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Abstract

The pursuit of efficient quantum computation relies on the deve-
lopment of scalable quantum computing architectures. This mas-
ter’s thesis explores the realm of spin qubit shuttle (SQS) devices
as a mid-range coherent link within such architectures. Through
meticulous experimentation and analysis, this study investigates
the spin coherence and decoherence dynamics of electrons in Si/-
SiGe heterostructures, coupled with the assessment of valley split-
ting and characterization of various heterostructure configurati-

ons.

Operating within a cryogenic environment at millikelvin tempera-
tures, the research delves into the behavior of SQS, focusing on
coherent shuttling of spin states over distances up to several micro-
meters. A significant outcome is the observation of indications of
motional narrowing, highlighting the coherent nature of electron

transport within the device.

The primary objectives of this master’s thesis encompass the iden-
tification of suitable experimental devices, the comparative assess-
ment of distinct Si/SiGe heterostructures, and the comprehensive
examination and theoretical description of electron spin coherence
and motional narrowing. The outcomes of this work bear implica-
tions for the realization of scalable quantum computing paradigms
based on spin qubits. By attaining coherent shuttling capabilities,
a significant advancement has been achieved towards the imple-
mentation of practical and scalable quantum computation archi-

tectures.
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Chapter 1

Introduction

1.1 Motivation

Moore’s Law, the compass guiding decades of exponential classical computing prowess
through the consistent doubling of transistor counts on integrated circuits approximately
every two years, now finds itself on the brink of its own limitations [IH3]. As the constraints
stemming from the physical attributes of semiconductor technology become progressively
apparent [4H6], a resounding call emerges to embrace quantum computing as the pivotal
successor. This quantum revolution bears the promise not only to navigate around these
constraints but also to perpetuate and amplify the trajectory of computational advance-

ment.

With this, it has the potential to guide us into the next generation of computing, possibly
solving some of the hardest problems efficiently. First sources already report a quantum
advantage in comparison to classical computers [7}, [§]. In order to solve genuine problems,
we need quantum computers with up to a million quantum bits [9], so called qubits, which
is the smallest unit of information in a quantum computer and therefore the analogue to

bits in a classical computer [10].

While all of the necessary ingredients to build such a quantum computer have been im-
plemented on different hardware platforms, the scaling of those to large qubit numbers

remains a challenge in all of them [IT], [12].

In 2022, IBM released the "Osprey" quantum processor [13]. Boasting 433 superconduct-
ing qubits, it holds the record for the most qubits in a quantum computer as of that date.
However, this count remains far from the required number of qubits needed to construct a
truly useful quantum computer. While state-of-the-art methodologies for constructing and
maintaining such systems are effective for this relatively modest qubit count, a significant
increase in the number of qubits entails addressing the extensive tuning effort demanded
by current devices. Furthermore, a pressing challenge arises from the limitation of conven-
tional dilution refrigerators, which are ill-equipped to handle thousands or even millions
of control lines. The potential for a dense arrangement of numerous spin qubits within

a confined space further exacerbates the intricacy of the wiring scheme [I4], I5]. This
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Chapter 1 Introduction

issue, known as the fan-out problem, represents another significant bottleneck in quantum

computing [16].

Spin qubits serve a pivotal role in this context. Solid-state qubits, utilizing electron spin as
an inherent implementation of a two-level system, were initially proposed by Daniel Loss
and David DiVincenzo in 1998 [I7]. The electrons are postulated to be confined within
quantum dots, a discovery that was recently honored with the Nobel Prize in Chemistry
in 2023. Even though the work of Bawendi, Brus and Ekimov is completely different to
the sense in which we use quantum dots, the Nobel Committee explicitly honors the fact
that this work was conducive to quantum dots in semiconductor structures as we use them
[18]. Essential foundational components requisite for the operation of a silicon spin-qubit
based quantum computer have been successfully demonstrated, including high single- and
two-qubit gate fidelities[I9H25], alongside new readout strategies|26} 27] as well as robust
readout fidelities[28] 29].

To date, devices accommodating up to six individually controllable, physical spin qubits
have been realized [30]. Moreover, several proposals for spin-qubit-based architectures
have emerged [14] 15, 31 B32], promising both facile scalability and compatibility with
industrial applications [16, B3] [34]. One important part of all the proposed architectures
is a mid-range coherent link between qubits or qubit registers, which will be the main

issue for this thesis.

1.2 Outline

In this thesis, we describe one implementation of such a mid-range coherent link, which
we call a spin qubit shuttle (SQS) device [35].

In chapter 2] we will further introduce some of the concepts previously mentioned. First,
we will explain the theoretical foundation of single-electron-transistors, quantum dots
and spin qubits. We will then describe recent advancements in silicon-based spin qubit
systems as well as different architecture proposals to scale up such systems. Next, the exact
layout and implementation of a [SQS| will be discussed. Lastly, we will briefly introduce
the terminology and theory of valley multiplicity in silicon and describe the problems it

causes for the operation of qubits.

In the next part of the thesis, chapter [3] we describe the process of finding a sample suitable
to perform shuttling experiments with. For this, we did a mass-characterization of in-house
fabricated devices at a temperature of about 4 K. We will explain the experimental setup
and the whole measurement workflow. Also, exemplary data to each measurement and

analyse metrics and performance of different heterostructures will be shown.
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1.2 Outline

After having found a suitable device, one can cool this down to millikelvin temperatures
to perform shuttling experiments. Chapter [4] addresses charge shuttling experiments, a
type of experiment investigating the movement of electron charge without consideration
of the spin state. As an introduction to shuttling, we will explain the experimental setup,
the pulse sequence and we will show how to optimize pulse parameters for these types of

experiments.

The main part of the thesis, the measurements of spin-coherence while shuttling, will be
presented in chapter [5] We will mention the differences in initialization and readout com-
pared to charge shuttling experiments, introduce our measurement scheme and describe
how to extract the decoherence time 75 and how to theoretically describe its correlation
to the shuttled distance.

The last part of this thesis, chapter [6] will be on the measurement and mapping of valley
splitting. As an important parameter for the performance of a [SQS| the results of these

measurements will hint on how to proceed to make the [SQS| work.

Finally, chapter [7] will give a conclusion on everything that was done as well as a short

outlook on the future of this research.
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Chapter 2

The Spin Qubit Shuttle device

This chapter will introduce the background knowledge necessary to understand the ex-
periments presented in this thesis. For this, we will explain the theory behind spin qubits

and valley splitting as well as introducing the device design and proposed architecture.

2.1 Theoretical background of spin qubits

First, we will discuss some basic properties of qubits. After this, we list different ap-
proaches on how to realize a qubit with an electron spin system. Lastly, we discuss
properties of basic concepts used in the remainder of the thesis, such as single-electron

transistors and (double) quantum dots.

2.1.1 Qubits and decoherence

As already mentioned in the introduction, a qubit is the basic unit of information in a
quantum computer. Similar to a classical bit having 0 or 1 as possible values, the state of a
qubit can be any superposition of a ground state |0) and an excited state |1) in a quantum

mechanical two-level system. More specifically, we can write a general qubit state as
W) =al|0)+ 5|1, (2.1.1)

with @, € C and |o* + |8]* = 1. This state can be depicted as a state vector on the
so-called Bloch sphere, as shown in figure The probability amplitudes of the qubit

state relate to the position of this state vector by

Q= Ccos (Z) and B = e¥sin (Z), (2.1.2)

with 6, ¢ € [0,27]. Here, one degree of freedom was omitted by dropping a global phase
factor €’ as it has no influence on physical observables. The Bloch sphere representation
not only makes it easy to visualize qubit operations but also decoherence mechanisms,
which will be exceedingly important for the remainder of the thesis. We differentiate

between two different types of decoherence, relazation (fig. [2.1b)) and pure dephasing (fig.
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Chapter 2 The Spin Qubit Shuttle device

, described by a relaxation time 77 and a dephasing time T3, correspondingly. For
spin qubits implemented in Si/SiGe, T} times of several seconds as well as T5 times of
O(10ps) have been achieved. Even though the physical realization of our system is not
fully comparable to these values, the underlying physical principles are the same and the

Bloch sphere visualisation of the decoherence processes still holds.

Pure
Relaxation Dephasing

I—ll r{p

(a) (b) (c)

Figure 2.1: Bloch sphere representation of qubits and decoherence mechanisms. (a) Bloch sphere
representation of a qubit and a state vector. (b) Relaxation and excitation depicted on a Bloch sphere.
(c) Pure dephasing depicted on a Bloch sphere. The different decoherence mechanisms are denoted as
Iy =1/Ty and I', = 1/T5. Figures adapted from [36].

2.1.2 Implementing qubits with electron spins

Any quantum mechanical two-level system can be realized as our qubit. In comparison to
superconducting qubits, where the anharmonicity of the qubit and the presence of higher
states plays an important role in the operation of the qubit [36], spin qubits seem to be
the perfect contender to avoid these problems. When we use a spin-1/2 particle, the spin
can be either |1) or |]). This is a natural realization of a qubit without any higher states
we have to take into account. This allows us to use the spin of a single electron as a qubit.
We call these kinds of qubits Loss-DiVincenzo (LDI) qubits, since they were first proposed
by Daniel Loss and David P. DiVincenzo in 1998 [I7]. Such a qubit can be described by
the Hamiltonian

H(t) = i > Fi(t)o o+ %Zgi,uBBi o, (2.1.3)

(@37 @

which assumes tight electron confinement. Here, J;; is the exchange coupling, 0,7 € x,y, 2
are the Pauli operators, up is the Bohr magneton, B; is the effective magnetic field and
g; the g-factor, each at site ¢. Besides using a single spin as a qubit, since we only require
a two-level system, there is another possibility of implementing a qubit with spins. We
can use two electrons and thus two spins to implement our qubit instead. For this, we use
the singlet state |S) = %(Hl) —|11)) and the triplet state |Tp) = %(!TD +[11)) as our

6 RWTH



2.1 Theoretical background of spin qubits

two-level system. This type of qubit can be described by the Hamiltonian

Og
a5

5 (2.1.4)

Hgr, = le% + upA(gB?)
with A(gB?) being the magnetic field gradient of the two electrons in a global magnetic
field in z-direction. Even though this realization of a qubit might intuitively seem to be
more complicated than just using a single spin, it has the advantage to not be dependent
on oscillating fields, which can be hard to control in nanoscale devices [37]. For the
experiments probing the coherence of the shuttling process, we will use Einstein-Podolsky-
Rosen (EPR)) spin-pairs. In its most general form, an [EPR] pair is a pair of two qubits
that are in a maximally entangled state [38]. As the physics of such an [EPRI pair can be
described as analogous to the physics of a STy-qubit, it is evident why it is useful to know

the behaviour of an [EPR] pair as well.

2.1.3 Quantum dots and single electron transistors

To control and operate our qubits, we need to be able to confine and isolate electrons.
This is done by trapping them in a quantum dot (QD]), which can be seen as a small
semiconductor "box" containing an integer number of electrons. Electrons are confined
vertically by the given heterostructure as well as laterally by the metallic gates on top of
the device. That way, all sides impose repelling electric fields on our electrons, allowing

us to trap and control them.

Quantum dots are an important building block of a single electron transistor (SET)) which
our devices use both as an electron reservoir and a charge sensor. Usually, a [SET] con-
sists of a quantum dot, also called an island, which is connected to a source and drain
through tunnel junctions. This island is connected to a third electrode, the gate, which is
capacitively coupled to the island and allows for control of its electrochemical potential.
The makes use of the Coulomb blockade effect, which states that applying a positive
voltage to the gate lifts the blockade, and electrons can tunnel through the

2.1.4 Double quantum dots and charge stability diagrams

The layout of our devices now allows for multiple quantum dots next to each other. To
initialize an [EPR] pair or a STy-qubit in our device, we already need two neighboring
quantum dots. Such a system is called double quantum dot [39-41]. We further
assume the chemical potentials of the two to be independently controllable by the
gate voltages Vg1 and Vg, respectively. Each dot can be occupied by an integer number
of electrons. We denote these occupation numbers in the [DQD] as (nj,n2), with n; € Ny

and ¢ € 1,2. By changing the gate voltages Vi ;, we can change the occupation of each
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Chapter 2 The Spin Qubit Shuttle device

quantum dot. Assuming that the dots are capacitively coupled, adding an electron to one
of the dots changes the electrostatic energy of the other dot. An important concept to
map the occupation of the quantum dots at certain gate voltages and to quantify coupling
strength is the so-called charge stability diagram (CSDI). Figure shows a sketch of
a charge stability diagram for both an uncoupled as well as for a more realistic,

coupled double quantum dot. To conclude this section on theoretical concepts, it is worth

(ny,ny+1) | (ny+1,n; +1)

& &
o o
(n4,m2) (ny+1,13)
l'/Gl l'/Gl
(a) (b)

Figure 2.2: Charge stability diagram of a double quantum dot. (a) Two uncoupled dots. (b) Two
capacitively coupled dots with gate crosstalk.

noting that the description of the and the form of the can be explained purely
from a classical perspective and does not require any quantum mechanical concepts. This
is because the above description of a [DQD] as well as the charge stability diagrams,
completely neglect the spin of the electrons. We will come back to how to modify the

theory correspondingly in chapter [5.1

2.2 Recent advancements in silicon spin qubits

This chapter offers a concise yet comprehensive overview of recent advancements, show-
casing the state-of-the-art in silicon-based spin qubit systems. As highlighted in the intro-
duction, this type of qubit is notable for its exceptional single- and two-qubit gate fidelities
[19-25], [42], 43], which surpass the threshold required for topological error correction [21].
The confinement of electrons in Si/SiGe heterostructures is particularly promising [16] 44
46] due to their prolonged coherence times [47H49] and compatibility with silicon-based
industrial fabrication methods [16] 33, 34, 50} 51].
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2.3 Architecture proposals for scalable quantum computing

To realize practical quantum computers and networks, qubits must be effectively cou-
pled. Techniques exist to bridge distances up to millimeters by transferring the spin state
to a photon within a cavity [52-56]. However, these methods, due to the spatial extension
of cavities, are unsuitable for coupling electrons at the micron scale. As a solution, the
transfer of electrons between two quantum dots emerges as the favored approach. While
transfers have been achieved using surface acoustic waves [57H60], they introduce issues
such as uncontrolled orbital excitations from the globally generated shuttling waves. These
problems are absent when using quantum dots governed by a metallic gate array [61H64].
Initial techniques in these systems shifted electrons by individually controlling the tunnel
barrier of each interdot transition, a method termed bucket-brigade mode shuttling. This

technique has recently enabled shuttling through an array of four quantum dots [65].

However, simply scaling up these systems does not address the fan-out problem [35]. This
challenge is addressed by conveyor-mode shuttling. Unlike the bucket-brigade method,
conveyor-mode requires only a consistent number of input lines to move an electron across
nearly any distance [35] [66]. The research detailed in this thesis picks up where conveyor-
mode shuttling was recently proven as a viable concept [66], and where the theoretical
underpinnings of single-electron shuttling have been established [35]. Within the past
year, spin-coherent shuttling in longer devices at increased speeds has been demonstrated
[67, 68]. Additionally, slow charge shuttling over a length of 10 pm has been realized, serv-
ing as a crucial proof-of-concept given its requisite length for scalable architecture [69).
A significant challenge in operating these shuttle devices arises from valley splitting [70].
Recognizing that these devices can also be employed to map and identify [68] valley split-
ting, the onus is now on material science to develop better heterostructures with enhanced

valley splitting.

Nevertheless, achieving effective coupling is merely the initial step in scaling up spin
qubit systems into full-fledged quantum computers, which also necessitates additional
qubits. The highest number of individually controllable silicon spin qubits produced in an
academic setting to date is six [30]. On a commercial front, Intel recently unveiled "Tun-
nel Falls", a twelve-qubit processor slated for release to research institutions [71]. While
systems with even larger qubit counts have been developed [72], they lack individual con-

trollability, imposing further constraints on potential algorithms.

2.3 Architecture proposals for scalable quantum computing

The previous chapter listed numerous experiments that show that we are able to define
and initialize qubits and perform single- and two-qubit gates. But building a large-scale
fault-tolerant quantum computer requires millions of qubits. Thus, we need a scalable

architecture, in which the addition of physical resources must significantly raise the per-
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Chapter 2 The Spin Qubit Shuttle device

formance of the quantum computer while the influence of negative effects is not raised
accordingly [73]. For spin qubits in Si/SiGe, we expect better scalability compared to
other hardware platforms, as we can make use of the silicon industry infrastructure and
foundries. Approaches to scale up a semiconductor-based architecture using spin qubits
can mainly be divided into two classes, sparse-grid and dense-array architectures. An
example for a dense array architecture, the crossbar network [74], is shown in figure
While such an approach needs only limited control resources, it has some evident draw-
backs such as a higher demand on qubit homogeneity and larger cross-talk between qubits.
On the other hand, examples for a sparse-grid architecture are depicted in figures [2.35]
and [16, 69]. The [SQS]|device studied in this thesis can serve as a mid-range coherent

Via
=== Shuttling
= control

&4 RL
S5 control
N L

control

= Ol
control

st Qubit
S module

(a)

Figure 2.3: Architecture proposals for scaling up spin qubit systems. (a) Crossbar network architecture.
Figure taken from [74]. (b) Sparse-grid architecture. Figure taken from [16]

qubit link for several architecture proposals, mostly sparse-array architectures. Neverthe-
less, it is tailored for the SpinBus architecture [69], shown in figure This architecture
proposal would include a large number of the unit cells shown in They consist of
multiple [SQS| as shuttling lanes, as well as T-junctions to ensure scalability in two dimen-
sions, manipulation zones to perform single- and two-qubit gates, and dedicated zones for
initialization and readout of qubits. This proposal offers the benefit of requiring only a
minimal number of input lines. Additionally, different cells can share the same input lines,
enhancing its scalability relative to alternative methods. Also, the large spatial distance
between qubits practically excludes unwanted crosstalk effects. Regardless of the exact

implementation, the [SQS| should be able to operate on length scales about O(10 pum).

2.4 Device layout

Next, we further describe the design and layout of the device used in the thesis. Since
devices of similar layout will be used in all parts of the thesis, the design choices and device
properties stated here apply to everything in the remainder of this thesis, unless stated

otherwise. As mentioned before, we will call the device [SQS] short for spin qubit shuttle.
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Initialization /
Readout Zone

T-Junction
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(a) (b)

Figure 2.4: SpinBus architecture for scalable spin qubit systems. (a) Envisioned architecture for a
quantum computer that contains several unit cells as well as cryoelectronics for qubit control. Figure
adapted from [69]. (b) Unit cell of the SpinBus architecture showing shuttling lanes, T-junctions and
dedicated zones for initialization, manipulation and readout. Figure taken from [69].

It is worth mentioning that in other references it might be also referred to as quantum
bus or QuBus, SQuS and squsi [75] [76].

2.4.1 Device stack and Si/SiGe heterostructure

To use electrons as spin-qubits, we must isolate and confine them in all three spatial di-
mensions by trapping them in a guantum dot (QD]). We vertically confine electrons by
employing a heterostructure, in our case a Si/SiGe heterostructure, which is sketched in
figure We confine the electron and operate the qubit in the middle part of this ma-
terial stack, the silicon quantum well (QW]). This silicon layer lies between two layers of
silicon-germanium, more specifically Sig7Geg 3. We refer to this three-layer-stack Si/SiGe
heterostructure. On top of this material stack we find a thin silicon cap to prevent oxida-
tion of Sip7Geg.s. We laterally confine our electrons by employing metallic gates made of
Ti:Pt on top of the device. In order to isolate these gates both from each other and from

the device, they are separated by an oxide layer, consisting of AloO3.

2.4.2 Gate layout

The aforementioned gate layout of the Ti:Pt gates on top of the material stack defines
the lateral confinement of electrons and therefore highly influences the potential in the
and the functionality of the device. A sketch of the general gate layout is shown in
figure Since the middle part of an [SQS| is periodic, this structure can be fabricated
in any desired length, but the same working principle remains. We show pictures of
two different examples of devices with a different length in figure In the following, we
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Chapter 2 The Spin Qubit Shuttle device

Ti:Pt

Figure 2.5: Sketch of the material stack used for the [SQS] devices, consisting of a Si/SiGe heterostruc-
ture, an oxide layer (Al2O3) and metallic gates. The black line shows the vertical potential landscape,
the red line indicates the horizontal potential landscape once voltages are applied. The green line shows
the probability distribution of electrons trapped in the red potential. Figure adapted from [77].

Figure 2.6: General gate layout of a [SQS] device. The dots in the middle indicate that the device is
theoretically infinitely scalable to N plunger gates and N+1 barrier gates. Besides that, there is a top
gate, a plunger gate and two barrier gates on each side to form an Also, ohmic contacts are
implanted on each side.

refer to the gate layout shown in figure 2.7a] as 8-dot device, while the structure shown
in figure 2.7D] will be called long [SQS] The gates shown in figure are fabricated in
three different layers. On the first layer, there are two so-called screening gates, labelled
as ST (for top) and SB (for bottom). They confine the channel through which we want
to shuttle the electrons. In this channel, we realise a sinusoidal potential, controlled by
the clavier gates on top of the channel. The second gate layer hosts the plunger gates Psi.
They define the depth of each quantum dot. Their counterpart, the barrier-gates Bi, are
fabricated on the third layer. They determine the height of the tunnel barrier between

the dots. These plunger and barrier gates are together referred to as clavier gates. On
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Figure 2.7: BEM] pictures of different device layouts. (a) Picture of an 8-dot [SQS| device with each
gate being individually controllable. (b) Picture of a long[SQS] device. In contrast to (a), the four gate
sets are already connected.

the left (L) and right (R) side of the channel, you see four gates that form an Each
consists of two barrier gates (XBi) and a plunger gate (XP), X € {L, R}, to form a
quantum dot. These gates are also fabricated on the second layer. A top gate XT on the
third layer serve as a guide for the current path. Further, two ohmic contacts, here called

OX4, are implanted on each side of the device in the region of the top gate.

2.4.3 Potential in the SQS

With the [SQS| we want to be able to trap an electron in a quantum dot and move this
quantum dot together in space. For this, we connect each fourth clavier gate to the same
voltage, thus defining four gate sets. These are depicted at the top of figure This
configuration allows us to only use four input lines to theoretically generate arbitrarily
many quantum dots throughout the channel. When we now want to move the electron

and shuttle it through the channel, we have to apply a voltage

Vi = Agcos(p(t) — Ag;), (2.4.1)
with ¢(t) = 27 ft,
Ayp; = g(i 1) (2.4.2)

to the four gate sets i € {1,2,3,4}. Here, ¢ is the time and f the frequency of our signal.
A sketch of this is shown in figure 2:85 This pulse sequence will be further described in

chapter
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Figure 2.8: Sketch of the potentials in an[SQS]device. (a) Static potential with multiple quantum dots
arising in the Figure adapted from [69]. (b) Time-dependent potential for shuttling processes.
The intended path of the electron is indicated in blue. Figure taken from [69].

2.5 Theoretical background of valley splitting

In perfect bulk silicon, the conduction band minimum is six-fold degenerate, as sketched
in figure 2.9) The geometry of our heterostructure causes this degeneracy to be lifted.
The lattice constants of silicon and germanium differ [78], leading to strain when they
are integrated into a heterostructure. Importantly, this strain remains stable only within
specific boundaries [79]. Beyond a certain germanium concentration or when the quantum
well exceeds a particular thickness, the strain starts to relax, resulting in the formation
of dislocations. This strain splits the degeneracy into two subbands, an upper, four-fold
degenerate A-band, and a lower, two-fold degenerate I'-band. The energy difference of
these two bands is about 200 meV and therefore does not further concern us. However,
the remaining degeneracies are also lifted because of the spatial confinement caused by
the heterostructure. More precisely, the spatial confinement leads to an overlap of Bloch
waves with the SiGe potential barrier. The I'-subband splits into two energy levels with
an energy difference on the order of 100 peV, where the exact value can vary depending on
the germanium content and ordering. We call this energy difference wvalley splitting, and
the two states upper and lower valley. We denote the valleys as |+) and |—), respectively.
With this notation, we can express the state of the electron as the tensor product of a
spin state and a valley state, e.g. [1,4+) = [1) ® |[+). The level structure of the silicon
ground state under consideration of the mentioned geometric restrictions is sketched in
figure In our heterostructure, the emergence of two distinct states allows us to create
an addressable qubit. Nonetheless, a small valley splitting can lead to complications. A
larger valley splitting is thus preferable for the efficient operation of spin qubits, making it a
primary challenge in Si/SiGe systems. The problems arising due to a small valley splitting
can be mainly divided into two classes. Firstly, there can be excitations from the lower
to the upper valley. These can occur as Landau-Zener transitions while shuttling. The
valleys usually have a small g-factor difference, which causes a random, uncontrollable

phase being picked up while the electron is in the upper valley. Here, the randomness
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Figure 2.9: Sixfold degeneracy of the ground
state in bulk silicon. The ground state is de-
picted as blue ellipsoids in a silicon Wigner-
Seitz cell in the reciprocal space.
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Figure 2.10: Energy levels of strained and con-
fined silicon. The sixfold degenerate ground
state of bulk silicon is sketched. Under strain,
this ground state splits up into a A-band and a
I'-band. The latter again splits up under con-
finement, defining two valley states and val-
ley splitting as their energy difference. Figure

Energy

adapted from [76].

arises from the non-deterministic behavior of the Landau-Zener transitions. Also, it is not
directly possible to influence or control when transitions to the upper valley happen. It is
practically impossible to correct for this random phase, thus leading to information loss
[35]. Secondly, a small valley splitting allows for spin-flips from the |f)-state to the ||)-
state. As the valley splitting is fundamentally caused by the overlap of the wave function
in the with the SiGe layer serving as a potential barrier, small atomic steps in the
interface and atomic-scale crystal variations are believed to cause so-called valley splitting
hotspots, at which the valley splitting is exceptionally small and therefore a huge problem
in the operation of the [SQY| device [37, [76]. Due to that, mapping the valley splitting,
finding valley splitting hotspots and trying to circumvent them, is an important goal that

is to be discussed further in chapter [6]
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Chapter 3

Mass-characterization of in-house fabricated
devices

In this chapter, we will describe the mass-characterization of in-house fabricated devices.
The goals of these measurements are to compare different heterostructures and find out
which yields the best results as well as finding a sample that is suitable for further measure-
ments at millikelvin temperatures. The work presented here was an equal collaboration
Arnau Sala and myself. Additionally, some of the measurements were performed by Denny
Diitz and Sammy Umezawa. The measurement workflow used here is adapted and modi-
fied from the workflows developed by Niels Focke [80] and Max Beer [81].

3.1 Experimental setup for measurements at 4 K

As the samples must be cooled down to millikelvin temperatures to ensure a stable quan-
tum behaviour, even the pre-characterization to test basic functionalities must be per-
formed at low temperatures. For this, we mount a PCB with the sample connected to it
to a dipstick that we dipped in a dewar filled with liquid helium and thus cooling it down to
a temperature of approximately 4 K. The dipstick itself is made of stainless steel. Before
each measurement, it is evacuated to remove the influence of gases that condense inside
the dipstick as well as moisture. Thereafter it is refilled with a bit of helium that serves
thermal exchange gas. From inside the dipstick, 23 DC connections lead up to a breakout
box that breaks out the wiring and allows for connecting other measurement equipment
with BNC connectors. This breakout box is connected to the wiring inside the dipstick
via a hermetic Fischer connector. Linked to the breakout box, we connect two Stanford
SR830 Lock-in amplifiers (LIAK) [82], two Keithley 2400 Source Measure Units (SMUk)
[83] and one in-house built voltage source inspired by the Harvard DecaDAC. The [LTAk
each come with a voltage divider at their output, that reduces the voltage by a factor of
10~%. We connect the [LTA] to the ohmic contacts of the sample, which we use to perform
the transport measurements. The are connected to the top gate and thus serve to
measure the leakage current to the top gate while supplying a voltage to it at the same
time. The remaining lines are connected to the DecaDAC. All of these instruments are con-
nected to a measurement computer that comes with an Adlink USB/LPCI/LPCle-3488A
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Figure 3.1: Experimental setup for measurements at 4K. (a) Picture of the setup with important
parts indicated by colored frames. (b) Sketch of the setup and wiring scheme. Colors correspond to
the colored frames in (a).

IEEE488 GPIB card [84]. The full periphery of this setup including all of the instruments
listed above as well as the dipstick inside of the dewar and the measurement computer is
shown in figure and sketched in figure 3.1 Inside the dipstick, at its bottom, we
have the sample to be cooled down. The sample is connected to the DC lines inside the
dipstick through a stack of two other parts. The sample sits on an interposer, which itself
sits on a DC printed circuit board (PCB]). The is then mounted on a brass holder
inside the dipstick for thermal exchange and connected to the lines in the dipstick with a
25-pin D-Sub connector. These three layers needed to connect a sample to the dipstick,
being the sample itself, the interposer, and the [PCB| are depicted in figure [3.2 When

practically setting up the experiment and starting a cooldown, first, a sample that is to

(a)

Figure 3.2: Connection layers that connect the sample to the wiring and the dipstick. (a) [PCBl that
is attached to the dipstick. An interposer is mounted to the [PCBl and attached by nylon screws. The
lines on the interposer are bonded to the golden bond pads at its sides. (b) interposer with a sample
glued to it. The sample is bonded from bond pads on it to lines on the interposer.
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3.1 Experimental setup for measurements at 4 K

be tested must be chosen from a batch of samples. These batches are fabricated in the
cleanroom at the Helmholtz Nano Facility (HNF) [85]. This is done by pre-screening with
an optical microscope, as described in section [3.2} Next, the samples must be glued to an
interposer. This is a silicon chip that allows for flexible usage of different sample designs
on the same Furthermore, they have a high resistance at cryogenic temperatures,
which additionally helps to protect a sample from noise. In addition to that, they are
equipped with metallized routes to conduct signals from to the sample. A wafer of
interposers as we get it from fabrication is shown in figure a close up view can be
seen in [3.3b] Each interposer is 20 mm x 20 mm in size. The interposers must be cleaned
before they are ready to use. For this, we first detach the interposers from the plastic
foil. Then, we put all interposers for 5min in a bowl filled with acetone, which we in turn
put in an ultrasonic bath. After this, we put it for another 5min in isopropanol. Once
the interposer is cleaned, we can glue the sample to the center of the interposer using GE
varnish as it can still be operated at cryogenic temperatures [86]. In the next step, we
establish an electrical connection between all three parts by bonding the sample to the
interposer as well as bonding the interposer to the PCB. This is done with a West-Bond
Luxuray 2 bonder equipped with an Olympus SZ51 microscope and bond wired made of

aluminum. Two pictures of the bonded device can be seen in figure [3.4]

(b)

Figure 3.3: (a) Wafer with interposers after fabrication and dicing. (b) Close up of the wafer in

fig.

During the course of this characterization measurements, we used three different versions
of the interposer with a different layout each. The different designs, as GDS files opened in
KLayout [87], are shown in figure After we started measurements with the first version
(fig. , we soon realized the need for more high-frequency lines as well as a possibility
to easily connect multiple gates to a gate set. These problems were fixed with the second
version (fig. and further improved to ensure easier and more flexible bonding in a
third and final version . The flexibility is important here as the sample, depending
on its behavior at low temperatures, can either be used for shuttling experiments (cf.
chapter [5)) or for magnetospectroscopy measurements (cf. section , where both types

of experiments have slightly different requirements to bonding.
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(b)

Figure 3.4: (a) Picture of a bonded sample. (b) Close-up view of a bonded sample.

(a) (b) (c)

Figure 3.5: Different interposer design files used for our measurements, opened in KLayout. (a) First
version of the interposer which we started our measurements with. (b) Version 2, improved by more
high-frequency lines and a different course of these close to the sample, making it easier to connect
multiple gates to one line. (c) Version 3, a final version of the interposer, again improved by additional
bonding islands on the chip and by splitting up the aforementioned lines to enable easy connection of
different gates while still bonding to different distances from the sample.
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3.2 Optical microscope for pre-characterization

The first step of the workflow, that comes before any transport measurements is the optical
investigation of the sample. This is done by looking at it with a Leica DFC850 optical
microscope at 5x magnification. While this is certainly not suitable for resolving the [SQS|
structure as depicted on [2.7a], it definitely allows to see some larger errors in fabrication

or results of careless handling. Some examples of this are shown in figure [3.6

(c) Batch 16 Sample B1 (d) Batch 16 Sample C4

Figure 3.6: Samples under the microscope for optical pre-screening. Dark blue boxes indicate peeled
off gates or bond pads, dark blue circles show dust and other residues on the samples. Light blue boxes
show large-scale scratches, light blue circles mark gates broken only at one position. All samples shown
here are taken from Batch 16. Pictures are taken with a Leica DM2700M camera integrated in the
microscope.
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The samples shown here all come with a selection of typical fabrication faults that we
observe in this optical screening. The solid, dark blue boxes indicate bond pads that are
peeling off or ohmic contact lines that are missing. The dashed, light blue rectangles show
large-scale scratches that can occur during dicing or careless handling of the samples.
Since such scratches almost always also hit gates and destroy larger structures, we will
not use these samples further. The light blue, solid circles show broken gates. While
in this case, the fabricated structure is generally present and almost fully intact, it is
broken in some small regions which prevents a current from flowing there. Lastly, the
dark blue dashed circles mark dust and other unwanted residues either from fabrication
or from transportation and sample handling. For some of the samples, it could also be of
interest to check the sample under a scanning electron microscope (SEMI) before cooling
it down. Some examples of pictures taken after the measurement are shown and
further discussed in chapter [3.5] Typical failure modes in the gate structure are damaged
gates or misalignments in the fabrication. Both cases cannot be seen by a conventional

optical microscope but can be visualized by using an [SEM

3.3 Measurement workflow

Once the sample is selected and cooled down as explained in chapter [3.1} the actual
measurements can start. We use a standardized workflow that consists of the following

steps:
1. Accumulation of a current through the
2. Time stability measurement of the current through the
3. barrier-barrier pinch-off sweep
4. barrier-plunger pinch-off sweep
5. plunger 1D pinch-off sweep
6. Accumulation of a current through the channel without screening gates
7. Screening-gate aided accumulation of a current through the channel

8. Pinching off the current through the channel with individual clavier gates and gate

sets

Usually, for a fully working device, these measurements would be executed in exactly that
order to determine the functionality of all parts. More precisely, measurements 1 to 5 check
the functionality of the and are thus performed once for each side. Measurements 6
to 8 on the other hand check the functionality of the actual [SQS|structure. They require to

some extent successful previous measurements. It is also worth noting that measurement
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5 and measurement 7 are optional and often (but not necessarily) only performed after
the previous measurement failed. In the following, we will examine the full workflow step
by step. For this, we will first give a short explanation of the goal and measurement
procedure for each step, including a sketch of which gates to sweep and which gates to
keep at another, constant voltage. We then show one exemplary measurement to point out
what results we would expect for a fully functional device. Also, we will give a table of the
exact voltage ranges we apply to each of the gates, using the gate naming convention from
chapter Lastly, we will discuss several failure modes, possible reasons for failure,

and give a guide on how to proceed in case of error.

3.3.1 Accumulation of a current through the SET

As first part of the pre-screening, we test if we can accumulate electrons in the QW. For
this, we apply a positive voltage to all gates (XP, XB1, XB2) as well as to the top
gate (XT). Here, X is to be replaced with the left side L or right side R, as mentioned
in chapter In addition to that, we apply a bias to the ohmic contacts (OX1 and
OX2). This is sketched in figure In case we can accumulate electrons in the
the bias applied to the ohmic contacts will lead to a transport current which proves the
accumulation. The possibility to accumulate electrons in the is essential to operate
spin qubits, as we require a two-dimensional electron gas (2DEG]), which on the other

hand can only be established if we can accumulate electrons in the An example of
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Figure 3.7: Gate layout of a [SQS] device
with the gates to which we apply a voltage Figure 3.8: Measurement of accumulation of a cur-
highlighted. Gates marked with the same rent through the SET. The transport current is shown
color are always on the same voltage. The in dark blue, the leakage current in light blue.

label "x2" on the right side indicates that
the measurement is performed in exactly
this way also for the other [SET]

how a successful measurement usually looks like is given in figure [3.8 Here, both the
current measured by the [LIA] as well as the current measured by the SMU] on one side of
the device is plotted. The latter shows the current leaking through the top gate, which we
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expect to reach values of up to 500 pA after applying some voltage. Due to the unwanted
capacitances of charged gates, we expect a linear behaviour between voltage applied and
leakage current measured. We record this value as an additional check of how well isolated
the gates are from each other. Exceptionally high leakage currents will thus be treated as
failure mode of this measurement, see below. For the transport current measured by the
[LIA] we expect not to see a current until a certain voltage is crossed. We define this value
as pinch-off voltage V},,. After having crossed this threshold, we expect an exponential
rise of current. We terminate the measurement once one of the two currents has reached
the break condition, corresponding to a voltage of Vireax = V (Isgr = 1nA). This current
is high enough to either verify that we can accumulate electrons in the as expected or
classify a leakage current as too high and stop the measurement to prevent the device from
being damaged. Experience of previous pre-screening experiments [81] suggest to sweep
the voltage applied to all involved gates back to the point where the transport current
reached about 200 pA. We define this point as operating point or threshold voltage Vip.
Thus, we also define a measurement successful if we are able to reach this current. If the
voltage has reached 1.5V and the transport current is still below 200 pA, the measurement
has failed. All of aforementioned values and applied voltage ranges are summed up in table
Notably, the[LIAk should be set to different frequencies for both[SETk. This is because
significant cross-talk can occur in case two ohmic contacts from different [SETE are bonded
very close to each other on the interposer. This can result in a current being picked up

by the wrong [SET], that in case of two different frequencies will be filtered out. Next,

Table 3.1: Measurement parameters for an accumulation of a current through the [SET]

Mode Gate Instrument Voltage Resolution  Break Condition
. I[(OX) > 1 nA
Variable XT SMU 0V-15V 10 mV or I(XT) > 1 nA

XB1
Variable | XP | DecaDAC | 0V -15V | 10 mV LOX) > 1 nA
or I(XT) > 1 nA
XB2
OX1
Constant OX2 LIA 100 pVv

we will discuss some failure modes that can occur during this measurement. Examples
of measurements with each of the most commonly observed failure modes can be seen in
figure [3.9] Figure [3.9a] shows the most common failure mode, in which the shows no
dependence on the voltage. This behaviour can be the result of a variety of effects, such as
broken gates or electrostatic discharge. The next two examples, figs. [3.9b] and show
failure modes in which accumulation of a current is generally possible, but not satisfactory.
In figure [3.9b] a current is accumulated, but saturates relatively early. This behaviour is
typical for samples of the R2203 heterostructure, see chapter It makes the sample
inconvenient to use due to the small operation window and oftentimes does not even allow
a current to reach the operating point. The example in figure shows a fluctuating

curve that is not monotonously rising. This can be an indication of instabilities in the
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Figure 3.9: Failure modes for accumulating a current through the SET. (a) No current can be accumu-
lated and no voltage dependence of the current is visible. (b) Low accumulation and early saturation of

current. (c) Unusual noise, bumps and peaks in the transport current curve. (d) Diode-like behaviour
of the leakage current.

ohmic contacts or the wiring, making this sample overall not reliable. The last failure mode
shown here, figure shows a relatively normal looking transport current. However,
the leakage current shows a diode-like behaviour instead of the usual linear dependence
on the applied voltage. This could happen because of some impurities or imperfections in
the material stack leading to shorts and thus a high, systematic leakage. In addition to
these failure modes, a charging of the device can happen. This means that to many charge
carriers are accumulated in a part of the device, influencing the transport current in a way
that it becomes unstable and only occurs at increasingly higher pinch-off voltages. This

failure mode can only be resolved by a thermal cycle, meaning the sample must be warmed
up and cooled down again.
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3.3.2 Time stability measurement of the current through the SET

Assuming the accumulation measurement was successful, we perform a time stability mea-
surement next. For this, we keep all previously used gates at their operating point voltage
Vop, as shown in figure @ We again measure both leakage current to the top gate and
transport current and observe their time stability over a time span of 80s. Again, an exem-

plary, desirable result is shown in figure [3.11] The only possible failure mode here is that

200
<
£100
<
e
3 0f — transport current
leakage current
0 20 40 60 80
Time (s)
Figure 3.10: Gate scheme for time stabil-
ity measurements of the current through Figure 3.11: Results of a time stability measurement
the BET] The BET] gates shown in red are of the current through the SET. The transport cur-
all on the same voltage, being the opera- rent is shown in dark blue, the leakage current in
tion point V5, from the previous measure- light blue.

ment. The gates marked in light blue on
the right side indicate that this measure-
ment is repeated for both sides.

time stability is not given. It is quite subjective how different experimenters performing
those measurements interpreted a good time stability. As a general definition that roughly
matches this uncertainty, we define a sample as not stable in time if the transport current
is below 150 pA (which means that it significantly fell of in between of the measurements)
or if the current decreases by 2% or more during the 80s time span. An example for each
of these cases can be seen in figure However, it is worth mentioning that it can be
possible to continue with the measurements and get satisfactory results for the following
tests even if this condition is not fully met. Nevertheless, this measurement is important
to learn about the behaviour of the sample and possibly explain unsatisfactory results in

further experiments.

3.3.3 SET barrier-barrier pinch-off sweeps

Continuing the SET characterization, we now start to investigate not only the as a
whole, but certain parts of it. To start off, we conduct a two-dimensional sweep of both
barriers, XB1 and XB2, of each SET (fig. [3.13). This measurement will tell us about
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Figure 3.12: Failure modes of a time stability measurement in a SET. (a) Heavily decreasing current.
(b) Constant current that started below 150 mV.

the interplay and cross-talk of these two gates. It is important to have two individually
controllable barriers that do not influence each other strongly to form a proper quantum
dot at lower temperatures. To ensure that this property is given, we investigate if the
barriers are able to pinch-off the transport current independent from each other. Con-
sequently, plotting this measurement as in figure [3.14] we expect a rectangular region,
so-called conductive region, in the top right corner of the plot. This is as current should

be able to flow only if both barriers are so positive that the current path is open. The
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Barrier 1 voltage (V)
Figure 3.13: Gate scheme for SET barrier-
barrier pinch-off sweeps. The gates on the Figure 3.14: A successful SET barrier-barrier pinch-
operating point voltage V, are indicated off sweep showing a well-defined conductive region

in red, the gates being swept in dark blue in die upper right corner.
and yellow. All gates of the right SET are

colored in light blue to indicate that this

measurement is repeated for both sides.

voltage ranges applied to the barrier gates and constant voltages at which we keep the
other gates are summed up in table Noticeably, for our standard resolution of 20 x 20
data points, this measurement takes significantly longer than the 80s long time stability

measurement before. This means, even though we assume the currents to be stable in
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Table 3.2: Measurement parameters for an [SET] barrier-barrier pinch-off sweep.
Mode Gate Instrument  Voltage Steps  Break Condition

Variable | XB1 | DecaDAC 0V - Vop | 20 I[(OX) > 1 nA
Variable XB2 | DecaDAC OV - Vop | 20 I[(OX) > 1 nA
Constant | XP DecaDAC Vop
Constant | XT SMU Vop

OX1
Constant OX?2 LIA 100 pV

time at this point, we should take into account the possibility that failed measurements
went wrong due to a slowly decaying current and not due to non-functional barrier gates.
Having this in mind, we classify the four measurement outcomes depicted in figure [3.15)

as possible failure modes. In this measurement, figure is a typical example of one
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Figure 3.15: Failure modes of a SET barrier-barrier pinch-off sweep. (a) Sweep with only one barrier
influencing the transport current. (b) Sweep for which the two barriers have a strong cross-talk. (c)
No sharp pinch-off. Conductive region fades out to one side. (d) Only noise and no transport current
despite previously possible accumulation in the SET.

barrier gate (here barrier 2) which does not have any influence on the current. While
sweeping the first barrier gate allows for the current to be pinched off, the second barrier
gate seemingly does not influence the measurement at all. The exact opposite is depicted

in figure Here, the conductive region is triangular instead of rectangular. This
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means that the barrier gates strongly influence each other and the pinch-off voltage of
each barrier is highly dependent on the other. Such a high crosstalk is undesirable as we
want to be able to control both barrier gates individually. The third example, figure [3.15d
shows a conductive region which has the right shape, but is faded out to one side. For
such a result, it is not possible to properly define a pinch-off voltage due to the lack of a
sharp transition between a current flowing and no current flowing. However, both barrier
gates seem to be individually controllable in this sample. As a result, a sample showing
this behaviour could be further investigated if handled carefully. The last example in fig-
ure [3.15d] shows the rare result that we do not see any kind of conductive region, making
it basically impossible to further operate this SET. This could be a consequence of an

insufficient time stability. Trying to reaccumulate the device might resolve this issue.

3.3.4 SET barrier-plunger pinch-off sweeps

In the same manner as for the previously explained barrier-barrier sweeps, we now want
to verify the functionality of the plunger gate as well as characterize its cross-talk to
the adjacent barrier gates. Again, we perform a two-dimensional sweep. On the one
axis, we sweep the two barrier gates XB1 and XB2 simultaneously. The voltage range
for each barrier is given by a diagonal line cut through the conductive region in the last
measurement. On the other axis, we sweep the voltage applied to the plunger gate XP. This
is sketched in figure [3.16] Here, we expect a similar plot as for the barrier-barrier sweep,

as shown in the example figure The voltage ranges and measurement parameters for
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Figure 3.16: Gate scheme for SET Barrier voltage (V)

barrier-plunger pinch-off sweeps. The
gates on the operating point voltage V;,
are indicated in red, the gates being swept
in dark blue and yellow. All gates of the
right SET are colored in light blue to in-
dicate that this measurement is repeated
for both sides.

Figure 3.17: A successful SET barrier-plunger
pinch-off sweep showing a well-defined conductive
region in die upper right corner.

this are listed in table For this measurement, it is a bit harder to classify distinct
failure modes. This is because even for a broken or heavily damaged plunger, we can very

likely form a quantum dot in the final measurement and use the [SET] as intended. Also,
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Table 3.3: Measurement parameters for an [SET]| barrier-plunger pinch-off sweep.

Mode Gate Instrument Voltage Steps  Break Condition
Variable §g; DecaDAC 0V - Vop 20 I[(OX) > 1 nA
Variable XP DecaDAC -0.5V - Vop | 20 I[(OX) > 1 nA
Constant | XT SMU Vop

OX1
Constant OX2 LIA 100 nVvV

plots that show a faded out conductive region, which we would have classified as failure
or at least as not optimal before, can be sign of a good and normal working plunger, as
it behaves quite different from the barrier gates. As a result, this measurement can be
generally rated as optional and a device can yield perfect results with an unsatisfactory
measurement here. Still, we give two failure modes here, for which a further use of the
device should be avoided. The first failure mode is that the barriers have an influence
on the conductive region, but the plunger does not lead to any change in current. An
exemplary plot is shown in figure [3.18a It is evident that this failure mode directly
corresponds to the barrier-barrier sweep failure mode from figure In the same
manner, also for this measurement, it is possible that we cannot find any gate voltage
configuration that yields a transport current, as shown in figure In addition to the
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Figure 3.18: Failure modes for a SET barrier-plunger pinch-off sweep. (a) Conductive region only
one-sided, the plunger does not influence the transport current. (b) No transport current visible despite
functional previous checks.

typical failure modes, this measurement step also features something that could easily be
identified as a failure, but is certainly not. As shown in figure [3.19] it often happens that
the conductive region is seemingly composed of two different parts. In this example, these
parts switch at a barrier voltage of about V' ~ 0.77V. In both cases, plunger and barrier

work as intended.
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The split into these two regions is because different current paths can be taken. Either the
entire region defined by the two barrier gates and the plunger accumulates, which would
be the intended current path, or only the barriers pinch off, leading to a slightly shifted
current path that does not flow through the full region. However, the presence of
both regions more strongly suggests, rather than excludes, that the [SET] is functional.
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Figure 3.19: Different current regions in a SET barrier-plunger pinch-off sweep. One region (A)
represents the envisaged current path, the other region (B) corresponds to a current under the barriers
but not under the plunger of the [SET]

3.3.5 One-dimensional SET plunger pinch-off sweeps

The next measurement serves as an additional check of the plunger gate. In comparison
to the previous experiment, it is only one-dimensional, neglecting the exact behaviour of
the barriers and only trying to enforce an evident reaction to applied voltages, see figure
While potentially giving additional information about the plunger behaviour and
also potentially making Coulomb oscillations visible, we use this step in the measurement
workflow mostly as optional measurement in case one of the previous two measurement
series failed. If this happens, we can still be sure about the functionality of the plunger
gate, without taking the influence of the barrier gates into consideration. A common result
of such a measurement for a working plunger is shown in figure [3.21] As this sweep is
only one-dimensional and only one gate is being swept here, the possible failure modes are
relatively limited. As mentioned before, it is possible that the current does not change
with the plunger voltage, as shown in figure [3.22] This is the only failure mode usually

observed for this kind of measurements.

3.3.6 Accumulation of a current through the channel

Now that all the components for both [SETk are characterized, one can proceed with testing
the remaining gates, which form the channel of the [SQS| To test these, we first want to
see if it is possible to get a current flowing through the channel. For this, we start by

biasing the ohmic contacts of one SET with a voltage of 1V, while we do not apply a bias
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Figure 3.20: Gate scheme for a one- Voltage (V)

dimensional SET plunger sweep. The
dark blue gate shows the plunger being
swept, the gates marked in red are at the
operating point voltage V. All gates of
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peated for both sides.

Figure 3.21: Transport current for a SET plunger
1D pinch-off sweep.
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Figure 3.22: SET plunger 1D pinch-off sweep. Even for high negative voltages, we only observe a
fluctuating transport current, but no pinch-off.

to the other side. Thus, the latter does not need to be fully functional in the sense that
not all gates have to work as intended. Important here is only that a transport current
is measurable. All gates of each will however be set to their respective operating
points. Also, we set the frequencies of both [LTAk to the same value to ensure that the
current can be measured in both in the same way, meaning that otherwise one [LTA]
would filter out the current from the other [LTAL Starting from 0V, we apply a positive
voltage to all gates in the channel. This is shown in figure At a certain voltage
Vin, the channel is completely open, and a fraction of the current flowing through the
biased SET can instead flow through the channel till it reaches the ohmic contact on the
other, not-biased side. Consequently, we expect a result like figure [3:24] when plotting
the transport currents measured with each [LTAl The parameters of this measurement are
again summed up in table In this measurement, there are only two realistic cases.
Either, our measurement works as discussed before. Or it does not, which in return is also

our only failure mode. There is one easy step that can help to fix such a failure, which
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Figure 3.23: Gate scheme for accumulat-
ing a current through the channel. Each Figure 3.24: Currents through each [SET] for the
SET] is set to its corresponding operat- channel measurement. At about 1V, the current
ing point, all the gates in the channel are in one [SET] increases while the current in the other
swept together. SETldecreases, showing that a current flows through
the channel.

will be discussed in the following section. It is worth noting that the break condition of
this measurement is different to the previously described experiments. We do not want
too apply high voltages that can lead to a charged device. Thus, once we see clearly
that forming a current through the channel is possible (which would be at about 1V in
figure , we can stop the measurement as we do not get any additional information

(but a higher risk of charging) from continuing the sweep.

Table 3.4: Measurement parameters for accumulation of a current through the channel.
Mode Gate Instrument  Voltage Resolution = Break Condition

Variable | Channel | DecaDAC 0V - 1.5V | 10 mV I[(OX) > 1 nA
Optional gg DecaDAC 0V - 1.5V | 10 mV I[(OX) > 1 nA
LB1
Constant | LP DecaDAC Vop, L
LB2
RB1
Constant | RP DecaDAC Vop, R
RB2
Constant | LT SMU Vop, L
Constant | LT SMU Vop,R
Coustant | OrL LIA 100 uV
onstan OL2 u
OL1
Constant OL2 LIA 0.4 pVv

3.3.7 Screening-gate aided channel accumulation

As an important note before this section, everything here is optional in the sense that
this step in the measurement routine would be and should be skipped if the measurement

previously presented was successful. However, as this is often not the case, and the mea-
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surement presented here is often forgotten, we decided to dedicate it its own chapter and
promote it to a step in the workflow. For the measurement itself, we repeat the procedure
of the previous step, except that now in addition to all gates in the channel we also apply
a voltage to both screening gates ST and SB, as shown in figure [3:25] This almost guaran-
tees a current in the channel as it strongly enhances the tendency of electrons to also flow
through the channel to the on the other side. An example of why this measurement

Figure 3.25: Gate scheme for screening-gate aided accumulation of a current through the channel.

is important is shown in figure First, in figure[3.26a], you see a failed measurement of
the channel current without the screening gates. Next to it, figure [3:26D] you can see that

additional sweeping of screening gates leads to a functional and working channel. One
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Figure 3.26: Measurement of currents through both to prove a current flowing through the
channel. (a) Measurement without screening gates. No change in currents that indicate a current
flowing to the channel can be seen. (b) Measurement of the same device, now with screening gates.
Here, a current through the channel will be formed.

drawback of this method is however, similar to the accumulation of the SET, sweeping the
screening gates together with all the other gates usually means that the voltage applied to
the screening gate is higher than necessary. This could already be improved by step-wise
increase of the screening gate voltages and repeating the normal channel measurement
once for each step. Regardless of this, our implementation has the advantage that it is

simply faster and overall allows for a higher throughput of samples.
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3.3.8 Individual gate and gate-set pinch-off measurement

Lastly, knowing that a current through the channel is generally possible, we try to pinch-off
this current by sweeping down each individual clavier gate or gate set until the current path
is blocked, as depicted in figure The voltages applied to each gate are summarized
in table In a perfect case, as in figure [3:28] all gates and gate sets can pinch of the
current individually, proving that they all work as intended and none of them are broken

or otherwise damaged.
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Figure 3.27: Gate scheme for pinch-off
measurements of individual gates or gate
sets. Each sweep is shown in a different
color. For each sweep, all other gates are
on the channel voltage V¢,.

Figure 3.28: Pinch-off measurement of individual
gates and gate sets.

Table 3.5: Measurement parameters for individual gate and gate-set pinch-off measurements.

Instrument = Voltage Resolution = Break Condition

Variable Individual gate DecaDAC 0V - 1.5V | 10 mV I[(OX) > 1 nA
or gate set

Constant Ol @lnzimsl DecaDAC Veh
gates
ST

Constant SB DecaDAC Ve
LB1

Constant | LP DecaDAC Vop,L
LB2
RB1

Constant | RP DecaDAC Vop,R
RB2

Constant | LT SMU Vop, L

Constant | LT SMU Vop, R

Constant Ol LIA 100 uV
OL2
OL1

Constant OL2 LIA 0.4 uV
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The voltages and voltage ranges applied to each gate are displayed in table For this
measurement, there are two common failure modes that can apply to each individual gate.
Either, as for example in figure the transport current does not change at all when
applying a voltage to the gate. This can happen when the gate is completely broken or
if a bond-wire from interposer to the sample was forgotten for this gate or because the
bond has peeled off. Alternatively, as shown in figure the gate shows some voltage
dependent behaviour, but rather a linear curve instead of the typical pinch-off curve. A
reason for this could be strong cross-coupling of the channel gates. In both cases, it is
also possible that the pinch-off happens for negative voltages, which are often not tracked
in this measurement. So one should take into account that in some cases, a failure for
this measurement does not necessarily mean the device is broken. Also, with sweeping
each gate up and down, hysteresis effects can be induced. Because of this, one should
pay attention to the order of the measurements to see if non-working gates could possibly

be explained that way. With this measurement, the workflow is complete. A sample
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Figure 3.29: Failure modes of pinch-off measurements of individual gates and gate sets. (a) Linear
current to voltage relation for which gates work, but do not show a sharp pinch-off. (b) Gate B1 is not
bonded and does not respond to changes in voltage. Exemplary for how a broken gate behaves.

passing all of these tests will be classified as perfect and completely suitable for further
experiments. However, one should note that the thresholds and tests mentioned here are
selective in a way that false-positives are surely excluded. As a trade-off, false-negatives,
meaning fully functional samples that have been sorted out in the workflow, are likely so

that this possibility should be considered before destroying certain samples.

3.4 Improvements with automatic tuning

While the workflow described in the previous chapter works relatively well for a small
number of samples having to be characterized, scaling up this pre-screening approach is
not sustainable. This is mainly because it has three major disadvantages that can only

be further optimized by a larger change of the setup and measurement protocol. Firstly,
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the measurement is still fairly time consuming. Decreasing this time needed to mount,
cool down and measure the samples is currently being worked on. The setup described
in chapter is about to be completely replaced with a new setup that circulates helium
and allows for cooling down multiple samples at the same time. Also, the measurement
framework will be migrated from QcoDeS to QuMADA [88] soon. This upgrade then
allows for buffered measurements which are significantly faster. Secondly, the current
workflow needs constant supervision of the measurements. We have to manually control if
each measurement terminates as expected or if we run into any of the failure modes. Then,
we have to adapt the next action (e.g. measuring again with new voltage ranges, different
resolution, or skipping steps in the measurement workflow) according to the outcome of the
previous one. As a third disadvantage, the algorithm used to pre-screen the samples is held
as simple as possible. As an example, always sweeping in the same, fixed voltage ranges
yields results of very different quality, depending on how centered the main feature we want
to observe in the measurement is. Another example is the accumulation of charges in the
QW| For this measurement, we sweep all gates with the same voltages, while it would
maybe be both sufficient and more protective to find a combination of voltages that yields
the wanted effect without increasing each voltage more than necessary. To overcome the
second and third disadvantage, we recently made the first step by implementing parts of
our workflow in the tuning toolkit, a library developed by and set up on our experiment by
Paul Surrey [89]. We further divide this section into two parts, namely the implementation
for one-dimensional and for two-dimensional sweeps. In each part, we will give a short
explanation of what the tuning toolkit framework (£f) does, what a typical output is and
how it improves our measurement beyond the above stated intention of making constant

supervision obsolete.

3.4.1 Automated tuning of one-dimensional sweeps

For one-dimensional sweeps, the main problem of the current measurement workflow is
that the same voltage is applied to all SET gate. For a functional device, the voltages
actually needed can be much lower than the voltage we apply, just finding the different
ratio of voltages for each gate is a complicated task. For this, we use a one-dimensional
tuning function. This function sweeps each gate of a [SET individually and only in a
very small region. It calculates the gradient of the voltage-dependent ohmic current and
steps each gate according to this gradient. An example of this is shown in figure [3.30]
which is put out by said function after the tuning algorithm terminates. It shows how in
each step the gate voltages are individually changed so that a loss function describing the
whole is minimized. To further quantify the effectiveness of this function, we have
performed pinch-off measurements of each of the gates both with this new gradient
accumulation (GAl) algorithm as well as with the standard algorithm which we used before.

These pinch-off measurements are plotted in figure Two curves of the same color
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Figure 3.30: Output plot of the [GAl tuning function, showing a loss function being reduced in multiple
step through individually adjusting the voltages of each [SET] gate.

correspond to the same gate, the darker shade of each color indicates the measurement
with the[GAlalgorithm. It is remarkable that this new tuning algorithm leads to an earlier
pinch-off for all gates tested. However, it is yet to be determined if this is systematically

valid for a large number of samples.
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Figure 3.31: Comparison of the standard algorithm for accumulating a current through an [SET] and
the [GAl algorithm. Individual pinch-off measurements for each GET] gate are plotted for both methods.

3.4.2 Automated tuning of two-dimensional sweeps

The main issue with the two-dimensional sweeps is that we perform these measurements
without knowing much about the properties of each SET before. Thus, the feature we
want to see (e.g. the conductive region in a barrier-barrier sweep) can be barely to not
visible at all due to the chosen voltage ranges. Even though having a barely visible

feature can be enough to verify functionality in some cases, it is not suitable for further
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analysis or derivation of device characteristics. Thus, we implemented a function that
automatically finds the conductive region in a barrier-barrier sweep. This is done by
performing a low-resolution measurement at an almost randomly initialized position and
then calculating the gradient of these data to determine in which direction to change
the voltage ranges. These steps (coarse measurement, calculating the gradient, changing
voltage ranges for the next measurement) is performed Niypne times and terminates before
if the lower left corner of the conductive region is found. This is shown in figure [3.32]
After this, a full high-resolution scan as in figure [3.33| is performed. This scan has the
corner of the conductive region centered and is thus suitable to read off pinch-off voltages
and further device characteristics. Here we have given the barrier-barrier sweeps as an
example. However, this function is directly applicable to barrier-plunger sweeps as well.
Consequently, with these results, this function strongly enhances the quality of the two-

dimensional sweeps without needing more resources.
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Figure 3.33: Measurement of an [SET| barrier-
barrier sweep after finding the corner with the new

Figure 3.32: Output of the corner finder algorithm. The corner of the conductive region is
function, showing how the corner in an[SET! centered in this scan.

barrier-barrier sweep is approached by sev-
eral low resolution scans. For each step, the
voltages applied to the two barriers are ad-
justed.

3.5 Sample statistics and heterostructure comparison

This section deals with a broader analysis and comparison of the samples we measured.
The goal of this analysis goes beyond the initial purpose of pre-screening the devices,
which is to identify good candidates for upcoming measurements. Here, we especially
want to qualitatively (section and quantitatively (section compare different
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heterostructures, draw conclusions regarding growth of the heterostructure and fabrication

of the devices and judge which of the heterostructure to use in future fabrication rounds.

3.5.1 Sample overview and heterostructure information

The samples used for our measurements are always fabricated in batches, where samples
of the same batch were fabricated with the same settings in the same run. We performed
the aforementioned measurements on three batches, labelled batch 16, batch 17 and batch
19. Batch 16 will not be further discussed as it was only used for training purposes. Batch
19 was fabricated to test different atomic layer deposition (ALD]) processes. The results of
these measurements will be futher described in section [3.6] In this section, we will focus on
batch 17 only. This batch includes samples fabricated on eight different heteorstructures
from four different suppliers. Their specifications, mainly consisting of the thicknesses of
the layers described in section are listed in table In total, 72 samples of this

batch were investigated.

Table 3.6: Heterostructures used in batch 17.
QT694 | QI734 R2159 R2203 | S8J7367-13
TU Delft | TU Delft | Uni Regensburg | Uni Regensburg | Lawrence S.R.L. | Lawrence S.R.L. | IHP
/ / 1.5 nm 1.5 nm 2nm 2nm 1 nm 1 nm
30nm 30nm 45 nm 45 nm 30nm 30 nm 35 nm 35 nm
9 nm 5.3 nm 10 nm 10 nm 10 nm 10 nm 11 nm 13 nm

SJZ367-15

3.5.2 Qualitative analysis

In a first step, we can perform a qualitative analysis of all 72 samples we measured. This
means that we count how often we performed a specific measurement as well as how often
it succeeded and compare this for different heterostructure (HS). This shows us both how
dominant certain heterostructures were in our measurements and how well they performed.
The values for this analysis were taken from the overview table that was developed and
maintained during the experiments. To start, we look at the number of working SETk and
the total number of measured [SETk, shown in figure [3.34] Here, a working [SET]is defined
as an in which we were able to successfully accumulate a transport current above
200 pA through it. The histogram illustrates that our primary measurements were from
the QT- and R- heterostructures. Specifically, these structures have a composed of
isotopically purified 28Si. The QT- heterostructures contain 800 ppm of residual 2Si, while
the R-heterostructures have less than 60 ppm of this residual isotope. We find that for
the QT734[HS] exceptionally many [SETk work, while for the R2203 [HS| only exceptionally
few do. Furthermore it is evident that both SJZ367 heterostructures have a large number
of working [SETk. However, one should note that for these heterostructures the sample

size is very small.
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Figure 3.34: Histogram of measured and working SETs for different heterostructures. The dark blue
bars show the number of measurements of this type we performed, the light blue bar shows the number
of successful measurements.

For each [SET] that we accumulated a current through, we next tested time stability of
these [SETk. The [SETE that are stable in time compared to the total number of working
SETE is shown in figure [3.35] Generally and as expected, the numbers presented here are
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Figure 3.35: Histogram of time stability measurements for different heterostructures. The dark blue
bars show the number of measurements of this type we performed, the light blue bar shows the number
of successful measurements.

similar to the bars in figurd3.34l However, there are a few notable deviations. We see that
the QT694 has in almost all cases that are stable in time. This is surprising as
only about half of the have worked in the first measurement. On the other hand,
the number of time stable from the R-heterostructures is remarkably low. The next
histogram, figure [3.36] shows the number of samples for which both are working in

dark blue. This is the prerequisite for a measurement of a current through the channel.

RWTH Aachen University 41



Chapter 3 Mass-characterization of in-house fabricated devices

In the same figure, the number of times in which we could detect this current is shown in
light blue. Here the QT694 is again outstandingly good, as all the samples that passed

the previous tests work here. The last part of this qualitative analysis is the histogram
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Figure 3.36: Histogram of channel current measurements for different heterostructures. The dark blue
bars show the number of measurements of this type we performed, the light blue bar shows the number
of successful measurements.

in figure This shows how well the individual pinch-off measurements have worked.
This measurement is possible for each successful measurement of the current through the
channel. It is worth noting here that we only define this experiment as fully working, if
all 10 individual pinch-off sweeps showed the desired result. Thus, rational numbers as
for example 0.7 in a bar would suggest that 7 out of 10 individual pinch-off measurements
have worked, making up 0.7 of one full measurement. Notable here is that especially the
R2203 performs badly and only very few of the gates can be used to pinch-off the

current through the channel.

3.5.3 Quantitative analysis

Lastly, we can perform a quantitative analysis of some of the measurements. This means
that we look at specific values of certain parameters and see how they behave depending on
the heterostructure of the sample. One example of such an analysis is shown in figure(3.38
This plot shows the value of the pinch-off voltage V},, (the voltage at which the current
starts rising in the accumulation measurement) for each heterostructure. The random
spread of the points in the horizontal direction is only to improve visibility and has no
physical meaning here. Here, it is remarkable that especially for the QT734 [HS] all of
these values are very close together, being only in a voltage range from about 0.6V to
1V.
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Figure 3.37: Histogram of individual pinch-off measurements for different heterostructures. The dark
blue bars show the number of measurements of this type we performed, the light blue bar shows the
number of successful measurements. Fractional numbers correspond here to only a fraction of the
pinch-offs being possible.

It is also noticeable that the pinch-off voltages for the R2203 heterostructure are compar-
atively high, often even beyond our initial voltage window of 0V to 1.5V. As such high
voltages might lead to the device being charged, it is desirable to have as low voltages as

possible. The exact same trends and voltage regions can be seen in figure [3.39] This plot
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Figure 3.38: Comparison of the pinch-off voltages V,, for different heterostructures. The random
horizontal spread ensures visibility and has no physical meaning.

shows the voltage V4, at which the operating point threshold of 200 pA is reached. As
this often comes only shortly after the current starts rising, the strong correlation of these
two plots is not surprising. Figure [3.40] makes a statement about the time stability of the

samples measured. For this, the transport current at the starting position Igiay¢ is plotted
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Figure 3.39: Comparison of the threshold voltages Vi, for different heterostructures. The random
horizontal spread ensures visibility and has no physical meaning.

on the y-axis. The x-axis shows the percentage of this start current value after the time of
80s. The heterostructure is encoded in the color of the data points. The percentage of the
start current was extrapolated by employing a linear fit to the current over voltage curve
and taking the value of that fit function at 80s. This way, the effects of noise are mini-

mized. We observe that most of the points cluster in a region above a transport current
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Figure 3.40: Evaluation of the time stability measurements for different heterostructures, indicated by
different colours. Start current and the percentage of this current after 80s are shown.

of 150 pA and around an x-value of 100 %, which generally proves that most samples are
stable in time. However, it is worth noting that comparably many samples of the R2159
are not in this window, again indicating a relatively bad time stability. Also, we see
many samples for which the ratio of the start current exceeds 100 %. While this sounds

illogical at first, it can easily be explained by effects like charging of the device or similar.
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However, this means that contrary to intuition, these values are also not to be regarded
as good and desirable. In the next step of this analysis, we investigate different proper-
ties of the corner points of the barrier-barrier pinch-off sweeps. These corner points
contain various information, as the individual pinch-off voltages of each barrier gate Vpﬁ
and the symmetry of the [SETL To start off, we plot the values for each individual barrier
pinch-off voltage Vp]'z for the different heterostructures we investigated. This is depicted
in figure[3.41] Similar to previous measurements, we find that the QT734 heterostructure
works best, as visible by all the data points being in a small voltage range and generally
at low voltages. Other heterostructures, as for example QT694 or R2159 show an overall
similar behaviour, but data points distributed over a wider range, making them slightly
worse here. For the R2203 heterostructure, it was comparably hard for the algorithm to
find the corner. This combined with a low number of working accounts for the very
few data points visible here. Because of similar reasons, the L13RC heterostructure is not

shown at all. Another property interesting to look at is the symmetry S of the corner, as it
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Figure 3.41: Comparison of the barrier-barrier pinch-off voltages V;% for different heterostructures. The
random horizontal spread ensures visibility and has no physical meaning.

contains information about both barriers and the corner point instead of only evaluating

one barrier at a time. It is defined by

VBI

v 1 V87 > V!

S = (3.5.1)
vB2
e VB> VB

po

giving a number < 1, with numbers closer to one meaning that the corner is more sym-
metric. This quantity is shown in figure [3.42] for the different heterostructures in use. We
note that QT694 performs best here, with over 85 % symmetry for a large number of data

points.
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Figure 3.42: Evaluation of the barrier-barrier pinch-off sweep conductive region corner symmetry S for
different heterostructures. The random horizontal spread ensures visibility and has no physical meaning.

Lastly, we evaluate a histogram of the Vp]?) voltages for one heterostructure. We will use
QT734 as this was the heterostructure for which we measured the most samples. The
histogram including a Gaussian fit is shown in figure [3.43] Evidently from figure

—— Gaussian Fit (u=0.64, 0=0.11) ]
[ Data

1 ‘ o

0.2 0.4 0.6 0.8 1.0
Voo (V)

Figure 3.43: Histogram of the barrier pinch-off voltages Vp]?) for the QT734 heterostructure including
a Gaussian fit to the data.

fitting a normal distribution to the values of fo?; works relatively well and describes the
data sufficiently. If we would have more data points for the other heterostructures, a
similar analysis could be performed for all of them to have a well-founded comparison.
Similarly, due to a too low sample size, the measurements of the current through the

channel and the individual pinch-offs could not be analyzed more rigorously.
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3.6 Comparison of different ALD methods by testing the oxide

In the fabrication of the [SQS| devices, the oxide is deposited on the sample by atomic
layer deposition (ALD]), which is a method for uniform deposition films that can be as
thin as a single layer of atoms [90, [91]. This method comes in two different variants. On
the one hand, there is the thermal process [92], in which AlyOg is synthesized from
trimethylaluminum (TMAJ) and water in a heat reactor. On the other hand, there is the
plasma enhanced process [93], in which an O2 plasma is used instead of water. As
recently a new tool has been installed, we briefly want to compare the behaviour
of two samples for which different methods were used. The samples described here
are long [SQS| samples from batch 19. We want to quantify the stability of the oxide and
intentionally try to irreversibly break it. For this, we first connect the screening gates to
one port of a Keithley and measure the current for each possible gate or gate set
connected to the other port of the same We sweep the voltage in a range from
—2V to 2V, as we usually operate our devices in this voltage range. With this, we want
to test if the oxide breaks at such an early stage that we could not use the samples. The

results of these measurements are shown in figure From this measurements it is
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Figure 3.44: Results of the oxide test for moderate voltages and different gates. (a) Sample with the
oxide deposited by a plasma enhanced [ALDI process. (b) Sample with the oxide deposited by a thermal
IALDI process.

evident that the oxide behaved normally and did not break at the usual voltage ranges, as
we would expect a current that is by orders of magnitude larger if the oxide was broken.
This is clear from figure [3.45] For this measurements, we increased the voltage up to a
point at which we see the aforementioned high current. For the thermal processed
sample, this happens at about 8.8 V, while the oxide breaks down at 10.6 V for the plasma
enhanced processed sample. Due to the low sample size this is certainly not enough
for a comparison of these two methods. But as in both cases the voltage needed to break
the oxide is similar and comparably high, it can be expected that both processes work

similarly well and none of them comes with greater errors.
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Figure 3.45: Comparison of the voltages at which the oxide irreversibly breaks. The samples compared
here have the oxide deposited by a thermal or plasma enhanced |[ALDI process, respectively.
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Chapter 4

Charge shuttling and parameter optimiza-
tion

Having found and characterized a fully functional sample with the previously described
measurement routine, we now come to the part where we use this sample for experiments at
millikelvin temperatures, as such low temperatures will be needed to operate our devices.
As a first step, in this chapter we present charge shuttling experiments, in which we
shuttle the electron and only track its position, neglecting its spin state. For this type
of measurements, chapter [4.4] will explain methods for optimising shuttling parameters
with respect to the shuttling fidelity, which will be defined in chapter £:3] The preceding
chapters and explain the experimental setup and the measurement procedure. The

data presented here were measured and analyzed together with Mats Volmer.

4.1 Experimental setup

The device used to perform all experiments in this chapter as well as in chapters 5 and 6
is an 8-dot [SQS| device with 17 individually controllable finger gates (and thus, as shown
in figure 4.1). In contrast to the measurements at 4 K, here, both screening gates are
separated and bonded individually to ensure full control over the electrostatic potential
perpendicular to the channel. This will become important in chapter 6.4 Most of the
channel gates are bonded together according to their gate set, as described in chapter|2.4.2
However, the first plunger as well as the first two barrier gates from each side are still
connected individually. This ensures the possibility to form quantum dots from any di-
rection. After cooling, we discovered that B8 was broken, preventing us from shuttling
an electron through the entire device. Also, there is a major localization at about 1.3\
shuttle distance, which can be the reason for some experiments to fail at this point. All the
gates sets, that form the middle of the device, as well as one adjacent barrier and plunger
each are connected to bias tees on a [PCBL More precisely, this is valid for the barrier
gates B2 to B8 and plunger gates P1 to P9. In figure these gates are shown in green.
Connecting them to the bias tee is crucial to enable the fast control of these gates that
we want to use for shuttling. The remaining gates are connected to a DecaDAC (further

explained below). For the gates shown in red, an additional voltage adder is connected
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in between. The green gates are also interconnected with the voltage adder through the
corresponding DC line, enabling the DC [AWGI to apply the DC component of the pulses,

a feature particularly crucial for extended pulses such as readout or charge scans. The

Figure 4.1: Gate layout of the device used at mK temperatures. The gates shown in green are
connected to bias tees on the[PCBl The gates shown in blue are directly connected from the breakout
box to the DecaDAC while the gates in red are connected to an additional voltage adder. The white
crosses roughly indicates the region the positions at the ohmic contacts are implanted. Gates connected
within a gate set are highlighted by white lines.

full experimental setup including the electrical wiring and measurement instrumentation
is shown in figure The centerpiece of the setup is Kurt, an Oxford Triton 200 model
dry dilution refrigerator that contains the sample discussed above. The in-build magnet
can supply magnetic fields of up to Bpax = 7T and the base temperature of this dilution
refrigerator is about 40 mK. The sample is mounted on a[PCBl The used here is dif-
ferent from the used at 4 K and designed to fulfil the requirements of measurements
at millikelvin temperatures. It hosts eight fast lines, numerous DC lines and a flatband
connector, which connects it to two 24-line D-sub connectors via a flex PCB. The D-subs
are connected to twisted pair Phosphor-Bronze loom, filtered by a cold filter with 10 kHz
cutoff frequency. This cold filter sits on the mixing chamber (MC) plate. The eight fast
gates or gate sets, separately depicted in figure [£.2] are each connected to a bias tee.
These have a cutoff frequency of about 5.3 Hz. The bias tees have a radio frequency (RE])
and a DC side, with the former being connected to coaxial cables and the latter to the
flatband connector. The [RF] lines are then further attenuated by 3dB on the cold plate,
6 dB on the still plate and 20dB on the second stage (PT2) of the pulse tube cryocooler
(PTC). Thus, these lines are attenuated by 29 dB in total. These eight [RF] lines are then
directly connected to an eight-channel arbitrary waveform generator (AWGQ), more pre-
cisely a high-density AWG (HDAWG) by Zurich Instruments (ZI). Due to the attenuation
on the RE] lines, the ZI HDAWG can output a maximum [RE] amplitude of 192mV. The
remaining channels, the DC lines, lead to a 1:1 breakout box with BNC connector outputs.

All gates colored red in figure are further connected to an active gain voltage adder,
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which itself is connected to two multiplexers (MUX). Each MUX connects to a 1:5 voltage
divider and a subsequent voltage adder with the DAC channel and terminates at a second
Z1 HDAWG. The remaining gates at the voltage adder are directly connected to one of
two 20-channel DecaDACs, which similar as in chapter [3.1] are to apply distinct voltages
to a certain line and gate. The ohmic contacts that are needed to perform transport
current measurements, indicated by the [X] symbol in figure are each connected to a
Basel Precision Instruments SP983-IF I to V converter. It is set to a gain of 10, includes
a 30kHz integrated low-pass filter and is used to guarantee a high ohmic impedance. In
addition to that, a SR560 transimpedance amplifier with an integrated 10kHz low-pass
filter is used to decouple the ground. Its gain is set to 10. For the readout of the signal, we
use a dedicated measurement PC with an Alazar ATS9440 digital acquisition card. [77]

ZI HDAWG 1

ZI HDAWG 2 1
—

Voltage adder Breakout box
[ 1
20088 & T
Basel SP983-IF e
i < Still
AdB m— COld
SR560 TIA
e 00BR e MIC
1
PC with Alazar ATS9440

2x DecaDAC et Kurt”
Oxford Triton 200

Figure 4.2: Sketch of the setup used for the experiments performed at mK temperatures. The cryostat
"Kurt" is depicted with a schematic[PCBlinside. The direction of the magnetic field and the attenuation
on each plate of the cryostat are depicted next to it. The black lines indicate cables connected to each
measurement instument outside of the cryostat at room temperature.
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4.2 Pulse sequence

Having the experiment fully set up, we can now discuss the first important series of
experiments that need to be performed as preparation for coherent shuttling experiments,
namely charge shuttling. This chapter discusses the pulses to be applied to perform such
a charge shuttling experiment, which will also serve as basis for later experiments about
coherent shuttling. As a typical pulse sequence consists of four pieces, we will discuss
these pieces individually now. The pieces needed to perform charge shuttling experiments

are:
1. Loading electrons into a quantum dot
2. Initializing a single electron by setting up an isolated system
3. Applying a sinusoidal shuttle pulse to the finger gates to shuttle the electron
4. Readout by measuring if an electron is close to the or not

In the end, all of those results will be combined into a single pulse, which is why the full
pulse will be discussed after that. All of the processes described here refer to the left side
of the [SQS| since this is the side that is completely usable. However, since the device is
symmetric, all the processes could also be implemented from the other side by replacing
B1 with B9, P1 with P8, and so on.

4.2.1 Loading electrons into a quantum dot

Before having loaded an electron into our first quantum dot, we have a potential that looks
similar to the one sketched in dark blue in figure [£.:3] The gray area on the left side here
depicts the electron reservoir. By lowering the gate voltage on B1, we load four electrons
to our The potential during the loading process is shown in light blue. Notably, this
process has to be compensated by also applying voltages to P1 and B2 as all of those gates
have a non-negligible cross-talk. As B1 is 10 kHz lowpass-filtered, this process takes about

2ms.
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Figure 4.3: Sketch of the potentials under the first three channel gates during the loading process.
We start the process in the dark blue potential, move to the light blue to load an electron and then go
back to the dark blue to isolate it.

4.2.2 Initializing a single electron

After loading the electrons, we raise the barrier B1 again. This way, the system will be
isolated. From this position, we can initialize a single electron into the second [QD} A
measurement showing these regions in charge occupation is shown in the charge scan in

figure 4.4l The initialization mainly consists of two steps. First, we move the electron to
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Figure 4.4: Charge scan with charge occupation regions important for the initialization of an electron.

the second |QD| by pulsing P1. Then we close the barrier B2 by 120mV to isolate that
single electron. At this stage, the electron is prepared for shuttling and the shuttle pulse
can be applied. The potential and electron configuration after this step is shown in
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Figure 4.5: Sketch of the potential landscape under the first eight channel gates. The gray area shows
the electron reservoir. Electrons are schematically depicted as blue dots. The black horizontal lines
indicate the valley states. In the first dot, we load four electrons to overcome a potential uncertainty in
valley state. As the electron in the second dot is completely isolated, we do not know in which valley
state exactly it is, which is why the states are not shown here.

4.2.3 Shuttle pulse

To shuttle the electron, we apply a voltage
Vsi(7s) = Uisin (2775 + ;) + Cj (4.2.1)

to each gate set Si with i € {1,2,3,4}. The amplitude U; depends on the exact gate set as
the gates were fabricated in different layers. The layers are offset by approximately 10 nm
in the vertical direction. Due to this difference in spacing, we anticipate a reduced lever
arm « for the higher gates, where « is defined by F; = aU;. Thence, we define two values
of the amplitudes, Ulgwer = U1 = U3z = 150mV and Uypper = U2 = Us = 192mV. Here, the
index "lower" refers to the gates on the second layer, while "upper" describes gates on the
third layer. We mostly express this voltage difference in terms of the amplitude scaling
factor ov = 1.28 for which we get Uypper = @Ulower- The compensation of the different gate
layers is also important for the DC part C; of the shuttle pulse. In a similar manner as
before, we choose Ciower = C1 = C3 = 700mV and Cypper = @Clower = C2 = C4 = 896 mV.
These offsets serve to form a smooth DQD and DC potential, respectively. Lastly, the
phase @; of the pulse is chosen such that we get a travelling wave potential through the
1DEC. More precisely, this yields

pi = (i — 2)% (4.2.2)

with i € {1,2,3,4}. A sketch of this pulse is shown in figure
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Figure 4.6: Part of the pulse that realizes shuttling of the electron. Each sine pulse corresponds to the
voltage applied to one gate set.

4.2.4 Readout

For reading out if a charge is present or not, we use the as charge sensor. We exploit
that the quantum dot formed in the [SET] the sensor dot, is highly sensitive to local
potential variations. After shuttling for one period, the electrostatic configuration of the
gate voltages is exactly the same as before the shuttling process. Thus, when observing
a different behaviour of the [SET] we can draw conclusions to the number of electrons
close to the To optimally see differences in [SET] behaviour, we tune it to a sensitive
position, such as the turning point of one of the peaks. Practically, this means that
we can discriminate two different current levels when keeping the tuned at the same
voltages. We identify one level with an electron being close and the other level with no
electron in close proximity. These levels can be found by fitting Gaussian functions to
the results of our single-shot measurements, as described in chapter [5.3] or in this case,
knowing that we expect a high fidelity, roughly estimated by averaging over the currents in
each measurement. A plot of the current with the Coulomb peaks visible is shown in
figure[4.7] The point with the highest gradient on one of these peaks is the aforementioned

turning point.
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Figure 4.7: Barrier-barrier sweep of the left [SET| at millikelvin temperatures. The corner of the
conductive region shows Coulomb oscillations.

4.2.5 Full pulse sequence

Plugging all of these parts together, a typical pulse sequence for charge shuttling experi-

ments is shown in figure This plot shows all the channels involved in a pulse sequence

Form I Shuttle right (SR) Read | Shuttle left (SL) Read 51 DC

S1RF
S2 DC
S2 RF
S3DC
S3 RF
S4 DC
S4 RF
P1 DC
P1 RF
B2 DC
B2 RF
marker

N VAVAVAV/RIVAVAVA
\)\/ \/K/

voltage (V)
o

0 50 100 150 200 250 300
samples

Figure 4.8: Full pulse sequence for charge shuttling experiments. The different steps (load, initialize,
shuttle, measure) are labelled on top. Figure taken from [77].

and all steps from loading and initializing (I) the electron to two iterations of shuttling
and measuring, here for- and backwards, for one period each. Remarkably, this full pulse
sequence involves both constant voltages and sinusoidal voltages of very different values
and on different timescales. This variety of voltages that has to be generated on differ-
ent timescales poses a challenge to control hardware, which is often tailored for a narrow

voltage range and pulses on a well-defined timescale.
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4.3 Charge shuttling

With the pulse sequence mentioned in the previous chapter we can now load electrons
into a quantum dot and shuttle them for- and backwards. Since the device used here
does not allow for shuttling completely through the channel, we perform our experiments
by shuttling the electron for a certain distance and then shuttling it back. To quantify
this process, we introduce the charge shuttling fidelity F¢. This fidelity can be computed
by performing Niu, charge shuttling experiments. In each experiment, we shuttle the
electron one period (A = 280nm) forward and perform a measurement. Then, we shuttle
the electron one period back, and again perform a measurement. Since the as charge
sensor only measures electrons in its close proximity, we expect to measure three electrons
in the first measurement and four electrons in the second measurement of each repetition
of the experiment. If we measure exactly this, we call an experiment successful, and we
count the number of successful repetitions Ngyccess- NOW the charge shuttling fidelity can
be defined as

Nsuccess
Fo = —success 4.3.1
Ntotal ( )

An experiment can fail due to unforeseen tunneling events or other interactions in the
shuttle device that would lead to two consecutive measurements in which we find either
zero electrons or one electron. The raw data of an experiment used to determine the shuttle

fidelity is shown in figure When benchmarking the performance of a charge shuttling

I (nA)

100 - — 1 0.15

80 0.10

) 0.05

5 60

§ 20 0.00
) -0.05
20 -0.10
0 - = A8 015

0 10 20 30 40 50
#

Figure 4.9: Raw data of a charge shuttling measurement. The plot shows 100 repetitions of 50 charge
shuttling experiments, consisting of shuttling in, measuring, shuttling out, measuring. Each data point
is one of the single shot measurements, each line is one repetition of the pulse. The data points show
zero-centered currents I measured by the left SET]

experiment, there are three important parameters to consider. Firstly, we want to achieve
high charge shuttling fidelities F¢, since this quantity tells us how well our process and
device actually works. Secondly, we want to increase the shuttle frequency fg (and thus
the speed of the electron) as much as possible. Even though theory suggests a velocity
of about 10ms™! to balance out nonadiabatic effects and usability, shuttling as fast as

possible is desired because we want to perform as many operations as possible before our
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qubit decoheres. Lastly, we want to decrease the shuttling amplitude Ag. This is because
a higher amplitude corresponds to higher energies, which can easily lead to the device
heating up. Also, a minimum amplitude is needed for shuttling to work. To quantify
optimal parameter ranges, we can vary the shuttle amplitude and frequency and measure
the charge shuttling fidelity for different values of these parameters. The corresponding
plots are shown in figure and figure Regarding the shuttling frequency, analyzed

1.00 =====s" ~ 1.00 P e
- 0.75 .
F-t’ 0.75 . o0
2 0.50 : 2 050
] [3]
he] ‘ e
L 025 % 025
]
0.00 0.001 - 2
10° 10° 10° 107 50 75 100 125 150
Amplitude As (mV)
Frequency f (Hz)

Figure 4.11: Charge shuttling fidelity F¢
shown for different values of the shuttle pulse
amplitude Ag on the lower layer gates. The
vertical line indicates the point at which the
fidelity systematically starts to rise.

Figure 4.10: Charge shuttling fidelity F¢
shown for different values of the shuttle pulse
frequency f. The vertical line indicates the
point at which the fidelity systematically starts
to drop.

in figure one can clearly see that the charge shuttling fidelity is close to Fo =1 up
to a frequency of fg ~ 10 MHz after which we observe a continuous decline in fidelity.
Translating this frequency into a velocity by calculating vg = Af, we reach a value of
VSmax = 2.8ms~!. In a similar manner, we see a clear cut-off amplitude Ag min, that is
needed to shuttle electrons. Below Ag = 100 mV, the shuttling fidelity is close to zero.
For higher amplitudes, we see a steep rise in fidelity, that leads to a plateau of the fidelity
close to Fo = 1. We define the start of this plateau as our minimum amplitude, being
Ag = 125mV. With these parameters, it is still possible to maintain the simple sinusoidal
pulse sequence needed to perform shuttling processes. However, further decreasing the
amplitude and increasing the frequency of the applied pulse is possible. Methods how to

further optimize these parameters will be discussed in the following.

4.4 Parameter optimization

The decrease of charge shuttling fidelity F¢ beyond certain threshold values of pulse
amplitude and frequency is likely caused by imperfections in the device, such as broken
gates, strong cross-coupling or impurities and defects in our heterostructure. The exact
behaviour of an electron encountering the latter is subject of current research [94]. For
now, it is only important that it results in the electron getting lost and thus a decrease of

fidelity. To further investigate how to overcome these effects, we introduce the concepts
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of frequency tomography and amplitude tomography. These are methods to find out how
a minor modification of the pulse can lead to a significantly improved fidelity. With these
tests, we want to investigate two things. Firstly, we want to find out if the reason for our
electron being lost and fidelity dropping is of local nature. Secondly, we want to observe if
the direction in which we shuttle has an influence on the fidelity. Consequently, we want
to modify our pulse in a way that it contains local and directional differences compared

to the standard pulse scheme.

4.4.1 Frequency tomography

As we found out before, there is a maximum frequency up to which charge shuttling with
a high fidelity is possible. We can now test locality of the decrease in fidelity by increasing
the frequency of the pulse only in a small window (here chosen to span 0.2 periods, as
shown in figure [{.12] Now, the electron gets lost only if the position of this window
matches the position of a defect or similar, as the rest of the pulse remained unchanged

compared to the ideal, fully working case. Now, we can sweep the position of this window

Voltage (V)

0.00 025 050 0.75 1.00 0.00 025 050 0.75 1.00
Periods (A) Periods (A)

(a) (b)

Figure 4.12: Altered shuttle pulse for frequency tomography measurements. The pulse now includes
a window of higher frequency. (a) Window centered around 0.2X. (b) Window centered around 0.3X.

in the pulse. With this, we should get a full map of at which positions a higher frequency
does not change the fidelity and at which position the fidelity drops because of the higher
frequency. This map is shown in figure Here, we see that only two points, z; = 0.18
and zo = 0.68 lead to a drop in fidelity. As these points are almost exactly half a period
apart, it is likely that the fidelity drop is caused by a systematic induced by the periodic
nature of the pulse and device. More importantly, this result means that, except for these
two points and their surrounding area, we can apply a much higher frequency like 60 MHz
and still maintain a near-perfect fidelity. We can extend this map and probe directionality

by splitting it into two parts, one for shuttling forward, and one for shuttling backwards.

These cases are shown in figures [4.14a] and [4.14b] respectively. Interestingly, for shuttling
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Figure 4.13: Frequency tomography results for different shuttle pulse frequencies above 10 MHz. The

charge fidelity F¢ is shown for different central positions x¢ of a small window of size 0.2\ in which
the frequency is increased to one the values shown in the legend. Two dashed lines mark the center

points of the two fidelity drops.
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Figure 4.14: Directional frequency tomography results for different shuttle pulse frequencies above
10 MHz. The charge fidelity F¢ is shown for different central positions ¢ of a small window of size
0.2 in which the frequency is increased either for shuttling in or for shuttling out as compared to one
the values shown in the legend. Two dashed lines mark the center points of the two fidelity drops. (a)

Frequency increased only for shuttling in. (b) Frequency increased only for shuttling out.

left, the plot looks almost exactly as the one in figure [£.13] while for the other direction,
all tested shuttle frequencies show close-to-perfect behaviour. Thus we conclude that the

fidelity drop is a directional effect and we have to decrease the frequency only in a small

window on the way in if we want to shuttle faster than before.
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4.4.2 Amplitude tomography

With the promising results obtained from the frequency tomography, it makes sense to
repeat the same with varying the amplitude of our shuttle pulse instead of the frequency.
For visualisation of what it looks like in this case, the changed pulse can be taken from

figure Here, we see that we decrease the amplitude in a small window. Again, we

0.00 025 050 0.75 1.00 0.00 025 050 075 1.00
Periods (A) Periods (A)

(a) (b)

Figure 4.15: Altered shuttle pulse for amplitude tomography measurements. The pulse now includes a
window of scaled amplitude. (a) Window centered around 0.25\. (b) Window centered around 0.35\.

can sweep the position of this window in the pulse to localize positions where potentially
a higher amplitude is needed. The results of this sweep are shown in figure It is
evident that around x3 = 0.5, the low amplitude is not sufficient to maintain high fidelity.
Thus, we know that we can decrease the amplitude in all parts of the pulse, except for a
small region around x3, with the size of this region depending on the amplitude we want
to use. Also, as shown in figures [f.17a] and [£.17D], we can investigate how the direction of
shuttling changes the outcome. While for half the initial amplitude, the fidelity drops at

the same position for both directions, one can see that for shuttling backwards the fidelity
already drops at an amplitude that corresponds to 70 % of the initial amplitude. As a
result, we note that also the amplitude can be optimized by adjusting it based on direction
and position in the shuttle device. As a final check of this method, we can also perform
an inverse amplitude tomography. Instead of decreasing the amplitude in a small window,
we decrease it everywhere except for a small window. The results of this measurement are
plotted in figure [£.18] Here, we would expect a constantly high fidelity. However, we see
that this only works down to a scaling factor of ag = 0.8. For an amplitude lower than
that the fidelity significantly drops, for a scaling factor smaller than ag = 0.75 even to
almost zero. It is also remarkable that when scaling down the amplitude by a factor of
ag = 0.35, even in the region that maintains the standard, unscaled amplitude, the fidelity
drops significantly. Consequently, we see that even though the general observation from
the amplitude tomography is still valid, the decrease in amplitude must happen carefully

as decreasing it for almost the full pulse influences the fidelity stronger than expected.
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Figure 4.16: Amplitude tomography results for different shuttle pulse amplitudes. The charge fidelity
Fc is shown for different central positions xgc of a small window of size 0.2 in which the amplitude
is scaled by a factor ag.
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Figure 4.17: Directional amplitude tomography results for different shuttle pulse amplitudes. The
charge fidelity F¢ is shown for different central positions zg¢ of a small window of size 0.2 in which
the amplitude is scaled by a factor ag, either for shuttling in or for shuttling out. (a) Amplitude scaled
only for shuttling in. (b) Amplitude scaled only for shuttling out.
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Figure 4.18: Inverse tomography results for different shuttle pulse amplitudes. The charge fidelity F¢
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not scaled by a factor ag, meaning it is scaled by this factor everywhere else.
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Chapter 5

Spin-coherent electron spin shuttling

In this chapter, the main findings regarding the spin-coherence of shuttled electrons will
be discussed. For this, first, we will explain how the measurement procedure changes in
comparison to the charge shuttling experiments described in chapter 4. Afterwards, we
will introduce singlet-triplet (S7p) oscillations and outline their importance as a measure
of coherence. These oscillations were recorded for multiple shuttling distances, thus chap-
ter will deal with explaining the measurement and analysis procedure of the data. In
the following, the oscillations will be further analyzed by evaluating their frequency and
amplitude. Moreover, as the oscillations present are decaying, we analyze their decoher-
ence time T5. We will introduce the concept of motional narrowing (MN]) and present
different theories to explain the measured 75 times. Also, we will show an experiment
that extends this recording of oscillation for far more than one period shuttle distance.
That way, we derive hints on the maximum distance we can shuttle our electron and still
preserve its spin state. We will finish off the chapter by showing further measurements
that map the local g-factor landscape of the [SQS| as well as some experimental proof of

entangled quantum dots.

The measurements described here were mainly conducted by Tom Struck, Lino Visser and
Mats Volmer. The data analysis was mainly performed by me, with contributions from

Tom Struck, Mats Volmer, Lino Visser, Lukasz Cywinski and Lars Schreiber.

Most of the measurements and results described in this chapter are summarized in the
preprint of a paper titled "Spin-EPR-pair separation by conveyor-mode single electron
shuttling in Si/SiGe" [67].

5.1 EPR pair initialization and Pauli spin blockade readout

Firstly, we will now describe the experimental procedure and compare it to the pulse se-
quence and the steps used for charge shuttling experiments. The overall structure of a
shuttling experiment will stay the same. We load and initialize an electron, shuttle it for-
ward, then backwards, and then measure. To probe the coherence of the electron, we want
to initialize and separate an [EPR] pair. As a two-electron-system, we can operate it in the

{1, 11D, 111,11 1)}-basis. Equivalently, we can also express the quantum mechanical
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state of the [EPRI pair in the singlet-triplet basis {|S),|T%),|To),|T-)}. Operating the
[SQS| with an [EPRI pair instead of a normal electron unlocks the possibility to use Pauli
spin blockade (PSB)) readout, a method that maps a spin state to a charge configuration
and thus making it measurable with the charge detection scheme explained in Also,
as we work with a two-electron-system now, we will always use the notation (nq,ng)
to express occupation numbers. That being clarified, in the following, the exact pulse

sequence and readout techniques will be explained.

5.1.1 EPR pair initialization

We want to initialize the [EPRI pair in the S(4,0) state, a singlet state with four electrons
trapped in the first and no electrons in the second We utilize four electrons
to ensure that the lower valley state is occupied by a singlet comprising two electrons.
While this can be disregarded during our experiments, it guarantees that, at least within
the static dot, valley splitting doesn’t lead to undesirable effects from a lone electron
hopping between states. This initialization is achieved by first pulsing to the (4,0)-region,
as indicated in figure We wait at this stage for a time 77 = 2ms to ensure that enough
time has passed for the electrons to become entangled due to their exchange interaction
as well as to relax to the |S(4,0)) state, which happens to be the ground state in this
voltage configuration. Next, we want to separate the [EPRI pair and this way prepare a
single electron in the second Thus, we apply an additional voltage of Vp; = 20 mV
to the first plunger gate P1. This way, we allow for one electron to adiabatically tunnel
from the first to the second moving to the (3,1)-region in figure This way, the
exchange interaction J is reduced while a g-factor difference Ag of the two electrons arises
as the result of their lateral separation. This will become important for the dynamics
of the system, as to be further described in chapter 5.2l The initialization is regarded
as complete now, and all shuttling experiments explained in the following start from this

point.

5.1.2 Pauli spin blockade

After having performed a shuttling experiment with the [EPRI pair, in the following step,
we want to read out the spin state of our electron system. This is put into practice by
employing Pauli spin blockade (PSBI) based readout, a method of spin state to charge
configuration conversion that will be described in the following. For this, first, we intro-
duce the energy level diagram of a singlet-triplet-system in dependence of the detuning
of the [DQD]| which is shown in figure [5.2l The detuning is defined as the difference in
electrochemical potential of the two [QDE, € = pu; — po. It is sketched in figure
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Figure 5.1: Charge scan of the [PSBl region in the closed system. It is obtained by measuring the [SET]
current for a sweep of P1 against B2. The diagonal region in the middle is due to the [PSBI
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Figure 5.2: Energy levels of a singlet-triplet system in arbitrary units. The change in energy levels with
the DQD] detuning ¢ is shown. Plotting code (yet again angrily) provided by Max Oberlander.

In figure [5.2] we observe that the energy levels are strongly dependent on the detuning e
of the More specifically, it is important to note that the ground state occupation of
our system can either be (4,0) or (3,1) depending on the detuning, which is why we want
to change the detuning in the first place. For a distinct detuning, it can now happen that
the (4,0) singlet state is energetically most favorable, but a transition from (3,1) state to
(4,0) state is forbidden due to the Pauli exclusion principle. More precisely, a transition
to the (4,0) state would mean that we have a spatial symmetry. This would require an
asymmetric spin state to fulfill the Pauli exclusion principle. In the case our system is in
a triplet state (3,1) with |To)oc(|Tl) +|11)), it is also spin-symmetric. Thus, the single
electron in the second cannot tunnel to the first quantum dot. This effect is what we
call Pauli spin blockade. It is schematically shown in As our SET that is used as a
charge detector is sensitive to the difference between a (4,0) and a (3,1) state, measuring

the charge close to the [SETI maps the spin-state of our [EPRI] pair to a charge state. When
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(b)

Figure 5.3: Sketch of the [PSB] based readout mechanism. (a) The [EPRI pair is in a singlet state,
tunneling back to the first [QD] is possible. (b) The [EPRI pair is in a triplet state, tunneling back to the
first QD] is not possible. Figure adapted from [37].

wanting to practically measure [PSBl we bring out system to the so-called region. In
a sweep of the two gate voltages of a this is a trapezoidal region inside the
(4,0) region at which the detuning has a value for which the PSB works. This region is
indicated in figure In this region, usually, the system would already be in the (4,0)

AP1 (mV)

AS1 (mV)

Figure 5.4: Charge scan showing the trapezoidal [PSBl region in an open system, indicated by dashed
lines. The characteristic shape emerges due to the ground state changing with larger detuning. The
region has an approximate width of 1 mV.

state, but as the transition to this state is blocked due to [PSBl we see a higher current
Isgr corresponding to the system still being in (3,1) state. Theoretically speaking, from
figure [5.2] we would assume a triangular instead of a trapezoidal region here, because the
detuning is changed by changes on both axes. But as for larger detunings ¢ the energy
levels undergo a second anticrossing-like behaviour, the blockade only works for a limited
range in €. Thus, a small triangle is "cut off" from the expected triangular region, leaving
a trapezoidal region behind. In figure this region has an approximate width of
1mV. The trapezoidal shape comes from the energy states for higher detunings €, which

are not shown in figure[5.2] Due a generally similar behavior as for € = 0, the ground state
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changes, which leads to the tip of the triangular region being cut off. Having completed a
shuttling experiment, we pulse to this region for approximately 500 ns, which is the time
needed for the spin-to-charge conversion. After this, the interdot barrier is raised so that
the charge state is "frozen" [95], regardless of That way, we have enough time to

perform the actual measurement for readout.

5.2 Singlet-triplet oscillations

Next, we describe coherent singlet-triplet oscillations. These are oscillations on the Bloch
sphere between spin-singlet state |S) and the unpolarized triplet state |T) which we use

to quantify coherence, similar to the the oscillations sketched in figure [5.5

|To)

|5)

Figure 5.5: Sketch of a Bloch sphere of an [EPR| pair. The singlet-triplet oscillations are schematically
shown in light blue. The dark blue arrows indicate the external magnetic field AB, and the exchange
interaction J(g) (which is zero for the oscillations depicted).

Mathematically, the [EPRI] pair can be described by the Hamiltonian

. ( ~J(e) (AgugB + Ehf>> (52.1)
5(AgupB + Ex) 0

expressed in the {|S),|Tp)}-basis. Evidently, we ignore all effects of polarized triplet
states |T4 ) here, assuming the system can be controlled well enough to restrict only to
these two states. The off-diagonal terms of this Hamiltonian drive oscillations between
the two states. These terms contain the g-factor difference Ag, which is a result of lateral
separation of the electrons as well as the external magnetic field B. Additionally, hyperfine
interactions (i) are expressed by the Overhauser energy difference Eps. As said before,
by applying the voltage Vpy = 20mV (which roughly corresponds to € here) to the first
plunger gate, we decrease J(¢) and increase AgupB. Thus, this detuning of the
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Chapter 5 Spin-coherent electron spin shuttling

finally leads to a superposition of |S) and |Tp) states. With the nonzero magnetic field
present and Ag # 0, the electrons also have different Zeeman energies. When now letting
the system evolve freely, we observe oscillations between singlet and triplet state. An
experimental realization of these oscillations can be seen in figure [5.6| These oscillations
were measured in the system without any shuttling involved.
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Figure 5.6: Singlet-triplet oscillations in a system. A sinusoidal fit with a Gaussian decay is
shown in light blue.

To further analyze these oscillations and extract parameters like the oscillation frequency

v, the amplitude A or the dephasing time 75, we fit the function

2
t
Pgy = Acos (21t + @) exp{— (Ti") } + Py (5.2.2)

to the singlet probability Pjgy, where ¢ is the phase of the oscillations, ¢ the evolution time
of the system, and P an offset factor that centers the oscillations, in a perfect scenario,
around Py = 0.5. As fit parameters, for this oscillation, the values described in table

5.1| were obtained. In the following experiments, we will continue using this formula or

Table 5.1: Fit values for the decaying sine describing STj oscillations in a [DQD|system.
Parameter ‘ Value

v (7.29 + 0.01) MHz
TS (565 + 10) ns
A (314 £ 0.4) %

slight variations of it to quantify the parameters of the singlet-triplet-oscillations, as well

as compare values for different shuttle distances with the values for zero distance (which

is the configuration) in table
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5.3 Spin-coherent shuttling

Having introduced how to initialize and readout the [EPRI pair as well as why STp-
oscillations occur and how they are our main benchmark for coherence, we can now show
measurement data and describe how to convert single-shot SET current measurements to
parameters of STp-oscillations. All the data shown in this chapter were obtained by first
loading and initializing an [EPR] pair. Then, after separating the [EPR] pair, one electron
is shuttled in for a certain distance and immediately shuttled back out again. After this,
a single-shot measurement using the [PSBl is performed. The dwell time of the electron
in the [SQS| will be denoted as shuttle time Ts. When recording the oscillations, as only
single-shot measurements are possible, recording data points for a certain shuttle distance
d for different time points is only possible by varying the shuttle velocity vg depending
on the time point to be taken. A typical data set for such a measurement is shown in
figure This data set features in total 200 x 2000 = 400000 single-shot measurements

2000 [ Dat:
17500 ata
1750 300 / E———
15000 —— Threshold
1500 275 ¢
12500 N
@ 1250 250 ”
Eel 2
2 1000 225 5 10000 ‘
g o
o il
I i
I UL
0 500 1000 1500 2000 0018 020 022 026 028 030
Toap (Ns) IseT (nA)
Figure 5.7: Raw data of a singlet-triplet os- Figure 5.8: Histogram of all raw current data
cillations measurement. The plot shows 200 obtained in one measurement of singlet-triplet
time points. The pulse is repeated 2000 times. oscillations. Fitting a double Gaussian function

(dark blue) to the histogram allows to find the
readout threshold (red line).

in which the expected oscillations are faintly visible. To get these in a better resolution,
we first need to find the readout threshold. This is a current threshold needed to classify
our measurement results, which come in the form of SET current Isgr values, as the state
of the [EPR] pair having been either |S) or |Tp). To find this threshold, we plot all the
values from one data set in a histogram, as depicted in figure [5.8] We then fit a double

Gaussian function

Ispr — 1) Temm — 1o)2
C(Iser) = A1 exp{—(SETQJM)} + A exp{—W}, (5.3.1)
o 205

to this histogram, where C is the number of counts for each bin. For this fit, we first

estimate the fit parameters by choosing A; as maximum count number in the first (i = 1)
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or second (i = 2) half of the data. Also, we estimate u; as the current corresponding
to each of these aforementioned maximum count numbers. The standard deviation is

estimated by

N, N 2
2 ) I ! I C 5.3.2
%= N ; SET,j — N1;1 seTkCr | (5.3.2)

with Niot being the total number of counts and N the number of counts in each half of
the data set.

Using these values as initial estimate for the fit function in equation [5.3.1] we can reliably
fit a double Gaussian to the histogram. The readout threshold Ii;, will than be defined
as the current corresponding to the minimal count number in the interval [u, u2]. For
all currents below this threshold, we have a comparably small sensor response, meaning
that we measured more electrons close to the sensor. Thus, any current measured below
Iy, will be assigned to a |S) state. Vice versa, any current above Iy, will be assigned to a
|Ty) state. After converting all single-shot measurements from current values to quantum
mechanical states, we also have to reshape each data set according to the number of
repetitions of the whole oscillation measurement. Averaging over all these traces will then
yield the actual singlet probability Pg, for each point in time. This process is repeated
each discrete shuttle distance d at which we performed the experiment. As a result, we
get a map of STj oscillations for different shuttle distances. Two examples of such a map

for different external magnetic fields applied are shown in figure 5.9} Notable, to further
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Figure 5.9: Maps of the singlet-triplet oscillations for different shuttle distances d. The white triangles
emerge due to the limited shuttling speed. All other data points are obtained by varying the speed to
get a certain nominal distance and time spend in the shuttle device. The colorbar shows the singlet
probability. (a) Map for B = 600mT. (b) Map for B = 800mT.

increase resolution of these maps, several oscillation traces were recorded and averaged
for each shuttle distance. Not visible here are the uncertainties for each data point, which
will become important in a part of the analysis in chapter These were estimated with
the standard error (SEl) for each individual trace.
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When averaging multiple traces corresponding to the same shuttle distance, the uncer-

tainties were combined by

1

Utraces = ZN”‘"‘CCS 2 ’ (533)

i=1 Otrace

which is the standard error of the weighted mean with inverse-variance weights.

Coming back to the data presented in figure [5.9] we notice several things. Firstly, we see
that even for shuttle distances of up to d = 1.2\, where A denotes that the distance is
measured in units of the device periodicity, STy oscillations are clearly visible and thus
show that the shuttling process is coherent up to this distance. Increasing the distance
further rapidly leads to the oscillations breaking down due to the already aforementioned
localization. Secondly, these plots hint at the fact that these oscillations are caused and
heavily influenced by the external magnetic field Bext. This further means that the effect
we observe here is indeed caused by a spin-dependent behaviour. Lastly, when trying to
fit the function [5.2.2 describing the time-dependent probability of the STp-oscillations, we
observed that most of the fits did not provide a satisfactory description of the measurement
data, some fits even failed completely. Thus, the shuttling process seems to introduce
additional effects influencing the exact shape of the oscillations. This is important for the
next step, in which we try to fit a modified function to the raw data to extract parameters
needed for a further investigation of the oscillations. In the first step, this modification

consists of extending the fit function to a double cosine function
Pisy = (A< cos (2mvTs + ¢<) (5.3.4)

2
t
+ As cos (27w>75 + 90>))€‘XP{ (T*) } + 1o
2

that keeps only one free parameter for the dephasing time while introducing a second
amplitude A, frequency v and phase . The indices i € {<,>} are chosen because we
can always identify an upper (i =>) and lower (i =<) frequency. The amplitude and
phase are classified by the frequency index in their corresponding cosine term and not
by their value. With this fitting function, a sensible description of the measured data is
possible. Two examples of such fits to the data in figure [5.9] are shown in figure [5.10
The analysis of how the fitting parameters change with other parameters such as the
shuttle distance d will be conducted in the following chapters. For the remainder of this
chapter, it is worth to note some practical considerations of these fits. Firstly, as again
initial parameters for fitting need to be given to improve the convergence of the fit, these
parameters must be somehow estimated. This estimation can be done by either extracting
parameters from the Fourier transformation of the data or from first fitting a single sine
function to the data and then again fitting a single sine function to the residuals of the
first fit. While both methods generally work, the former has proven itself to be a bit more
reliable. Also, the choice of the fitting function plays a role in how well the fit converges.

While the commonly known scipy.optimize.curve_fit fitting function works in most
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Figure 5.10: Fitted maps of the singlet-triplet oscillations. The data shown in figureare fitted with
a double sinusoidal function including a Gaussian decay. The fits are performed line wise. (a) Fit for
B =600mT. (b) Fits for B = 800 mT.

cases, the scipy.optimize.differential_evolution function has often yielded better
results. However, one should keep in mind that the latter function has some drawbacks.
For example, it is not possible to propagate uncertainties of data points to those of fit

parameters with this function.

5.4 Frequency and amplitude analysis

To continue the analysis of the experiments probing the spin-coherence of the electron, in
this chapter, the frequency and amplitude of the STp-oscillations will be further investi-
gated. To start off, we investigate how the two frequencies v- and v~ change with the
shuttle distance d. This relation is shown in figure [5.11] First, it is clearly evident that
two frequency branches, an upper branch (index >) and a lower branch (index <) best
describe the structure of the frequency points. Both branches have a similar shape, devel-
oping a peak and two valleys for small shuttle distances before continuously rising after.
These features can also be found in the maps in the previous chapter, as in figure [5.9
With this clear distinction of two branches and working fits, the data present seem to
be a good starting point for further comparing the frequencies in different branches and
for different magnetic fields. However, some of the data points seem to be oddly shifted
or out of place. As the approach of using two frequency components is of purely phe-
nomenological nature, we can easily extend it to even more components and thus try to
achieve a better understanding of the system. Before that, for the sake of completeness,
the two-component analysis of the amplitude over shuttle distance is shown in figure[5.12
In contrast to the behaviour of the frequencies, it is remarkable that the amplitudes seem
to be almost randomly distributed and not dependent on the shuttle distance d. Because

of this, in the following, they will not be explicitly included in our analysis.
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5.4 Frequency and amplitude analysis

A reason for the differences and deviations in amplitude could be the sensitivity of the
sensor during the measurement or other imperfections during the shuttling process. Thus,
the frequency remains as the best parameter to analyze and to connect to the shuttle

distance. Mathematically, the frequency can be expressed as

i=> I 0.150 v oi=>
14 i=< =<
’ 0.125
12
T o T 0100
: s
s g 5 0075
6 0.050
4 0.025 "
0 100 200 300 0 100 200 300
Shuttle distance d (nm) Shuttle distance d (nm)
Figure 5.11: Frequencies extracted from the Figure 5.12: Amplitudes extracted from the
fit in figure [5.10] plotted for different shuttle fit in figure plotted for different shuttle
distances d. Two distinct frequency branches distances d. While the amplitudes are clearly
are visible. separated, they do not show a smooth system-

atic behaviour.

d

vi(d) = hldfo e[ Ag(2) s B + ABw()] (5.4.1)
with h being the Planck constant. Further, this formula approximates d;AEL = 0:Ag =
0, and thus neglects the time-dependence of these two parameters. Also, it assumes
a deterministic and reproducible electron trajectory z(¢) in the SQS. As this formula
generally describes the frequency as the result of a distance dependent integration, we
would expect the course frequency to smooth out over distance. This is something we do
indeed observe, for example in figure Notably, as the physical origin of the arising
of different branches is still subject of current research, this formula does not depend on
the frequency branch i. Presumably the branches originate from initializing the system
to a random spin-valley configuration. All of that being clarified, as a next step in the
analysis, the frequency branches for one or different magnetic fields can be compared to
gather more information about their origin and the behaviour of the oscillations. For
this, in the following, we will first compare different branches to make a statement about
the underlying mechanism leading to these oscillations. After this, we will conclude by
showing frequency correlation plots, which again visualize the relation of different frequency
branches in a different manner. Firstly, a straightforward comparison of branches by taking
the ratio of two points for each shuttle distance is shown in figure Both branches for

both magnetic fields that were used are shown in figure [5.15
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Figure 5.13: Ratio of frequency branches for
different magnetic fields. For each ratio, upper
(>) and lower (<) frequency branches have
been evaluated separately. The horizontal line
at a ratio of 3/4 shows the expected value for
the magnetic fields in use.

Figure 5.14: Ratio of g-factor differences for
different magnetic fields. The black horizontal
line at one indicates the expected value. For
each ratio, upper (>) and lower (<) frequency
branches have been evaluated separately.

For the comparison of different frequency branches of measurements with an external
magnetic field of B = 800 mT and B = 600 mT show that the frequency ratio is remarkably
close to R, = 600mT/600mT = 0.75, which is the ratio of the external magnetic fields.
This finding is reinforced by figure Essentially, this figure shows the same data as
figure [5.13] but converted the frequency to g-factor differences by calculating

_ hv
psB

Ag (5.4.2)
This representation also serves as normalization to the applied magnetic field, thus always
expecting a ratio of Ra, = 1. This way, it is even easier to see that the oscillations
must originate from spin-dynamics of the system, as the linear dependence on the external
magnetic field applied is strongly evident. Also, we conclude that the effect of the hyperfine
interactions as described by AFEyLs must be negligibly small.

Next, we want to investigate how different frequency branches relate to each other, both
for different magnetic fields as well as for different frequency branches of the same magnetic
field measured. This can be studied by plotting the frequency correlation plot (ECPJ), two
examples of which are shown in figure[5.16] These plots always feature one of the frequency
branches as each axis. Each data point corresponds to one value for the shuttle distance d.
The color coding of the data points resembles the value of the shuttle distance, as indicated
in the colorbar. This way, the correlation of two branches with rising shuttle distance can
be investigated. Many interesting features are established by plotting the frequencies this
way. Firstly, the plot is always divided by the angle bisecting line, indicated in black. All
of the data points for two frequencies of the same magnetic field should be either above
or below this line for each [FCPl as the branches were identified by sorting the frequencies
according to their size. If the data points would cross this line, this would mean that

the assignment of frequencies to branches has failed. However, data points sitting exactly

76 RWTH



5.5 Decoherence time T35 and motional narrowing

15.01 600mT, i =< vvyv““
v
600mT, j=> vvvv"
v
1254 t 800mT,i=< B
¢ 800mT,i=> vvv
v’
N 10.01 -
\2_/ TWyy vvv'
= 751« v v S,
..0 vv VVVVV vvv .0000............
5.0 e v % v 20 ot
U7 * T A4 ...oo'
® o ° o
(R %
2.5+

00 02 04 06 08 10 12
Shuttle distance d (nm)

Figure 5.15: Both frequency branches for both magnetic fields in use plotted together.

on the angle bisecting line are allowed and not uncommon. For these points, the two
compared frequencies are the same, meaning the two branches are degenerate. If the data
points are aligned on a line parallel to the angle bisection line, the behaviour of the two
frequency branches is the same and the frequencies are just offset by a frequency v,. If in
addition to that, the frequencies are aligned on a line that is tilted in comparison to the
angle bisection line, a scaling factor a,, must be added. This means that the two frequency
branches are either getting closer or diverge, depending on the value of a,,. With these
observations, we find that in figure [5.16] in both cases, the frequencies are both scaled
and offset. For small distances, they tend to run together, while at some distance a
turning point occurs, at which they diverge. This divergence is especially evident from
the frequency over distance plots, as in figure The occurrence of this turning point
is a remarkable observation with no trivial interpretation. However, it strengthens the
observation that for smaller shuttle distances, quite a lot of different effects and dynamics
influence the system, while at some point, for larger distances, frequencies smooth out and

the changes are very little.

5.5 Decoherence time 75 and motional narrowing

Now that frequency and amplitude of the STj oscillations were sufficiently discussed, we
come back to the observation that these oscillations are decaying. In equation [5.3.4]
which was fitted to each trace of the oscillations, this decay is represented by the factor
exp(—(t/T5)?). With the exponent being quadratic in time, we here have a so-called
Gaussian decay, which will become important later. Similar as for the frequencies and

amplitudes, the dephasing time 75 quantifying the strength of the decay can be presented
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Figure 5.16: Two examples of frequency correlation plots. One frequency branch from figureeach
is plotted on the axes. The color of the dots indicates at which distance the two frequencies where
measured. (a) [ECPl for 600 mT, comparing lower and upper frequency branch. (b) [ECPI for 800 mT,
comparing lower and upper frequency branch.

in dependence of the shuttle distance d, as shown in figure In addition to the
T3 times for each distance, two different fits to the data are shown here. These will
be further explained in a later part of these chapter and can be ignored for now. As
mentioned in section[5.2] fitting equation [5.3.4]to the oscillations was practically performed
using the scipy.optimize.differential_evolution function. As this does not return
uncertainties of the fitted parameters due to its probabilistic nature, the uncertainties
shown here had to be estimated otherwise. Thus, even though yielding worse results for
the pure fits, the oscillations were additionally fit with the scipy.optimize.curve_fit
function and the uncertainties were taken from the latter. As the fit is generally less
precise, the uncertainties are a bit too large, and thus being sure not underestimate the
uncertainties.

This is also why this method of extracting errors is valid in the first place. We observe that
especially for small shuttle distances, the dephasing time seems to rise rapidly with the
distance. As electron shuttling is known to open up new dephasing mechanisms [35], this
strong improvement of dephasing time might seem surprising at first. The physical effect
leading to this unintuitive results is called motional narrowing (MN]) [35, ©96]. This effect
arises from the fact that for an electron in motion, the electronic environment is constantly
changing. Thus, the dephasing induced by nearby nuclear spins does not always come
from the same spin or same direction, but rather from different nuclear spins and other
influences throughout the shuttle device. As a consequence, any additional phase or other
types of dephasing picked up by the electron averages out the further the electron moves
and the more different configurations of dephasing-inducing objects as nuclear spins or
similar it sees. In a simple picture, one could for example imagine a free nuclear spin that
is fixed in a certain distance to the electron. Due to this nuclear spin, the electron picks
up an additional, unwanted phase factor. For a static electron, this would be a problem.
Now that we can move the electron further, due to the assumed to be random nature of

the distribution of such free nuclear spins, it is likely that the electron passes another free
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Figure 5.17: Dephasing time T3 (dark blue) plotted for different shuttle distances d. This exemplary
data set was measured at a magnetic field of 800 mT. Two different fitting functions (further expla-
nations in the text) theoretically describing the motional narrowing effect are shown in red and black,
respectively.

nuclear spin. This might be at the same distance as the first nuclear spin we imagined,
just being in the opposite direction. Thus, it would lead to the same, unwanted phase
factor being put up, but with the opposite sign. This means that both of these unwanted
contributions cancel out each other and the state of the electron is exactly as we want
it to be, with less decoherence introduced because of the electron motion. Scaling up
this imagination to plenty of free nuclear spins at contrasting differences, orientations and
positions, this averaging effect always takes place and is only dependent on the number
of configurations the electron sees, which can be directly translated to the distance it is
shuttled. After the region where the dephasing time undergoes this strong rise due to
motional narrowing, it does only fluctuate strongly and does not change systematically
anymore. Despite this being also predicted by different models for motional narrowing
(see below), additional reasons not considered in the fit could be new decoherence channels
opening up through the electron shuttling. This needs to be further investigated. Also,
as this effect heavily relies on the electron passing through different spatial configurations
of free nuclear magnetic spins, we expect it to be heavily suppressed for a device with a
QW] made of purified silicon and not natural silicon. The latter usually comes in a mix
of several isotopes. In this mix, ?8Si is the most abundant isotope making up 92.23 % of
natural silicon. Besides that, it is composed of 4.67 %2°Si and 3.10 %30Si [45, @7]. All other

isotopes of silicon are radioactive and not naturally occurring. From the previously listed
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isotopes, only 2Si has unpaired nuclear spins that can contribute to this mechanism. This
means that for purified 2®Si, motional narrowing will not work as described here. However,
since the nuclear spins induce most of the decoherence in the first place, it is still desirable
to use devices fabricated with a ?8Si as the dephasing times will be significantly higher
and thus making a mechanism such as unnecessary. Now that these details concerning
the raw data points of the 7% time have been discussed, in a next step, we will come back
to the fit functions used to describe motional narrowing. The first function, f;(d), is the
result of a semi-phenomenological approach to motional narrowing, in which we modified
a given theory for one moving electron in a quantum dot to our system of an [EPR] pair.

For clarity, this formula can be rewritten as

1 2 1 2 1 2 ) 2 l
<f1(d)> - (T;(d)> B (T2*,L> + <T2*,R> d+Cle (5.5.1)

where TQ*, 1, is the ensemble spin dephasing time of the left (and therefore static) [QD] while
TQ*’ r resembles the same static dephasing time for the right QDI However, as this |QD]
is shuttled, the contribution of this dephasing term is modified by a distance-dependant

shuttling factor i¢/(d + l¢), where l¢ is the correlation length of the quasi-static noise of
the shuttled dot due to its Zeeman energy. With this, we can identify

/ d
C

as total dephasing time of moving The general form of the two contributions from
each being inverse squared added to get the inverse square of the total dephasing time
is due to the Gaussian (and thus quadratic) nature of this decoherence mechanism. A
more detailed motivation of the origin of this formula can be found in appendix A
drawback of this formula is that it might not account for deformations of the for very
small shuttle distances, that can lead to further changes in spin dephasing time. Thus, we
chose to also fit a second, more rigorously theoretically derived function to the data. This

function is given by

1N 1N ? 1 \?
(f2(d)> _<T2*(d)> _<T2*,L> +< ;S(d)> (5.5.3)

with

2 2
# _ 1 % €_d2/2l%' B \/Elc : d
( 2*,s(d)> (T;R> [dQ( D+ — Ef(ﬁlc)] (5.5.4)

and it assumes constant shuttle velocity and no deformations in the shape of the right,
moving [QD] Further, only motional narrowing of Ey¢ is presumed. As before, a longer
motivation of this formula is attached in the appendix [C.2]
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Notably, it is exceptional that both fitting functions yield very similar results despite of
their fundamentally different derivation and approach to describe the system. As both
also fit quite well to the data, each function can be seen as a cross-check that reinforces
the validity of the other. For both fitting functions, we can now also try to estimate
the shuttle fidelity for a coherent shuttling experiment. We define the fidelity F via the

phase-infidelity of a Gaussian decay, which is given by

2
1-F=1—exp —(TS> . (5.5.5)

*
2,8

We replace 7s = 2d/vmax, as we shuttle in and out (leading to the factor two) with
maximum velocity. Now that we can evaluate the fidelity at a certain distance d, a
reasonable choice here is a distance of 1\, thus evaluating the fidelity similar to the charge
shuttling fidelity F¢. As for this distance 2d « vmax T3 ¢ approximately holds, we can
Taylor expand the exponential (e* ~ 1 + x) leading to

2
2d
=1 5.5.6
F (vmax T;S> (5.5.6)

as easy and fast approximation for the coherent shuttling fidelity. As we use the value
of the fitting functions f;(d = 1\) to find 15 g, we get two different fidelity estimations
depending on which function we use. With a distance of 2d = 21" = 560 nm, we obtain a
coherent shuttling fidelity of F; = 99.34% +0.17% for the first fitting function f;(d) while
we get Fo = 99.12% + 0.18% fidelity for the second fitting function fo(d). These values
match within their 1o error ranges, making both values compatible with each other as

well as more reliable.

5.6 Accumulated distance measurements

Knowing that we can shuttle electrons coherently can be seen as important proof-of-
principle, however this is the first step towards a truly scalable architecture as described
in chapter For such an architecture, we need to be able to shuttle electrons coherently
for distances of about 10 pm, and not just for O(100nm). Consequently, we want to try
shuttle experiments with a longer total nominal distance shuttled to evaluate how close
we are to shuttling over these distances. As our device is limited in length as well as by
the broken gate and defect-like localization, the only way left to shuttle over a distance
as large as possible is to shuttle back and forth multiple times and only performing a
measurement after all these shuttle steps. The total distance shuttled in this process is
called accumulated shuttle distance D. The STy-oscillations for various values of D are
shown in figure Contrary to the previous section, we only evaluated this measurement

for distinct values of D. Thus, it is more convenient to show the data in form of a waterfall
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Figure 5.18: Waterfall plot of singlet-triplet oscillations for different accumulated shuttle distances D.
The data for D = 8, D = 10 and D = 12 is scaled by a factor of two for better visibility. All other
amplitudes are comparable in scale. The offset in x-direction is due to the limit in maximum shuttle
velocity.

plot. This means that although the y-axis shows the value of D in the first place, the singlet
probability is still encoded in the distance of each data point from the gray line. Also,
the scaling of all oscillations is the same, unless otherwise indicated. This makes the
oscillations still comparable. One thing to note is that for D = 1 we shuttled half a period
in and half a period out again. Otherwise, also for similar experiments, values for D < 2
or D ¢ 2N would not be sensible. The time scale in this figure is the time needed to shuttle
back and forth multiple times, 7g, added to the time we spend in the configuration,
TpQD, S0 in total 7 pop = Ts + Tpgp-. It is evident that STp-oscillations are visible up
to an accumulated distance of 3.36 pm, which underlines that generally, we are able to
coherently shuttle for up to that distance. We again fitted these data points with the
function using two frequency parameters, equation As we do not plan to further
investigate these parameters, this fitting formula is sufficient to describe the general trend
of the data. The plot shows that even though we can observe ST oscillations for increasing
values of D, both amplitude A and decoherence time T3 strongly decrease with a much
larger distance, making the coherence overall worse than for small distances. However, in
a fully working device and with some optimization of the employed pulse sequence, it is

likely that these values can be further optimized and full coherence can be established.
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5.7 Wait time measurements

With only a small change to the measurement procedure, a very similar experiment as
the ones described in the previous chapters can yield completely different results and open
up a new way of understanding properties of the heterostructure. One such kind of an
experiment will be explained in this chapter. In contrary to the previous experiments,
we now do not want to quantify coherence, but rather map local variations of v. These
variations are directly related to local variations of the g-factor, so that we can use the
now to be presented method to create a map of features throughout the channel of the
[SQS] We change mainly two things as compared to the coherent shuttling experiments in
chapter [5.3

1. We always shuttle with the maximum velocity for which coherent shuttling has

worked, Vmax = 2.8ms™ 1.

2. In between of shuttling in and out, we wait at a certain position in the [SQS] for a

time TW -

Thus, we make use of exactly the same mechanisms we can overcome by As we
wait at only one position in the [SQS| for a comparably long time and try to pass by all
other possible positions as quickly as possible, the phase and decoherence being picked
up during the experiment will be strongly dependent on the local environment of that
one position we shuttle to. Consequently, repeating this process for various positions
and again recording STp-oscillations for all of them, we gather information about each
individual point in the device. Another way to phrase it is that by waiting at one point
instead of continuously shuttling through the device, we get rid of the smoothing effect due
to the integration over distance as described by equation Besides that, the general
methodology of initialization and readout as well as the overall measurement procedure
stays the same, so that the data we get are in a similar format as in figure [5.9. The
raw data of such an experiment for two different external magnetic fields applied are
presented in figure When comparing these maps with the conventional coherent
shuttling experiments as in figure [5.9] it is evident on the first sight that the maps shown
here seem to be way more chaotic. More irregularities in the oscillations as well as jumps
to other frequencies happen at various positions. As we do not have a smoothing effect
due to evenly distributed shuttling over different configurations of the environment, this
does not come unexpected. A further analysis of these data can also be conducted similar
to the analysis in chapter [5.4l First, in figures [5.20), we again show a double-sinusoidal
function with a Gaussian decay (as in eq. [5.3.4]) fitted to each individual trace. Even
though the procedure here is the same as presented in figure these plots are worth
showing as they underline that a large variety of STp-oscillations can be fitted with this
kind of function, underlining its general validity. Again in the same manner as before,

we can extract the frequencies plotted against the shuttle distance d. These are depicted
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Figure 5.19: Singlet-triplet oscillation maps for g-factor landscape mapping. The electron rests at a
distinct point in the [SQS| for a wait time Ty (a) Map for B = 500mT. (b) Map for B = 800 mT.
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Figure 5.20: Fits to the singlet-triplet oscillation maps for the mapping of the g-factor landscape. The
plots result from line wise fitting of a double sine function with Gaussian decay to the data shown in

figure (a) Fits for B = 600mT. (b) Fits for B = 800 mT.

in figure [5.21] whereas the exctracted amplitude values are shown in figure Most
importantly, we again note that the pattern and the course of the frequencies shown here
is way more chaotic as in figure [5.11} This is also why we do not extend this analysis
to a quadruple sine fit, as already frequencies quite often reach values close to zero or
behave in an otherwise unpredictable manner. However, it is remarkable that we still
observe some continuous features as arcs or similar in this frequency structure, hinting at
some larger-scale characteristics in certain regions of the [SQS| These characteristics can
be brought in to explain results of other experiments. An example for this is the more
chaotic behaviour at the beginning of the shuttle device, which is also resembled by the
results of these measurements. From these measurements, we can conclude that they are

result of strong local g-factor variations and not physical effects of the [EPRI pair.
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Figure 5.21: Frequency analysis of the previously fit data. The frequency v; is here the first or second

fitted frequency, and not sorted by size.
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Figure 5.22: Amplitude analysis of the previously fit data. The amplitude A; is here the first or second
fitted amplitude, and not anyhow related to the frequency.

5.8 Squeezing the dot

As an important last part of this chapter about coherent shuttling experiments, we have

to perform one last experiment that is crucial to validate previous experiments.

This

is because it is a realistic possibility that the [EPRI pair becomes disentangled when the

right, shuttled dot is far enough away from the left, static dot. In the same manner, when

shuttling back the dots could become entangled again due to the exchange interaction

being present. The final result of the experiment could thus look exactly the same even

if the two dots were not entangled (as they should be) for a majority of the time. As

we cannot shuttle through the whole device and therefore always have to shuttle back to

read out the state of the shuttled electron, we must find another way to prove that the

two electrons are entangled for the whole course of the experiment. To prove this, we

essentially repeat the aforementioned experiment in which we shuttle in, wait for some

RWTH Aachen University

85



Chapter 5 Spin-coherent electron spin shuttling

time in the device, shuttle out again and probe coherence. However, during that time in
which we wait and the right dot rests at some position in the device, we manipulate the
left, static dot. This dot will be squeezed, meaning that we apply an additional voltage
B2%4u€¢”¢ on the second barrier gate B2, slightly modifying the shape of this dot. Shortly
after, we bring B2 back to the voltage where it was before. In a case of disentangled
electrons, this should not do anything to the electron in the second, moving On the
other hand, in case of the two electrons still being entangled, we expect to measure a slight
difference in the oscillation frequency v when squeezing the dot. Moreover, we expect this
difference to scale with the voltage applied during squeezing. Consequently, it is logical to
plot the oscillation for a distinct, fixed shuttle distance and with varying squeezing voltage
B2saueeze on one axis. This plot is presented as figure [5.23] Evident from this data is
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Figure 5.23: Measurement of singlet-triplet oscillations for different squeezing voltages of the second
barrier gate B2saueeze,

that, even though the difference in frequency is barely noticeable as it is so small, there
is a clear difference in frequency at higher squeezing voltages B2%1"°¢*¢. This trend is also
visible for all values of B2%19°¢“¢ in between. An evaluation of the frequencies can be found
in figure In this analysis, the singlet probability is fitted by

P|S> = (Al Ccos (271'1/1’7'3 + (,01) (5.8.1)

+As cos (2mvaTs + ©2)
+ Az cos (2mv3Ts + ©3)

£ \2
+ Ay cos (2mvyTs + @4)) exp{— (F) } + Py,
2

meaning that four frequencies v; were fitted to the oscillations. As there are four possibil-
ities of spin-valley configurations (|1,+),|t,—),|l,+),|l,—)), it is likely that this is the

reason giving rise to the four frequencies observed here. This is further supported by the

86 RWTH Aachen University



5.8 Squeezing the dot

Frequency v (MHz)

0.04 1

0.031

0.02 1

0.01 1

0.00 1

e . ¢ e V e Vg
° o by 3 ‘.«
o \)3 L4 z V,’ o
_ i=1 o .e
¢ ° ° ° " od - ®
i« Kot ettt e NN .
° LY ° ° a'
° e o
ahand e e e na 00 o sseeciee
WA o ALV QD P O .‘.n‘r"'.‘m'&
P can A perasns PPN aay 000 © S0 o0 o, OS.O‘D’I“. .
P o0 o V)
0.00 0.05 0.10 0.15 0.20

stqueeze (V)

Figure 5.24: Analysis of the frequencies for different squeezing voltages B2%“¢¢*¢, The first three
frequencies added up match the fourth frequency, hinting at a four-level spin-valley system describing

these oscillations.

observation that any fitting of more than four branches leads to overfitting of the data

present and does not produce new information. Remarkably, the three lowest frequencies

added up turn out to be very close to the fourth frequency. This strongly supports the

model of two valley states times two spin states leading to exactly four distinct states. Also,

in this analysis, a tiny trend of larger frequencies for larger squeezing voltages B2591¢¢#€ ig

visible.
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Chapter 6

Measuring and mapping the valley split-
ting

In this penultimate chapter, we will explore different methods of measuring and mapping
the valley splitting throughout the [SQS| device. The significance of large valley splitting
was discussed in section Consequently, we seek straightforward and accurate meth-
ods to measure the valley splitting in a given heterostructure and identify its hotspots.In
the initial section, we will provide a concise overview of the magnetospectroscopy method.
This well-established technique offers the advantage of measuring valley splitting with
minimal requirements and a straightforward measurement scheme. Nonetheless, certain
results suggest that this method can occasionally be susceptible to inaccuracies. In the
pursuit of a more reliable approach to measure valley splitting, chapters [6.2] and [6.3] will
demonstrate how the coherent shuttling measurements discussed in preceding chapters
can be adapted to yield an accurate estimation of the valley splitting. Lastly, chapter [6.4]
will employ this method for different voltage configurations of the screening gates in the
hope to find configurations allowing the electron to circumvent certain valley splitting hot

spots or other unwanted localizations as for example defects.

The measurements presented in this chapter were prepared and performed by Mats Volmer,
Tom Struck and I. The presentation and analysis of data in chapters[6.1]and [6.4] was mainly
conducted by Mats Volmer.

Overall, this chapter is not meant as an in-depth discussion of the different experiment
types, but rather as a very brief outlook on current research which I was able to help

shape at an early stage and on the margins as part of my work on this experiment.

6.1 Magnetospectroscopy

Firstly, we will discuss the method of magnetospectroscopy, which is very simple to set up
and has only few requirements, as it for example only makes use of ground state physics.
Magnetospectroscopy exploits the magnetic field dependence of the charge transitions (cf.

figure [4.4)), that arises when two or more electrons are involved. The goal is to track the
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position of this transitions while changing the magnetic field. When the ground state
changes, we expect to see a clear kink in the curve of charge transitions. A more detailed
explanation on the physics in a single leading to this behaviour can be found in
appendix In the following, exemplary data of this measurement that yielded good
results will be discussed. These measurements were performed in a[DQD|system and thus
show a slightly different behaviour than the single measurements described in the
appendix. However, the underlying physical mechanisms are the same, just that interdot
transitions are investigated here. The first transition is shown in figure [6.1] This is the
transition from the (2,0) to the (1,1) state. Here, we see a kink at about 100 peV. For low
magnetic fields, the ground state of the system is the S(2,0) state. The transition into
the T_(1,1) state here changes position linear to the magnetic field, as it is expected from
course of the energy of the T_(1,1). At about 100 peV, the T (2,0) state replaces S(2,0)
as the ground state of the system. At this point, the Zeeman splitting matches the valley
splitting, so that this energy is the valley splitting of the left dot. From this magnetic field
onward, the transition does not change its position anymore. Figure [6.2] shows a similar
behaviour for the transition from (1,1) to (0,2). The change of ground state here occurs in
the other direction, being the replacement of S(0,2) by T_(0,2). The general behaviour of
this transition is the same as before, just reversed in direction. A kink is visible at about
170 peV, which is the valley splitting of the right dot.
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Figure 6.2: Magnetospectroscopy measure-
ment for the right The position of the
kink indicating the valley splitting is shown in
light blue.

Figure 6.1: Magnetospectroscopy measure-
ment for the left QD] The position of the kink
indicating the valley splitting is shown in light
blue.

6.2 Valley splitting evaluation in a DQD

As mentioned in the introduction of this chapter, next, we would like to utilize the ST}-
oscillations to measure valley splitting. For this, we modify the experimental procedure
of the coherent shuttling experiments in a way where we change which parameters are
swept and which are kept constant. So far, we always kept the external magnetic field B

constant while sweeping the parameters evolution time t and shuttle distance d. Now, in
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this experiment, we swap the roles of B and d. We measure STj-oscillations at a constant
distance. Basically any distance up to our maximally reachable distances of about 1.2A
is possible here, but we choose to start with zero distance, meaning the [EPR] pair is in
the [DQD| configuration. This distance suggests itself as without any shuttling happened
before the oscillations are stable and their properties are well-known. Exactly as in the
coherent shuttling experiments (figure , we can now record oscillations for each point
in magnetic field. The result of such a measurement is shown in figure 6.3} Again similar
as for the coherent shuttling measurements, we fit a single sine function with Gaussian
decay to the data. This is shown in figure [6.4]
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Figure 6.3: Singlet-triplet oscillations in a system for a variable magnetic field. A finer sweep
was applied from 0.4 T to 0.7 T, which is the region around the valley splitting cones.

It is apparent that the oscillations mostly look relatively homogeneous, except for the
expected linear scaling of frequency with the magnetic field. However, around B = 0.46 T
and B = 0.59T, two cone-like features are visible. These show a continuously shifted
phase for small cones in a magnetic field and no oscillation at all in the center of these
features. The magnetic fields of the two cone positions can be directly translated into the

valley splitting of each dot by using

EVS = gPLBBcone . (6.2.1)

A further evaluation of these features can be conducted by extracting the oscillation fre-
quency v for each trace. This analysis is shown in figure[6.5] We see that two anticrossings
in frequency corresponding to the cones are clearly visible. A close-up view of these anti-

crossings is provided in figure [6.6] It allows to precisely read of the cone positions.
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Figure 6.4: Fit to oscillations in a [DQD] system for a variable magnetic field. Each trace in figure
was fitted by a sine function with a Gaussian decay.

By repeating this experiment in plenty of different distance points allows us to map the
valley splitting throughout the whole device. However, there is an even faster method
of doing exactly this, which will be described in the following chapter. Remarkably, this
experiment shows that for some of the values of the external magnetic field used in the
previous chapter, we might have hit exactly such a valley splitting cone during the mea-
surement. This would explain uncommon or unexpected behaviour of the oscillations. As
a result, it is advisable to always perform experiments at very different external magnetic

fields before drawing conclusions on the functionality of a device or on physics leading

to certain phenomena. Both the measurements shown in figure [5.9al and [5.19a] were ini-

tially performed at 400 mT, and again recorded at a higher magnetic field for exactly this

reasorIl.
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Frequency v (MHz)

Figure 6.5: Frequency of the oscillations in a[DQD]system for a magnetic field sweep. The dashed line

shows the points at which an anti-crossing occurs.
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Figure 6.6: Close-up view of the frequency of the oscillations in a system for a magnetic field
sweep. The dashed line shows the points at which an anti-crossing occurs.

6.3 Valley splitting mapping by S7; oscillation measurement

Whole maps accurately describing the valley splitting throughout the whole [SQS| device

can be recorded using the aforementioned technique. Faster than just recording one map

for each different point is here to again change which parameters are kept fixed and which
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we sweep over. As we only look for the features at which the oscillations break down, we
do not always need to record the full oscillations. It is indeed sufficient to choose a fixed
time for which all single shot measurements will be performed (7vs = 300 ns in our case).
This time mostly allows to exactly find these features even though no full oscillations were
recorded.

Now, we can continue to sweep the external magnetic field B on the y-axis and sweep the
shuttle distance d instead of the time on the x-axis. This way, we get a map that clearly
shows the features we were looking for to identify valley splitting. A map of these features

throughout the [SQS| device is shown in figure[6.7] To evaluate the valley splitting, we can
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Figure 6.7: Valley splitting map for a fixed oscillation time. Each line corresponds to a vertical cut of
figure[6.3]at 7vs = 300ns and a certain shuttle distance d instead of a [DQD] configuration.

conduct a cubic spline fit of the data. This is a method for fitting a curve to a given set
of data points using a special type of curve called splines. Splines are smooth, piecewise-
defined curves that typically consist of multiple polynomial, here cubic, segments. These
segments are connected in such a way that the curve best fits the given data points, while
maintaining smoothness and continuity along the curve. This spline fit shows the valley
splitting of the shuttled quantum dot along the channel. Evaluating and comparing these
fits for different devices, heterostructures or parameter sets yield all the knowledge needed
to choose one of those traits based on how well shuttling experiments are expected to
work with the valley splitting given. This is especially important as this map can easily

capture valley splitting jumps or hot spots, which are still a significant bottleneck of
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6.4 Valley splitting mapping for different screening gate voltages

electron shuttling experiments. Further indicated in the figure are two horizontal dashed
lines. These lines correspond to the valley splitting in the [DQD)| system as explained in
section [6.2] The dotted, sinusoidal line additionally shows a wiggling of the static [@D] A

further interpretation of these maps is subject of current research [68].
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Figure 6.8: Valley splitting map with features highlighted. The blue points show the input for the
spline fit, which is shown in dark blue. The grey dashed lines show the valley splitting anti-crossings in
the The oscillating dashed line shows the response of the static [QD]

6.4 Valley splitting mapping for different screening gate voltages

One practical example of choosing parameters based on the results of the valley splitting
maps is the choice of the screening gate voltages. In normal operation of the shuttle device,
both screening gates ST and SB are usually on the same voltage of 100mV, confining
the one-dimensional electron channel (IDEC) exactly in the middle of the [SQS| device.
However, varying the voltages on both screening gate can allow for the[[DEC]| being formed
not in the middle of the device, but shifted to one of the sides. This can have the advantage
that the moving dot can easier pass by a defect that is more located on the other side of
the [SQY| device. On the other hand, it can have the drawback that higher voltages need
to be applied to one of the screening gates, potentially leading to charging of the silicon

cap or the spacer.
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For these measurements, we tried a few different screening gate configurations, which are
listed in table[6.1] A triangulation measurement on a similar device yielded the conversion
rate of 100mV in screening gate voltage difference corresponding to 6 nm displacement of
the[[DEC| perpendicular to the shuttle direction. The results of the spline fits to these maps

Table 6.1: Different screening gate configurations used for valley splitting mappings. For each change
in configuration, the voltage difference of both gates was changed by 100 mV, corresponding to a

displacement of the IDEC| by 6 nm.

for four different screening gate configurations are shown in figure [6.9] Unfortunately, a
scaffold unexpectedly appeared on our experimental setup. As a consequence, the sample

could not be used any further, so that it was not possible to measure more configurations.
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Figure 6.9: Spline fit results for different screening gate configurations. Annotated are the distances
by which the [DEC is displaced due to the different screening gate voltages. The traces are offset by
501eV, as indicated by the dashed lines.
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Chapter 7

Conclusions and Outlook

This closing chapter will provide a short summary of all the experiments and their results
mentioned within this thesis. In addition to that, an outlook how to continue or improve

these experiments will be given.

In chapter |3] of this thesis, we explained the measurement workflow and results for mass-
characterization of in-house fabricated devices at 4 K. Besides the selection of samples that
are appropriate for continuing the experiments described in the chapters after that, the
goal of identifying different behaviours for different heterostructures was also successful.
In summary, we found out that the QT694 and QT734 heterostructures show excellent
behaviour and are further promising because of the purified silicon they contain. On the
other hand, we could see that especially the R2203 heterostructure shows a lot of unusual
behaviour and has very few working SETs. Consequently, even though it also contains
purified silicon, we could identify this heterostructure as unsuitable for our experiments.
These results will have a strong influence on future fabrication rounds. Even though the
measurement of batches 16, 17 and 19 have been completed, there is a lot to improve for
further iterations of pre-characterizing new samples. Quite a lot of processes can still be
optimized.

A next reasonable step would be to use newer libraries with more functionalities like
QuMADA [88], which would allow for buffered measurements. Since the tuning toolkit
described in section [3.4]is open to every measurement framework, a further integration and
testing of this would lead to a possibly fully automatized measurement that can be run
without constant supervision. This would not necessarily decrease the overall measurement
time, but surely free other capacities. Lastly, a new setup replacing the dipstick could
significantly improve handling of the experiment and allow for easier sample exchange,

faster cooldown and measuring multiple samples at a time.

In chapters [4 to [6 the experiments performed at millikelvin temperature were described.
Most of these experiments were performed with the same sample. Also, they mostly build
upon each other. First, in chapter [4 charge shuttling and parameter optimization were
described. While charge shuttling itself was already achieved before [66], we were able to
significantly improve shuttling amplitude and frequency, while also using a longer device

than previous works. By defining a fidelity for charge shuttling experiments, we were able
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to optimize both parameters. We could identify local hotspots where shuttling fidelity
breaks down. These hotspots allow for a sample-specific pulse sequence that adjusts
shuttling amplitude and frequency depending on the direction of shuttling and possible
defects in the channel. With this, we could maximise the shuttling speed reaching values
of up to 28 ms~! for almost all points in the channel. Also for further research, charge
shuttling and optimization techniques will have a large impact. While charge shuttling
over distances of 10 pm has already been shown [75], this distance still requires operation
with a higher speed and optimized parameters. Also, charge shuttling will be the first
experiment to be done in the recently fabricated T-junctions, underlining the need for

well-developed experimental methods to fit all together to a larger chip.

The most important part of this thesis is the proof of coherent singlet-triplet oscillations
after separating an [EPRlpair and shuttling a part of it. This was described in chapter
We explain how the experimental procedure, more specifically initialization and readout,
changes compared to charge shuttling experiments. We showed how to measure hints for
coherent shuttling and how to analyze the data with respect to oscillation frequency v,
oscillation amplitude A, and decoherence time 7. We highlighted different analysis and
fitting strategies, both for the oscillations itself, as well as for the extracted parameters.
For the decoherence time T3, we further described how to see hints of motional narrowing
and discuss the agreement with different theoretical models.

To conclude, we present additional measurements on g-factor mapping and entanglement
detection. All of this gives a good picture on the coherence of electron shuttling.

As an outlook, similar to previous chapters, these experiments need to be performed with
other device types. We were able to detect coherence for a long nominal distance by shut-
tling back and forth, so the logical next step is to also show this coherence in a longer
device. Also, since defects and broken gates prevented us from shuttling through the de-
vice, it would be interesting to separate the [EPR}pair, shuttle both electrons individually,
and bring it back together at the other side of the device. This can hopefully be achieved
soon with one of the devices identified in chapter

In the last part of this thesis, chapter [], we came back to the important property of valley
splitting. Given its significance in determining the ease of coherently operating our qubit,
we explored various techniques to measure and quantify this valley splitting. We present
data of magnetospectroscopy as well as singlet-triplet-oscillation based measurements.
Lastly, we showed valley splitting maps for different configurations of the screening gates,
which could also help improve the experiments described in chapter 5| Mapping the valley
splitting and especially finding valley splitting hotspots will be important as a performance

metric for future generations of [SQS| devices.

In a nutshell, this thesis convincingly shows that coherent electron shuttling is possible.
This is an important foundation for using electrons as qubits and scaling up to have a

large-scale fault-tolerant quantum computer.
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Appendix A

Bondmaps

In this section, the bondmaps used for different interposer versions are provided.
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Figure A.1: Bondmap of the interposer version 1.
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Appendix B

Frequency correlation plots

This chapter provides additional frequency correlation plots, as mentioned in section [5.4}
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Figure B.1: Frequency correlation plot. One frequency branch from figure each is plotted on the
axes. The color of the dots indicates at which distance the two frequencies where measured.
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Figure B.2: Frequency correlation plot. One frequency branch from figure each is plotted on the
axes. The color of the dots indicates at which distance the two frequencies where measured.
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Appendix C

Derivations of fit functions for motional nar-
rowing

In this chapter, the formulas fi(d) and f2(d) used to describe motional narrowing in
section [B.5] will be motivated or derived.

C.1 Motivation of f;(d)

From reference [35], we know that the phase variation 6¢? of a static [QD] can be written

as )
t
00Zatic = 2 (T;) , (C.1.1)

while for a single, moving quantum dot with a shuttle distance larger than the correlation

length the phase variation is

2
t l
6¢12noving = 4<7—12*> HC (012)

Here, for a single moving [QD] the shuttling factor is l¢/d. At this point, we redefine
T3 = T3 gtatic» s in both cases it refers to a static [QD] Extending our system now to
two [QDE, one actually static, and one moving, we can add up the phase variations and

rewrite the phase variation of the whole system in a term containing the total dephasing

2 2
1 1 ( lc>
= 1+ -2, (C.1.3)
(TQ*,EPR ) (T;,static ) d

where a factor containing the static dephasing time was factored out of the sum, leaving

time T3’ gpg. This yields

behind a one corresponding to the static dot and the shuttling factor corresponding to
the moving dot. For our system of an [EPR] pair, both of these addends have to be
modified to yield a correct description of our system. Both of these modifications are
heuristic, making the final formula not a rigorous theoretical derivation and rather a

phenomenological observation of how the system behaves. For the first addend, we might
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Appendix C Derivations of fit functions for motional narrowing

have non-negligible influences of exchange interaction and a reduced dephasing time due to
charge noise. We incorporate this possibility by promoting the one to an arbitrary variable
s with s > 1. Also, as the shuttling factor currently defined as I¢/d would break down for
d = 0, we account for this effect by modifying the shuttling factor to be l¢/(d + l¢). This
modification is negligible for large shuttle distances so that we get back the theoretical
prediction for a single moving dot (eq. [C.1.2)), while for the case of d = 0, we get the

expected result of an overall factor of two for an [EPR] pair. With these modifications, we

2 2
= 5%+ . (C.1.4)
(TQ*,EPR> (T;,static> d+ lC

As s is defined as an arbitrary variable specific to the left, static QD, we can factor the

arrive at

static dephasing time term back in and choose s so that we can identify the fitting function

we used.

C.2 Derivation of fy(d)

This section, primarily authored by L.ukasz Cywinsky, is an unpublished supplement to [67]

and is provided for comprehensive coverage.

After a single realisation of the experimental procedure of singlet initiation, separation
of electrons, and shuttling of one of them forth by distance d and then back, the expecta-
tion value of singlet return probability oscillates as cos(27v ), where the frequency v(d) is
given by Eq. (2) in the main text. We write it as v(d) = vaq4(d) + vne(d), and assume that
the spatial variation of g-factor of the shuttled electron is due to frozen-in disorder. The
contribution to frequency from the hyperfine interaction with the nuclear spins, vu¢(d), is

given by

1 (¢ 1 (¢
hine(d) = dfo ABy(z)dz — dfo (BL — BR(2)]de |

1 (d
= Bk — df EE(z)dz , (C.2.1)

0
where El; is the Overhauser field acting on electron in the L dot, while EE(z) is the
Overhaused field acting on the shuttled electron when the expectation value of its position

along the channel is . We have
EL = .Af @ (2" + |z ],y 2) 2Ty, 2 AP, (C.2.2)

where A ~ 2.15 peV [98] is the hyperfine coupling to 2?Si nuclei, 7, < 0 is the position of
the L dot, ¥ (x,y, z) is the envelope wavefunction of the static electron, and I, (z,y, 2) is

the nuclear spin polarization density along the z direction of the external magnetic field.

118 RWTH



C.2 Derivation of fa(d)

Note that the envelope wavefunction should be normalized in the the following way [99]

f\@(x,y,z)]dedydz =, (C.2.3)

where 1y = a3 /4 is the volume of the primitive unit cell (PUC) with ag = 0.54 nm being
the lattice constant of Si. For the Overhauser splitting of the shuttled dot we have an

analogous formula:
El(zg) = .AJ Wr(x' — zg,y,2))? 12y, 2 )d3r (C.2.4)

where z g is the position of the R dot. The nuclear spins fluctuate on the timescale of
the whole experiment, but on the timescale of a single shuttling (< 1 us) they can be

considered to be static. The meausured singlet return probabilty signal is then given by

(cos (2m[vag(d)T + vne(d)T])) = cos[2mva4(d)T]
(exp(—i2mvne(d)T)) | (C.2.5)

where (...) denotes an ensemble average over nuclear states in the L dot and along the
channel through which the electron is shuttled. At temperatures used in experiment
and in absence of dynamical nuclear polarization, the distribution of Overhauser fields

experienced by the electron at any location z is a zero-mean Gaussian [100], and the
{exp(—i¢(d))) term averages to exp(—{¢?(d))/2) = exp|—(7/T5)?|, where

1 2
(Ti"@l)> = 223 (d)) (C.2.6)

in which
R = 5B + s [ [ BE@ER w027

where we have used the fact due to vanishing overlap between the wavefunctions of the
static electron and the shuttled electron in the EPR pair (i.e. |x1| much larger than the
spatial extent of both wavefunctions along ), the Overhauser fields experienced by them

are uncorrelated. We can thus write

1 \? 1)’ 1 2
(z@) - (T;;) +<T2*,S(d)> (©28)

where the dephasing time in the L dot is given by

h 1 :h\/i
vem J(ELy?y  or

15, = (C.2.9)

where oy, is the standard deviation of the Overhauser splitting of the electron in the L
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dot, o, = 1/{(EL)%). In the same way we can write the contribution to dephasing time
of the shuttled electron as T g = hv?2/cs(d), where

1 d rd
7 = g || B Bl dendsry
1 d pd . )
= dzJ;) L Cut(vr, vR)dzrdry (C.2.10)

and where we have defined the autocorrelation function of the Overhauser field along
the channel, C¢(xg,2’;). We assume that the shuttled electron envelope wavefunction
Ur(x,y,z) has a fixed shape, i.e. the dot does not get deformed during the motion, and
that is it separable in x, y, z coordinates. The autocorrelation of the Overhauser field along
the channel that appears under the integrals in Eq. is then given by

Cht(zr, 2R) = A? fd?’r f d37“'<IZ(:c, v, 2) (2, v, "))

Wr(z — xR, y, 2) P Wr(z’ — 2k, ¥, 2) 7.

(C.2.11)

As ¥(r)p is an envelope function that is approximately constant on lengtscale of ag and
smooth on larger scales, the nuclear polarization density can be treated as “spatial white

noise”, i.e. its autocorrelation function is
(@,y, )1y, 2")) = I2d(x — )y —y')o(z — 2) (C.2.12)

and (I%?) = I(I + 1)/3 which is equal to 1/4 for I = 1/2 pertinent to ?*Si nuclear spins.

Using this we arrive at

Cht(p, ) = AXT?) f (e — za,y, =)
IWR('%. - m.lRa Y, Z)‘2

= 12 | aey.2) (e + Aoy )P (C.2.13)

where we can see that this autocorrelation is in fact a function of Az =xp — 2. When
evaluated for Az =0 it gives simply a%{, the standard deviation of the Overhauser field

experienced by an electron with envelope wavefunction ¥r(z,y, 2).

Assuming that the confinement potential along x is harmonic, the z-dependent part of

the wavefunction is ¥(z)oc exp(—2?/2L?), and we have

je_wz/LQE_(z+A;D)2/L2dmoce—AZQ/QLQ , (C.2.14)
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C.2 Derivation of fa(d)

from which we get
Che(Az) = Cpe(0)e =A% /2L% = g2 A2* 207 (C.2.15)

We see now that L is the autocorrelation length of nuclear-spin induced spatially random
spin splitting experienced by the traveling electron. We thus expect an enhancement of

15 ¢ time compared to the static dot value of T3 due to motional narrowing when d>» L

[35].

After plugging the above formula for Cy¢(Ax) into Eq. (C.2.10) we obtain

J J (z—1" /2L dl‘dl’

= %[2;2 (e~ 1) 4 @%ﬁ(\/&)] (C.2.16)

and the exact formula for 75 (d) dephasing time of the EPR pair with one electron shuttled

over distance d and back is

L\ ot gk
(Tg*@l)) on2 T opz (C.2.17)

with o%(d) given by Eq. (C.2.16). Note that the 0% prefactor in Eq. (C.2.16)) is related to
the dephasing time for spin in a static R dot by T. 2* R= h2/oR.

By least-square fitting 75 (d) data points in Fig. 2g of the main text with Eq. and
(labeled as fa(d) in Fig. 2g) yields T5'g = (560 £ 20) ns, T3}, = (1040 £ 50) ns and
L = (842)nm. This results in 75'5(280nm) = (2130£220) ns. These values are close to the
values fitted by the fitting function f1(d) discussed in the main text: 75 = (1110490) ns,
T3g = (520 £ 20) ns and T5'¢(280nm) = (2460 + 310) ns.

For d « L we have

d2
(d<<L)~O'R<1—12L2> s

while for d » L we have

L 212
VI )

oh(d>» L) ~ a%(
In the d>» L regime we thus have
T3 /
(2m)1/4 1 2L
V2md
2L
(2m)1/4 L

T5g(d > L)

(C.2.18)
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Appendix C Derivations of fit functions for motional narrowing

The d-dependence of the above formula is very similar to the dependence of the simple
(d +1.)/l. expression used in the main text, explaining the good agreement between fits

of T3 » and L or [, to the results of measurements.

Finally, let us note that 012% given by Eq. (C.2.13)) evaluated at z=21' is

AT V2N
2N 2R A

0% =

where N = vy/§|Wr(z,y, 2)[*d3r is the effective number of primitive unit cells encom-
passed by the wavefunction, f is the concentration of 2?Si (equal to 0.049 in the case
of natural Si relevant here), and the factor of 2 comes from two Si atoms per primi-
tive unit cell. If we assume that J/R(:L’,y,z)oCe_“g/zLie*yQ/u% and the z dependence is
crudely approximated by a square function of width zg, then using the normalization from
Eq. , we obtain N =27nz9L,L,/vg. Assuming L, ~ 15nm and zp ~ 4nm, we es-
timate T5 ~ 760ns for L, = 8nm and 75 ~ 1040ns for L, = 15nm (left QD is not not
in the shuttle potential and thus much less confined), which are in reasonable agreement

with T3’y and T3, respectively.
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Appendix D

Physics of magnetospectroscopy experiments

This section will further describe the theoretical background of the magnetospectroscopy
measurements. Firstly, figure [D.1] shows the theoretical prediction of the transition po-
sitions and their dependence on the magnetic field. It is evident that Ejy, the energy for
which zero electrons are in the system, is constant. For one electron in the || )-state, the
energy is proportional to the magnetic field, FiocB, with a slope of —gup. The form of
the two-electron energy FEo arises due to the system being in a singlet state below, and
in the T_ state above a certain magnetic field Bgr. Below this field, the energy stays
constant. Above it declines with a slope of —2gup, as there are now two electrons in
the ||)-state. By comparing the zero-and one-electron or one- and two-electron energies,
we find the transitions (shown in black) that we measure in practical experiments. An
additional sketch of the magnetic field dependent change of the ground state configuration
is provided by figure [D:2] For each electron number, the electronic states are shown. The

spin state of each electron before and after the swap of the ground state is indicated.
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Appendix D Physics of magnetospectroscopy experiments

Energy (meV)

0.00 ~

0.00 4=z~ =§\_
~
e -0.25 - SIS~
—0.25 A SO ‘\\\\
> SN ~0.50 - S
U -0.50 ‘s\ hEN
£ N -0.75 ~s
> —0.75 - L N
2 SO ~1.00 - .
2 -1.00 - ACNER (S s
w N o —-1.25 1 \\\\
-1254—— E \\ S -— N
—— & " -1501 __ [, e
“1307 — E-E S| 1754 T EamBs AN
T T T T T T T T T T T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
B (T) B (T)

Figure D.1: Sketch of the magnetic field dependent charge transitions of an electron in a The
dashed lines show the energies E; of an i electron system, the solid lines show the behaviour of the
transitions. Figure taken from [76].
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Figure D.2: A schematic illustrating the magnetic field-induced swap in the ground state configuration
of a single electron is presented. Electrons depicted solidly represent the ground state charge and spin
configuration at 0T. In contrast, the transparently illustrated electrons showcase the altered ground
state that emerges under a specific magnetic field. Figure taken from [76].
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