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Abstract

Silicon quantum dots present a promising foundation for realizing scalable quantum
processors, leveraging the advantages of a mature semiconductor industry. Two significant
challenges hinder their development: the laborious tuning of these devices and the coherent
control of their spin qubits. This thesis presents contributions towards addressing these
challenges by harnessing physics-informed machine learning.

Tuning these devices involves navigating complex parameter spaces, plagued with vari-
ability and fabrication imperfections, to identify optimal operating conditions. This process
demands extensive time and resources by a researcher to perform large amounts of data
collection and analysis. My work takes steps towards on achieving fully autonomous tun-
ing of these devices, with the automated formation of a single quantum dot. This work
involves the application of data analysis and computer vision techniques to extract rele-
vant features from data, guiding the tuning process in real-time. This tool allows single
quantum dots to be formed autonomously, freeing researchers to focus on investigating the
physics of the device. Progress in multi-dot systems was also made by developing a data
segmentation model that successfully identifies and segments charge and dot configurations
in charge stability diagram data. This enables rapid data analysis to determine optimal
voltage settings for achieving the desired device state.

Optimal control is crucial for guiding quantum systems through unitary operations
while minimizing decoherence. Using a simulated open quantum system Hamiltonian for
spin qubits, I developed a protocol to optimize experimental control signals, allowing for the
implementation of unitary gate operations with arbitrary fidelity. The protocol designed
experimental pulses for single-qubit rotations and entangling gates in a two-qubit system,
achieving fidelities above the error correction threshold. Additionally, it utilizes modern
machine learning frameworks, making it scalable to multi-qubit systems.

The work presented in this thesis serves as an important foundation for future advance-
ments in our research group.
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Chapter 1

Introduction

1.1 Motivation

With computers becoming a technology that is used is every sector of human society,
the need for high performance computing is self evident. Unfortunately, certain problems
require computation levels that surpass the modern capabilities of classical computers.
Scientists have been predicting this for almost half a century, leading to quantum comput-
ers emerging as a proposed method of computation that promises to not only match the
computational e�ciency of classical computers but eventually supersede them. Whereas
classical computers are built from the logical manipulation of binary bits derived from
large transistor networks, quantum computers are built from a collection of quantum bits
(qubits) each of which can exist in a coherent superposition between zero and one. When
two or more of these qubits interact, quantum entanglement can occur, further increasing
the computational power of these machines. With the power of superposition and entan-
glement quantum computers exhibit powerful computational scaling;N qubits can store
up to 2N information states leading to an exponential relationship between the size of the
system and its computational complexity.

There are a multitude of platforms available for building quantum bits, some of which
harness existing phenomena in nature and some have been meticulously engineered by
scientists. The platform of interest in this thesis, spin qubits in semiconductors, are an
emergent platform showing promise in commercial quantum computing. These devices
make use of the electron and its spin properties, which can be argued to be one of nature's
perfect quantum bits (qubits). With its quantized spin of � 1

2 and electric charge, it makes
an excellent candidate for a qubit as its position in space and spin state can be manipulated
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through external electromagnetic �elds. Moreover, this platform of quantum computing
leverages the ever growing support from condensed matter and solid-state physics research
and the mature state of the semiconductor industry (thanks to consumer electronics).

The formation of spin qubits in these devices can be done with careful electrostatic
control of metal gates deposited on their surfaces. In order to get the device into an
operating regime, the device parameters must be heuristically manipulated, relying on
experimental intuition and informed guesses by the researcher. Not only is this time
consuming but it often leads to sub-optimal exploration and con�guration of the device.
With modern device designs requiring multiple gates to isolate and control just a single
qubit, the heuristic tuning of these devices rapidly becomes intractable.

Even after the qubits have been formed, to coherently evolve their spin states in an
attempt to perform various quantum computation protocols is very challenging. There are
many sources of noise that actively decohere the spin state of the qubit; leading to a loss in
quantum information. Therefore, a careful strategy to optimize the control of these qubits
in the presence of experimental limitations is of great importance.

The work in my thesis is motivated by the overarching goal of scaling these devices
by addressing two main issues: the automated tuning of these devices and the coherent
evolution of their spin qubits. The former will be tackled by developing software to aid
in the tune up of a device, whether it be automating certain repetitive measurements,
or analyzing data with computer vision techniques. The latter will be addressed through
the use of machine learning to design voltage gate pulses that optimize desired quantum
gate operations in the presence of experimental limitations. While the projects do not
necessarily build on each other they instead can be considered crucial stepping stones
towards reaching large-scale semiconductor quantum processors.

1.2 Outline

This thesis is organized into two halves composed of four chapters; the �rst half is the
relevant theoretical background covering semiconductor quantum dots and important ma-
chine learning techniques. The second half presents my original contributions addressing
automated tuning and optimal control.
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Background

Chapter 2 focuses on the fundamentals of silicon quantum dots and spin qubits. It begins
with a background section covering semiconductor heterostructures and how quantum dots
can be isolated in their conduction layer through modern lateral gate designs. This is then
followed with an understanding of quantum dot behaviour that gives precedent to the
standard set of measurements used for device tune-up and characterization. With an
understanding of quantum dots, the theory behind open quantum systems is introduced
which the leads into quantum information processing with spin qubits.

Chapter 3 focuses on providing the necessary context for the machine learning tech-
niques used throughout this thesis. This chapter is broken into two distinct sections:
computer vision and signal optimization. As mentioned, computer vision is crucial to the
automated tuning of quantum dot devices as various visual features in measurements are
heuristically analyzed by researchers. Signal optimization is crucial for optimizing control
pulses with a goal of performing coherent quantum computations against experimental
limitations.

Contributions

Chapter 4 covers my personal e�orts in advancing the automated tuning of quantum dot
devices. The chapter opens with the discussion of the �ve pillars of automated tuning
required to scale semiconductor quantum dot devices. My novel application of an existing
Mask-RCNN model to quantum dot data is then introduced. In this section, I demonstrate
the models ability to address three important pillars of automated tuning: coarse tuning,
charge tuning and virtual gating. This is followed by a demonstration of my automated
tuning software by successfully tuning a single quantum dot in a single electron transistor
device. The chapter concludes with a suggestion for future work as well as an outlook on
this work.

Chapter 5 covers my personal e�orts made to the optimal control of spin qubits in
these devices. Realistic device geometries were simulated and an optimization control loop
was developed that designs high �delity spin qubit unitary gate operations. The work was
implemented into our groups general-purpose Python package for semiconductor quantum
dot simulations [16]. The chapter concludes with a discussion of next steps and how these
pulses can be implemented on real devices.
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Chapter 2

Semiconductor Quantum Dots

2.1 Semiconductors

Crystalline materials can be classi�ed into one of three groups: (1) conductors, (2) insu-
lators or (3) semi-conductors. There are two parameters that uniquely classify a given
crystalline material, its bandgap and Fermi level. By de�nition, the bandgap of a material
is the energy di�erence between the highest valence band state and the lowest conduction
band state; essentially quantifying how much energy is required to excite a charge carrier
from a valence bond to a free mobile carrier. The Fermi level of a material is de�ned as
the energy at which the occupation probability of the next available state is one half. For
conductors and semiconductors, the Fermi level would be at the exact energy center of the
bandgap. However, for semiconductors we can tune the Fermi level by doping the material,
allowing one to manipulate the conduction of charge carriers. External electric �elds are
also used to bend silicons conduction bands away from or towards the Fermi level in the
material to modify its conductivity. Silicon is a familiar semiconductor material used in
modern devices whose conductivity is modi�ed by doping the material with either n-type
(electron) or p-type (hole) charge carriers. By cleverly combining conductors, insulators
and semi-conductors together, modern practical devices can be fabricated.

2.2 Quantum Well Heterostructures

A hetero structure is a material system that is composed of layers of two or more di�er-
ent semiconductors [20]. These layers are thin, often only a few nanometers thick, and
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can be grown using various fabrication techniques. These structures are fundamental to
quantum dot devices as they are what provide the required quantum con�nement and
electronic properties that allow us to manipulate and control quantum dot formation and
manipulation.

Material Composition

There are two modern silicon heterostructures that are used to form quantum dots: Si/SiGe
and SiMOS. For this thesis, we will focus on SiMOS, as it is of interest to our group for
device fabrication. The robust manufacturing process of silicon semiconductor devices can
be leveraged to construct devices that are able to form quantum dots each of which can
hold single charges in them.

Band Alignment and Lattice Mismatch

With some deliberate heterostructure growth, the silicon layer can be placed under strain
due to a lattice constant mismatch. This strain leads to signi�cant deviation in the con-
duction band. The depth of this deviation can be adjusted by applying external electric
�elds; pulling it lower to accumulate charge carriers. This is known as the formation of
a quantum well creating a two-dimensional charge-carrier gas in an accumulation mode
device. Naturally, the charge carriers could either be electrons (2DEG) or holes (2DHG)
depending on the doping of the material. This gas can be thought of as a sheet of charges
that are vertically con�ned, but are free to movelaterally. At very low temperatures and/or
with strong vertical con�nement, these electrons occupy the same vertically con�ned state
but can be considered a laterally continuous density of states.

Figure 2.1 is a cartoon representation of such heterostructure and its band gap be-
haviour that leads to the formation of a 2DEG in modern silicon semiconductor quantum
dot devices.
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Figure 2.1: SiMOS heterostructure demonstrating the quantum well formation due to
external electric �elds below the Fermi level leading to an accumulation of a 2DEG s at
the interface between Si and SiO2.

2.3 Quantum Dots

2.3.1 What is a Quantum Dot?

The idea of quantum dots fundamentally boil down to the principles of quantum con�ne-
ment. The 2DEG discussed earlier is an example of a quantum well which is con�ned
to one dimension. Naturally, you can further con�ne the charges in another direction to
construct what is known as aquantum wire. Con�ning the gas in the remaining direction
results in a quantum dot.

This can be done by depositing metal surface gate electrodes and inducing a voltage
con�guration that results in quantum dot con�nement. These gate electrodes are also
separated from the heterostructure (and thus the 2DEG) by a layer of dielectric material
to avoid any direct current 
ow. This results in a 'particle-in-a-box' quantization where
the energy levels are discretized; producing an \arti�cial atom". A example of double
quantum dot con�nement can be seen in Figure 2.2.

2.3.2 Device Architecture

Due to fabrication limitations of surface gates, lateral con�nement is typically much weaker
than the vertical con�nement. This results in typical lateral dot sizes on the order of
tens to hundreds of nanometres. For the scope of this thesis, it is not crucial to details
of device fabrication but instead to appreciate the purpose and behaviour of di�erent
device components. The gate electrodes fan out from the active region of the device to a
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