the quantum processor with on-chip classical electronics. Unfortunately,
the presence of the SiOx amorphous layer forces the electrons to be close to impurities
and charged defects responsible for a strong disorder landscape. For this reason, mobil-
ity (≃ 104 cm2/Vs) and percolation density (≃ 1011 cm−2) are very limited in Si-MOS [17],
and the control of large devices has proven difficult. The quantum mobility is also rather
limited (µq ≈ 13×103 cm2/Vs equivalent to a quantum lifetime of τq ≈ 1.4 ps [23]).

Si/SiGe heterostructures overcome this main drawback by confining the electrons at
the Si/SiGe epitaxial heterointerface buried 30-50 nm under the surface in an environ-
ment characterized by less disorder than Si-MOS. The tensely strained Si quantum well
is sandwiched between two Si-rich Si(1−x)Gex (x ≈ 0.3) layers of specific stoichiomet-
ric concentration. Here, the absence of pristine SiGe crystalline substrates of specific
chemical concentration poses a major challenge to the growth of high-quality Si/SiGe
heterostructures. This has been overcome by growing virtual substrates that, starting
from Si wafers, increase the Ge concentration in subsequent steps to create the desired
Si(1−x)Gex substrate under the active layer. The development of virtual substrate with a
low density of threading dislocations enabled heterostructures with high mobility (> 105

cm2/Vs) and low percolation density (≃ 1010 cm−2) [24, 25] testifying the low level of dis-
order. Quantum mobility and lifetimes are also higher compared to SiMOS (µq ≈ 75×103

cm2/Vs, τq ≈ 9 ps) [25]. The low level of disorder made it possible to control multi-
quantum dot devices [26] and linear arrays of qubits [4].

The two current challenges of the Si/SiGe platform are the low average valley split-
ting compared to Si-MOS and the large dot-to-dot variability of this parameter, which
can prevent the isolation of the two-level qubit system. Moreover, the charge noise has
also proved to limit the coherence time [27] by coupling to the spin degree of freedom
through the magnetic field gradient created by the micromagnets [28].

Conversely, Ge/SiGe heterostructures comprise a compressively strained Ge quan-
tum well between two Ge-rich Si(1−x)Gex (x ≈ 0.8) layers. These are grown in similar
conditions as the Si/SiGe platform and have seen fast progress in the last years[6]. The
smaller effective mass of holes in these heterostructures [29] (m∗ = 0.055) allows to de-
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fine quantum dots using larger gate electrodes (≈ 80 nm), facilitating the fabrication
process. At the same time, the sizeable spin-orbit coupling permits the full-electrical
and fast drive of the spin state [30]. In recent years, the utilization of Ge substrates fur-
ther improved the level of disorder, boosting mobility > 106 cm2/Vs and reducing per-
colation density (< 1010 cm−2) [31]. Quantum mobility and single particle lifetime are
comparable with Si/SiGe heterostructures (µq ≈ 25 × 103 cm2/Vs and τq ≈ 1 ps [29]).
For these reasons, Ge/SiGe heterostructures have seen an extremely fast development,
moving from proof of principle demonstrations [32] to single-qubit [30] and multi-qubit
operations [33] in just a few years. Arrays with as many as 16 quantum dots have been
demonstrated[34], and ten qubit chips are currently being measured in the laboratory.

In Ge/SiGe, the large g-factor anisotropy [35, 36] and dot-to-dot variability pose a
challenge in scaling to large arrays while ensuring single qubit addressability. Moreover,
the strong spin-orbit coupling represents a double-edged sword, opening the qubits to
decoherence from electrostatic fluctuations and charge noise.

2.2. SI/SIGE HETEROSTRUCTURE
In this thesis, we focus on the Si/SiGe platform tailored to host electron spin qubits.
Here, we provide a brief introduction to the band structure of bulk Si, which is used to
understand the single electron energy levels achieved in Si/SiGe heterostructures. We
then move to analyze the multiple disorder and noise sources that currently limit the
operation of electron spin qubits in Si/SiGe heterostructures.

2.2.1. BAND STRUCTURE
Solids are collections of tightly bound atoms. For most solids, these atoms arrange them-
selves in regular patterns on an underlying crystalline lattice. When the atoms are brought
together to form the crystal, their orbitals overlap, and the interaction between orbitals
spreads the energy levels to form bands of almost continuous energy levels, i.e., the elec-
tronic energy bands. The electronic band structure in solids is a direct consequence of
the periodicity of their crystalline lattice and the interaction of the atoms forming the
lattice. The smallest unit of this periodicity is called the lattice unit cell.

Silicon (Si) and Germanium (Ge) are group IV semiconductors that crystallize in the
diamond cubic structure with a lattice constant of aSi = 5.43070Å and aGe = 5.65735Å,
respectively [38]. This is a special case of zincblende structure, most typical of III-V semi-
conductors like Gallium Arsenide (GaAs) and Indium Arsenide (InAs). The zincblende
structure can be seen as formed by two interpenetrating face-centered cubic (FFC) struc-
tures with the two atoms forming the primitive cell in the origin d1 = (0,0,0) and at one-
fourth of the diagonal of the cube d2 = a/4(1,1,1). Such lattice has three translation
vectors:

τ1 = a

2
(0,1,1) τ2 = a

2
(1,0,1) τ3 = a

2
(1,1,0) (2.1)

These are the directions in which the crystal is symmetric under translations, i.e., the
so-called crystallographic axes. Figure 2.2(a) shows the primitive cell formed by these
vectors. The entire diamond crystal can be built using translations of such a primitive
cell. To fully emphasize the cubic symmetry of the lattice, it is also common to use a
larger conventional unit cell (displayed in fig. 2.2(b)).

https://2.2.si/SIGE
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Figure 2.2: Primitive cell and band structure of Silicon. a FCC lattice. The primitive vectors τ1 τ2 and τ3 are
shown. a is the dimension of the conventional unit cell. The primitive cell is shown in a different colour at
the centre. The conventional unit cell emphasizes the full cubic symmetry of the lattice. b Conventional unit
cell of the zincblende structure. First-neighbor bonds are also shown. Blue and red atoms belong to the two
compenetrating FFC cells forming the conventional unit cell. In the case of group IV semiconductors, all the
atoms are identical, and the zincblende reduces to the diamond structure. In the zincblende structure, each
atom has four first neighbours of the opposite kind, which form a regular tetrahedron centred on the atom.
One tetrahedron is shown in blue. c Brillouin zone of a crystal with an FCC Bravais lattice. The reciprocal
lattice is a body-centred cubic (BCC), and the Brillouin zone is a truncated octahedron centred on Γ= (0,0,0).
The points of high symmetry are shown. d Band structure of crystalline silicon between the symmetry point
of the Brillouin zone. The energy zero is set to the Fermi energy. The conduction band minimum instead is
located between the Γ and X points. This makes Si an indirect band gap semiconductor with an energy band
gap of EG = 1.14 eV. Adapted from [37].

The periodicity in the physical space (x, y, z) translates into a periodicity in momen-
tum space (kx ,ky ,kz ) where another primitive cell can be defined. This is called the
Brillouin zone. The Brillouin zone of a diamond lattice assumes the form of a truncated
octaedron (BBC) characterized by the three translation vectors:

g1 = 2π

a
(−1,1,1) g2 = 2π

a
(1,−1,1) g3 = 2π

a
(1,1,−1) (2.2)

The BCC Brillouin zone is shown in fig. 2.2(c) together with some high symmetry points.
The use of momentum space is particularly useful because the wavefunctions in mo-
mentum space are eigenvectors of the Shroedinger equation for an electron in a crystal
[37, 39]. Therefore, for each momentum vector, we can calculate an energy. The disper-
sion relation between momentum vectors and energy is the electronic band structure of
the solid.
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Figure 2.2(d) shows a portion of the electronic band structure of Si around the Γ sym-
metry point. The zero of the energy axis is set at the Fermi energy, i.e., the energy of the
last electron filling the top of the valence band at the Γ point. The bottom of the con-
duction band is highlighted with a red circle. This is in between the Γ and X points,
making Si a semiconductor with an indirect bandgap semiconductor. Due to the cubic
symmetry of Si, the X point is six-fold degenerate, and therefore, the conduction band
minimum has the same degeneracy.

2.2.2. STRAINED HETEROSTRUCTURES
The key element of a Si/SiGe heterostructure is a thin Si layer sandwiched between two
layers of SiGe. The bandgap in the SiGe alloys is larger than in Si and depends on the Ge
concentration. Therefore, the electrons populating the conduction band in the Si layer
are confined by two energy walls in a structure called quantum well. Moreover, Ge has
a 4.2 % larger lattice constant than Si. Therefore, the thin Si layer has to adapt its lattice
constant, i.e. is strained, to the cladding SiGe. The lattice constant of a relaxed Si1−x Gex

layer with Ge concentration x (0 < x < 1) varies between the lattice constant of Si and Ge.
It is described by an empirical relation called Vegard’s law [41, 42]:

aSi1−xGex = 0.5431+0.01992x +0.002733x2 (nm) (2.3)

which is accurate to about 10−4 nm.
If a sufficiently thin layer of Si1−x Gex is grown on top of a Si1−y Gey substrate, the top

layer will be compressively strained for x > y and tensely strained for x < y due to the
lattice mismatch. In both cases, the strain is in-plane (ϵx = ϵy = ϵ∥), i.e., perpendicular
to the growth direction (z). This also results in a perpendicular strain (ϵ⊥) caused by an
opposite distortion of the lattice cell in the z direction due to the fact that the crystalline
cell readjusts to minimize the total energy, and resulting in a tetragonal distortion of the
unit cell as shown in fig. 2.3(b). The parallel (ϵ∥) and perpendicular (ϵ⊥) components of
the strain tensor can be related by the Poisson ratio (ν) through the relation:

ϵ⊥ = −2ν

1−νϵ∥ (2.4)

which is accurate as long as the strain is fully elastic and uniform in the entire layer.
A strained layer can be grown on a strain-relaxed or bulk Si1−x Gex substrate, which

is substantially thicker than the epitaxial layer. The first atomic layers grown on such a
substrate will be strained and lattice matched to the substrate. In this case, the hetero-
interface is coherent and pseudomorphic, and the epitaxial layer is forced to have the
same in-plane lattice constant of the substrate, consequently reducing its out-of-plane
lattice constant following Eq.2.4.

As the thickness of the strained layer increases, there is a critical thickness (tc ) above
which it costs too much energy to strain additional heterolayers in coherence with the
substrate. As soon as the strained layer thickness exceeds tc , misfits dislocation at the
heterointerface starts to appear and relieve the strain in the epitaxial film (fig. 2.3(c)).
The misfit dislocations create subsequent defects called threading dislocations (fig. 2.3(e)),
which propagate following a specific 60°through the (110) crystallographic direction. At
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Figure 2.3: Strain and dislocations in Si/SiGe heterostructure. a Schematic representation of fully relaxed Si
and SiGe layers. The arrow indicates the growth direction z. b The 28Si epilayer making the quantum well is
grown on top of the SiGe strain relaxed buffer. If the thickness of the 28Si quantum well (t ) is smaller than
the critical thickness (tc ), the epilayer is conformal and pseudomorphic with the virtual substrate. Hence, the
quantum well is tensile-strained in the in-plane direction, and there are no strain-induced defects or dangling
bonds at the hetero-interface. c Growing a Si quantum well beyond the critical thickness triggers relaxation
of the epilayer. As a consequence, dangling bonds (in red) and defects start to form at the heterointerface. d
Critical thickness of a strained silicon epilayer, grown on top of a fully relaxed Si1−xGex substrate, as a function
of Ge composition (x) of the underlying relaxed substrate. A Si layer grown on top of a Si70Ge30 substrate has a
critical thickness of 8.5 nm[40] (red dashed line). Fluctuations in the chemical composition of the substrate will
result in a lower local critical thickness, facilitating an early relaxation (red shade). d Schematic representation
of the crystallographic defects forming after relaxation at the interface between the SiGe and Si layers. As soon
as the Si epilayer exceeds the critical thickness and starts to relax, a series of dislocations arises at the SiGe/Si
interface. These propagate along the crystallographic directions in-plane called misfit dislocations, and out-
of-plane called threading dislocations.

this point, the epitaxial layer relaxes, and the defects may interact with the electrical, op-
tical, and thermal properties of the material, typically degrading the performances [40].

An analytic expression for the critical thickness can be obtained by balancing the
force of the threading dislocation arm in an uncapped epilayer with the restoring force
from the extra interfacial dislocation created during relaxation. In the case of a strained
Si layer grown on top of a SiGe relaxed virtual substrate, the People and Bean criterion
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based on the Matthews-Blakeslee calculations[43] yield:

tc ≈ b

4π f (1+ν)

(
ln

tc

b
+1

)
(2.5)

where b = 0.384 is the Burgers vector, ν= 0.28 is the Poisson ratio, and f is the lattice mis-
match between Si and the relaxed SiGe virtual substrate calculated from eq. (2.3). This
critical thickness is plotted in fig. 2.3(d) and predicts a critical thickness of 8.5 nm for a
Si layer grown on a Si1−x Gex relaxed virtual substrate with 30% Ge concentration. Since
the critical thickness is a direct function of the chemical composition, via the lattice mis-
match f in eq. (2.5), fluctuations in the chemical composition of the substrate can result
in a smaller local critical thickness, favouring an early relaxation of the Si quantum well.
Therefore, the choice of the quantum well thickness becomes very critical, as it might be
easily overlooked in the design phase of the material stack.

2.3. MATERIAL CHALLENGES AND METRICS
Some of the major improvements in spin qubit performances can be traced down to
the advancements of the material science of the host heterostructure [45]. The first
Si/SiGe heterostructures used a phosphorous-doped δ-layer to accumulate electrons in
the quantum well and depletion gates to confine single electrons. The subsequent adop-
tion of undoped heterostructures, where the δ-layer is removed, and the gate electrodes
are used to directly accumulate the electrons, decreased disorder, reduced hysteresis,
and gate leakage [46, 47]. Again, the purification of the naturally abundant 28Si isotope
boosted the coherence times of more than an order of magnitude by placing the elec-
trons in a nuclear-spin-free magnetic vacuum [48]. Major advances in the materials sci-
ence of quantum information devices will still be needed to realize large-scale systems.
In particular, material issues will be crucial to address in the coming years as the field
transitions from few qubits noisy systems to large-scale fault-tolerant quantum proces-
sors.

In the following, we identify the critical material challenges that currently limit the
progress of electron spin qubits in Si/SiGe heterostructures. We review the theoretical
framework leading to the interaction between the single electron spin and the source of
decoherence and pinpoint the weaknesses and strengths of such a platform.

2.3.1. DISORDER

We refer to disorder as any scattering mechanisms that can interact with the electrons
accumulated in the Si/SiGe heterostructure. Scattering centers may also interact with
the single electrons and constitute a source of decoherence for the qubit state. More-
over, a low disorder landscape is desirable to ensure uniform control of the single qubits
and their interaction. Controlling disorder at different length scales will be, therefore,
paramount in scaling to larger quantum devices. Electron mobility (µ) is the standard
metric used in classical integrated circuits to quantify disorder. The mobility is related
to the average time between two scattering events (τt ) through the relations:

µ= eτt /m∗ (2.6)
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Figure 2.4: Sources of disorder in Si/SiGe heterostructures. a Schematic representation of a realistic Si/SiGe
heterostructure with the dielectric and metallic gate layers on top. The main layers of the material stack in-
clude the SiGe bottom buffer and top spacer (purple), the purified 28Si quantum well (blue), and the AlOx
dielectric (brown) used to isolate the metallic gates (grey). The drawings are not in scale, and the amplitude of
the topographic undulations arising from the strain-relaxed SiGe buffer (cross-hatch pattern) is magnified for
representation purposes. The typical wavelength is of the order of a few microns (λcr oss−hatch ≈ 5 µm) with
a valley-to-peak amplitude of a few nanometers (σRMS ≈ 2.4 nm) [44]. This is compared to a typical quantum
well thickness of about 5–9 nm and a SiGe barrier on top of about 30-50 nm b Nuclear spin fluctuations due
to non-zero spin isotopes in non-purified layers lead to increased decoherence coupling directly to the mag-
netic spin degree of freedom. c Since Si and Ge can interchange in the SiGe spacer, the electron wavefunction
samples a random Ge concentration that depends on the specific location and causes dot-to-dot variability
but also affects valley splitting. d Dislocations due to the lattice mismatch between different layers can travel
through the virtual substrate and reach the active layers. Moreover, dislocations due to strain relaxation of the
Si quantum well directly affect the vicinity of the electron spin qubit. e Interface traps and impurities in the
amorphous dielectric layers are a major cause of electric noise directly altering the confining potential. f Car-
bon and oxygen contamination in the active layers are strong scattering centers and can greatly increase the
disorder landscape. g Strain and chemical composition fluctuations in the virtual substrate arise as a morpho-
logical modulation at the surface and create in-plane non-uniformities of the band structure.
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where e is the electron charge and m∗ is the electron effective mass. High mobility indi-
cates a long time between scattering events, a low scattering rate, and, therefore, a low
disorder landscape.

Mobility is usually reported at the highest carrier density, where it peaks and assumes
the maximum value due to the electrostatic screening of the charges present in the quan-
tum well. However, high electron density is a very different regime compared to the
single electron occupation of quantum dots. The percolation density (np ) is measured
in the low-density regime and quantifies the minimum density required to establish a
metallic conduction channel [49]. For this reason, it is considered a complementary
metric to characterize the disorder landscape in a regime closer to the spin qubit oper-
ation [29]. It is extracted by fitting the longitudinal conductivity (σxx ) as a function of
density (n) curve with the function [50]:

σxx ∝ (n −np )1.31 (2.7)

where np is the extracted percolation density, and the critical exponent 1.31 is theoreti-
cally extracted under the assumption of two-dimensional transport.

Although classical mobility and percolation density are already informative metrics
of the disorder landscape, transport properties in the quantum Hall regime give further
insights into the scattering phenomena. Classical mobility strongly depends on the scat-
tering process in the same direction as the charge’s motions. On the other hand, quan-
tum mobility considers scattering phenomena at all angles. For this reason, it is a more
informative and sensible metric of the disorder landscape because it does not exclude a
priori scattering sources which could influence qubit performance. The difference be-
tween the classical transport (τt ) and quantum single-particle (τq ) relaxation times can
be understood by comparing their theoretical expressions [13, 51]:

1

τt
=

∫ π

0
Q(θ)(1−cosθ)dθ and

1

τq
=

∫ π

0
Q(θ)dθ (2.8)

where Q(θ) is proportional to the probability of scattering through an angle θ. The
presence of the factor 1 − cosθ makes the transport scattering time only sensitive to
forward scattering events at low angles, such as impurities in the quantum well or the
roughness of the interface. Conversely, the quantum lifetime is also sensitive to high-
angle scattering events, such as remote impurities and fluctuations in the gate stack [25],
which could be very relevant to qubit performance metrics.

2.3.2. VALLEY SPLITTING
The conduction band minimum of bulk silicon features a six-fold degeneracy called "val-
leys." The strain induced in the quantum well in Si/SiGe heterostructures breaks the
cubic bulk symmetry into in-plane (+kx , −kx , +ky , −ky ) and out-of-plane (+kz , −kz )
components. As a consequence, the four in-plane valleys (∆4) rise in energy, and the
two out-of-plane valleys (∆2) stay isolated at lower energies [53]. The remaining two-
fold degeneracy of the ∆2 valleys is lifted by the external electric field (E), confining the
electrons at the Si/SiGe heterointerface and breaking the symmetry in the growth direc-
tion (z). The energy separation between the two low-lying valley states is called valley
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Figure 2.5: Valley splitting in Si/SiGe. a The six degenerate valley states of the conduction band in bulk Si split
thanks to the combination of strain created by the heterostructure and confinement induced by the electric
field (E). The strain is caused by the lattice mismatch between Si and SiGe. The confinement is due to the
voltages applied to the top gates confining the electrons in the Si quantum well. b Schematic representation
of the single electron wavefunction of the first (v1, red) and second (v2, black) valley states. The electric field
pushes part of the wavefunction inside the SiGe barrier. Inspired by [52]. c Constant energy surfaces in mo-
mentum (k) space. In bulk Silicon, all directions are symmetric. First, the in-plane strain breaks the symmetry
in the z direction, which is further lifted by the electric field in the same direction. d Energy representation
of the lowest spin and valley states for one and two electrons confined in a quantum dot as a function of the
magnetic field. For a sufficiently high magnetic field, the Zeeman splitting equals the valley splitting, and the
two-electron state changes from |v1 v1,S0〉 to |v1 v2,T−〉. e Schematic representation of the subsequent split-
ting of the six degenerate valleys (∆6) into single energy states. Inspired by [52].

splitting (EV S ). 1 Controlling and maximizing this splitting is critical for Si-based spin
qubits, as it is typically the lowest energy excitation next to the two-level spin up and
down system defining the qubit and set by the Zeeman splitting.

Multiple theories have been developed to understand the underlying physics, and
practical strategies have been put forward to enhance such valley splitting [55]. In the
assumption of quantum well with sharp heterointerfaces (δ(z − zi )), the valley mixing
(∆V S ) can be expressed as [56, 57]:

∆V S = v0F (z)e2i kz zi (2.9)

1In Si-MOS, the channel is not strained. However, the strong confinement at the Si/SiOx interface and the
effective mass anisotropy increase the energy of the ∆4 valleys and further split the ∆2 valleys typically more
than in Si/SiGe heterostructures[54].
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where v0 is the interfacial valley coupling, F (z) is the valley-free envelope function,
kz is the reciprocal vector in momentum space and zi is the interface position. The valley
splitting can be calculated as EV S = 2|∆V S | ∝ |F (zi )|2. This means that the amplitude of
the valley splitting is dependent on the overlap of the electron wavefunction with the in-
terface. At the same time, ∆V S oscillates with a frequency set by kz (kz > 1/(aSi /2) ≈ 0.18
Å−1) These are extremely fast oscillations with a period similar to the interatomic spac-
ing, which makes the valley splitting extremely sensitive to the specific atomic charac-
teristic of the heterointerface between Si and SiGe at the quantum dot location, causing
great dot-to-dot variability. Figure 2.5(b) shows a representation of the electronic wave-
function for the first (red) and second (black) valley states.

Valley splitting also impacts the readout of semiconductor spin qubits [58]. The Pauli
spin blockade (PSB) spin-to-charge conversion scheme relies on the energy separation
(EST ) between the antisymmetric (Singlet) and symmetric (Triplet) two spin states to
recognize different single spin configurations. If the valley splitting is too small and com-
parable with such energy scale (EV S ≈ EST ), the identification of the singlet and triplet
states becomes impossible and therefore the spin readout [4, 58].

Magnetospectroscopy is a powerful technique to ensure that the valley degree of free-
dom is well separated from the Singlet and Triplet states. It is performed by scanning the
1 → 2 electron transition as a function of the magnetic field. Figure 2.5(d) shows the en-
ergy dispersion of the first four electronic states in a single quantum dot as a function of
the magnetic field (B) and in the assumption of EST ≪ EV S . For low magnetic fields such
that the Zeeman splitting (EZ ) is lower than the valley splitting (EZ < EV S ), the two elec-
trons will have the same valley state (v1). As a consequence, the spin state will account
for the total antisymmetric part of the wavefunction and, therefore, will be a singlet state
(|S0〉 = |↑↓〉− |↓↑〉). By increasing the magnetic field, the Zeeman splitting will increase
and become greater than the valley splitting (EZ > EV S ) for a certain magnetic field. In
this case, the second electron will be loaded in the second valley state (v2), which has the
opposite symmetry. Therefore, the valley wavefunction is antisymmetric, and the two-
electron spin can be in the symmetric combination, i.e., |↓↓〉 = |T −〉. Note that changing
from |S0〉 → |T −〉 costs an additional energy equal to the Singlet-Triplet splitting EST .
For this reason, the kink position will be at an energy equal to Eki nk = gµB B = EV S −EST ,
which can be approximated with EV S in the limit of EST ≪ EV S , i.e., if the two energy
scales are well separated. The possibility of measuring a well-defined kink at a certain
magnetic field already guarantees that EST ≪ EV S .

2.3.3. STRAIN NOISE

Si-MOS homostructures and GaAs/AlGaAs heterostructures rely on a single-crystal sub-
strate on top of which the active layers are grown lattice-matched, i.e., coherently and
pseudomorphically. In Si/SiGe heterostructures, the absence of a single crystal SiGe
substrate of desired chemical concentration and sufficient structural quality forces the
adoption of an alternative solution, typically i.e., the growth of a SiGe virtual substrates.
The virtual substrate aims to create a SiGe epitaxial buffer with the desired lattice param-
eter by tuning accordingly the SiGe chemical composition and intentionally inducing
strain-relaxation by growing thick layers above the critical thickness. The growth starts
on top of a silicon substrate and uses a series of strained relaxed Si1−x Gex layers where
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the Ge chemical composition x is varied to reach the desired ratio. With the convention
that x refers to the Ge concentration in the Si1−x Gex alloy, since the chemical composi-
tion is ramped up towards the final value, virtual substrates grown with such a scheme
are called forward grading.

Each layer of the virtual substrate is grown to be thicker than the respective critical
thickness and, therefore, fully relaxed. The strain relaxation is carried out by the misfit
dislocation network at the heterointerface propagating from each interface [42]. This
process has a series of consequences. First, the presence of misfit dislocations automat-
ically creates 60°threading dislocations traveling through the epitaxial layers. Moreover,
the piling up of such misfit dislocations creates islands distributed along the crystallo-
graphic directions, where the nucleation of Ge is preferred during the growth [59]. As a
result, the relaxed SiGe buffers are characterized by in-plane chemical and strain fluc-
tuations manifesting as an undulated surface morphology known as crosshatch pattern
[60–62]. The crosshatch is characteristic of substrates with lattice mismatch lower than
2% and low density of misfits dislocation in the relaxed layers down to 104 − 106 cm−2

[40]. The roughening can affect the electron mobility [63] and, most importantly, results
in a strain modulation of the strained Si layer grown on top [61]. This roughening is
a major hurdle for CMOS integration because it makes aligning the extreme ultraviolet
lithography tools difficult. Even though such morphology can be cured with chemical
mechanical polishing (CMP) techniques, the strain modulation field remains an addi-
tional degree of variability. Despite these limitations and decades after their invention,
strained-relaxed SiGe buffers are still the mainstream way to achieve strained Si quan-
tum wells.

Another source of strain fluctuations arises from the gate and device stack [64]. The
amplitude of the strain tensor due to electrode-induced strain is of ≈ 0.5 % with a band-
width of ≈ 0.02 %. In Si/SiGe, the average strain of the Si quantum well is ≈ 1.3 % with a
bandwidth, due to the cross-hatch pattern, of ≈ 0.1 % [44]. Therefore, strain fluctuations
driven by the misfit dislocation network drive a larger variability. However, the strain in-
duced by the electrodes has a much shorter wavelength than the strain induced by the
cross-hatch pattern (λg ates ≈ 0.1 µm ≪ λCr oss−H atch ≈ 5µm) and can induce a substan-
tial shift in the quantum well average strain [65]. For this reason, recent proposals use a
careful gate design to reduce the induced strain fluctuations [66]. On the other side, the
device fabrication process could also be used to enhance performance. Another pro-
posal uses a careful etching of the heterostructure around the quantum dots to induce
shear strain in the quantum well and improve valley splitting [67].

In the Si/SiGe heterostructure, the strain of the Si layer is responsible for lifting the
degeneracy of the conduction band, and the chemical composition of the SiGe buffer
is related to the band gap. Understanding and minimizing such fluctuations will be
paramount in scaling quantum technologies on Si/SiGe heterostructures and ensuring
the full compatibility of this platform with planar integrated circuit technologies.

2.3.4. CHARGE NOISE

Charge noise is currently identified as the major limitation to the performances of semi-
conductor spin qubits [4, 27]. We refer to charge noise as random and unwanted electric
field fluctuations in the vicinity of the spin qubit. Although electrostatic noise does not
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couple directly with the spin degree of freedom, the use of spin-to-charge conversion for
readout and the synthetic spin-orbit interaction from the micromagnets necessary to
ensure addressability allow charge noise to dephase and decohere the spin state. Charge
noise may be caused by fluctuating defects in the heterostructure [68] (dislocations, con-
taminations, e.g., carbon and oxygen) and in the gate stack [69] (interface traps, strain
mismatch), by spurious voltage noise originating from the control electronics, or from
the random motion of charges anywhere in the device. The typical charge noise power
spectral density in semiconductor devices follows a 1/ f power law [70]. Such behaviour
has been measured in Si/SiGe qubits over 13 decades of frequencies [71]. Moreover,
the specific shape of the power spectral density, deviations from the 1/ f behaviour, and
temperature dependence can help distinguish the nature of the noise sources[72]. For
example, a "pure" 1/ f behaviour is usually related to a quasi-continuous ensemble of
two-level-fluctuators (TLF). In contrast, a Lorentian 1/f2 behaviour is caused by a single
TLF strongly coupling to the system.

Charged defects can also lead to unwanted accumulation or depletion of electrons
in parasitic quantum dots, complicating the device tuning [73, 74]. Strain fields due to
the elastic distortion at low temperatures of the metallic gates could have similar results,
motivating the use of polysilicon [74] and palladium gates [75].

Semiconductor spin qubits are defined and operated by electrostatic potentials. While
material choices and careful gate stack engineering may improve charge-noise-induced
decoherence, the underlying noise sources are unlikely to be removed from semicon-
ductor devices [76] (unlike hyperfine interaction from magnetic noise) This is particu-
larly true in the Si/SiGe platform, where the dielectric has so far been fabricated using
low-temperature atomic layer deposition, which is known to have a high density of in-
terface traps. Striking a balance between robustness to electric noise while guaranteeing
effective control of the spin state will remain a key trade-off to pursue in designing semi-
conductor spin qubits across multiple materials and designs.

2.3.5. MAGNETIC NOISE

All Ga and As isotopes carry a I = 3/2 nuclear spin that strongly limits coherence time in
the GaAs/AlGaAs platform to T ∗

2 ≈ 10 ns [1]. On the contrary, Si and Ge have naturally
abundant zero-spin isotopes with remaining concentrations of 4.7 % (29Si, I = 1/2) and
7.8 % (73Ge, I = 9/2). These values can be further lowered through isotopic purification
down to the few tens of parts per million, placing the electrons in a nuclear spin-free
magnetic vacuum [17, 77]. Contrary to charge noise, magnetic noise from the host semi-
conductor can be reduced to a very low level through isotopic purification [78].

In addition to isotopic content, the size of the electronic wavefunction defines the
amplitude of the hyperfine interaction. In the limit of interaction with many nuclei (con-
tinuous limit), the dephasing time (T ∗

2 ) can be expressed as [76]:

T ∗
2 ∝

√
N

PI
(2.10)

where N is the total number of nuclei for which the electron wavefunction is larger
than some threshold, and PI is the probability that a given lattice nucleus has spin.
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Therefore, in this many nuclei limit, the wave function overlapping with a larger num-
ber of spin-carrying nuclear will have a longer coherence time [76]. In semiconductor
spin qubits, the dimension of the electronic wave function is mainly set by the effective
mass, which could result in a larger variability of the dephasing times in platforms with
larger effective mass, such as Si/SiGe [4], and in more uniform values in platforms with
a smaller effective mass, such as Ge/SiGe [33].
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40 3. METHODS

3.1. EPITAXY OF SI/SIGE HETEROSTRUCTURES
Chemical vapour deposition (CVD) is a widely used growth technique in which thin films
are formed on a heated substrate via chemical reactions at the substrate surface with
precursor gasses. Compared to other deposition techniques (e.g., MBE, evaporation,
sputtering, etc.) CVD stands for the wide range of possible growth rates, the high confor-
mality of the epitaxial layers, and the very low levels of contamination from bioproducts.
Moreover, the same technique is used in the advanced semiconductor process to manu-
facture transistors, chips, and integrated circuits. Irrespective of the specific conditions,
all CVD processes share some common elementary steps [1]. First, the reaction is car-
ried out by precursor gasses in a laminar flow carrying the desired chemical specimens.
These are then inserted in the reaction chamber, adsorb on the heated substrate surface,
and diffuse on the surface. The reaction at the gas/solid interface (fig. 3.1(a)) leads to the
continuous nucleation of new atoms on the surface and the progression of the growth
front. finally, the unreacted species and the products of the chemical reactions desorb
from the surface and are carried away from the reaction zone by the laminar gas flow.

This thesis considers 28Si/SiGe heterostructures grown at the Else Kooi Laboratories
(EKL) in Delft via Reduced-Pressure Chemical-Vapour-Deposition (RP-CVD). We use an
ASMI Epsilon 2000 CVD reactor. The reactor is equipped with natural dichlorosilane
(SiCl2H2), germane (GeH4) 2% diluted in H2, and isotopically enriched silane (28SiH4) 1%
diluted in H2 with 800 ppm of residual non-zero isotopes[2]. These precursor gases allow
the growth of SiGe alloys of variable Ge concentration and purified 28Si. The reactor can
use single 4" (100 mm) wafers. Figure 3.1(b-c) shows a schematic representation of the
quartz chamber where the growth is carried out. The wafer used as a substrate for the
subsequent epitaxial layers is placed on a rotating graphite susceptor. The chamber is
equipped with integrated heating lamps to control the growth temperature up to 1200
◦C. The precursor bottles are connected to a mass flow controller to manage the desired
ratio, combine them, and create a uniform laminar flow. The growth happens at reduced
pressure (20 mbar) and in H2 atmosphere. The pressure is controlled by a scroll pump
connected to the chamber with a variable butterfly valve.

Figure 3.1(d) shows a schematic representation of a Si/SiGe heterostructure with ex-
emplified the chemical reactions happening at the surface of the growth front. Below
is a more in-depth description of the various steps involved in growing a Si/SiGe het-
erostructure. In particular, we nail down the processes used to grow the Si/SiGe het-
erostructure used in Chapter 6 (QT724):

Cleaning We use 100 mm (100) silicon wafers with a resistivity of 1-5Ωcm as substrates
for the epitaxial growth. The silicon wafer is located in the reactor and baked at
1100 ◦C for 90 s. The baking is necessary to clean the carrier wafer,ensure that
water and moisture are not present on the surface, and desorb the silicon oxide
grown naturally on the wafer surface.

Virtual Substrate The purpose of the "virtual" substrate (VS) is to provide an artificial
substrate with a larger lattice parameter than bulk silicon for subsequent growth of
a tensile strained thin silicon quantum well. The VS is composed of a series of step
layers with increasing Ge concentration (x). Starting from pure Si (x = 0), the VS
comprises four other layers with target Ge concentrations of x = 0.07, 0.14, 0.21, 0.30
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Figure 3.1: CVD epitaxy. a Schematic diagram of the chemical process occurring at the surface of a Si-substrate
inside the RP-CVD reactor. For the growth of the SiGe layers, the dichlorosilane (Si H2C l2) and Germane
(GeH4) precursors desorb chlorine (C l2) and hydrogen (H2), leaving Silicon and Ge atoms on the growth front.
b Schematic top view of the susceptor plate and gas flow controller inside the quartz chamber of the ASMI Ep-
silon 2000 CVD reactor. The growth happens at a constant pressure in hydrogen atmosphere. The gas outlets
control the magnitude of the laminar flow carrying the precursor gases. c Side view of the same components
as in b. The susceptor plate holding the carrier wafer rotates during the growth to ensure uniformity across
the surface. d Schematic of a typical Si/SiGe heterostructure with the chemical reactions occurring to grow the
different layers. The various Ge concentrations in the step-graded virtual substrate are achieved by controlling
the relative concentration of dichlorosilane and germane in the laminar flow. The black points at the top of the
Si quantum well highlight where electron accumulation occurs. All the images are adapted from [3, 4].

approximately 1 µm thick each. The entire virtual substrate is grown at 750 ◦C. Af-
ter each layer, the stack is baked at 850 ◦C to ensure full relaxation and extend the
misfits dislocation network in order to obtain a lattice constant corresponding to
the targeted Ge composition in each layer.

Relaxed buffer At the end of the VS, the temperature is lowered to 625 ◦C for the growth
of a 300 nm thick Si0.69Ge0.31 relaxed buffer, whose purpose is to separate the
quantum well from the underlying dislocation network. The final Ge concentra-
tion of such a layer is x = 0.31(1).

28Si quantum well The growth of the 28Si quantum well (QW) is carried out at 750 ◦C us-
ing isotopically enriched silane (28SiH4). In the specific condition the growth of the
QW lasts for a few minutes, enabling the possibility of fine-tuning the thickness of
such a layer and a great in-plane uniformity. The resulting thickness is 6.9(5) nm.
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SiGe spacer The growth of the SiGe spacer is carried out in the same low-temperature
conditions used for the relaxed buffer. The resulting thickness is 30(1) nm with
below nanometer wafer-to-wafer variation.

Si cap At the end of the growth, the Si/SiGe heterostructure is terminated by a 300 s
exposure to DCS at 500 ◦C [5]. This creates a DCS-saturated surface that becomes
a thin (≈ 1 nm) silicon-oxide layer upon exposure of the wafer to air, protecting the
heterostructure.

High temperature and fast growth conditions are preferred for the SiGe VS to keep the
growth time reasonable and avoid oxygen and carbon incorporation. Low temperature
can be useful to create growth interruptions and ensure sharp heterointerfaces. Over-
all, careful tuning of multiple parameters (temperature, pressure, flow, precursors ratio,
annealing temperature, and cleaning) is necessary to ensure low dislocations, chemical
contamination, and overall high crystalline quality of the heterostructures. The Si/SiGe
heterostructures described in this thesis routinely show Oxygen and Carbon contamina-
tion below secondary ion mass spectrometry (SIMS) detection limit of ≃ 5×1016 cm−2

and low density of dislocations in the active layer (≈ 105 cm−2).

3.2. STRUCTURAL CHARACTERIZATION
The structural and chemical characterization of the material stack lays at the basis of
any feedback loop (fig. 1.2). Figure 3.2 compares the chemical and spatial resolution
of many techniques normally used for material characterization. Throughout the thesis,
we will mainly use information gained from scanning-transmission electron microscopy
(STEM), secondary ion mass spectroscopy (SIMS), electron energy loss spectroscopy
(EELS), and Raman spectroscopy.

STEM is an imaging technique that uses a high-energy (200-300 keV) electron beam
to reach subatomic spatial resolution. To allow the imaging, the sample is cut into a thin
slice, a few tents of atoms called lamella. Depending on the detector used, the contrast of
STEM images can be sensitive to the atomic weight (Z-Constrast), making it possible to
recognize between different alloys, e.g., Si, and SiGe. STEM is the core technique used in
developing Si/SiGe heterostructures to control the thickness of the multiple layers (step-
graded virtual substrate, quantum well, SiGe spacer) and tune the growth rates. Thanks
to the extremely high spatial resolution, we also use it to measure the Ge concentration
profile of the quantum well and the sharpness of the SiGe/Si and Si/SiGe interfaces.

SIMS is the technique with the highest sensitivity to different chemical elements and
isotopes. It is able to recognize concentrations down to a few parts per million (ppm).
Therefore, it is particularly useful to ensure the chemical purity of the heterostructure,
the absence of contaminations or bioproducts, and the residual isotope concentration
in the purified layers. It is a destructive technique that uses an ion beam to sputter the
specimen. For this reason, the spatial resolution is usually not very accurate, and sharp
discontinuities in chemical concentrations are smeared out.

EELS can be performed during STEM imaging to understand the chemical compo-
sition of the specimen under analysis. It can detect relative chemical concentrations
down to a few percent. Since it usually involves fitting peaks and background subtrac-
tion, the absolute chemical compositions are usually not completely reliable, Moreover,
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Figure 3.2: SMART Chart: The EAG SMART (Spectroscopy and Microscopy Analytical Resolution Tool) Chart
compares chemical detection limits and spatial resolution of multiple techniques used for material charac-
terization. Besides chemistry, these techniques can also offer information about strain, molecular phase, and
crystalline structure. Adapted from [6] .

it cannot identify light elements such as hydrogen that would have energy peaks at too
low energies. However, its high energy resolution permits the identification of differ-
ent molecular phases of the same element (e.g., Si-crystal vs Si-amorphous) with high
spatial precision. This has proved extremely useful in chapter 4 to analyse the topmost
SiGe/SiOx/AlOx interfaces and the transition from a crystalline SiGe to the amorphous
oxide layers.

Raman spectroscopy uses laser light to excite the vibrational states of a crystal. The
spatial resolution is constrained by the wavelength of the laser in use, and it is usually
around 1 µm. Vibrational properties give insight into the chemistry and strain. We used
Raman spectroscopy to measure the average strain and the amplitude of the strain fluc-
tuations of the Si quantum well in chapter 6.

Although most of these techniques are nowadays mainstream, interpreting the ac-
tual results usually requires a considerable degree of understanding of the physical prin-
ciples behind the measurement. Dielectric layers are more sensitive to damage from
electron beam exposure during STEM imaging than the heterostructure to damage. Oxy-
gen and Carbon noise floors in SIMS can vary considerably depending on the particular
detector conditions. Relative chemical concentrations in EELS depend on the fitting and
various elements under analysis. Absorption of visible light employed in Raman spec-
troscopy strongly depends on the Ge concentration, requiring specific engineering of
the stack to pick up the signal from the Si quantum well.
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Figure 3.3: Device fabrication: Schematic illustrations of the main pre-nanofabrication (a-d) and nanofabri-
cation (e-h) steps. The pre-nanofabrication process comprises mesa trench dry etching (a), red), phosphorus
implantation and activation (b), green), Ti:Pt ohmic contacts (c), blue), Al2O3 atomic layer deposition, and Al
metallic gate sputter deposition (d), grey). At the end of the pre-nanofabrication process, the wafer is diced
in 20x20 mm2 coupons, and the quantum dot nanofabrication starts. The nanofabrication comprises three
Ti:Pd evaporations for the screening (e), red), plungers (f), yellow) and barrier (g), blue) gates isolated by Al2O3
dielectric. Finally, a last Al2O3 separates the Ti:Co micromagnets (h), grey) evaporated on top of the gate stack.

3.3. DEVICE FABRICATION
The characterization of the heterostructure and material stack relies greatly on the mea-
surement at low temperatures of test structures and quantum devices. The fabrication
of such test structures and quantum devices is divided into two steps. We perform a first
set of steps on a 100 mm wafer scale using photolithography, comprising photo markers,
P+ implantation, ohmic evaporation, a first dielectric layer, and gate metal for test struc-
tures. The validation of the test structures ensures correct ohmic contact with the quan-
tum well, electron accumulation in the quantum well, and quality of the first dielectric
layer. Then, using electron beam lithography, we start fabricating nanostructures and
quantum dot devices on top of the same wafers. This second part of the process consists
of three metal evaporations with insulating dielectrics in between, forming the quantum
dot gates, and a final evaporation for the micromagnets.

3.3.1. PRE-NANOFABRICATION

Figure 3.3(a-d) describes the various layers necessary to create the test structures during
the Pre fabrication process. We use SPR 3012 positive photoresist and MF322 developer
(TMAH-based) in all steps. Depending on the specific layer, the resist is stripped away
using a combination of oxygen plasma and chemicals such as Acetone, HNO3, and NMP.
The surface is cleaned at the beginning of each layer using 99% HNO3 and warm 69.5%
HNO3 at 100◦C.

MESA and markers: The first layer is showed in fig. 3.3(a) and consist of a reactive dry
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etch using an HBr + Cl plasma. This process digs a mesa trench from the surface
down to the Si quantum well approximately 100 nm deep. As a result, the elec-
tronic transport in the quantum well is disconnected by the mesa trench and can
only happen inside of it. During this step, we also pattern the markers used for the
alignment of the subsequent layers.

Implantation and activation: We implant with phosphorus (P) ions selected parts of
the surface (fig. 3.3(b)) to create ohmic conduction through the SiGe spacer. The
ion implantation uses 20kV acceleration voltage and a dose of 1015 ions/cm2. After
the implantation, the surface is cleaned with HNO3, and the implants are activated
via a rapid thermal process at 712 ◦C for 12 s.

Atomic layer deposition: Next, we deposit a 10 nm (100 cycles) thick layer of Al2O3 us-
ing atomic layer deposition at 300 C.

Ohmic contact: We use a Buffered oxide etch (BOE, HF 7:1) to open windows on the
Al2O3 and be able to contact the implanted areas. We use a Ti:Pt (5:55 nm) evapo-
ration to create ohmic contact on the surface. During this step, we also pattern the
markers of the subsequent e-beam lithography.

Metallic gate: The last step of the prefabrication process uses a sputtering tool to de-
posit a 200 nm thick Al film, forming the metallic gate of the test structures.

At the end of the prefabrication process, the 100 mm wafer is diced into 20x20 mm2

coupons. Each coupon comprises four 4x4 mm2 dies hosting test structures (identical
to fig. 3.3(d)) and twelve empty 4x4 mm2 dies, which can be used for the fabrication
of quantum dot devices. The test structures are a hall-bar (HB) shaped heterostructure
field effect transistor (H-FET), a Corbino disk, a transfer length method (TLM) device,
and a micro HB. Each 100 mm wafer is divided into 12 complete 20x20 mm2 coupons,
i.e., 48 test structures dies, and 144 quantum dot dies.

Several considerations need to be considered in the development of each process.
The mesa trench has to be deeper than the quantum well to disconnect the electronic
transport. The energy of the P+ ions has to be low enough to effectively contact the
surface and high enough to reach the Si quantum well. The rapid thermal anneal tem-
perature has to be lower than the growth temperature of the Si quantum well (750 ◦C)
to avoid strain relaxation and mitigate Ge atoms redistribution. The use of Ti:Pt film for
the ohmic contacts is mainly driven by the high conductivity of Pt films and the high
atomic number, making it good to be used as a marker for beam lithography. The use of
a sputter tool for the Al gate ensures the continuity of the metallic gate crossing the mesa
trench.

3.3.2. NANOFABRICATION
The nanofabrication of quantum dot devices is performed in the van Leeuwenhoek lab-
oratory’s (VLL) clean room. The electron-beam (e-beam) lithographic process uses AR-
P6200 series resist, penthylacetate for development, and AR600-71 dioxolane-based strip-
per for lift-off. The quantum dot fabrication process comprises three Ti:Pd metal evap-
oration with increasing thickness (3:17, 3:27, 3:37 nm), as reported in fig. 3.3(e-g). The
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Figure 3.4: Cryogenic equipment. Schematic representations of the various kinds of refrigerators used for
the electrical measurements at cryogenic temperatures. The schematics show the main components of a wet-
3H4H dilution refrigerator (a), dry-4He refrigerator (b), and a dry-3He4He dilution refrigerator (c). The two
main circuits constituting each system are highlighted in yellow (pre-cooling circuit) and green (cooling cir-
cuit). Adapted from [7].

metallic layers are isolated with 5 nm (50 cycles) of Al2O3 dielectric deposited via atomic
layer deposition (ALD) at 300 ◦C. The usual layer order comprises screening gates and
ohmic contacts, accumulation gates, and barrier gates. Another ALD layer separates the
gate metals from the Ti:Co (5:200 nm) micromagnets. In recent years, the thickness of
this last ALD layer has varied between 5 and 30 nm, with the intention of smoothing
the top surface before the micromagnet evaporation. The layout of the central zone of a
quantum dot spin qubit device is shown in fig. 3.3(h).

3.4. EXPERIMENTAL SETUP FOR CRYOGENIC MEASUREMENTS
Temperature (T ) sets one of the most important energy scales for the operation of quan-
tum devices. It converts into energy through the Boltzmann constant (kB ) via the re-
lation: ET = kB T . On the other side, spin qubits are defined by the Zeeman splitting:
EZ = gµB B , where B is the magnetic field, g is the gyromagnetic factor, and µB is the
Bohr magneton. Common values of operation for spin qubits in silicon use B = 0.4T
equivalent to EZ (0.4T ) ≈ 57 µeV. To suppress thermal excitations (ET ≪ EZ ), the spin
qubit samples are cooled down to a temperature of ≈ 100 mK equivalent to a thermal
energy of ET (100mK ) ≈ 9 µeV.

Throughout this thesis, we use multiple refrigerating systems to cool down samples
to low temperatures. In particular, we used a wet-3He4He dilution (Leiden MCK50-400)
refrigerator, a dry-4He (AttoDry2100) refrigerator, and a dry-3He4He dilution (BluFors
LD400) refrigerator. Figure 3.4 shows a schematic representation of the main compo-
nents necessary for the operation of each one of these systems. Every system uses a
combination of a pre-cooling (yellow) and a cooling (green) circuit to achieve the lowest
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temperature.

The so-called "wet" systems use cryogenic liquids such as Nitrogen (77 K) and He-
lium (4.2 K) as main reservoirs to cool multiple thermal shields at progressively colder
temperatures. These liquids evaporate over time to keep the system cold and, therefore,
need to be refilled every few days. A small portion of the liquid He from the main bath is
directed into an isolated chamber called "1K-pot" and connected to an external pump to
further lower the temperature. The He evaporation is increased by lowering the pressure
in the 1K-pot, and the temperature can be lowered to ≈ 1.7 K. This part constitutes the
pre-cooling circuit. It is connected to the main cooling circuit via a heat exchanger. The
cooling circuit comprises a mixing chamber, a still chamber, and a series of pumps. The
closed circuit uses a mixture of 3He and 4He isotopes as cooling gas. After the pumps at
room temperature, the mixture enters the fridge through the condensing line. It is cooled
by the heat exchangers with the 1K-pot and still chamber and condenses in liquid form.
thanks to the low temperature, the 3He4He mixture undergoes a phase separation in the
mixing chamber, dividing into concentrated (top) and diluted (bottom) 3He phases. The
cooling process consists of the concentrated phase "evaporating" into the diluted phase.
The diluted phase is then led into the still chamber, where it returns in gaseous form and
is pumped away to close the loop.

The main limitation of "wet" systems is that they constantly refills cryogenic liquids
to maintain low temperatures. The invention of closed-circle pulsed tube refrigerators
circumvents this. A two-stage pulse tube usually forms the precooling circuit of the so-
called "Dry" systems. It uses a compressor and a piston to push and pull high pressure
(≈ 17 bars) 4He through a magnetic porous material with a large specific heat called
regenerator. The regenerator absorbs the heat, resulting in effective cooling, the base
temperature of which depends on the specific material used for the regenerator.

Dry systems are, therefore, cryogen liquid-free and can operate for long periods of
time without any maintenance. The pulse tube cryocooler can be used as a pre-cooling
stage in 4He fridges where it is used to liquefy the 4He or to replace the 1K-pot in 3He4He
dilution units. Note that since the base temperature of the cryocooler is higher than the
temperature of a 1K-pot in a wet fridge, the pressure on the condensing line is usually
higher in dry dilution refrigerators.

3.4.1. HALLBAR MEASUREMENT

Hall-bar shaped heterostructure field effect transistors (H-FETs) are characterised using
the standard four-wire low-frequency lock-in technique. Figure 3.5(a) shows a schematic
representation of a Hall-bar shaped heterostructure field effect transistor with the nec-
essary connections for the electrical characterization. The devices are operated in ac-
cumulation mode. A fixed DC voltage is applied to the top gate electrode (VG ) to accu-
mulate the electrons in the quantum well. The Source-Drain electrical current (ISD ) is
measured after applying a low-frequency AC excitation (VSD ) to the source ohmic con-
tact. We typically use VSD = 0.1 mV at a frequency of 17.777 Hz. The longitudinal (Vxx )
and transverse (Vx y ) voltage drops are measured using additional ohmic contacts and
voltage amplifiers with high input impedance (Zi n ≈ 10 GΩ). Since the input impedance
of the voltage amplifier is much greater than the other impedances in the circuit, e.g.,
ohmic contact, and channel resistance, there is no current flowing in the circuit formed



55754-bw-Esposti55754-bw-Esposti55754-bw-Esposti55754-bw-Esposti
Processed on: 20-3-2025Processed on: 20-3-2025Processed on: 20-3-2025Processed on: 20-3-2025 PDF page: 60PDF page: 60PDF page: 60PDF page: 60

3

48 3. METHODS

2

Ohmic

Lead
gate

Accumulation
gateBarrier

Plunger

e-

VSD

ISD

a b

ImplantsSource DrainQuantum dot

VG

Figure 3.5: Measurements schemes for Hall-bar and quantum dot characterization. a Schematic representa-
tion of a Hall-bar (HB) shaped heterostructure field effect transistor with superimposed the necessary electrical
connection for the electrical characterization. We apply a fixed DC gate voltage (Vg ) to the topmost electrode
and use a low-frequency AC excitation (VSD ). The current (ISD ) and the longitudinal (Vxx ) and transverse
(Vx y ) drop of voltages are recorded by lock-in amplifiers set at the same frequency of VSD . b Schematic rep-
resentation of the gates and electron transport in a quantum dot device featuring split gates architecture. A
masked BOE cleaning ensures the absence of dielectric underneath the metallic ohmic contacts. The im-
planted regions are heavily doped and effectively behave as a low-resistance metal. The lead and accumulation
gates are closely spaced (50-100 nm separation) to ensure the continuity of the 2DEG underneath. The lead
gates allow the close of the conduction path from the ohmic to the quantum dots while keeping an electron’s
reservoir under the accumulation gates.

by the voltage amplifier. This ensures that Vxx and Vx y are precisely the drop of voltages
of the probes at the device location and that the specific connection and wiring are not
contributing to the measurement.

We use twisted pairs of coaxial cables to connect the bottom of the fridges with the
sample to the room-temperature instrumentation. At room temperature, the lines are
connected to isolate break-out boxes equipped withπ-filters to suppress high-frequency
noise (> 10 GHz). The current and voltage amplifiers are located in galvanically decou-
pled IVVI or SPI racks and share the same ground as the break-out boxes. Digital-to-
analog converters (DACs) included in the racks are used to apply the DC gate voltage.
The source-drain excitation is generated by a lock-in amplifier (SR830) amplified by a
voltage amplifier in the IVVI rack. The source-drain current, Vxx , and Vx y are measured
using current/voltage trans-impedance and voltage amplifiers ultimately connected to
other lock-in amplifiers.

3.4.2. QUANTUM DOT MEASUREMENTS
Quantum dot measurements are performed in transport in DC. Figure 3.5(b) depicts the
cross-section of a quantum dot device embedded in a Si/SiGe heterostructure. A fixed
DC source-drain excitation is applied to the source electrode. Then, the electrical cur-
rent (ISD ) flows from the metallic ohmic contact to the implanted region to the 2DEG
accumulated under the lead and accumulation gates. ISD is finally collected from the
drain electrode connected to ground. The electrical current is converted into a voltage
difference by a trans-impedance amplifier with a sufficiently high bandwidth (≈ 10 kHz)
to speed up the measurement. The voltage drop is ultimately acquired using a Keith-
ley DMM6500 digital multimeter equipped with a 16-bit digitizer card with a maximum
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sample rate of 1Msamples/s We use multiple DACs with a 16-bit resolution to apply and
sweep the voltages to the topmost gate electrodes, forming the quantum dots and con-
trolling the 2DEG accumulation. These are directly connected to the twisted lines from
the break-out boxes.
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28SI/SIGE HETEROSTRUCTURES

WITHOUT AN EPITAXIAL SI CAP

We grow 28Si/SiGe heterostructures by reduced-pressure chemical vapor deposition and
terminate the stack without an epitaxial Si cap but with an amorphous Si-rich layer ob-
tained by exposing the SiGe barrier to dichlorosilane at 500 ◦C. As a result, 28Si/SiGe het-
erostructure field-effect transistors feature a sharp semiconductor/dielectric interface and
support a two-dimensional electron gas with enhanced and more uniform transport prop-
erties across a 100 mm wafer. At T = 1.7 K we measure a high mean mobility of (1.8±0.5)×
105 cm2/Vs and a low mean percolation density of (9±1)×1010 cm−2. From the analysis
of Shubnikov–de Haas oscillations at T = 190 mK, we obtain a long mean single particle
relaxation time of (8.1±0.5) ps, corresponding to a mean quantum mobility and quan-
tum level broadening of (7.5±0.6)×104 cm2/Vs and (40±3) µeV, respectively, and a small
mean Dingle ratio of (2.3±0.2), indicating reduced scattering from long range impurities
and a low-disorder environment for hosting high-performance spin-qubits.

This chapter has been published as: Davide Degli Esposti, Brian Paquelet Wuetz, Viviana Fezzi, Mario Lodari,
Amir Sammak, Giordano Scappucci, "Wafer-scale low-disorder 2DEG in 28Si/SiGe without an epitaxial Si cap",
Applied Physics Letters, 120, 184003 (2022).
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4.1. INTRODUCTION
Strained 28Si/SiGe heterostructures are a compelling platform for scalable qubit tiles
based on gate-defined quantum dots.[1, 2] In these 28Si buried quantum wells, electron
spins experience a quiet electrical and magnetic environment. The electronically noisy
semiconductor/dielectric interface is far away, separated from the quantum well by a
SiGe epitaxial barrier, and the nuclear spins have been removed by isotopic enrichment.
Continuous advances in the material science of 28Si/SiGe and improved device fabri-
cation have enabled quantum logic with spin qubits crossing the surface code thresh-
old,[3–5] coherent coupling of two electron spins at a distance via virtual microwave
photons,[6] and CMOS-based cryogenic control of quantum circuits[7]. In the main-
stream approach to quantum dot fabrication, the last step in the heterostructure growth
cycle comprises the heteroepitaxial deposition of a thin epitaxial Si cap on the SiGe bar-
rier.[8] This is to avoid the formation of low-quality Ge-based oxides upon exposure of
SiGe to air. After the Si cap deposition, a high-κ dielectric is deposited ex-situ and at low-
temperature (≈ 300 ◦C) to insulate the gate from the buried and undoped quantum well.
This low-temperature process preserves the strain in the quantum well but induces large
concentrations of impurities at the critical semiconductor/dielectric interface. These
impurities can influence the electrostatic confining potential landscape induced by the
gates, leading to the formation of unintentional quantum dots, [9] and are a source of
charge noise limiting qubit performance.[10, 11] While efforts have focused on achieving
uniform and high-purity 28Si quantum wells with sharp interfaces, [12–14] now more at-
tention is needed to optimize the step which terminates the heterostructure deposition
cycle and has a critical role in defining the semiconductor/dielectric interface.

In this letter, we explore 28Si/SiGe heterostructures terminated by exposure to dichlo-
rosilane (DCS) gas at a temperature well below the threshold for epitaxial growth of Si.
By avoiding the growth of an epitaxial Si cap altogether, we obtain 28Si/SiGe heterostruc-
ture field effect transistors (H-FETs) with a sharp semiconductor/dielectric interface. We
show that the 28Si quantum well supports a two-dimensional electron gas with less dis-
order and improved quantum transport properties compared to heterostructures with
an epitaxial Si cap.

4.2. 28SI/SIGE HETEROSTRUCTURES
Figure 4.3(a) illustrates the workflow to fabricate 28Si/SiGe H-FETs. We grow 28Si/SiGe
heterostructures on 100 mm Si(001) wafers using an Epsilon 2000 (ASMI) reduced-pressure
chemical vapor deposition reactor. We use isotopically-enriched 28SiH4 for growing the
28Si quantum well (residual 29Si concentration of 0.08%[3, 7, 15]) and DCS (H2SiCl2) and
GeH4 for all other layers. The heterostructure comprises a 3 µm step-graded Si1−x Gex

layer (final x ≃ 0.3), a 2.5 µm Si0.7Ge0.3 strain-relaxed buffer, an 8 nm tensile-strained 28Si
quantum well and a 30 nm Si0.7Ge0.3 barrier1 and in the SiGe barrier is≃ 4×1017 cm−3. To
achieve sharp interfaces and minimize Si/Ge interdiffusion at the quantum well-barrier
interface[12], the temperature is decreased from 750 ◦C for growing the quantum well to
625 ◦C for the barrier. We now introduce a major difference compared to our previous

1A typical secondary ions mass spectrometry of our heterostructures is reported in Fig. S13 of Ref. [12]. The
oxygen concentration in the 28Si quantum well is ≃ 4×1017 cm−3
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Figure 4.1: (a) Schematics of the 28Si/SiGe heterostructure and formation of the dielectric interface in a Hall-
bar heterostructure field effect transistor. z indicates the heterostructure growth direction. The heterostruc-
ture is terminated by exposure to dichlorosilane (DCS) gas at a temperature below the threshold for growing
an epitaxial Si cap, and the dielectric stack comprises a SiOx layer formed by exposure of the heterostructure
to air at room temperature and an AlOx layer formed by atomic layer deposition (ALD). (b) BF-STEM im-
age of the active layers of the 28Si/SiGe heterostructure field effect transistor showing, from left to right, the
Si0.7Ge0.3 strain-relaxed buffer layer, the tensile-strained 28Si quantum well, the Si0.7Ge0.3 barrier, followed by
the SiOx /AlOx dielectric stack. (c) Electron energy loss spectroscopy (EELS) semi-quantitative concentration
depth profiles across the semiconductor/dielectric interface for Si (blue), Ge (red), O (green), and Al (black).
(d) 15 nm×45 nm wide 2D maps by EELS using low-energy edges to recognize differences between the differ-
ent bonding states: Si (blue), SiOx (magenta), and AlOx (green). We do not detect any Cl or H signal above the
background noise in our EELS data.

experiments. In Refs. [3, 7, 12, 16]) we deposited a thin epitaxial Si cap at 675 ◦C using
DCS. Here we reduce the substrate temperature to 500 ◦C, below the desorption tem-
perature of chlorine from the surface (600–650 ◦C),[17, 18] under the same conditions of
DCS flow and pressure. According to literature[19–25], we expect that exposure to DCS at
500 ◦C essentially suppresses crystalline growth but creates an amorphous Si-rich layer
on Si0.7Ge0.3. After terminating the deposition cycle with this step, the heterostructure
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is removed from the growth reactor and a native oxide is formed upon exposure to air at
room temperature. We identify the native oxide as SiOx based on the chemical analysis in
Fig. 4.3(c),(d). Then, we fabricate Hall-bar shaped H-FETs using the process described in
Ref. [12]. In short, the process comprises the implantation of ohmic contacts and rapid
thermal annealing at 700 ◦C, the atomic layer deposition at 300 ◦C of a 10 nm Al2O3 di-
electric layer on the SiOx , and the final deposition of a Hall-bar shaped metallic gate,
electrically insulated from the heterostructure by the SiOx /Al2O3 dielectric stack.

Figure 4.3(b) shows a bright-field scanning transmission electron microscopy (BF-
STEM) image of the heterostructure and of the dielectric stack under the gate stack at
the end of the H-FET fabrication process. The Si quantum well is uniform, without ex-
tended defects, and is characterized by sharp top and bottom interfaces to the Si0.7Ge0.3

layers, in agreement with our previous reports.[3, 7, 12] The semiconductor/dielectric
interface is similarly sharp, highlighted by the perfect atomically sharp semiconductor
surface as imaged by BF-STEM. two distinct amorphous layers, which we identify as the
SiOx and AlOx layers, appear on the dielectric side of the interface. We gain insights into
the nature of the semiconductor/dielectric interface and the dielectric stack by perform-
ing electron energy loss spectroscopy (EELS)(Supplementary). In Fig. 4.3(c), we show the
semi-quantitative concentration profiles using the Si-K (1839-2084 eV), Al-K (1560-1700
eV), O-L (532-660 eV), and Ge-L (1220-1400 eV) high energy edge. The Si (blue) and Ge
(red) concentration profiles decrease together whilst the oxygen (green) signal is increas-
ing. We deduce that oxidation of the Si0.7Ge0.3 barrier on top of an amorphous Si-rich
layer results in a sharp SiGe/SiOx semiconductor/dielectric interface. This is confirmed
by the minor Ge pile-up on the semiconductor side of the interface,[26, 27] which ap-
pears as a dark line in BF-STEM [Fig. 4.3(b)] and suggests that the top of the single crys-
talline Si0.7Ge0.3 barrier has been oxidized and that Ge oxides at the interface are ab-
sent[28, 29]. Furthermore, the Al signal (black line) rises after the Si signal from SiOx has
trailed, indicating that the dielectric stack retains the two distinct SiOx and AlOx layers.

In Fig. 4.3(d), we show the chemical mapping by EELS of Si (blue), SiOx (magenta),
and AlOx (green) along and across the semiconductor/dielectric interface, together with
the intensity profiles. To recognize differences between the different bonding states, we
use the low-energy Si-L edge (96.3-100.8 eV) for the semiconductor phase and a shifted
Si-L edge (101.4-107.1 eV) for the oxide phase and Al-L (73.8-79.5 eV) for the oxidized Al
phase. The SiGe/SiOx interface is sharp throughout the image, whereas the SiOx /AlOx

interface shows some interdiffusion. By fitting the intensity profiles with exponential
functions[30], we characterize the size of the interfaces with the leading (towards the
surface) and trailing (from the surface) exponential slopes λL and λT . We find λSi

L =
(1.0±0.1) nm and λ

SiOx
T = (0.8±0.1) nm. Conversely, we find λ

SiOx
L = (1.9±0.1) nm and

λ
AlOx
T = (3.1± 0.2) nm. Overall, the transition from epitaxial SiGe to amorphous SiOx

interface is sharper than the transition between SiOx and AlOx , pointing to a degree of
intermixing at the latter interface.
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We characterized the H-FETs by magnetotransport measurements at a temperature
of 1.7 K and 190 mK2 in refrigerators equipped with cryo-multiplexers.[31] With this
approach, we measure multiple devices from a wafer in the same cool-down. The de-
vices are operated in accumulation mode, in which electrons populate the undoped 28Si
quantum well by applying a positive DC gate voltage (VG ). We measure the longitudinal
and transverse components of the resistivity tensor, ρxx and ρx y , by using standard four-
probe lock-in techniques at fixed AC source-drain bias of 100 µV. We calculate the longi-
tudinal σxx and transverse σx y conductivity via tensor inversion. We measure electron
density (n) and mobility (µ) with the classical Hall effect at low perpendicular magnetic
field B .

4.3. ELECTRICAL CHARACTERIZATION AT 1.7 K
Figure 4.2(a) shows for a typical device the turn-on and pinch-off source-drain current
ISD as a function of increasing and decreasing VG , respectively. Above a threshold volt-
age (VG = 350 mV), the current starts flowing in the channel and increases monotoni-
cally. If the gate voltage is operated within the operational gate voltage range ∆VG (red
curve), ISD is stable, and the threshold and pinch-off voltages overlap. At higher VG ,
ISD saturates due to charge build-up at the semiconductor/dielectric interface, trigger-
ing hysteresis and, consequently, a shift in pinch-off voltage. As shown in Fig. 4.2(b), if
VG is swept within the operational gate voltage range, n increases linearly with VG up
to 6× 1011 cm−2. From the slope dn

dVG
we derive an effective capacitance per unit area

C ≃ 205 nF/cm2 using the relationship C = e dn
dVG

.[31]. This capacitance characterizes

the parallel-plate capacitor where the 2DEG in the 28Si quantum well and the metal-
lic top gate are insulated by a SiGe/SiOx /AlOx dielectric stack. Figure 4.2(c) shows the
density-dependent mobility measured in the same density range as in Fig. 4.2(b). In the
low density regime (n ≤ 3×1011 cm−2), the mobility rises steeply due to the increasing
screening of Coulomb scattering from remote charged impurities located at semicon-
ductor/dielectric interface.[32] At higher density (n ≥ 5× 1011 cm−2), the mobility ap-
proaches saturation at a value above 2.5×105 cm2/Vs. This weaker density-dependence
is typical of a high-quality 2DEG, where the maximum mobility is limited by short-range
scattering from impurities within or near the quantum well.[31, 33, 34]

In Fig. 4.2(d)–(f) we plot the distributions of the maximum electric field (E max
z ), the

percolation density (np ), and the mobility at high density for heterostructures termi-
nated with an amorphous Si-rich layer (blue) and, as a benchmark, for heterostructures
with an epitaxial Si cap (red). These three metrics are obtained from the analysis of mea-
surements in Fig. 4.2(a)–(c), repeated on multiple H-FETs on dies that are randomly se-
lected from different locations across the 100 mm wafer. E max

z , calculated as C∆VG /ϵ0ϵr ,
where ϵr = 11.68 is the dielectric constant of Si, indicates the maximum electric field that
we can apply to the quantum well in the H-FETs before hysteresis. Large E max

z are desir-
able for device stability, increased tunability, and large valley splitting.[12, 14, 35, 36] np

2T = 190 mK is the electron temperature obtained by fitting Coulomb blockade peaks (Supplementary) mea-
sured on quantum dot devices[7] fabricated on a similar heterostructure. The electron temperature is higher
than the temperature of 70 mK measured by a thermometer located on the mixing chamber of the dilution
refrigerator
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Figure 4.2: (a) Source-drain current ISD measured at T = 1.7 K as a function of gate voltage VG for a typical
Hall bar heterostructure field effect transistor (H-FET). The operational gate voltage range ∆VG indicates the
range over which an ISD -VG curve (red line) can be measured repeatedly without hysteresis and drift. (b)
Density n as a function of gate voltage VG and (c) electron mobility µ as a function of n measured within the
operational gate voltage range. (d), (e), (f) Distributions of maximum electric field applicable before hystere-
sis Emax

z , percolation density np , and µ measured at n = 6×1011 cm−2 for heterostructures terminated by a
Si-rich amorphous layer obtained exposure to DCS at 500 ◦C (blue, 14 H-FETs measured) and for heterostruc-
tures with an epitaxial Si cap grown by exposure to DCS at 675 ◦C (red, 16 H-FETs measured). Quartile box
plots, mode (horizontal line), means (diamonds), outliers (circles), and 99% confidence intervals of the mean
(dashed whiskers) are shown.

characterizes disorder in low-density regime, relevant for quantum dot operation, and is
obtained by fitting the density-dependentσxx to percolation theory.[37] Finally, the mo-
bility at high density is a probe for disorder arising from within or nearby the quantum
well.[32–34] Overall, H-FETs perform better when the SiGe barrier is terminated with an
amorphous Si-rich layer. We measure a 9% increase in mean E max

z , a 7% decrease in
mean percolation density, and a 40% increase in mean mobility. Most importantly, we
observe a reduction in the spread of E max

z , np , and µ of ≃ 300%, ≃ 200%, and ≃ 30%
respectively, pointing to an increased uniformity on a 100 mm wafer scale.

We further characterize disorder in the 28Si/SiGe heterostructure at 190 mK by mea-
suring the single-particle relaxation time τq [38] in the quantum Hall regime. From τq

we derive the quantum mobility µq = eτq /m∗, where e is the elementary charge and m∗
is the effective mass, and the quantum level broadening of the momentum eigenstates
Γ=ħ/2τq , here ħ is the reduced Planck constant. µq , associated with τq , is influenced by
all scattering events and is different from the mobility µ= eτt /m∗, where the scattering

https://constant.xn--q-lmb/
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Figure 4.3: (a) Longitudinal resistivity ρxx measured at T = 190 mK as a function of Landau level filling factor ν.
These measurements are performed at fixed n = 4.75×1011 cm−2 while sweeping the perpendicular magnetic
field B . Spin and valley degenerate Landau levels correspond to ν = 4k (k = 1,2,3...), Zeeman split levels to
ν = (4k-2), whereas valley split levels correspond to odd integer filling factors ν. Arrows indicate the filling
factors at which Zeeman spin splitting and valley splitting are resolved. (b) Normalized resistivity oscillation
amplitude (black curve) as a function of B after polynomial background subtraction. The arrow indicates the
magnetic field at which Shubnikov–de Haas oscillations are resolved. The red dashed line is the theoretical fit
of the oscillations envelope from which we extract τq . (c) Dingle plot (open circles) from the first twenty most
resolved resistivity oscillation maxima and minima and theoretical curve (solid red line) computed using τq

from the analysis in (b). (d), (e), (f) Distributions of τq , µq , Γ, and Dingle ratio measured at n = (5−6)×1011

cm−2 for heterostructures terminated by a Si-rich amorphous layer obtained exposure to DCS at 500 ◦C (blue,
5 H-FETs measured) and for heterostructures with an epitaxial Si cap grown by exposure to DCS at 675 ◦C (red,
7 H-FETs measured). Quartile box plots, mode (horizontal line), means (diamonds), outliers (circles), and 99%
confidence intervals of the mean (dashed whiskers) are shown.
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time τt is unaffected by forward scattering. Therefore, τq and µq qualify the disorder in
the heterostructure more comprehensively than τt and µ.

Figure 4.3(a) shows for the H-FET with the highest mobility a measurement of ρxx

plotted for clarity against the Landau level filling factor ν= hn/eB , where h is the Plank
constant. This measurement was performed at fixed density n = 4.75× 1011 cm−2 by
keeping VG constant and sweeping B . Onset of Shubnikov–de Haas oscillation, Zee-
man splitting, and valley splitting occurs at 0.125, 0.43, and 1.15 T, respectively, corre-
sponding to ν = 152, 42 and 17. The observation of Shubnikov–de Haas oscillations,
Zeeman and valley splitting at these high filling factors indicates a very low level of dis-
order.[39] Figure 4.3(b) shows the normalized oscillation amplitude ∆ρxx /ρ0 = (ρxx −
ρ0)/ρ0 in the low magnetic field regime after polynomial background subtraction. ρ0 ≃
63Ω/square is the longitudinal resistivity at zero magnetic field from which we extract a
mobility of 2.7×105 cm2/Vs. We estimate τq = (7.4±0.1) ps from a fit of the Shubnikov-de
Haas oscillation envelope to the function ∆ρxx = 4ρ0χ(T )exp(−π/ωcτq ), where χ(T ) =
(2π2kB T /ħωc )/sinh(2π2kB T /ħωc ). Here T = 190 mK, kB is the Boltzmann constant,
and ωc is the cyclotron frequency calculated using a fixed m∗ = 0.19me .[39, 40] From τq

we deriveµq = (6.8±0.1)×104 cm2/Vs, Γ= (44±1) µeV, and find a Dingle ratio τt /τq ≃ 3.8.
The Dingle plot of Fig. 4.3(c) highlights the high number of oscillation maxima and min-
ima used in the fitting procedure.

In Fig. 4.3(d)–(f) we plot the distributions for τq (and µq ), Γ, and the Dingle ratio
τt /τq , measured in the high density regime (n = (5−6)×1011) cm−2). As in Fig. 4.2(d)–
(f), we consider heterostructures terminated with an amorphous Si-rich layer (blue, 5
H-FETs measured) and heterostructures with an epitaxial Si cap (red, 7 H-FETs mea-
sured). Heterostructures with an amorphous Si-rich layer have a mean τq of (8.1±0.5)
ps, and consequently a mean µq of (7.5± 0.6)× 104 cm2/Vs and Γ of (40± 3) µeV, rep-
resenting a ≃ 2× improvement compared to heterostructures with an epitaxial Si cap.
Consistent with the trend in Fig. 4.2(d)–(f), we find a significant reduction in spread for
τq (30%), and consequently for µq , Γ. Furthermore, in heterostructures with an amor-
phous Si-rich layer, we find a mean Dingle ratio of (2.3± 0.2) in heterostructures with
an amorphous Si-rich layer. This mean value is ≃ 300% smaller and has an 80% reduc-
tion in spread compared to heterostructures with an epitaxial Si cap. This low value of
the Dingle ratio indicates that short-range scattering from impurities within or near the
quantum well is the dominant scattering mechanism[32], in agreement with the analy-
sis of the mobility-density curve. Scattering from remote impurities is reduced thanks to
a better semiconductor/dielectric interface. Our mean value for τq in 28Si/SiGe is also
on par with the best value reported in Ref. [33] from H-FETs in Si/SiGe heterostructures
featuring an epitaxial Si cap. However, in our samples, the semiconductor/dielectric in-
terface is much closer to the channel (30 nm compared to 50 nm in Ref. [33]). Therefore,
this comparison confirms that our devices have limited scattering from remote impu-
rities due to a high-quality and uniform semiconductor/dielectric interface associated
with the termination process at 500 ◦C.
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4.4. DISCUSSION
In summary, we challenged the mainstream approach to deposit an epitaxial Si cap on
28Si/SiGe heterostructures and, instead, we terminated the SiGe barrier with an amor-
phous Si-rich layer, obtained by exposure to DCS at 500 ◦C. Compared to previous het-
erostructures that feature an epitaxial Si cap and that have already produced high-perfor-
mance spin qubits,[3, 7], we demonstrate an improvement in performance of H-FETs in
terms of mean value and spread of mobility, percolation density, maximum electric field
before hysteresis, and single particle relaxation time (and hence quantum mobility). We
speculate that performance improves because the amorphous Si-rich layer gets com-
pletely oxidized compared to the epitaxial Si cap (Supplementary), thereby creating a
more uniform SiOx layer with fewer scattering centers. By having a better semiconduc-
tor/dielectric interface and wafer-scale uniformity, we expect this material stack to lead
to Si spin qubits with improved yield and performance. In this direction, charge noise
measured in quantum dots on these heterostructures will be very informative as these
measurements probe the dynamics of charge fluctuations that transport experiments
are not very sensitive to. These results motivate new studies, for example, by varying the
temperature and/or time of exposure to DCS to understand in detail the nature of the
amorphous Si-rich layer on the SiGe barrier, the role of Cl and H upon oxidation in air,
and to use this knowledge as a tool for further optimizing the semiconductor/dielectric
interface.
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Figure 4.4: Differential conductance (d I /dV ) showing representative Coulomb blockade diamonds as a func-
tion of the source-drain voltage (VSD ) and plunger gate voltage (VP ). The measurements are performed using
the sensing dot on single-layer quantum dot devices in transport regime [3]. From the shape of the Coulomb
diamond, we derive an effective lever arm via the equation α= mS mD

mS−mD
= 0.06 (eV/V), where mS and mD are

the slopes of the Coulomb diamond from source and drain. (b) Coulomb peak with superimposed fit to the

function I (VP ) = A+B cosh−2(α(V0−V )
2kB T ) where A, B , V0, and Te are fitting parameter [41]. From the fit, we de-

rive an electron temperature of Te = 190(10) mK. The Coulomb peak is measured using a source-drain voltage
of VSD = 100 µV.
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Figure 4.5: Extended data comparing the structural and chemical properties of the semiconductor/dielectric
interface for heterostructures terminated by a Si-rich amorphous layer obtained by exposure to DCS at 500 ◦C
(first row) and for heterostructures with an epitaxial Si cap grown at 675 ◦C (second row). (a), (e) Bright Field-
STEM zoom-in images of the dielectric and gate metal stack (b), (f) Electron energy loss spectroscopy (EELS)
semi-quantitative concentration depth profiles across the semiconductor/dielectric interface for Si (blue), Ge
(red), O (green), and Al (black). (c), (g) 15 nm×45 nm wide 2D maps by EELS using low-energy edges to recog-
nize the different bonding states: Si (blue), SiOx (magenta) and AlOx (green). (d), (h) Z Contrast-STEM zoom
images of the 28Si QW with superimposed intensity profiles. QW thickness and interface sharpness remain
similar in the two heterostructures.
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Figure 4.6: EELS raw energy profiles taken in the SiGe spacer (a), in the SiOx layer (b), and in the AlOx dielectric
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edge (≃540 eV) is visible in the oxide layers (b,c,d) while it is absent in the SiGe spectrum (a). It is impossible
to recognize any trace of Cl, which should appear as an energy peak at around 200 eV.
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5
REDUCING CHARGE NOISE IN

QUANTUM DOTS BY USING A THIN

SI QUANTUM WELL

Charge noise in the host semiconductor degrades the performance of spin qubits and poses
an obstacle to controlling large quantum processors. However, it is challenging to engineer
the heterogeneous material stack of gate-defined quantum dots to improve charge noise
systematically. Here, we address the semiconductor-dielectric interface and the buried
quantum well of a 28Si/SiGe heterostructure and show the connection between charge
noise, measured locally in quantum dots, and global disorder in the host semiconduc-
tor, measured with macroscopic Hall bars. In 5 nm thick 28Si quantum wells, we find that
improvements in the scattering properties and uniformity of the two-dimensional elec-
tron gas over a 100 mm wafer correspond to a significant reduction in charge noise, with a
minimum value of 0.29±0.02 µeV/

p
Hz at 1 Hz averaged over several quantum dots. We

extrapolate the measured charge noise to simulated dephasing times to CZ-gate fidelities
that improve nearly one order of magnitude. These results indicate a clean and quiet crys-
talline environment for integrating long-lived and high-fidelity spin qubits into a larger
system.

This chapter has been published as: Brian Paquelet Wuetz, Davide Degli Esposti, Anne-Marije J. Zwerver,
Sergey V. Amitonov, Marc Botifoll, Jordi Arbiol, Amir Sammak, Lieven M. K. Vandersypen, Maximilian Russ &
Giordano Scappucci, "Reducing charge noise in quantum dots by using thin silicon quantum wells." Nature
Communication 14, 1385 (2023).
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5.1. INTRODUCTION
Spin-qubits in silicon quantum dots are a promising platform for building a scalable
quantum processor because they have a small footprint[1], long coherence times[2, 3],
and are compatible with advanced semiconductor manufacturing[4]. Furthermore, rudi-
mentary quantum algorithms have been executed[5] and quantum logic at high-fidelity
performed[6–9]. As the qubit count is increasing, with a six-qubit processor demon-
strated[10], significant steps have been taken to couple silicon spin qubits at a distance,
via microwave photons or spin shuttling[11–16], towards networked spin-qubit tiles[17].
However, electrical fluctuations associated with charge noise in the host semiconduc-
tor can decrease qubit readout and control fidelity[18]. Reducing charge noise inde-
pendently of the device location on a wafer is pivotal to achieving the ubiquitous high-
fidelity of quantum operations within and across qubit tiles, necessary to execute more
complex quantum algorithms.

Charge noise is commonly associated with two-level fluctuators (TLF)[19] in the semi-
conductor host. In gated heterostructures with buried quantum wells, TLF may arise
from impurities in several locations: within the quantum well, the semiconductor bar-
rier, the semiconductor/dielectric interface, and the dielectrics layers above[20–26]. Fur-
thermore, previous work on strained-Si MOSFETs[27–29], with strained-Si channels de-
posited on SiGe strain relaxed buffers, has associated charge noise with dislocations aris-
ing from strain relaxation, either deep in the SiGe buffer or at the quantum well/buffer
interface. Since these impurities and dislocations are randomly distributed over the
wafer and are also a main scattering source for electron transport in buried quantum
wells[30], a holistic approach to materials engineering should be taken to address disor-
der in two-dimensional electron gases and charge noise in quantum dots.

In this work, we demonstrate thin quantum wells in 28Si/SiGe heterostructures with
low and uniform charge noise, measured over several gate-defined quantum dot de-
vices. By linking charge noise measurements to the scattering properties of the two-
dimensional electron gas, we show that a quiet environment for quantum dots is ob-
tained by improving the semiconductor/dielectric interface and the crystalline quality of
the quantum well. We feed the measured charge noise into a theoretical model, bench-
mark the model against recent experimental results [6, 10], and predict that these opti-
mized heterostructures may support long-lived and high-fidelity spin qubits.

5.2. RESULTS

5.2.1. DESCRIPTION OF SI/SIGE HETEROSTRUCTURES

Figure 5.1a illustrates the undoped 28Si/SiGe heterostructures grown by reduced-pressure
chemical vapour deposition and the gate-stack above. From bottom to top, the material
stack comprises a 100 mm Si substrate, a strain-relaxed SiGe buffer layer, a strained 28Si
quantum well, a 30 nm thick SiGe barrier, a Si cap oxidized in air to form a SiOx layer, an
AlOx layer formed by atomic layer deposition, and metallic gates. The SiGe layers above
and below the quantum well have a Ge concentration of ≃ 0.3 (Methods).

We consider three 28Si/SiGe heterostructures (A, B, C) to improve, in sequence, the
semiconductor/dielectric interface (from A to B) and the crystalline quality of the quan-
tum well (from B to C). Heterostructure A has an ≃ 9 nm thick quantum well and is termi-
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Figure 5.1: a Schematics of the 28Si/SiGe heterostructure and dielectric stack above. z indicates the het-
erostructure growth direction. Circles represent remote impurities at the semiconductor/dielectric interface
and perpendicular symbols represent misfit dislocations that might arise at the quantum well/buffer inter-
face due to strain relaxation. b, c BF-STEM images from heterostructure C highlighting the semiconduc-
tor/dielectric interface and the 5 nm thick 28Si quantum well, respectively. d Mobility µ and e conductivity
σxx measured as a function of density n at a temperature of 1.6 K in a Hall bar H-FET from heterostructure C.
The red curve in e is a fit to percolation theory.

nated with an epitaxial Si cap grown by dichlorosilane at 675 ◦C. This kind of heterostruc-
ture has already produced high performance spin-qubits[6, 10, 31]. Heterostructure B
misses a final epitaxial Si cap but features an amorphous Si-rich layer obtained by ex-
posing the SiGe barrier to dichlorosilane at 500 ◦C. Compared to A, heterostructure B
supports a two-dimensional electron gas with enhanced and more uniform transport
properties across a 100 mm wafer, owing to a more uniform SiOx layer with less scat-
tering centers[32]. Finally, we introduce here heterostructure C, having the same amor-
phous Si-rich termination as in heterostructure B, but a thinner quantum well of ≃ 5 nm
(Supplementary Fig. 1). This is much thinner than the Matthews-Blakeslee critical thick-
ness [33, 34], which is ≃ 10 nm[35] for the relaxation of tensile Si on Si0.7Ge0.3 via the
formation of misfit dislocation at the bottom interface of the quantum well.

Figures 5.1b, c show bright-field scanning transmission electron microscopy (BF-
STEM) images from heterostructure C after fabrication of a Hall bar-shaped heterostruc-
ture field effect transistors (H-FET). We observe a sharp SiGe/SiOx semiconductor/dielec-
tric interface (Fig. 5.1b), characterized by a minor Ge pile up (dark line) in line with
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Ref. [32]. The ≃ 5 nm thick quantum well (Fig. 5.1c) is uniform and has sharp interfaces
to the nearby SiGe, and appears of high crystalline quality.

5.2.2. ELECTRICAL CHARACTERIZATION OF H-FETS

We evaluate the scattering properties of the two-dimensional electron gases by wafer-
scale electrical transport measured on Hall-bar shaped H-FETs operated in accumula-
tion mode (Methods). For each heterostructure, multiple H-FETs over a wafer are mea-
sured in the same cool-down at a temperature of 1.7 K in refrigerators equipped with
cryo-multiplexers[36]. Figures 5.1d, e show typical mobility-density and conductivity-
density curves for heterostructure C, from which we extract the mobility measured at
high density (n = 6×1011 cm−2) and the percolation density (np )[37]. The mobility rises
steeply at low density due to progressive screening of scattering from remote impurities
and flattens at higher density (n > 5×1011 cm−2), limited by scattering from impurities
within or nearby the quantum well, for example uniform background charges, surface
roughness, or crystalline defects such as threading or misfit dislocations[30, 38].

5.2.3. CHARGE NOISE MEASUREMENTS IN QUANTUM DOTS

For charge noise measurements, we use devices comprising a double quantum dot and
a charge sensor quantum dot nearby, illustrated in Fig. 5.2a. Using the same device de-
sign, two-qubit gates with fidelity above 99% were demonstrated[6], silicon quantum
circuits were controlled by CMOS-based cryogenic electronics[31], and energy splittings
in 28Si/SiGe heterostructures were studied with statistical significance[39].

Here, we electrostatically define a multi-electron quantum dot in the charge sensor
by applying gate voltages to the accumulation gates SDRAcc and SDLAcc, the barriers
SDLB and SDRB, and the plunger gate P. All other gates (red in Fig. 5.2a) are set to 0 V
for measurements of heterostructure B and C, whereas they are positively biased in het-
erostructure A to facilitate charge accumulation in the sensor (Methods). Figure 5.2b
shows typical Coulomb blockade oscillations of the source-drain current ISD for a charge
sensor from heterostructure C measured at a dilution refrigerator base temperature of
50 mK. We follow the same tune-up procedure (Methods) consistently for all devices,
and we measure charge noise at the flank of each Coulomb peak within the VP range
defined by the first peak observable in transport and the last one before the onset of a
background channel (Supplementary Figs. 3,4). For example, in Figure 5.2b, we con-
sider Coulomb peaks within the VP range from 260 mV to 370 mV. The data collected in
this systematic way is taken as a basis for comparison between the three different het-
erostructures in this study.

For each charge noise measurement at a given VP we acquire 60 s (heterostructure
A) or 600 s (heterostructures B, C) long traces of ISD and split them into 10 (heterostruc-
ture A) or 15 windows (heterostructures B, C). We obtain the current noise spectrum S I

by averaging over the 10 (15) windows the discrete Fourier transform of the segments
(Methods). We convert S I to a charge noise spectrum Sϵ using lever arms from Coulomb
diamond measurements and the slope of the Coulomb peaks(inset Fig. 5.2b, Methods,
and Supplementary Fig.5). A representative charge noise spectrum Sϵ measured at VP =
360.3 mV is shown in Fig. 5.2c. We observe an approximate 1/ f trend at low frequency,
pointing towards an ensemble of TLF with a broad range of activation energies affecting
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Figure 5.2: a False colored SEM-image of a double quantum dot system with a nearby charge sensor. Charge
noise is measured in the multi-electron quantum dot defined by accumulation gates SDLAcc and SDRAcc
(blue), plunger P (blue), with the current going along the black arrow. In these experiments, the gates defining
the double quantum dot (red) are used as screening gates. There is an additional global top gate (not shown)
to facilitate charge accumulation when needed. b Source-drain current ISD through a charge sensor device
fabricated on heterostructure C against the plunger gate voltage VP . Colored dots mark the position of the flank
of the Coulomb peak where charge noise measurements are performed. The inset shows Coulomb diamonds
from the same device, plotted as the differential of the current d I /dV as a function of VP and the source-drain
bias VSD . c Charge noise spectrum Sϵ measured at the Coulomb peak at VP ≃ 360.3 mV in b and extracted
using the corresponding lever arm from Coulomb diamonds. The black trendline is proportional to 1/ f . d
Sϵ for the same device in b, plotted in 3D as a function of f and VP . The dark grey plane is a fit through the
datasets, i.e., the collection of noise spectra as in c measured at different VP . e Line cut through the data in d
at f = 1 Hz, showing the experimental noise Sϵ (colored dots) and fit (grey line). The black circled data point
(also in d) marks the minimum charge noise measured for this specific device (Sϵ,mi n ) at f = 1 Hz.

charge noise around the charge sensor [40, 41]. Figure 5.2e shows the charge noise S1/2
ϵ at

1 Hz as a function of VP . The charge noise decreases, with a linear trend, with increasing
VP , suggesting that, similar to scattering in 2D, screening by an increased electron den-
sity shields the electronically active region from noise arising from the heterostructure
and the gate stack[42]. From this measurement, we extract, for a given device, the min-
imum measured charge noise at 1 Hz (S1/2

ϵ,mi n) upon variation of VP in our experimental

range. We use S1/2
ϵ,mi n , as an informative metric to compare charge noise levels from de-

vice to device in a given heterostructure. For a given device, all charge noise spectra Sϵ
are plotted in 3D as a function of f and VP (Fig. 5.2d). To quantify our observations, we fit
the data to the plane logSϵ =−α log f +βVP +γwith coefficientα= 0.84±0.01 indicating
the spectrum power law exponent and coefficient β = −15.6± 0.1 µeV2/VHz quantify-
ing the change in noise spectrum with increasing plunger gate and, consequently, the
susceptibility of charge noise to the increasing electron number in the sensor.
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5.2.4. DISTRIBUTION OF TRANSPORT PROPERTIES AND CHARGE NOISE

We have introduced key metrics for 2D electrical transport (µ, np ) and charge noise (α, β
and S1/2

ϵ,mi n) from Hall bar and quantum dot measurements, respectively. In Figs. 5.3a–e
we compare the distributions of all these metrics for the three heterostructures A, B, C.
Each box-plot is obtained from the analysis of measurements in Figs. 5.1d,e, and Fig. 5.2d
repeated on multiple H-FETs or quantum dots, on dies randomly selected from different
locations across the 100 mm wafers (Methods). As reported earlier in Ref. [32], the im-
provement in both mean values and spread for µ and np was associated with a reduction
of remote impurities when replacing the epitaxial Si cap in heterostructure A with a Si-
rich passivation layer in heterostructure B. Moving to heterostructure C, we measure a
high mean mobility of (2.10±0.08)×105 cm2/Vs and a low mean percolation density of
(7.68±0.37)×1010 cm−2, representing an improvement by a factor ≃ 1.4 and ≃ 1.3, re-
spectively (compared to heterostructure A). Most strikingly, the 99% confidence intervals
of the mean for µ and np are drastically reduced by a factor ≃ 9.8 and ≃ 4.8, respectively.
We speculate that these improvements in heterostructure C are associated with the sup-
pression of misfit dislocations at the quantum well/buffer interface, thereby reducing
short-range scattering and increasing uniformity on a wafer scale. This interpretation
is supported by the strain characterization discussed above and by previous studies of
mobility limiting mechanisms as a function of the quantum well thickness in strained
Si/SiGe heterostructures[38].

We now shift our attention to the results of charge noise measurements. First, the
power law exponent α (Fig. 5.3c) shows a mean value ≃ 1, however the 99% confidence
interval and interquartile range increase when moving from heterostructure A to B and
C. Next, we observe a decreasing trend for the absolute mean value of coefficient β
(Fig. 5.3d), meaning that the noise spectrum is less susceptible to changes in VP . Fi-
nally, we plot in Fig. 5.3e the distributions for S1/2

ϵ,mi n , the minimum charge noise at 1 Hz
upon varying VP . We find in heterostructure C an almost order of magnitude reduction
in mean S1/2

ϵ,mi n to 0.29± 0.02 µeV/
p

Hz. Furthermore, within the distribution of S1/2
ϵ,mi n

for heterostructure C, the minimum value of the measured charge noise as a function of
VP and across quantum dots is 0.15 µeV/

p
Hz. These charge noise values are on par or

compare favorably to the best values reported previously at 1 Hz in gate-defined quan-
tum dots. In multi-electron quantum dots, charge noise of 0.47 µeV/

p
Hz was reported

for Si/SiGe[43], 0.6 µeV/
p

Hz (average value, with a minimum of ≤ 0.2 µeV/
p

Hz) for
Ge/SiGe[44], 0.49±0.1 µeV/

p
Hz for Si/SiO2[45], and 1 µeV/

p
Hz for InSb[46]. In single-

electron quantum dots, charge noise of 0.33 µeV/
p

Hz was reported for Si/SiGe[47] and
7.5 µeV/

p
Hz for GaAs[48].

We understand the charge noise trends in Figs. 5.3c–e by relating them to the evo-
lution of the disorder landscape moving from heterostructures A to B and C, as inferred
by the electrical transport measurements in Figs. 5.3a,b. The narrow distribution of α
in heterostructure A points to charge noise from many TLFs possibly located at the low-
quality semiconductor/dielectric interface and above. Instead, the larger spread in α in
heterostructure B and C implies that deviations from 1/ f behavior become more fre-
quent, possibly originating from a non-uniform distribution of TLF or from one low-
frequency TLF in the surrounding environment of the quantum dot that dominates the
power spectrum in the measured interval. The electrical transport measurements sup-
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Figure 5.3: a, b Distributions of mobility µ measured at n = 6× 1011 cm−2 and percolation density np for
heterostructure A (red, 20 H-FETs measured, of which 16 reported in Ref. [32]), B (blue, 16 H-FETs measured of
which 14 reported in Ref. [32]), and C (green, 22 H-FETs measured). c- e Distributions of noise spectrum power
law exponent α, coefficient β indicating the change in noise spectrum with increasing VP , and minimum
charge noise S1/2

ϵ,mi n within the range of VP investigated for heterostructure A (red, 4 devices measured), B

(blue, 7 devices measured), and C (green, 5 devices measured). Quartile box plots, mode (horizontal line),
means (diamonds), 99% confidence intervals of the mean (dashed whiskers), and outliers (circles) are shown.

port this interpretation: scattering from many remote impurities is dominant in het-
erostructure A, whereas with a better semiconductor/dielectric interface, remote scat-
tering has less impact on the transport metrics of heterostructures B and C.

The decreasing trend in |β| is in line with the observation from electrical transport.
As the impurity density decreases from heterostructure A to B and C, charge noise is less
affected by an increasing VP , since screening of electrical noise through adding electrons
to the charge sensor becomes less effective, possibly due to a smaller TLF-per-volume ra-
tio. While we are not able to measure directly the electron number in the charge sensor,
we deem unlikely the hypothesis that charge sensors in heterostructure A are operated
with considerably fewer electrons than in heterostructure C. This is because all opera-
tion gate voltages in heterostructure A are consistently larger than in heterostructure C
(Supplementary Fig. 4), due to the higher disorder.

Finally, the drastic reduction in mean value and spread of S1/2
ϵ,mi n mirrors the evolu-

tion of mean value and spread of np and µ. From heterostructure A to B, a reduction in
scattering from remote impurities is likely to result in less charge noise from long-range
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TLFs. From heterostructure B to C, the larger strain, and consequently the reduction
in the possible number of dislocations at the quantum well/buffer interface, further re-
duces the charge noise picked up by quantum dots. This explanation is based on earlier
studies of charge noise in strained Si-MOSFETs[27–29], which showed a correlation be-
tween low-frequency noise spectral density and static device parameters. Dislocations
at the bottom of the strained channel may act as scattering centers that degrade mobility
and as traps for the capture and release of carriers, which causes noise similarly to traps
at the dielectric interface.

5.2.5. CALCULATED DEPHASING TIME AND INFIDELITY
To emphasize the improvement of the electrical environment in the semiconductor host,
we calculate the dephasing time T⋆

2 of charge and spin qubits assuming these qubits
experience the same fluctuations as our 28Si/SiGe quantum dots. The dephasing time of
a qubit (in the quasistatic limit and far off from a sweet spot) is given by [49]

T⋆
2 = hp

2πσ
(5.1)

with the Planck constant h and the standard deviation

σ2 =
∣∣∣∣∂E∂µ

∣∣∣∣2

×2
∫ fhigh

flow

S2
ϵ

f α
d f . (5.2)

Importantly, both the charge noise amplitude S2
ϵ ( f ) and the noise exponent α have a

strong impact on the dephasing time while the low and high-frequency cut-off, flow and

fhigh, given by the duration of the experiment have a weaker impact. The prefactor
∣∣∣ ∂E∂µ ∣∣∣

translates shifts in chemical potential of the charge sensor into energy shifts of the qubit
and depends on many parameters such as the type of qubit and the device itself. We find∣∣∣ ∂E∂µ ∣∣∣ = 1 for a charge qubit [50] and

∣∣∣ ∂E∂µ ∣∣∣ ≈ 10−5 for an uncoupled spin- qubit [43] (see

Supplementary Information for a derivation of these numbers and the used frequency
bandwidths).

Figure 5.4a shows the computed dephasing times of charge qubits (circle) and spin
qubits (star) for all three heterostructures. The improvements in our material can be
best seen by investigating T⋆

2 of the charge qubit since it is directly affected by charge
noise. Our theoretical extrapolation shows two orders of magnitude improvement in T⋆

2
by switching from heterostructures A to heterostructures B and C 1. Note, that the inte-
gration regimes differ for spin and charge qubits due to the different experimental setups
and operation speeds [43, 50]. For potential spin qubits in heterostructure A the calcu-

lated T⋆
2 shows an average T

⋆
2 = 8.4 ± 5.6 µs. This distribution compares well with the

distribution T
⋆
2 = 6.7 ± 5.6 µs of experimental T⋆

2 data from state-of-the-art semicon-
ductor spin qubits in materials with similar stacks as in heterostructure A[6, 10]. Note
that while such comparisons oversimplify actual semiconductor spin-qubit devices by
reducing them to a single number, they fulfill two aims. They allow us to benchmark the

1One order is gained from the reduced charge noise amplitude and another order is gained through a more
beneficial noise exponent α> 1.
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Figure 5.4: a Computed dephasing times T⋆2 of a charge qubit (circle) and a spin-qubit (star) using Sϵ,mi n
from heterostructure A (red), B (blue), C (green). Eq. (5.1) was used to compute T⋆2 as a function of Sϵ and α

from Fig. 5.3 with frequency cutoffs ( fmi n , fmax ) = (1.6 mHz,33 GHz) and ( fmi n , fmax ) = (1.6 mHz,10 kHz).
Literature values (squares) are taken from Refs. [6, 10]. b Simulated infidelity of a CZ-gate between two spin
qubits following the Ref. [6] using Sϵ and α from heterostructure A (red), B (blue), C (green) in Fig. 5.3 as input
for barrier fluctuations.

computed performance of heterostructure A to past experiments and provide a progno-
sis on the qubit quality in novel material stacks. Heterostructures B and C, in this case,

may support average dephasing times of T
⋆
2 = 24.3 ± 12.5 µs and T

⋆
2 = 36.7 ± 18 µs, re-

spectively. The highest values T⋆
2 = 70.1 µs hints towards a long spin qubit dephasing

times previously only reported in Ref. [2].

Figure 5.4b shows the simulated infidelity, a metric to measure the closeness to the
ideal operation, of a universal CZ-gate between two spin qubits following Ref. [6] and
Section 5 in the Supplementary Information. Note, that the device used in Ref. [6] has
the same architecture as our test devices. In the CZ-gate simulation, noise dominantly
couples in via barrier voltage fluctuations which affect the interaction between the elec-
tron spins. Again, we assume the charge noise amplitude and exponents measured in
our quantum dot experiments as input for the simulations. The simulations show an
averaged average gate infidelity 1−F CZ = 0.02 ± 0.01 % which means on average a single
error every 5000 runs. We also observe a saturation value close to 1−F = 10−4 which
arises from single-qubit dephasing T⋆

2 = 20 µs used in the simulations estimated from
nuclear spin noise due to an 800 ppm concentration of the 29Si silicon isotope which has
a non-zero nuclear spin [43].
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5.2.6. DISCUSSION

In summary, we have measured electron transport and charge noise in 28Si/SiGe het-
erostructures where we improve the semiconductor/dielectric interface, by adopting an
amorphous Si-rich passivation and the structural quality of the quantum well, by reduc-
ing the quantum well thickness significantly below the Matthew-Blakeslee critical thick-
ness for strain relaxation. We relate disorder in 2D to charge noise in quantum dots by
following a statistical approach to measurements. A reduction of remote impurities and
dislocations nearby the quantum well is connected with the key improvements in the
scattering properties of the 2D electron gas, such as mobility and percolation density,
and their uniformity across a 100 mm wafer. The trend observed from electron trans-
port in 2D is compatible with the observations from measurements of charge noise in
quantum dots. As remote impurities are reduced, charge noise becomes more sensi-
tive to local fluctuators nearby the quantum well and less subject to screening by an in-
creased number of electrons in the dot. Furthermore, with this materials optimization,
we achieve a statistical improvement of nearly one order of magnitude in the charge
noise supported by quantum dots. Using the charge noise distribution as an input pa-
rameter and benchmarking against published spin-qubit data, we predict that our op-
timized semiconductor host could support long-lived and high-fidelity spin qubits. We
envisage that further materials improvements in the structural quality of the quantum
well, in addition to the commonly considered semiconductor/dielectric interface, may
lead systematically to quantum dots with less noise and to better qubit performance.

5.3. METHODS
Si/SiGe heterostructure growth. The 28Si/SiGe heterostructures are grown on a 100-mm n-type Si(001) sub-
strate using an Epsilon 2000 (ASMI) reduced-pressure chemical vapor deposition reactor. The reactor is equipped
with a 28SiH4 gas cylinder (1% dilution in H2) for the growth of isotopically enriched 28Si. The 28SiH4 gas was
obtained by reducing 28SiF4 with a residual 29Si concentration of 0.08%[51]. Starting from the Si substrate, the
layer sequence of all heterostructures comprises a 3 µm step-graded Si(1−x)Gex layer with a final Ge concen-
tration of x = 0.3 achieved in four grading steps (x = 0.07, 0.14, 0.21, and 0.3), followed by a 2.4 µm Si0.7Ge0.3
strain-relaxed buffer. The heterostructures differ for the active layers on top of the strain-relaxed buffer. Het-
erostructure A has a 9 nm tensile strained 28Si quantum well, a 30 nm Si0.7Ge0.3 barrier, and a sacrificial 1 nm
epitaxial Si cap. Heterostructure B has an 9 nm tensile strained 28Si quantum well, a 30 nm Si0.7Ge0.3 barrier,
and a sacrificial passivated Si cap grown at 500 ◦C. Heterostructure C has a 5 nm tensile strained 28Si quantum
well, a 30 nm Si0.7Ge0.3 barrier, and a sacrificial passivated Si cap grown at 500 ◦C. A typical secondary ions
mass spectrometry of our heterostructures is reported in Fig. S13 of [39], and the Ge concentration in the SiGe
layers is confirmed by quantitative electron energy loss spectroscopy (EELS).

Device fabrication. The fabrication process for Hall-bar shaped heterostructure field effect transistors
(H-FETs) involves: reactive ion etching of mesa-trench to isolate the two-dimensional electron gas; P-ion im-
plantation and activation by rapid thermal annealing at 700 ◦C; atomic layer deposition of a 10-nm-thick Al2O3
gate oxide; deposition of thick dielectric pads to protect gate oxide during subsequent wire bonding step; sput-
tering of Al gate; electron beam evaporation of Ti:Pt to create ohmic contacts to the two-dimensional electron
gas via doped areas. All patterning is done by optical lithography. Double quantum dot devices are fabricated
on wafer coupons from the same H-FET fabrication run and share the process steps listed above. Double-
quantum dot devices feature a single-layer gate metallization and further require electron beam lithography,
evaporation of Al (27 nm) or Ti:Pd (3:27 nm) thin film metal gate, lift-off, and the global top-gate layer.

Electrical characterization of H-FETs. Hall-bar H-FETs measurements are performed in an attoDRY2100
variable temperature insert refrigerator at a base temperature of 1.7 K[32]. We apply a source-drain bias of
100 µV and measure the source-drain current ISD, the longitudinal voltage Vxx , and the transverse Hall voltage
Vx y as function of the top gate voltage Vg and the external perpendicular magnetic field B . From here we
calculate the longitudinal resistivity ρxx and transverse Hall resistivity ρx y . The Hall electron density n is
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obtained from the linear relationship ρx y = B/en at low magnetic fields. The carrier mobility µ is extracted
from the relationship σxx = neµ, where e is the electron charge. The percolation density np is extracted by

fitting the longitudinal conductivity σxx to the relation σxx ∝ (n −np )1.31. Here σxx is obtained via tensor
inversion ofρxx at B = 0. The box plots in Figs. 5.3a,b for heterostructure A (red) and B (blue) expand previously
published data in Figs. 2f,e of Ref. [32] by considering measurements of 4 additional H-FETs for heterostructure
A (20 H-FETs in total) and of 2 additional H-FETs for heterostructure B (16 H-FETs in total).

Electrical characterization of quantum dots. Measurements of the multi-electron quantum dots defined
in the charge sensor are performed in a Leiden cryogenic dilution refrigerator with a mixing chamber base
temperature TMC = 50 mK[39]. The devices are tuned systematically with the following procedure. We sweep
all gate voltages (VSDR Acc , VSDRB , VP , VSDLB , and VSDL Acc ) from 0 V towards more positive bias, until a
source-drain current ISD of ≈ 1 nA is measured, indicating that a conductive channel has formed in the device.
We then reduce the barrier voltages to find the pinch-off voltages for each barrier. Subsequently, we measure
ISD as a function of VSDLB and VSDRB and from this 2D map we find a set of gate voltage parameters so that
Coulomb blockade peaks are visible. We then fix the barrier voltages and sweep VP to count how many clearly
defined Coulomb peaks are observed before onset of a background current. The quantum dot is tuned to show
at least 9 Coulomb peaks, so that noise spectra may be fitted as in Fig. 5.2d with meaningful error bars. If we
see less than 9 Coulomb peaks we readjust the accumulation gate voltages VSDR Acc , and VSDL Acc , and repeat
the 2D scan of VSDLB against VSDRB . In one case (device 2 of heterostructure A), we tuned device to show past
5 Coulomb peaks and still performed the fit of the charge noise spectra similar to the one shown in Fig. 5.2d.
Further details on the extraction of the lever arms and operation gate voltages of the devices are provided in
Supplementary Figs 4,5. We estimate an electron temperature of 190 mK by fitting Coulomb blockade peaks
(see Supplementary Fig. 2 in Ref. [32]) measured on quantum dot devices.

For heterostructure A, we apply a source drain bias of 100 µV (1 device) or 150 µV (3 devices) across the
quantum dot, finite gate voltages across the operation gates of the dot, and finite gate voltages across the
screening gates. We measure the current ISD and the current noise spectrum SI on the left side of the Coulomb
peak where |d I /dVP | is the largest. We use a sampling rate of 1 kHz for 1 minute using a Keithley DMM6500
multimeter. The spectra are then divided into 10 segments of equal length, and we use a Fourier transform to
convert from time-domain to frequency-domain for a frequency range of 167 mHz-500 Hz. We set the upper
limit of the frequency spectra at 10 Hz, to avoid influences from a broad peak at around 150 Hz coming from
the setup (Supplementary Fig. 3). A peak in the power spectral density at 9 Hz is removed from the analysis
since it is an artifact of the pre-amplifier. To convert the current noise spectrum to a charge noise spectrum,
we use the formula

Sϵ = aSI

|d I /dVP |2 (5.3)

where a is the lever arm and |d I /dVP | is the slope of Coulomb peak around the center of the Coulomb
peak.

For heterostructures B and C we apply a source drain bias of 150 µV across the quantum dot, finite gate
voltages across the operation gates of the quantum dot, and we apply 0 V to all other gates. We measure the
current ISD and the current noise spectrum SI on the left side of the Coulomb peak where |d I /dVP | is the
largest. We use a sampling rate of 1 kHz for 10 minutes using a Keithley DMM6500 multimeter. The spectra are
then divided into 15 segments of equal length, and we use a Fourier transform to convert from time-domain
to frequency-domain for a frequency range of 25 mHz-500 Hz. We set the upper limit of the frequency spectra
at 10 Hz, to avoid influences from a broad peak at around 150 Hz coming from the setup. We use Eq. 5.3 to
convert the current noise spectrum to a charge noise spectrum.

(Scanning) Transmission Electron Microscopy. For structural characterization with (S)TEM, we prepared
cross-sections of the quantum well heterostructures by using a Focused Ion Beam (Helios 600 dual beam mi-
croscope). HR-TEM micrographs were acquired in a TECNAI F20 microscope operated at 200 kV. Atomically
resolved HAADF STEM data was acquired in a probe corrected TITAN microscope operated at 300 kV. EELS
mapping was carried out in a TECNAI F20 microscope operated at 200 kV with approximately 2 eV energy res-
olution and 1 eV energy dispersion. Principal Component Analysis (PCA) was applied to the spectrum images
to enhance S/N ratio.
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5.4. SUPPLEMENTARY
To avoid possible errors associated with calibration, we measure the thickness of the
Si layer in the quantum wells (tqw ) for heterostructures B and C by considering the in-
terplanar spacing of the horizontal planes (002) of the quantum well (dqw ) and of the
underlying the strain-relaxed SiGe buffer layer (dbu f f er ). For the Si1−x Gex buffer layer,
we consider the stoichiometry x as measured by means of quantitative EELS and calcu-
late the theoretical expected cell parameter acel l using the following approximation of
Vegard’s law:

acel l = aSi +0.2x +0.027x2, (5.4)

where aSi = 5.431 Å is the cell parameter of the diamond cubic Si crystal phase. To cal-
culate dbu f f we use the formula for the interplanar distance of the desired plane (002)
of a diamond cubic system:

dhkl =
acel lp

h2 +k2 + l 2
= acel lp

02 +02 +22
= acel l

2
. (5.5)

Since the quantum well is strained, dqw is found by considering the average dilatation δ
of the quantum well (002) planes with respect the (002) planes of the buffer. The dilata-
tion δ is obtained experimentally by Geometrical Phase Analysis (GPA). The standard de-
viation of GPA is high for dilatation close to 0, as happens with the (220) epitaxial planes,
for which the method is not the preferred choice. Nevertheless, for the larger dilatation
of the (002) planes, the relatively smaller standard deviation makes the measurement
significative. As a result, dqw is computed by:

dqw = dbu f f (1+δ) . (5.6)

Finally, the thickness of the quantum well is given by:

tqw = nqw dqw , (5.7)

where we count the number of planes forming the quantum well (nqw ) and multiply by
dqw . Therefore, the expected uncertainty of the thickness measurement lies in whether
the initial and last plane of the well are being considered or not, i.e. the standard devia-
tion is given by σ= 2dqw .

With this in mind, for heterostructure B, where x = 0.31, four different measurements
counting the (002) planes were performed in different regions of the quantum well, nqw

= 33 (3 times) and 34. With an average experimental δ of -1.6±0.2 %, we obtain dqw =
2.704±0.007 Å, resulting in an average thickness tqw = 9.0±0.5 nm.

For heterostructure C, x = 0.31 and two measurements counting the (002) planes
were performed, nqw = 19 and 20. With an average experimental δ of -1.7±0.5 %, we
obtain dqw = 2.701±0.014 Å, resulting in an average thickness tqw = 5.3±0.5 nm.
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Figure 5.5: Method for computing the thickness of the quantum well based on the counting of the (002) hor-
izontal planes, which reduces the uncertainty and bias associated to properly detecting the margins of the
quantum well, for both heterostructures B and C. Scale bars of the images in the left column stand for 10 nm,
while the zoom-ins in the middle column are 2 nm



55754-bw-Esposti55754-bw-Esposti55754-bw-Esposti55754-bw-Esposti
Processed on: 20-3-2025Processed on: 20-3-2025Processed on: 20-3-2025Processed on: 20-3-2025 PDF page: 94PDF page: 94PDF page: 94PDF page: 94

5

82 5. REDUCING CHARGE NOISE IN QUANTUM DOTS BY USING A THIN SI QUANTUM WELL

Figure 5.6: Comparison, for illustration purposes, of charge noise measurements spectra under different con-
ditions. a Coulomb peak with large derivative d ISD /dVP and b time-resolved ISD measured at the flank of
the Coulomb peak (dot in a). Measurements are from a device from heterostructure C. c Coulomb peak with
smaller derivative d ISD /dVP and d time-resolved ISD measured at the flank of the Coulomb peak (dot in c).
Measurements are from a device from heterostructure B. c Coulomb blockade and d time-resolved ISD mea-
sured on a test device from heterostructure B, indicative of the noise floor of our measurement setup. The time
traces in b,d,f show a consistent decrease in the noise bandwidth going from the most sensitive (∆ISD ≃ 50 pA
in b) to the less sensitive (∆ISD ≃ 10 pA in f) configuration. g Comparison of the current noise spectrum under
different sensitivity conditions. Purple (high sensitivity), cyan (low-sensitivity), and lemon (noise floor) curves
show SI ( f ) obtained from measurements in b, d, and f, respectively. Lemon and cyan curves show a broad
interference peak at 150 Hz, as well as a flattening out of the curve at ≈40 Hz. h Charge noise measurement of
heterostructure A with an interference peak at 9 Hz arising from the measurement module. In i we remove the
interference peak from the analysis. j,k Charge noise of a device from heterostructure B and C, respectively,
measured with a different measurement module compared to j showing no interference peak.
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Figure 5.7: Charge noise spectra Sϵ( f ) at different plunger gate voltage VP from a quantum dot from het-
erostructure C. The same data is plotted in Fig. 2d in three dimensions. The black trendline shows a 1/ f de-
pendence.
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Figure 5.8: a Charge noise S1/2
ϵ at 1 Hz as a function of the plunger gate voltage VP for all measured devices

of heterostructure A (red), B (blue), and C (green). Circles and diamonds highlight, respectively, the minimum
(Sϵ,mi n ) and maximum (Sϵ,max charge noise at 1 Hz for each device upon varying VP . For a given heterostruc-
ture, these Sϵ,mi n and Sϵ,max values build up the distributions plotted, respectively, in b (Fig. 2e main text) and
c. The trend of charge noise improvement from A to B and C is observed both for SE ,mi n and SE ,max . SE ,mi n
varies less than SE ,max between different devices for a given heterostructure since SE ,max is more affected by
device-specific effects such as geometry of wave-function, screening, and the exact electron number on the
island. Because we do not know the exact electron number, we believe that SE ,mi n is more suited to compare
the different heterostructures. d-i Distributions of the operation gate voltages of the plunger, SDLAcc, SDLB,
SDRB, SDRAcc, and screening gates, respectively (see Fig. 1f in the main text) for heterostructure A (red, 4 de-
vices measured), B (blue, 8 devices measured), and C (green, 5 devices measured). With the exception of gate
SDLB, all operation voltages of the charge sensor are highest in heterostructure A and lowest in heterostruc-
ture C with a difference of up to 600 mV. Note that a global screening gate is only used for the operation of
heterostructure A. Quartile box plots, mode (horizontal line), means (diamonds), 99% confidence intervals of
the mean (dashed whiskers), and outliers (circles) are shown.

https://max.se/
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Figure 5.9: a Differential conductance (d I /dV ) showing representative Coulomb blockade diamonds as a func-
tion of the source-drain voltage (VSD ) and plunger gate voltage (VP ) for heterostructure C. We derive the two
slopes mS and mD on both sides of each Coulomb diamond. Using the equation a = | mS mD

mS−mD
|, we extract a

lever arm of a = 0.12 eV/V for the Coulomb peak at VP ≈ 308 mV, where we indicate mS and mD with magenta
lines. The dashed line indicates the source-drain voltage (VSD = 150 (µV)) used for the charge noise measure-
ments. b Lever arm and c slope at the flank of the Coulomb peak for the peaks reported in a. We calculate
the Pearson correlation coefficient (r ), measuring the linear correlation between the two parameters. It varies
between -1 and 1, with 0 implying no correlation. We also calculate the p-value of the null hypothesis, i.e.,
r = 0. We remember that the p-value indicates the probability of an uncorrelated system producing datasets
that have a Pearson correlation at least as extreme as the one computed from these datasets. We remember
that a p-value greater than 0.05 is considered not statistically relevant.
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6
LOW DISORDER AND HIGH VALLEY

SPLITTING IN SILICON

The electrical characterisation of classical and quantum devices is a critical step in the
development cycle of heterogeneous material stacks for semiconductor spin qubits. In the
case of silicon, properties such as disorder and energy separation of conduction band val-
leys are commonly investigated individually upon modifications in selected parameters
of the material stack. However, this reductionist approach fails to consider the inter-
dependence between different structural and electronic properties at the danger of opti-
mizing one metric at the expense of the others. Here, we achieve a significant improve-
ment in both disorder and valley splitting by taking a co-design approach to the material
stack. We demonstrate isotopically-purified, strained quantum wells with high mobility of
3.14(8)×105 cm2/Vs and low percolation density of 6.9(1)×1010 cm−2. These low disorder
quantum wells support quantum dots with low charge noise of 0.9(3) µeV/Hz1/2 and large
mean valley splitting energy of 0.24(7) meV, measured in qubit devices. By striking the del-
icate balance between disorder, charge noise, and valley splitting, these findings provide
a benchmark for silicon as a host semiconductor for quantum dot qubits. We foresee the
application of these heterostructures in larger, high-performance quantum processors.

This chapter has been published as: Davide Degli Esposti, Lucas E. A. Stehouwer, Önder Gül, Nodar
Samkharadze, Corentin Déprez, Marcel Meyer, Ilja N. Meijer, Larysa Tryputen, Saurabh Karwal, Marc Boti-
foll, Jordi Arbiol, Sergey V. Amitonov, Lieven M. K. Vandersypen, Amir Sammak, Menno Veldhorst & Giordano
Scappucci, "Low disorder and high valley splitting in silicon.", npj Quantum Information, 10, 32 (2024).
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6.1. INTRODUCTION
The development of fault-tolerant quantum computing hardware relies on significant
advancements in the quality of quantum materials hosting qubits[1]. For spin qubits in
gate-defined silicon quantum dots[2], there are currently three material-science driven
requirements being pursued[3]. The first is to minimise potential fluctuations arising
from static disorder in the host semiconductor, to ensure precise control of the charg-
ing energies and tunnel coupling between quantum dots, and to enable shared control
in crossbar arrays[4]. The second requirement is to reduce the presence of two-level
fluctuators and other sources of dynamic disorder responsible for charge noise, which
currently limits qubit performance[5, 6]. Lastly, it is crucial to maximize the energy sep-
aration between the two low-lying conduction valleys[7]. Achieving large valley splitting
energy prevents leakage outside the computational two-level Hilbert space and is essen-
tial to ensure high fidelity qubit initialization, readout, and control and shuttling[2, 8–
12].

Satisfying these multiple requirements simultaneously is challenging because the
constraints on material stack design and processing conditions may conflict. In gate-
defined silicon quantum dots, single electron spins are confined either at the semiconduc-
tor-dielectric interface in metal-oxide-semiconductor (Si-MOS) stacks or in buried strai-
ned quantum wells at the hetero-epitaxial Si/SiGe interface. In Si-MOS, the large elec-
tric field at the interface between the semiconductor and the dielectric drives a large
valley splitting energy in tightly confined quantum dots[13]. However, the proximity of
the dielectric interface induces significant static and dynamic disorder, affecting mo-
bility, percolation density, and charge noise[14]. The latter can be improved through
careful optimisation of the multi-layer gate stack resorting to industrial fabrication pro-
cesses[15].

In conventional Si/SiGe heterostructures, a strained Si quantum well is separated
from the semiconductor-dielectric interface by an epitaxial SiGe barrier[3]. The buried
Si quantum well naturally ensures a quiet environment, away from the impurities at
the semiconductor-dielectric interface, leading to lower disorder and charge noise com-
pared to Si-MOS[16–18]. However, strain and compositional fluctuations in the SiGe
strain-relaxed buffer (SRB) below the quantum well result in band-structure variations
and device non-uniformity[19]. Furthermore, valley splitting is limited and may vary
from device to device[20–27] due to the weaker electric field compared to Si-MOS[28,
29] and the additional in-built random alloy composition fluctuations at the strained Si-
SiGe hetero-interface[30], posing a challenge for device reliability and qubit operation.

Practical strategies have been recently considered to enhance valley splitting in
Si/SiGe quantum wells[31], including the use of unconventional heterostructures that
incorporate Ge to the interior[30, 32–34] or the boundary of the quantum well[35–37].
Without a co-design for high electron mobility, enhancing valley splitting, which re-
quires breaking translation symmetry, tends to occur at the expense of a deteriorated
disorder landscape, posing challenges for scaling to large qubit systems. Indeed, the
few experimental reports[18, 34, 38] of large valley splitting (e.g. > 0.2 meV) in Si/SiGe
quantum dots have shown relatively low mobility (< 6×104 cm2/Vs) of the parent two-
dimensional electron gas, thereby spoiling one major advantage of Si/SiGe over Si-MOS.
A large valley splitting up to 0.239 meV has been measured in quantum wells incorporat-
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ing an oscillating Ge concentration[34]. However, the additional scattering from random
alloy disorder yields an electron mobility of 2−3×104 cm2/Vs. This mobility is signif-
icantly lower than what is obtained with conventional Si/SiGe heterostructures[39, 40]
and is even comparable to the mobility in the best Si-MOS stacks[15]. Instances of large
valley splittings (up to 0.286±0.026 meV) within a wide distribution have also been mea-
sured in 3 nm ultra-thin quantum wells[41]. Likewise, ultra-thin quantum wells may de-
grade mobility due to increased scattering from random alloy disorder as the wave func-
tion penetrates deeper into the SiGe barrier[42], potentially compounded by interface
roughness as well[43]. Conversely, very high mobility of 6.5×105 cm2/Vs was reported
in conventional Si/SiGe heterostructures although the quantum dots showed rather low
valley splitting in the range of 35−70 µeV[25].

In this work, we present significant advancements in isotopically purified 28Si/SiGe
heterostructures by conducting a study across multiple Hall bars and quantum dots in
spin-qubit devices. We demonstrate simultaneous improvement in the channel static
disorder, qualified by mobility and percolation density, and in the mean valley splitting
while keeping respectable levels of low-frequency charge noise. These advancements
are achieved without resorting to unconventional heterostructures. Instead, they result
from explicitly accounting for the unavoidable broadening of Si-SiGe interfaces and op-
timising the quantum well thickness, while considering the design constraints imposed
by the chemical composition of the SiGe buffer. Specifically, we ensure that the quan-
tum well thickness is chosen to maintain coherent epitaxy of the strained Si layer with
the underlying SiGe buffer while also minimising the impact of disorder originating from
barrier penetration effects.

6.2. RESULTS

6.2.1. DESCRIPTION OF 28SI/SIGE HETEROSTRUCTURES

The 28Si/SiGe heterostructures are grown on a 100 mm Si(001) substrate by reduced-
pressure chemical vapour deposition (Methods). From bottom to top (Fig. 6.1a), the het-
erostructure comprises a thick SiGe strained relaxed buffer (SRB) made of a step graded
Si1−x Gex buffer layer with increasing Ge concentration followed by a SiGe layer with
constant Ge concentration, a tensile-strained 28Si quantum well, and a SiGe barrier pas-
sivated by an amorphous Si-rich layer[16]. Given the in-plane random distribution of
Si and Ge at the interfaces between Si and SiGe layers, the description of a realistic Si
quantum well may be reduced to the one-dimensional Ge concentration profile along
the growth direction[30, 44]. This is modelled by sigmoidal interfaces[44] (Methods) as
in Fig 6.1b and is characterised by three parameters: ρb is the asymptotic limit value of
the maximum Ge concentration in the SiGe barriers surrounding the quantum well; 4τ
is the interface width, which corresponds to the length over which the Ge concentration
changes from 12% to 88% of ρb; w is the quantum well width defined as the distance
between the inflexion points of the two interfaces. Our growth protocol yields a repro-
ducible quantum well profile with ρb = 0.31(1)[30, 45], 4τ ≈ 1 nm, and w ≈ 7 nm (see
Supplementary Figs. 1 and 2). The quantum well thickness was chosen on purpose to
fall within the range of 5 nm to 9 nm, which correspond to the thicknesses of quantum
wells studied in ref. [17] and used here as a benchmark. We expect a quantum well of
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Figure 6.1: Semiconductor material stack a Schematic illustration of the 28Si/SiGe heterostructure. z indi-
cates the heterostructure growth direction. b Schematic Ge concentration profile defining a realistic Si quan-
tum well, characterised by the final Ge concentration (ρb ) in the SiGe barriers, the interface sharpness (4τ),
and quantum well width (w). c Atomic resolution high angle annular dark field (HAADF) (Z-contrast) scan-
ning transmission electron microscopy (STEM) image of the 28Si quantum well with superimposed intensity
profile used to count the number of crystallographic planes in the (002) direction forming the quantum well. d,
e STEM images of the step-graded SiGe buffer layer below the quantum well acquired in HAADF (Z-contrast)
and bright field mode, respectively.

about 7 nm to be thin enough to suppress strain-release defects and also increase the
valley splitting compared to the results in ref [5, 30, 45, 46]. At the same time, the quan-
tum well was chosen to be sufficiently thick to mitigate the effect of disorder arising from
penetration of the wave function into the SiGe barrier[42] and possibly from the inter-
face roughness[43].

Figure 6.1d shows aberration corrected (AC) atomic resolution high angle annular
dark field (HAADF) scanning transmission electron microscopy (STEM) images and su-
perimposed intensity profiles to validate the thickness of the 28Si quantum well by count-
ing the (002) horizontal planes as in ref. [17]. We estimate that the quantum well is
formed by 26 atomic planes, corresponding to a thickness w = 6.9± 0.5 nm (see Sup-
plementary Fig. 1). Further electron microscopy characterisation of all quantum wells
considered in this study highlights the robustness of our growth protocol (see Supple-
mentary Fig. 2). Images in Fig. 6.1d,e, acquired in HAADF (Z-contrast) and bright field
(BF) STEM modes, respectively, highlight two critical characteristics of the composition-
ally graded SiGe layers beneath the quantum well. Firstly, the step-wise increase of the
Ge content corresponds clearly to the varying shades of contrast in Fig. 6.1d. Secondly,
strain-release defects and dislocations in Fig. 6.1e are confined at the multiple and sharp
interfaces within the compositionally graded buffer layer, highlighting the overall crys-
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Figure 6.2: Strain fluctuations measurements a Atomic force microscopy image of the 28Si/SiGe heterostruc-
ture taken with an alignment of about 45 degrees to the 110 crystallographic axis. b Raman shift map of the
Si-Si vibration ωSi from a strained Si quantum well with a thickness of 6.9(5) nm. The map was taken with an
alignment of about 45 degrees to the 110 crystallographic axis. c Cross-correlation between ωSi and the Si-Si
vibration from the SiGe buffer (ωSiGe) obtained by analysing Raman spectra over the same area mapped in b
and linear fit (black line). d Relative in-plane strain distribution percentage of the Si quantum well∆ϵ/ϵ, where
ϵ= 1.31(3) % is the mean value of strain in the Si quantum well. The solid line is a fit to a normal distribution.

talline quality of the SiGe SRB below the quantum well.

6.2.2. CHARACTERISATION OF STRAIN DISTRIBUTION

After confirming the quantum well thickness, we examine the coherence of the Si quan-
tum well epitaxy with the underlying SiGe and quantify the in-plane strain (ϵ) of the
quantum well, along with the amplitude (∆ϵ) of its fluctuations. Following the approach
in ref. [47], we employ scanning Raman spectroscopy on a heterostructure where the
SiGe top barrier is intentionally omitted. Since this configuration maximises the signal
from the thin strained Si quantum well, we are able to efficiently map the shift in Si-Si vi-
brations originating from both the Si quantum well (ωSi) and from the SiGe buffer layer
below (ωSiGe) (see Supplementary Fig. 3). Fig. 6.2a shows an atomic-force microscopy
image of a pristine grown 28Si/SiGe heterostructure over an area of 90× 90 µm2. The
surface is characterised by a root mean square (RMS) roughness of ≈ 2.4 nm and by the
typical cross-hatch pattern arising from the misfit dislocation network within the SiGe
SRB. The cross-hatch undulations have a characteristic wavelength of ≈ 5 µm estimated
from the Fourier transform spectrum.
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The Raman map in Fig. 6.2b tracks ωSi over an area of 40 × 40 µm. This area is suffi-
ciently large to identify fluctuations due to the cross-hatch pattern in Fig. 6.2a, with re-
gions featuring higher and lower Raman shifts around a mean value ofωSi = 510.4(2) cm−1.
In Fig. 6.2c, we investigate the relationship between the Raman shifts from the quan-
tum well ωSi and from the SiGe buffer ωSiGe. We find a strong linear correlation with a
slope ∆ωSi/∆ωSiGe = 1.01(2), suggesting that the distribution of the Raman shift in the Si
quantum well is mainly driven by strain fluctuations in the SiGe SRB, rather than com-
positional fluctuation[47].

We calculate the strain in the quantum well using the equation ϵ = (ωSi −ω0)/bSi,
whereω0 = 520.7 cm−1 is the Raman shift for bulk, relaxed Si and bSi = 784(4) cm−1 is the
Raman phonon strain shift coefficient of strained silicon on similar SiGe SRBs[48]. From
ωSi, we estimate the mean value of the in-plane strain for the quantum well ϵ= 1.31(3) %.
This value is qualitatively comparable to the expected value of ≈ 1.19(4) % from the lat-
tice mismatch between Si and the Si0.69Ge0.31 SRB (see Supplementary Note 2). A more
quantitative comparison would require a direct measurement of bSi on our heterostruc-
tures based upon high-resolution X-ray diffraction analysis across multiple samples with
varying strain conditions. Figure 6.2d shows the normalised distribution of strain fluc-
tuations percentage around the mean value ∆ϵ/ϵ = (ϵ− ϵ)/ϵ. The data follows a normal
distribution (black line) characterised by a standard deviation of 3.0(1) %, comparable
with similar measurements in strained Ge/SiGe heterostructures[49]. Given the signifi-
cant correlation between Raman shifts in the quantum well and the SiGe buffer, along-
side the measured strain levels exhibiting a narrow bandwidth of fluctuations, we argue
that, with our growth conditions, the Si quantum well is uniformly and coherently grown
on the underlying SiGe buffer. As a consequence, we expect strain-release defects in the
quantum well to be very limited, if present at all.

6.2.3. ELECTRICAL CHARACTERISATION OF HETEROSTRUCTURE FIELD EF-
FECT TRANSISTORS

We evaluate the influence of the design choice of a 7 nm thick quantum well on the scat-
tering properties of the 2D electron gas (2DEG) through wafer-scale electrical transport
measurements. The measurements are performed on Hall-bar-shaped Heterostructure
Field-Effect Transistors (H-FETs) operated in accumulation mode (Methods). Multiple
H-FETs across the wafer are measured within the same cool-down at a temperature of 1.7
K using refrigerators equipped with cryo-multiplexers[40]. Figure 6.3a,b show the mean
mobility-density and conductivity-density curves in the low-density regime relevant for
quantum dots. These curves are obtained by averaging the mobility-density curves from
ten H-FETs fabricated from the same wafer (solid line), and the different shadings rep-
resent the intervals corresponding to one, two, and three standard deviations. The dis-
tribution of mobility and conductivity is narrow, with a variance lower than 5% over the
entire density range. Furthermore, we observe similar performance from H-FETs fabri-
cated on a nominally identical heterostructure grown subsequently (see Supplementary
Fig. 5), indicating the robustness of both our heterostructure growth and H-FET fabri-
cation process. At low densities, the mobility increases steeply due to the increasing
screening of scattering from remote impurities at the semiconductor-dielectric inter-
face. This is confirmed by the large power law exponent α = 2.7 obtained by fitting the
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Figure 6.3: Electrical transport measurements. a Mean mobility µ as a function of density n at T = 1.7 K ob-
tained by averaging measurements from 10 H-FETs fabricated on the heterostructure with a 6.9(5) nm quan-
tum well. The shaded region represents one, two, and three standard deviations of µ at a fixed n. Data from
this heterostructure are color-coded in purple in all subsequent figures. b Mean conductivityσxx as a function
of n and fit to the percolation theory[50] in the low-density regime (solid line). c, d Distributions of mobility
µ measured at n = 6×1011 cm−2 and percolation density np for heterostructures featuring quantum wells of
different thickness w : 9.0(5) nm (blue, 16 H-FETs measured and reported in ref. [17]), 6.9(5) nm (purple, from
the analysis of the same dataset in a, b), and 5.3(5) nm (green, 22 H-FETs measured and reported in ref. [17]).
Violin plots, quartile box plots, and mode (horizontal line) are shown.

mean mobility-density curve to the relationship µ∝ nα in the low-density regime[51].
At high density, the mobility keeps increasing, albeit with a much smaller power law ex-
ponent α= 0.3. This indicates that scattering from nearby background impurities, likely
oxygen within the quantum well[39], and potentially interface roughness[52] become
the limiting mechanism for transport in the 2DEG.

From the curves in Fig. 6.3a,b, we obtain the distributions of mobility µ measured at
high density (n = 6× 1011 cm−2) and of the percolation density np, extracted by fitting
(black line) to percolation theory[50]. In Fig. 6.3c,d, we benchmark these metrics for the
6.9 nm thick quantum well against the distributions obtained previously[17] for a quan-
tum well thickness of 5.3(5) nm and 9.0(5) nm. The 6.9 nm quantum well performs the
best, with a mean mobility at high densities ofµ= 3.14(8)×105 cm2/Vs and a percolation
density of np = 6.9(1)×1010 cm−2.

The distributions show two noteworthy features: a 50 % increase in mobility between
the 5.3 nm and 6.9 nm quantum well and a three-fold reduction in the variance of the
distribution between the 9.0 nm quantum well and the remaining two. We attribute the
mobility increase to reduced scattering from alloy disorder, as the wave function delo-
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Figure 6.4: Charge noise measurements. a Charge noise power spectral density Sϵ measured on a flank of a
Coulomb peak and extracted using the lever arm of the corresponding Coulomb diamond. The black line is a fit
to the function, which is the sum of a power law and a Lorentzian. b Experimental scatter plots of charge noise
at 1 Hz (S1/2

ϵ (1 Hz)) obtained by repeating charge noise spectrum measurements as in a for multiple devices
and different electron occupancy. Data from the 6.9(5) nm quantum well (purple, 2 devices, 17 spectra) is
compared to data from the 5.3(5) nm quantum well (green, 63 spectra, 5 devices, reported in ref. [17]). We
compare single-layer devices (diamonds) and multi-layer devices featuring overlapping gate geometry and
micromagnets (circles). Dashed lines and shaded area denote the mean value and two standard deviations.

calizes further into the quantum well rather than penetrating into the barrier[42]. We
attribute the large spread in transport properties of the widest quantum well to some
degree of strain relaxation and associated defects[17]. This explanation is further sup-
ported by comparative measurements of Raman shift correlation (see Supplementary
Fig. 4) and highlights the sensitivity of the transport properties and their distributions to
strain relaxation in the quantum well.

6.2.4. CHARGE NOISE MEASUREMENTS IN QUANTUM DOTS
Moving on to quantum dot characterisation, we focus on the measurement of low-fre-
quency charge noise using complete spin qubit devices cooled at the base tempera-
ture of a dilution refrigerator (Methods). The device design is identical to the one in
refs. [53, 54] and features overlapping gates for electrostatic confinement and micromag-
nets for coherent driving. We tune the sensing dot in the single electron regime, measure
time traces of the source-drain current ISD on a flank of a Coulomb peak, and repeat
for several peaks before the onset of a background current. From the time-dependent
ISD we obtain the current noise power spectral density SI and convert to charge noise
power spectral density Sϵ using the measured lever arm and slope of each Coulomb peak
(Methods). We confirm that chemical potential fluctuations are the dominant contribu-
tions to the noise traces by measuring the noise in the Coulomb blockade and on top of
a Coulomb peak (see Supplementary Fig. 6)[55]. The latter measurement also excludes
that the noise traces have any relation to the change of noise floor of the current ampli-
fier[56].

Figure 6.4a shows a representative noise spectrum. We observe an approximate 1/ f
trend at low frequency, suggesting the presence of an ensemble of two-level fluctuators
(TLFs) with a wide range of activation energies[57, 58]. Notably, a kink appears at a spe-
cific frequency, which is attributed to the additional contribution in the power spectral



55754-bw-Esposti55754-bw-Esposti55754-bw-Esposti55754-bw-Esposti
Processed on: 20-3-2025Processed on: 20-3-2025Processed on: 20-3-2025Processed on: 20-3-2025 PDF page: 113PDF page: 113PDF page: 113PDF page: 113

6.2. RESULTS

6

101

density of a single TLF near the sensor[15, 55]. We fit this spectrum to a function which
is the sum of a power law and a Lorentzian of the form A

f α + B
f / f0+1 , where A, B, α, and f0

are fitting parameters. We extract f0 = 10.38(3) Hz, α = 1.66(2), and the power spectral
density at 1 Hz Sϵ(1 Hz) = 0.60(5) µeV/Hz1/2. We repeat the analysis on a set of 17 noise
spectra obtained from measurements of two separate devices (Supplementary Figs. 7
and 8). We do not observe a clear monotonic dependence of the noise spectra on the in-
creasing electron occupancy in the quantum dots, in agreement with the measurement
in ref. [17] for devices with a similar semiconductor-dielectric interface and a thinner
(w = 5.3 nm) quantum well.

In Fig. 6.4b, we evaluate the noise power spectral density at 1 Hz S1/2
ϵ (1 Hz) to com-

pare the performance of the 6.9(5) nm and the 5.3(5) nm quantum well. In addition to the
different thickness of the quantum well, the devices on the 5.3 nm quantum well are de-
fined by a single-layer of gates, whilst the devices on the 6.9 nm quantum well are com-
plete qubit devices featuring a three-layers of overlapping gates, additional dielectric
films in between, and micromagnets. The noise power spectral density in the multi-layer
devices (purple) and single-layer devices (green) are similar, with |Sϵ| = 0.9(3))µeV/Hz1/2

and |Sϵ| = 0.9(9) µeV/Hz1/2, respectively. Because both narrow quantum wells are fully
strained, we expect the two heterostructures to contribute similarly to the electrostatic
noise. Therefore, our measurements suggest that using multiple metallic gates, dielectric
layers, and micromagnets does not degrade the noise performance in our devices. Our
observations are consistent with previous measurements in Si/SiGe heterostructures at
base temperature when impurities in the dielectric likely freeze out[55, 59]. We attribute
this robustness to the distinctive characteristics of Si/SiGe heterostructures, where the
active region of the device resides within a buried quantum well, well separated from
the gate stack, unlike Si-MOS. We speculate that the metallic layers in the gate stack,
positioned between the quantum well and the micromagnets, may shield the effects of
additional impurities and traps in the topmost layers.

6.2.5. VALLEY SPLITTING MEASUREMENTS IN QUANTUM DOTS

To complete the quantum dot characterisation, we measure the two-electron singlet-
triplet splitting EST in quantum dot arrays as in the six spin qubit devices described in
ref. [5] by mapping the 1e → 2e transition as a function of the parallel magnetic field (B).
EST is a reliable estimate of the valley splitting energy EV in strongly confined quantum
dots[20, 30, 60, 61] and is the relevant energy scale for spin-to-charge conversion readout
with Pauli spin-blockade[5, 62].

Figure 6.5a shows a typical magnetospectroscopy map with a superimposed thin line
highlighting the 1e → 2e transition at a given magnetic field (Methods). The thick line is
a fit of the transition to the theoretical model[30, 61], allowing us to estimate the singlet-
triplet splitting EST = gµBBST. Here, g = 2 is the electron gyromagnetic ratio, µB is the
Bohr magneton, and BST corresponds to the magnetic field at which the energy of the
1e → 2e transition starts to decrease, signalling the transition from the singlet state S0 to
the triplet state (T−) as the new ground state of the two-electron system. For this specific
quantum dot, we find BST = 1.77(2) T, corresponding to EV = 0.205(2) meV.

Figure 6.5b compares the valley splitting of spin qubit devices on the 6.9 nm quan-
tum well (purple, see Supplementary Fig. 9) and on the 9.0 nm quantum well (blue) from
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Figure 6.5: Valley splitting measurements. a Typical magnetospectroscopy map of the (1e) → (2e) charge
transition, used to measure singlet-triplet splittings. The thin purple line shows the location of the charge
transition at a fixed magnetic field. The thick black line is a fit to the data (Methods), from which we extract the
kink position BST. The valley splitting EV is given by EV = gµBBST, where g = 2 is the gyromagnetic ratio, and
µB is the Bohr magneton. b Experimental scatter plots of valley splitting obtained by magnetospectroscopy on
complete spin qubit devices. Data from heterostructures with a 6.9(5) nm quantum well (purple, 9 quantum
dots from 2 devices) is compared to data from a 9.0(5) nm quantum well (blue, 16 quantum dots, 3 devices,
from ref. [5]). Dashed lines and shaded area denote the mean value and two standard deviations.

ref. [5]. While the dots in all devices measured have the same nominal design and share
the same fabrication process (Methods), the heterostructures further differ in the passi-
vation of the SiGe top barrier. The heterostructure with the 6.9 nm well is passivated by
an amorphous self-terminating Si-rich layer, while the 9.0 nm well has a conventional
epitaxial Si cap[16] (Methods). Passivation by a self-terminating Si-rich layer yields a
more uniform and less noisy semiconductor-dielectric interface, which in turn promotes
higher electric fields at the Si/SiGe interface[16, 17]. We observe a statistically significant
60% increase in the mean valley splitting in the 6.9 nm quantum well with an amorphous
Si-rich termination, featuring a mean value of EV = 0.24±0.07 meV (see Supplementary
Note 5). Furthermore, the distribution of valley splitting in devices with the wider quan-
tum well shows instances of low values (e.g., EV < 0.1 meV), as predicted by prevailing
theory[31]. In contrast, these instances are absent (although still predicted) in the mea-
sured devices with the narrower quantum well.

While we cannot pinpoint a single mechanism responsible for the increase in the
mean value of valley splitting, we speculate that multiple factors contribute to this ob-
served improvement. The tighter vertical confinement within the narrower quantum
well[41], coupled with the relatively wide quantum well interface width, increases the
overlap of the electron wavefunction with Ge atoms in the barrier. This amplifies the
effect of random alloy disorder, which is known to increase valley splitting[30, 31]. Sim-
ilarly, the improved semiconductor-dielectric facilitates tighter lateral and vertical con-
finement of the dots, which leads to a stronger electric field, contributing to drive the val-
ley splitting[28, 29]. Furthermore, the near-absence (or, at most, very limited density) of
strain-release defects in the thin quantum well ensures a smoother potential landscape,
promoting improved electrostatic control and confinement of the dot. Additionally, we
suggest that a larger amount of experimental data points is required to comprehensively
explore the distribution of valley splitting in the 6.9 nm quantum well. Mapping of valley-
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splitting by spin-coherent electron shuttling[63], for example, could enable a meaningful
comparison with existing theory[31] and help determine whether the absence of low in-
stances of valley splitting results from undersampling the distribution or is influenced
by some other underlying factor.

6.2.6. DISCUSSION

In summary, we developed strained 28Si/SiGe heterostructures providing a benchmark
for silicon as a host semiconductor for gate-defined quantum dot spin qubits. Our growth
protocol yields reproducible heterostructures that feature a 6.9 nm thick 28Si quantum
well, surrounded by SiGe with a Ge concentration of 0.31 and an interface width of
about 1 nm. These quantum wells are narrow enough to be fully strained and main-
tain coherence with the underlying substrate, displaying reasonable strain fluctuations.
Yet, the quantum wells are sufficiently wide to mitigate the effects of penetration of the
wave function into the barrier. Coupled with a high-quality semiconductor-dielectric
interface, these 28Si/SiGe heterostructures strike the delicate balance between disorder,
charge noise, and valley splitting. We comprehensively probe these properties with sta-
tistical significance using classical and quantum devices. Compared to our control het-
erostructures supporting qubits, we demonstrate a remarkable 50 % increase in mean
mobility alongside a 10 % decrease in percolation density while preserving a tight distri-
bution of these transport properties. Our characterization of low-frequency charge noise
in quantum dot qubit devices consistently reveals low charge noise levels, featuring a
mean value of power spectral density of 0.9(3)µeV/Hz1/2 at 1 Hz. These heterostructures
support consistently large valley splitting with a mean value of 0.24(7) meV. This is a sig-
nificant advancement considering that instances of similarly large valley splitting were
obtained previously on heterostructures with about one order of magnitude less mo-
bility[18, 34, 38]. We envisage that fine-tuning the distance between the quantum well
and the semiconductor-dielectric interface, as well as the Ge concentration in the SiGe
alloy, could offer avenues to further increase performance. Our findings highlight the
significance of embracing a co-design approach to drive innovation in material stacks
for quantum computing. As quantum processors mature in complexity, additional met-
rics characterising the heterostructures will likely need to be considered to optimise the
design parameters and to fully leverage the advantages of the Si/SiGe platform for spin
qubits.
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6.3. METHODS
Si/SiGe heterostructure growth. The 28Si/SiGe heterostructures are grown on a 100-mm n-type Si(001) sub-
strate using an Epsilon 2000 (ASMI) reduced-pressure chemical vapour deposition reactor. The reactor is
equipped with a 28SiH4 gas cylinder (1% dilution in H2) for the growth of isotopically enriched 28Si with 800
ppm of residuals of other isotopes[14]. Starting from the Si substrate, the layer sequence of all heterostructures
comprises a step-graded Si(1−x)Gex layer with a final Ge concentration of x = 0.31 achieved in four grading
steps (x = 0.07, 0.14, 0.21, and 0.31), followed by a Si0.69Ge0.31 strain-relaxed buffer (SRB). The step-graded
buffer and the SRB are ≈3 µm and ≈2.4 µm thick, respectively. We grow the SRB at 625 °C, followed by a growth
interruption and the quantum well growth at 750 °C[30]. The various heterostructures compared in Fig. 6.3
of the main text differ in the thickness of the Si quantum well, which are 9.0(5) nm, 6.9(5) nm, and 5.3(5) nm.
We change the thickness of the quantum well by only acting on the quantum well growth time and leaving all
the other conditions unaltered. This yields heterostructures with similar interface widths (see Supplementary
Figs. 1 and 2 and analysis in ref. [30]) On top of the Si quantum well, the heterostructure is terminated with a 30
nm thick SiGe spacer, grown using the same conditions as the virtual substrate. The surface of the SiGe spacer
is passivated with DCS at 500 °Cbefore exposure to air [16]. We confirm the Ge concentration in the spacer
and virtual substrate via secondary ions mass spectrometry (similar to Fig.S13 from ref. [30]) and quantitative
electron energy loss spectroscopy.

Raman spectroscopy. The two-dimensional Raman mapping follows a similar approach as in ref. [47]. We
perform the measurements on heterostructures where we stop the growth after the quantum well and do not
grow the SiGe spacer. This maximises the Raman signal coming from the Si quantum well. The measurements
were performed with a LabRam HR Evolution spectrometer from Horiba-J.Y. at the backscattering geometry
using an Olympus microscope (objective x100 with a 1 µm lateral resolution). We use a violet laser (λ = 405
nm) and an 1800 gr/mm grating to achieve the highest spectral resolution. We focus the laser spot to have a
spatial dimension of ≈ 1 µm. Given the laser wavelength, we expect to probe the Si quantum well and the SiGe
SRB below (which has a uniform composition of Ge). We calibrate the Raman shift using a stress-free single
crystal Si substrate with a Raman peak position at ω0 = 520.7 cm−1. We use this value as a reference for the
calculation of the strain of the Si quantum well.

Device fabrication. The fabrication process for H-FETs involves reactive ion etching of mesa-trench and mark-
ers; selective P-ion implantation and activation by rapid thermal annealing at 700 ◦C; atomic layer deposition
(ALD) of a 10-nm-thick Al2O3 gate oxide; sputtering of Al gate; selective chemical etching of the dielectric with
BOE (7:1) followed by electron beam evaporation of Ti:Pt to create ohmic contacts. All patterning is done by
optical lithography on a four-inch wafer scale. Single and multi-layer quantum dot devices are fabricated on
wafer coupons from the same H-FET fabrication run and share the process steps listed above. Single-layer
quantum devices feature all the gates in a single evaporation of Ti:Pd (3:17 nm), followed by the deposition via
ALD of a 5 nm thick AlOx layer and consequent evaporation of a global top screening gate of Ti:Pd (3:27 nm).
Multi-layer quantum dot devices feature three overlapping gate metallizations with increasing thickness of
Ti:Pd (3:17 nm, 3:27 nm, 3:37 nm), each isolated by a 5 nm thick AlOx dielectric. Finally, a last AlOx layer of 5
nm separates the gate stack from the micro-magnets (Ti:Co, 5:200 nm). All patterning in quantum dot devices
is done via electron beam lithography.

H-FETs electrical characterisation. Hall-bar heterostructure field effect transistor (H-FET) measurements are
performed in an attoDRY2100 dry refrigerator equipped with cryo-multiplexer[40] at a base temperature of
1.7 K[16]. We operate the device in accumulation mode using a gate electrode to apply a positive DC voltage
(VG ) to the quantum well. We apply a source-drain bias of 100 µV and use standard four-probe lock-in tech-
nique to measure the source-drain current ISD, the longitudinal voltage Vxx , and the transverse Hall voltage
Vx y as a function of VG and perpendicular magnetic field B . From here, we calculate the longitudinal resistiv-
ity ρxx and transverse Hall resistivity ρx y . The Hall electron density n is obtained from the linear relationship
ρx y = B/en at low magnetic fields. The electron mobility µ is extracted as σxx = neµ, where e is the electron
charge. The percolation density np is extracted by fitting the longitudinal conductivity σxx to the relation

σxx ∝ (n −np )1.31[50]. We invert the resistivity tensor to calculate the longitudinal (σxx ) and perpendicular
(σx y ) conductivity.

Low-frequency charge noise. We perform low-frequency charge noise measurements in a Bluefors LD400 di-
lution refrigerator with a base temperature of TMC ≈ 20 mK. We use devices lithographically identical to those
described in ref. [53]. We tune the sensing dot of the devices in the Coulomb blockade regime and use it as
a single electron transistor (SET). We apply a fixed source-drain excitation to the two reservoirs connected to
the SET and record the current ISD as a function of time using a sampling rate of 1 kHz for 600 s. We measure
ISD on the flank of each Coulomb peak where |d ISD/dVP| is the largest, and therefore, the SET is the most
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sensitive to fluctuations. We check that chemical potential fluctuations are the dominant contributions to the
noise traces by measuring the noise in blockade and on top of a coulomb peak (see Supplementary Fig.6)[55].
The latter also excludes that the noise traces have any relation to the change of noise floor of the current ampli-
fier[56]. We divide the time traces into ten segments of equal length and use the Fourier transform to convert
the traces in the frequency domain. We average the ten different spectral densities to obtain the final current
noise spectrum in a range centred to 1 Hz between 25 mHz and 40 Hz to avoid a strong interference around 50
Hz coming from the setup. We convert the current noise spectrum (SI ) in a charge noise spectrum (Sϵ) using
the formula [17, 55]:

Sϵ = a2SI

|d I /dVP|2
(6.1)

where a is the lever arm and |d I /dVP| is the slope of the specific Coulomb peak selected to acquire the time
trace. We calculate the lever arm from the slopes of the Coulomb diamonds as a = | mSmD

mS−mD
|, where mS and mD

are the slopes to source and to drain, and we estimate |d I /dVP| from the numerical derivative of the Coulomb
peak. We perform this analysis for every Coulomb peak and use the specific values of the lever arm and slope
to calculate the charge noise spectrum.
Valley splitting. We perform magnetospectroscopy experiments in quantum dot devices cooled in a dilution
refrigerator with a base temperature of TMC ≈ 10 mK. We use devices lithographically similar to those described
in ref. [5]. We tune the quantum dots in the single-electron regime to isolate the 1e → 2e transition. We start the
magnetospectroscopy measurement from the quantum dot closest to the sensing dot and use the remaining
dots as an electron reservoir. We use the impedance of a nearby sensing dot to monitor the charge state of every
quantum dot. The impedance of the sensing dot is measured using RF reflectometry. The signal is measured
by monitoring the reflected amplitude of the rf readout signal through a nearby charge sensor. We use the
amplitude (Device 1) and the Y component (Device 2) of the reflected signal to map the 1e → 2e transition. We
fit the 1e → 2e transition as a function of the magnetic field with the relation[30, 61]:

VP = 1

αβe
ln

e
1
2 kB+βeEST (ekB +1)

ekB +e2kB +ekB+βeEST +1
(6.2)

where α is the lever arm, VP is the plunger gate voltage, EST is the single-triplet energy splitting, k = gµBβe ,
βe = 1/kBTe, g = 2 is the g -factor in silicon, µB is the Bohr magneton, B is the magnetic field, kB is Boltz-
mann’s constant, and Te is the electron temperature. EST is linked to the position of the kink (BST) in the
magnetospectroscopy traces by the relation EST = gµBBST.
(Scanning) Transmission Electron Microscopy. For structural characterization with (S)TEM, we prepared
lamella cross-sections of the quantum well heterostructures using a Focused Ion Beam (Helios 600 dual beam
microscope). HR-TEM micrographs were acquired in a TECNAI F20 microscope operated at 200 kV. Atomically
resolved HAADF-STEM data was obtained in a probe-corrected TITAN microscope operated at 300 kV. EELS
mapping was carried out in a TECNAI F20 microscope operated at 200 kV with approximately 2 eV energy res-
olution and 1 eV energy dispersion. Principal Component Analysis (PCA) was applied to the spectrum images
to enhance the signal-to-noise ratio.
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6.4. SUPPLEMENTARY

6.4.1. MEASUREMENT OF THE THICKNESS AND SHARPNESS OF THE QUAN-
TUM WELLS
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Figure 6.6: Method for computing the thickness of the quantum well based on the counting of the (002) hor-
izontal planes, which reduces the uncertainty and bias associated with properly detecting the margins of the
quantum well.

We measure the thickness of the Si layer quantum well (w) by considering the in-
terplanar spacing of the horizontal planes (002) of the quantum well (dqw ) and of the
underlying strain-relaxed SiGe buffer layer (dbu f f er ). For the Si1−x Gex buffer layer, we
consider the stoichiometry x = 0.31(1) as measured by means of quantitative EELS and
SIMS[30, 45] and calculate the expected cell parameter acel l using the following approx-
imation of Vegard’s law[64]:

acel l = aSi +0.20x +0.027x2 = 2.75(9) Å (6.3)

where aSi = 5.431 Å bulk Si lattice constant, and x = 0.31(1). To calculate dbu f f , we use
the formula for the interplanar distance of the (002) plane in a diamond cubic system:

dhkl =
acel lp

h2 +k2 + l 2
= acel lp

02 +02 +22
= acel l

2
. (6.4)

Since the quantum well is strained, dqw is found by considering the average dilatation
δ of the quantum well (002) planes with respect to the (002) planes of the buffer. The
dilatation δ is measured by Geometrical Phase Analysis (GPA). The standard deviation of
GPA is high for dilatation close to 0, as happens with the (220) epitaxial planes, for which
the method is not the preferred choice. Nevertheless, for the larger dilatation of the (002)
planes, the relatively smaller standard deviation makes the measurement significant. As
a result, dqw is computed by:

dqw = dbu f f (1+δ) . (6.5)

Finally, the thickness of the quantum well is given by:

w = nqw dqw , (6.6)
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where nqw is the number of atomic planes in the (002) direction forming the quantum
well, and dqw is the distance between two planes. Therefore, the expected uncertainty of
the thickness measurement lies in whether the initial and last plane of the well is being
considered or not, i.e., the standard deviation is given by σ= 2dqw .

We perform four different measurements and count the (002) planes in different re-
gions of the quantum well. We find nqw = 25 two times, and nqw = 26 two times. We
measure an average δ=−1.700±0.003 of %, leading to dqw = 2.70±0.01 Å, and resulting
in an average thickness w = 6.9±0.5 nm.

We validate the thickness of the quantum well (w) and quantify the sharpness of the
top and bottom interfaces by fitting the intensity profile with a Sigmoid function[44]:

I (x) = 1

1+e
xtop−x
τtop

+ 1

1+e
x−xbot tom
τbot tom

(6.7)

where xtop and xbot tom are the position of the top and bottom interfaces, and τtop and
τbot tom are the characteristic length quantifying the top and bottom interfaces of the
quantum well, i.e., the SiGe/Si and Si/SiGe interfaces. We characterize the interface
sharpness with the 4τ parameter corresponding to the length over which the intensity
profile changes from 0.12 to 0.88 of the asymptotic value.
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Figure 6.7: a-d High-resolution STEM with superimposed intensity profiles from multiple wafers featuring
different thicknesses of the quantum well. All images are taken on wafers featuring the H-FET gate stack, i.e.,
where the first steps of the fabrication process have been executed to resemble the condition of the actual
quantum dot devices. The black scale in all images corresponds to 3 nm. Images in b and c come from two
nominally identical heterostructures, i.e. grown using the same recipe on two wafers. e-h Corresponding
intensity profile from a-d with superimposed fit to a sigmoid function as reported in Eq. 6.7. From this fit, we
extract the parameters characterizing the sharpness of the bottom (τbot tom ) and top (τtop ) interfaces, and
the quantum well thickness (w = xtop −xbot tom ). i Comparison of the fitted sigmoid intensity profiles for the
three heterostructures considered in the main text featuring quantum wells that are nominally 5 nm, 7 nm,
and 9 nm wide
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6.4.2. STRAIN ANALYSIS WITH RAMAN SPECTROSCOPY

Figure 6.8: a Typical Raman spectrum of a Si/SiGe heterostructure without the SiGe topmost barrier acquired
using a violet laser. The spectrum shows multiple peaks corresponding to the Si-Si vibration in the Si quan-
tum well (ωSi-Si

Si ), and the Si-Ge, Si-Si, and Ge-Ge vibrations in the SiGe SRB (ωSi-Ge
SiGe , ωSi-Si

SiGe, and ωGe-Ge
SiGe , re-

spectively). b-e 2D Raman mapping on a 40 µm of the various vibrations from the strained Si quantum well
and virtual substrate. We find the average Raman shifts of these vibrations to be: ωSi-Si

Si = 510.4(2) cm−1,

ωSi-Si
SiGe = 499.5(2)) cm−1, ωSi-Ge

SiGe = 404.8(3) cm−1, and ωGe-Ge
SiGe = 288.5(5) cm−1.
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Figure 6.9: a Comparative cross-correlation plot of the Si-Si vibration from the strained Si quantum well (ωSi )
and from the SiGe relaxed buffer (ωSiGe ) for a quantum well with a thickness of 6.9(5) nm (purple) and 9.0(5)
nm (blue). The black line is a linear fit to the data with an angular coefficient a = 1.01(1) for the thinner well
and a = 0.75(2) for the thicker well. b Strain distributions for the two Si quantum wells. We find an average
strain of ϵ=−1.31(3) % for the 6.9(5) nm quantum well, and ϵ=−1.26(2) % for the 9.0(5) nm quantum well.

We calculate the strain of the Si quantum wells by converting phonon frequency
shifts into strain[65, 66]:

ϵ= ω(ϵ)−ω0

bSi
, (6.8)

whereω0 = 520.7 cm−1 is the Raman shift associated with the Si-Si vibration from the
unstrained Si substrate used to calibrate the Raman spectrometer, bSi = 784±4 cm−1 is
the strain-shift coefficient for Si reported in ref. [48], and ω(ϵ) is the Raman shift associ-
ated with the Si-Si vibration from the strained quantum well.

We calculate the expected strain (ϵ) of the Si quantum well as:

ϵ= (aSiGe −aSi )/aSi = 1.19(4)% (6.9)

where aSiGe is calculated from Eq. 6.3 where x = 0.31(1) is the Ge concentration in the
SiGe buffer and spacer, and aSi = 0.5431 nm is the lattice constant of bulk Si.
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6.4.3. SUPPLEMENTARY MOBILITY DENSITY CURVES

Figure 6.10: Mean mobility µ as a function of density n measured at T = 1.7 K for H-FET coming from two
different wafers grown using the same recipe at a distance of six months. Purple shows the data from the
wafer SQ22-22-3 (10 HFET), and black shows data from SQ21-160-6 (10 HFET). The average mobility at a fixed
density (solid line) and one standard deviation (shaded region) are shown.
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6.4.4. CHARGE NOISE MEASUREMENTS

Figure 6.11: a Current (ISD ) as a function of plunger voltage (VP ) through one of the sensing dots tuned in the
single electron regime. The top (blue), flank (red), and blockade (green) are highlighted with diamonds. b-d
Current time traces in the three different configurations. We acquire ten minutes long time traces at a sampling
rate of 1kHz. e Current noise power spectral density (SI ). SI is calculated by dividing the time traces into 10
segments of equal length, using the Fourier transform to convert to the frequency domain, and averaging the
ten different Fourier transforms before calculating the power spectral density. As expected, we find that the
noise measured at the flank of the Coulomb peak is the greatest [55].
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Figure 6.12: Charge noise power spectral density (Sϵ( f )) measured on a flank of a Coulomb peak and extracted
using the lever arm of the corresponding Coulomb diamond for device A. The black line is a fit to the function
which is the sum of a power law and a Lorentzian from which we extract the power spectral density at 1 Hz
(S1/2
ϵ ). The plots are arranged from a to k for increasing voltage applied to the sensor plunger.
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Figure 6.13: Charge noise power spectral density (Sϵ( f )) measured on a flank of a Coulomb peak and extracted
using the lever arm of the corresponding Coulomb diamond for device B. The black line is a fit to the function,
which is the sum of a power law and a Lorentzian from which we extract the power spectral density at 1 Hz
(S1/2
ϵ ). The plots are arranged from a to g for increasing voltage applied to the plunger.
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6.4.5. VALLEY SPLITTING MEASUREMENTS

Figure 6.14: Magnetospectroscopy measurements of the 1e → 2e transition for Device 1 (six dots, a-f) and
Device 2 (three dots, g-i). The thin black line follows the charge transition at a fixed magnetic field. We fit the
evolution of the charge transition to the theoretical formula from ref.[30, 61] (thick black line). For B = BST , the
Zeeman energy (EZ =−eµB B) equals the single-triplet splitting energy, and the typical kink can be observed.

We perform a Welch test[67] on the valley splitting measurements reported in Fig. 5b
of the main text to quantify the statistical significance of our data. The Welch test is used
to test the hypothesis that two populations with different variances have equal means.
We obtain a t-value of 3.05 corresponding to a p-value of 0.78%, indicating that the prob-
ability that the measured data comes from distributions with the same mean is lower
than 1 %. This confirms that our improvement in mean valley splitting has statistical
significance.
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Over the last four years, electron spin qubits in Si/SiGe heterostructures have pro-
gressed in multiple directions. The efforts of the community have been focusing on
scaling the quantum dot devices in two dimensions [1], demonstrating distant photon-
mediated two-qubit logic [2], implementing error correction schemes [3], analyzing the
effect noise correlation in dense arrays [4, 5], and implementing long distance [6] and
high fidelity spin shuttling [7]. Although most of these proof-of-principle demonstra-
tions still used heterostructures and devices fabricated in academic cleanrooms, we have
started to see the first spin qubit devices on Si/SiGe heterostructures fabricated in semi-
conductor foundries. Above all, this proves the ability of the semiconductor foundries
to grow high-quality Si/SiGe heterostructures and the full compatibility of this platform
with the advanced semiconductor manufactory process. The recent efforts undertaken
by Intel [8, 9], IMEC [10] and Infineon [11] are encouraging examples in the transition
from academic hero-devices to reliable industrial devices that leverage the knowledge of
the semiconductor industry.

Here, we report on the advancements of the Si/SiGe heterostructure grown at TU
Delft via RP-CVD, which is the same technique used by the semiconductor industry.
The studies focused on improving the disorder and electrostatics chapter 4, the charge-
noise chapter 5, and the valley splitting chapter 6. These are three of the most impor-
tant parameters in qualifying a Si/SiGe heterostructure hosting electron spin qubits. In
chapter 4, we exploit the low-temperature passivation of the topmost SiGe spacer and
demonstrate lower disorder and an improved uniformity on a wafer scale compared to
the more traditional growth of a sacrificial Si cap. The uniformity of the electrostatic po-
tential is fundamental in accumulation mode devices to ease the tuning and reliability
of quantum dots. Here, we also demonstrate that such heterostructures can sustain a
larger maximum electric field, which is one of the underlying mechanisms also driving
the Valley splitting. In chapter 5, we draw our attention to the thickness of the Si quan-
tum well and the dislocation arising at the interface with the SiGe buffer. We prove that
even if the epitaxial Si/SiGe interface ensures a very low level of disorder, dislocations at
such interface still substantially contribute to the charge noise experienced by the elec-
trons trapped in the Si quantum well. We continue the analysis in chapter 6 where we
fine-tune the thickness of the Si quantum well and demonstrate Si/SiGe heterostructure
with low disorder and high valley splitting. In contrast with other methods relying on
increasing the alloy scattering by introducing Ge inside the quantum well to enhance
the valley splitting at the cost of increased disorder, our heterostructures can show re-
spectable values of valley splitting and high mobility at the same time. In chapter 6, we
also raise awareness of the strain fluctuation arising from the virtual substrate and the
length of the roughness arising from the cross-hatch pattern, which will probably be of
interest in larger micrometre-scale devices.

Besides the spin qubit groups at QuTech and TU Delft, the heterostructures described
in this thesis have been used by a growing number of research groups, including the
groups of Seigo Tarucha (RIKEN - Japan), Dohun Kim (Seoul - South Korea), and Lars
Schreiber (Aachen - Germany). This gives us confidence about the reproducibility of the
results independently of the specific designs and fabrication conditions. In the follow-
ing, we highlight a few directions we think necessary to address when scaling to larger
arrays in the coming years.
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7.1. NOISE AND ADDRESSABILITY

Gate-defined quantum dots use the electric field generated by the gate electrodes to con-
trol the spin of a single electron. In principle, the spin degree of freedom does not couple
directly with the electric fields. However, in all the spin qubits exploiting electric dipole
spin resonance (EDSR) control, there is always a spin-to-charge coupling mechanism
that allows for manipulating the spin state via an electric field. This greatly eases the
spin control and means that any electric noise, i.e., the charge noise, can couple in and
reduce the spin coherence. In Si/SiGe heterostructures, this spin-to-charge coupling is
provided by the gradient field of the micromagnet. The gradient depends on the ge-
ometrical dimension of the micromagnets and the distance between the electrons in
the quantum well and the micromagnet itself. In this sense, Si/SiGe heterostructures
stand compared to other platforms, exploiting intrinsic spin-orbit coupling, for exam-
ple, thanks to the possibility of engineering this gradient by acting on specific parame-
ters such as the depth of the quantum well and the thickness of the dielectric in the gate
stack. We can, therefore, choose the balance between effective control and sensitivity to
electrostatic noise.

While the careful engineering of this balance will be paramount in the future of elec-
tron spin qubits, in this thesis, we report on a few methods that ultimately reduce charge
noise in semiconductor quantum dots. In chapter 4, we focus our attention on the top-
most interface of the epitaxial heterostructure with the amorphous dielectric layers and
combine the results with the reduction in the quantum well thickness in chapter 5 to
improve the low-frequency charge noise. We explain the reduction of low frequency-
charge noise as a consequence of the reduction of remote impurities at the semiconduc-
tor/dielectric interface and misfit dislocations at the quantum well epitaxial interface.
Besides these, other parameters of the heterostructure and material stack could also be
explored to improve the electric noise environment. As said before, increasing the dis-
tance between the electrons and the micromagnet directly affects the magnetic gradient
used for the qubit control and, therefore, makes them less sensitive to electric fluctua-
tions. At the same time, it also moves the electrons away from impurities and charges
trapped in the dielectric and places them in a quieter environment. Next, carbon and
oxygen contamination are also known to be strong scattering sources for electrons in
the Si quantum well, limiting mobility, forming spurious and unwanted quantum dots
and possibly increasing charge noise. Here, increasing the temperature of the growth of
the SiGe spacer might be beneficial, especially now that the interfaces to the quantum
well are voluntarily broadened to increase the alloy scattering. Ultimately, the careful
engineering of the dielectric and gate stack will be fundamental to ensure a very low
density of interface traps and further lower the charge noise level. Industry-fabricated
devices already show effort in this direction [9].

As we explored in chapter 5, reducing charge noise also means that the average num-
ber of two-level systems (TLS) generating the noise and interacting with the quantum
dots enters a regime where the noise power spectral density assumes a well-defined
1/ f 2 behaviour that permits the identification of the contribution of single TLSs. In this
regime, the remaining TLSs could probably be tuned with the same electric gates used
to operate the qubits in a weak interaction regime and ultimately increase coherence.
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Figure 7.1: Magnetospectroscopy of two four-dots devices. From a to d magneto-spectroscopy measurements
of the four dots (P1 to P4) of a linear four-dot device as a function of the external parallel magnetic field (B).
e to h magneto-spectroscopy measurements for the four dots of a lithographically identical device as for a to
d. For the external dots P1 and P4 (a and d) close to the electron reservoir we scan the 1e → 2e addition line
loading from the sensing dot, while for the inner dots P2 and P3 (b and c) we scan the inter-dot transition
(1,1) → (0,2). The Singlet-Triplet splitting (EST ) extracted from the fit of the curves to the theoretical models
and gate lever arm (α) extracted from the slope of the trace as a function of the magnetic field are shown. These
measurements confirm the high single triplet energy splitting values independently of specific fabrication runs
and wafer growth.

7.2. VALLEYS AND SINGLE-TRIPLET SPLITTING

Electron spin qubits in Si suffer from the quasi-degeneracy of the conduction band,
known as valleys. The energy splitting between these two states can widely range from
20 to 300 µeV even in the same device for dots a few hundred nanometers apart. The
current theories of valley splitting predict a distribution of values starting from zero with
an average that depends on the characteristics of the heterostructure and confinement
experienced by the electrons in the quantum well. Multiple heterostructures [12] have,
therefore, been proposed to increase the average of the valley splitting distribution and
avoid the occurrence of very low values.

In this thesis, we report many surprisingly high values of valley splitting. Moreover,
we did not encounter any occurrence of low values that could prevent the qubit opera-
tion, i.e., below 100 µeV. In chapter 6 we report on the characterization of two different
devices both showing high values of valley splitting on multiple quantum dots. Figure 7.1
confirm these findings on another device fabricated on a different but nominally identi-
cal heterostructure, which gives us confidence in the robustness of our results indepen-
dently of the specific growth and fabrication conditions.

In this thesis, we use magnetospectroscopy of the 2-electron transition to charac-
terize the Singlet-Triplet splitting of the quantum dots. This is a lower bound, and it
converges to the single-electron valley splitting in the case of tightly confined quantum
dots in which the exchange interaction is much smaller than the single-electron energy
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scales. However, precise measurements of the single electron valley splitting in their het-
erostructure are missing. This could be done with other spectroscopy techniques using
only single electron occupation, such as the pulsed spectroscopy [13] and the detuning
axis pulsed spectroscopy [14], which will also give information about the confinement
and the orbital energy. Although precise, the measurements of single quantum dots do
not allow us to easily acquire enough statistics to fully sample the distribution of the
valley splitting. In this case, shuttling [15, 16] has also emerged as a powerful tool for in-
vestigating the valley splitting distribution and finding the hotspots with very low values.
Comparing such distribution with the theoretical prediction could ultimately shed light
on the mechanism driving the valley splitting in these heterostructures.

7.3. FUTURE SI/SIGE HETEROSTRUCTURES
The main advantage of semiconductor spin qubits is that they can leverage the knowl-
edge already developed by the advanced semiconductor industry. In this thesis, we high-
light and improve multiple material metrics that ultimately affect single electron and
qubit performances. We used metrics already used by the classical electronics commu-
nity, such as mobility and percolation density, and metrics closer to the quantum infor-
mation community, such as quantum mobility, charge noise and valley splitting. Still,
the Si/SiGe heterostructures presented here are far from perfect, and there is room for
improvement on multiple sides.

The full purification of the heterostructure is still desirable to place the qubit in a
nuclear spin-free magnetic vacuum. While there is no physical impediment to its real-
ization, it is important to be aware of the technological challenges in its pursuit. First, a
new precursor bottle must be added to account for the purified 70Ge and the CVD tool
needs to be modified accordingly. Next, the new precursor gas has to match the puri-
fied Si to allow for the growth of both specimens simultaneously. In this sense, having
a Si bottle with a high concentration (> 10%) is desirable to be able to sustain a reason-
able flow while growing Si-rich SiGe substrates. This will also be necessary to grow fully
purified quantum wells with a Ge concentration on the inside.

In chapter 6, we discuss the surface roughness arising from the threading disloca-
tion network in the SiGe virtual substrate. This is a challenge to device integration in
semiconductor foundries that is usually worked around by using chemical-mechanical
polishing to flatten the surface before growing the topmost active layers. However, the
strain fluctuation associated with the same dislocation network will remain and pose a
critical challenge to address in scaling quantum dot arrays in the NISQ era beyond the
micrometre scales.
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