Superconducting and Dielectric Resonators for the Scaling of
Silicon MOS Qubits

Author:
Guo, Kevin

Publication Date:
2025

DOI:
https://doi.org/10.26190/unsworks/31494

License:
https://creativecommons.org/licenses/by/4.0/
Link to license to see what you are allowed to do with this resource.

Downloaded from http://hdl.handle.net/1959.4/105609 in https://
unsworks.unsw.edu.au on 2025-09-01


http://dx.doi.org/https://doi.org/10.26190/unsworks/31494
https://creativecommons.org/licenses/by/4.0/
http://hdl.handle.net/1959.4/105609
https://unsworks.unsw.edu.au
https://unsworks.unsw.edu.au

Superconducting and Dielectric
Resonators for the Scaling of Silicon
MOS Qubits

Kevin Shixiao Guo

A thesis in fulfilment of the requirements for the degree of

Doctor of Philosophy

UNSW

SYDNEY

School of Electrical Engineering and Telecommunications
Faculty of Engineering

The University of New South Wales

December 2024



1. Originality, Copyright And Authenticity Statements

Thesis Title and Abstract Declarations Inclusion of Publications Corrected Thesis and
Statement Responses
ORIGINALITY STATEMENT

& | hereby declare that this submission is my own work and to the best of my knowledge it contains no materials previously published or written by another person, or
substantial proportions of material which have been accepted for the award of any other degree or diploma at UNSW or any other educational institution, except where
due acknowledgement is made in the thesis. Any contribution made to the research by others, with whom | have worked at UNSW or elsewhere, is explicitly
acknowledged in the thesis. | also declare that the intellectual content of this thesis is the product of my own work, except to the extent that assistance from others in the
project's design and conception or in style, presentation and linguistic expression is acknowledged.

COPYRIGHT STATEMENT

™ | hereby grant the University of New South Wales or its agents a non-exclusive licence to archive and to make available (including to members of the public) my
thesis or dissertation in whole or part in the University libraries in all forms of media, now or here after known. | acknowledge that | retain all intellectual property rights
which subsist in my thesis or dissertation, such as copyright and patent rights, subject to applicable law. | also retain the right to use all or part of my thesis or
dissertation in future works (such as articles or books).

For any substantial portions of copyright material used in this thesis, written permission for use has been obtained, or the copyright material is removed from the final
public version of the thesis.

AUTHENTICITY STATEMENT

| certify that the Library deposit digital copy is a direct equivalent of the final officially approved version of my thesis.

2. Inclusion of Publications Statement

Thesis Title and Abstract Declarations Inclusion of Publications Corrected Thesis and
Statement Responses

UNSW is supportive of candidates publishing their research results during their candidature as detailed in the UNSW Thesis Examination Procedure.
Publications can be used in the candidate’s thesis in lieu of a Chapter provided:

» The candidate contributed greater than 50% of the content in the publication and are the "primary author”, i.e. they were responsible primarily for the planning, execution
and preparation of the work for publication.

« The candidate has obtained approval to include the publication in their thesis in lieu of a Chapter from their Supervisor and Postgraduate Coordinator.

» The publication is not subject to any obligations or contractual agreements with a third party that would constrain its inclusion in the thesis.

® The candidate has declared that some of the work described in their thesis has been published and has been documented in the relevant Chapters with
acknowledgement.

A short statement on where this work appears in the thesis and how this work is acknowledged within chapter/s:

Chapter 3 includes work from the following manuscript which has been submitted for publication: K. S. Guo, M. Feng, J. Y. Huang,
W. Gilbert, K. M. ltoh, F. E. Hudson, K. W. Chan, W. H. Lim, A. S. Dzurak, A. Saraiva. Methods for transverse and longitudinal
spin-photon coupling in silicon quantum dots with intrinsic spin-orbit effect. Submitted to Phys. Rev. Applied. Preprint available:
arXiv:2308.12626 [cond-mat.mes-hall]. Acknowledgement is made at the start of the chapter

Candidate's Declaration

I declare that | have complied with the Thesis Examination Procedure.



Abstract

Silicon MOS (SiMOS) spin qubits are a promising platform for fault tolerant
quantum computation due to their long coherence times and compatibility with
manufacturing processes ubiquitous in the semiconductor industry. However, a
spin-based quantum computer capable of running practical quantum algorithms
will likely require an architecture which can be scaled to millions of qubits. This
thesis investigates two solutions to open problems in the scalability of SIMOS
quantum computers: superconducting resonators for long range qubit coupling
and dielectric resonators for global qubit control.

The field of circuit quantum electrodynamics (cQED) examines the light-matter
interaction between photons in superconducting resonators and quantum sys-
tems such as spins in semiconductors. This has exciting applications for spin
qubits, as it potentially enables the transfer of quantum information between
distant qubits in a large scale quantum computer. Using a combination of
cQED theory and experimental data, transverse and longitudinal spin-photon
coupling schemes are evaluated for SIMOS spin qubits. The transverse coupling
strength is found to be sufficient for strong spin-photon coupling presuming the
integration of a suitable superconducting resonator. This coupling utilizes the
intrinsic spin-orbit effect of electron spin qubits in SiIMOS, removing the need
for an on-chip micromagnet.

Another challenge relating to the scalability of large arrays of qubits is the
individual control of many qubits simultaneously. Currently, the prevailing
method of qubit control is to address qubits individually, an approach which is
not easily scaled to millions of qubits due to qubit crosstalk. A potential solu-
tion uses an on-chip dielectric resonator to provide a uniform global field which
can be used to drive all qubits on a device simultaneously. Previous studies
have shown coherent control of qubits using a dielectric resonator; this thesis
expands on these findings by demonstrating two-axis single qubit control of

1



bare qubits and qubits dressed in continuous wave and sinusoidally modulating
global fields. Gate set tomography is used to benchmark the qubits, achieving
bare and dressed single gate fidelities over 99%. Noise spectroscopy experi-
ments are performed to measure qubit decoherence and posit possible physical
sources of qubit noise. These results demonstrate the viability of dielectric
resonators as a method of global control in quantum computers.

1ii
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Chapter 1

Introduction

1.1 Quantum Computing

In 1981, Richard Feynman delivered a talk on the simulation of physical systems
with computers [1]. The premise of his speech was simple: to efficiently simulate
the quantum laws of nature, one must use a computer which harnesses quantum
mechanics. In fact, there exist classes of problems that are impractical to solve
for classical computers based on binary logic [2]. Feynman’s proposal was the
first application for a computer utilising quantum phenomena, initiating the

nascent field of quantum computing.

Quantum computing research was catalysed in 1994 by Peter Shor’s discovery
of a quantum algorithm for the factorisation of prime numbers [3]|. Shor’s algo-
rithm showed that a fault-tolerant quantum computer was capable of factoring

prime numbers in polynomial time; in contrast, the fastest known classical
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algorithm scales exponentially with prime number size. The intractability of
prime factorisation is a core assumption of the Rivest—Shamir—Adleman (RSA)
protocol which forms the backbone of encryption in the digital age [4]. Sud-
denly, quantum computing had geopolitical and economic consequences, and

scientific interest in the field skyrocketed.

1.1.1 Fault tolerance and quantum supremacy

In order to implement a practical quantum algorithm such as Shor’s algorithm,
quantum computers must be robust to the decoherence mechanisms which af-
fect quantum bits (qubits). Quantum error detection and correction protocols
exist which are able to rectify these errors to a certain extent [5]; however,
a minimum threshold for qubit fidelity must be met before the protocols cor-
rect more errors than they create. Above this threshold, entangling multiple
physical qubits encodes a single logical qubit which is capable of fault toler-
ant quantum computation. In practice, a single error-corrected logical qubit
may consist of thousands or millions of physical qubits [6]. The ultimate goal
for a quantum computer is to demonstrate quantum supremacy: a computa-
tional advantage over classical computers. Experimental claims of quantum
advantage have attracted intense attention and scrutiny; the 2019 assertion
of quantum supremacy on Google’s 53-qubit Sycamore processor [7] was con-
tested by the research community and later found to be inaccurate [8]. In any
case, a quantum computer is yet to solve a practical real-world problem faster
than the most powerful classical computers, though applications may exist for

pre-fault-tolerant quantum computers [9).



1.1.2 DiVincenzo’s criteria

30 years after the publication of Shor’s algorithm, research is being conducted
on a diverse array of promising quantum computing technologies such as super-
conducting circuits [9H11], ion traps [12,/13], neutral atoms |14], photons [15-17],
and spins in the solid state [18-22]. This thesis focuses on one such platform:

electron spins in silicon metal-oxide-semiconductor (SIMOS) quantum dots.

1.1.2 DiVincenzo’s criteria

The DiVincenzo criteria are a widely cited set of conditions that a potential
qubit platform must satisfy for fault-tolerant quantum computation [23]. They

are:

1. A scalable physical system with well-characterised qubit.

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

3. Long relevant quantum coherence times.

4. A "universal" set of quantum gates.

5. A qubit-specific measurement capability.
There is yet to be a quantum computing platform capable of fulfilling all of Di-
Vincenzo’s criteria. While several promising candidates are capable of demon-
strating criteria 2-5 at a small scale, the main bottleneck for many platforms

(including semiconductor spin qubits) is the scalability clause of the first crite-

rion.
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1.1.3 Silicon MOS quantum computing

Electron spin qubits in the silicon metal-oxide-semiconductor (SiMOS) plat-
form are a leading contender in the race for fault-tolerant quantum computa-
tion. Similar to conventional MOS field-effect transistor (MOSFET) designs,
quantum dot structures are defined with a metal gate stack which sits on top
of an insulating oxide layer. The electrostatic potential of the quantum dot is
highly tunable with the metal gates, and single electrons can be confined in the
dot with spin states split by an external magnetic field [24]. The fabrication
of SIMOS devices is compatible with existing CMOS processes, enabling its
manufacture and integration with classical control electronics [25]. In addition,
SiMOS qubits can be fabricated with isotopically enriched silicon substrates,
which minimises spin decoherence from nuclear spins [26]. This has allowed for
demonstrations of initialisation, universal control, and readout of SIMOS qubits
with exceptionally high fidelity, fulfilling four of DiVincenzo’s criteria [18]. The
final criterion, scalability, remains an open problem and is the core focus of this

thesis.

1.2 Scaling SIMOS qubits

The SiMOS platform has many qualities which are beneficial for scaling to the
large arrays of qubits required for fault tolerant quantum computation. The
footprint of a qubit is extremely small (~ 10°nm?), meaning that millions of
qubits can fit on a single chip. Furthermore, SIMOS qubits can be operated
at 1 K with high fidelity, greatly easing requirements on the cryogenic setup’s
cooling power [18,27].



1.2.1 Long distance quantum gates

However, several challenges relating to scalability remain unresolved. Practical
quantum algorithms require classical control circuitry; due to the difficulty
of interfacing room temperature and cryogenic electronics, the control system
must be hosted on the same chip as the qubits [28]. Hence, the size of the
SiMOS qubit footprint is a double-edged sword: the density of the qubit array
hinders its integration with control electronics. This necessitates a method
of performing quantum operations between distant qubits [28]. In addition,
individually addressing each qubit becomes infeasible for large qubit arrays due
to qubit crosstalk and limitations on the number of microwave control lines.
This could be resolved by using a control scheme capable of simultaneously

addressing all qubits in an array with a single microwave field.

1.2.1 Long distance quantum gates

Current two-qubit gates are limited to the exchange interaction between nearest-
neighbour qubits, which generally spans tens of nanometres [29]. As a result,
there is significant interest in developing a way to perform two-qubit operations
over longer distances. A potential method of achieving quantum operations be-
tween distant qubits is to use photons in a superconducting resonator. Previous
implementations of strong spin-photon coupling for electrons in silicon have re-
quired an on-chip micromagnet to couple the spin and charge states of the
qubit [30,31], which introduces additional fabrication steps and is not easily
scaled beyond two qubits. This thesis investigates spin-photon coupling using
the intrinsic spin-orbit interaction of strongly confined electrons in SIMOS [32],
similar to results for hole spins in semiconductors [33]. An intrinsic coupling

would eschew the requirement of a micromagnet, enhancing prospects of a



CHAPTER 1. INTRODUCTION

scalable long-distance qubit gate.

1.2.2 Global control of large qubit arrays

Currently, the dominant methods of control in spin qubits use magnetic or
electric microwave fields applied to individual spins. This requires a number
of microwave transmission lines which rapidly increases with the size of the
qubit array [34]. Therefore, existing control methods quickly become infeasible
due to qubit crosstalk and heat load when scaling to the thousands of qubits

required for fault tolerant quantum computation.

Alternatively, one can use a homogeneous magnetic field provided by a single
microwave source capable of driving all qubits simultaneously; this approach is
known as global control. Dielectric resonators were shown to provide a suitable
global driving field for coherent qubit control |35; however, coherence times of
previous experiments were limited by the choice of metal for the gate stack [36].
This thesis presents experimental results on a device with improved fabrication
methods which greatly increased coherence times, allowing for the first demon-
stration of qubits dressed in a dielectric resonator’s global field. Tomography
techniques are used to benchmark qubit performance, while results from noise
spectroscopy experiments provide an insight into the main sources of noise in

globally driven qubits.



1.3. THESIS OUTLINE

1.3 Thesis Outline

This thesis researches two topics on the scaling of spin qubit quantum com-
puting: superconducting resonators for spin-photon coupling and dielectric res-
onators for global control. Chapter 2 gives an overview of theory and previous
results for spin qubits, spin-photon coupling and global control. In Chapter 3,
the theory of spin-photon coupling is introduced, then experimental results on a
SiMOS qubit device are used to consider the theoretical addition of a resonator
to the quantum dot system. Chapter 4 details efforts towards the fabrication
and integration of a superconducting resonator with a SiIMOS quantum dot
device. Chapter 5 investigates global control schemes for scalable qubit arrays,
driven by a dielectric resonator. Finally, Chapter 6 summarises the advance-

ments presented in this thesis, with an outlook for future research.



CHAPTER 2. LITERATURE REVIEW

Chapter 2

Literature Review

2.1 Spin qubits in semiconductors

Two highly influential papers on quantum computing architectures for semicon-
ductor spin qubits were both published in 1998. Loss and DiVincenzo proposed
qubits composed of single electron spins confined by quantum dots in a semi-
conductor substrate [37] (Fig. (a)). The other proposal, by Bruce Kane,
encoded qubits in the nuclear spins of phosphorus donors implanted in a silicon
substrate 38| (Fig. (b)). Both the Loss-DiVincenzo and Kane proposals
sparked considerable interest in semiconductor spin qubits as a platform for
quantum computation. Early progress was originally made for electrons in
gallium arsenide (GaAs) heterostructures, where the initialisation, control and
readout of a spin qubit was first shown [39,40]. However, the nuclear spin of
the GaAs substrate was a significant source of qubit dephasing, limiting spin

coherence times.



2.1. SPIN QUBITS IN SEMICONDUCTORS

A breakthrough was made with the demonstration of spin qubits in silicon
metal-oxide-semiconductor (SiMOS) devices: first for donor-bound electrons
[41], then for electrons in gate-defined quantum dots [29,42] (Fig. (a)).
The key advantage of silicon substrates is the absence of nuclear spin in the
naturally abundant isotope of silicon: silicon-28. By isotopically purifying the
silicon wafers to 800 ppm of residual silicon-29, exceptional coherence times
allowed for one and two-qubit gate fidelities exceeding 99% [43]. State-of-
the-art qubit devices are fabricated on 50 ppm wafers [18,44], while further
innovations in fabrication processes may make even higher purities of silicon-

28 possible [45,46].
(b) <
T=100 mK BAC (51 0 3 TeSIa)

B (=2 Tesla)
J-Gates

Z/-_\ \
A ’
’ e

1 Barrier

Si

e
P I, Substrate

Figure 2.1: Early semiconductor spin qubit architectures. (a) The Loss-
DiVincenzo proposal for electron spin qubits in gate-defined quantum dots
(adapted from Ref. [37]) (b) The Kane quantum computer, which proposed
electron and nuclear spins of phosphorus donors implanted in a silicon substrate
(adapted from Ref. [38]). The qubits are driven by a globally applied magnetic
ﬁeld, B AC-

Another benefit of the SIMOS platform is its compatibility with the CMOS
fabrication processes ubiquitous in the semiconductor industry. In recent years,
devices have gradually progressed away from university cleanrooms towards

industrial CMOS foundry processes. Qubits measured on these devices have
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Figure 2.2: Modern semiconductor spin devices. Examples of modern
spin qubit devices with: (a) electrons in SIMOS [43], (b) holes in germanium
[22], (c) electrons in Si/SiGe [47], (d) holes in SIMOS nanowires [33].

fidelity metrics comparable to or exceeding previous experiments [48-51].

Si/SiGe heterostructures are also a prominent platform for semiconductor spin
qubits which has attracted interest in the research community (Fig. [2.2] (¢)).
The heterostructures consist of a pure silicon quantum well layer sandwiched
by layers of SiGe alloy. Compared to SiMOS substrates, the resulting elec-
tron confinement potential is smoother and further from the oxide interface re-
sulting in increased electron mobility, lower percolation density and decreased
susceptibility to charge noise . On the other hand, growing the Si/SiGe

heterostructures introduces additional complexity to the fabrication process.

10



2.1.1 Initialisation and Readout

Furthermore, the smooth interface between the Si and SiGe layers results in a
smaller and more variable valley splitting which can act as an unwanted source

of spin-state leakage for Si/SiGe qubits [53}54].

Electrons are not the only implementation of semiconductor spin qubits: holes,
which are unfilled valence band states, also have an effective magnetic moment
which can be encoded as a qubit. Promising experimental progress has been
made for holes in germanium [22,|55,56] and silicon [57,58] (Fig. (b,d)).
Holes have a far stronger spin-orbit interaction than electrons, making them
particularly suitable for electron dipole spin resonance (EDSR) and spin-photon
coupling [33,/59]. On the other hand, this makes holes particularly susceptible to
decoherence from charge noise, though this could be mitigated through careful

selection of the qubit control point [58}/60-62].

2.1.1 Initialisation and Readout

The preparation and measurement of qubits with high fidelity is an essential
component of a functional quantum computing architecture. Qubit initiali-
sation for quantum dots was first achieved by reloading the electron from an
adjacent electron reservoir into the ground state, which is determined by the
Zeeman splitting of an externally applied magnetic field [63]. Single-spin relax-
ation is another option in theory, but relaxation times for spins in silicon are far
too long (T; ~ 1s) for practical applications unless valley or orbital-mediated
relaxation mechanisms are used [64]. Instead, the predominant method for
qubit initialisation uses a double quantum dot isolated from any reservoir. By

operating the double dot in a charge configuration with an even number of elec-
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trons in both dots, the Pauli exclusion principle guarantees the ground state of
a given dot to be the singlet state: the singlet-state relaxation time is typically
orders of magnitude faster than for single spins in silicon MOS [65]. The double
dot is then pulsed to separate the electron pair into each dot, preparing either
a singlet or antisymmetric triplet state depending on the initialisation pulse

ramp time [66).

A direct measurement of an electron spin is difficult owing to the extremely
small magnitude of a single electron’s magnetic moment. Therefore, qubit read-
out techniques rely on a form of spin-to-charge conversion, where the movement
of an electron charge is engineered to be dependent on its spin state. A tech-
nique known as Elzerman readout is performed by spin-selective tunneling to
an electron reservoir with an energy level in between the spin-up and spin-down
states of the qubit in the presence of a magnetic field [63]. However, the den-
sity of SIMOS quantum dot arrays may not accommodate electron reservoirs
adjacent to all qubits, so this approach is not easily scaled. Elzerman read-
out also requires a magnetic field large enough to induce a sufficient Zeeman
splitting, making it incompatible with qubits at lower magnetic fields or higher
temperatures. Pauli spin blockade (PSB) addresses both of these issues; as a
result, it is the predominant spin-to-charge conversion method for spin qubits in
SiMOS [18,67] and is proposed for use in large-scale semiconductor spin archi-
tectures [68,69]. Instead of the dot-to-reservoir tunneling detected by Elzerman
readout, PSB uses the interdot transition of electrons in neighbouring quan-
tum dots, where tunneling is only allowed if the electron pair is in the singlet
state S = (|[11) — [41))/v/2 (this scheme is called singlet-triplet readout). For a
double quantum dot with a significant g-factor variation caused by spin-orbit

interaction, the antiparallel triplet state Ty = (|11) + [{1))/V/2 relaxes quickly
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to the singlet state before spin readout is completed. The resulting readout
scheme is termed parity readout and differentiates the singlet and antiparallel

triplet states from the parallel triplet states (|T.) = |11),|T-) = [})) [70].

Charge sensing is most commonly achieved with the use of a nearby single elec-
tron transistor (SET). If a quantum dot is made sufficiently small, its I-V char-
acteristic becomes non-Ohmic due to Coulomb interactions between individual
electrons: a phenomenon known as the Coulomb blockade |71,72]. The SET can
then be tuned to a regime with periodic areas of extremely high transconduc-
tance (referred to as Coulomb peaks). Therefore, any nearby charge transitions
capacitively couple to the SET and cause a detectable change in its current.
This approach has been successfully used for single-shot readout in semicon-
ductor spin qubits [73,74], with recently reported fidelities exceeding 99% [50].
Improved readout signal-to-noise ratios (SNRs) have been achieved with the
addition of a resonant LC tank circuit attached to the SET, which is probed
with radio-frequency reflectometry [75,|76]. This approach has also yielded

readout fidelities in excess of 99% in semiconductor qubits [18}[77,|78].

In large qubit arrays, it may not be practical to have SETs adjacent to every
qubit. As a result, there has been considerable research effort towards develop-
ing gate-based sensing, which use RF reflectometry techniques applied directly
to the plunger gate of the quantum dot device |[79-81]. High-quality on-chip
superconducting resonators have also been used for gate-based dispersive read-
out [82]. Dispersive readout techniques do not require charge tunnelling and are
quantum non-demolition (QND), meaning that they allow the repeated obser-
vation of a quantum system’s state without destroying it. QND measurements

are also possible with SETs if an ancilla qubit is used [83,84].
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2.1.2 Control
2.1.2.1 Single-qubit control

The Loss-DiVincenzo proposal originally offered two implementations of single-
qubit control: an AC magnetic field provided by a scanning tunneling micro-
scope tip, or an on-chip ferromagnetic dot which can be connected with spin
qubits through the electrical tuning of nearby gates [37]. However, in modern
devices single-qubit control is generally performed with an electromagnetic field
on-resonance with the qubit frequency, resulting in Rabi oscillations (derived
in Appendix . The driving field may be magnetic or electric: magnetic fields
directly drive the electron spin (electron spin resonance, ESR), while electric
fields require a degree of spin-charge hybridisation to drive the qubit (electric
dipole spin resonance, EDSR). ESR is typically performed with an on-chip an-
tenna [40]: this is still the leading method of control used in SIMOS qubits
today [18,50,85]. For EDSR, the microwave signal is sent to a gate adjacent
to the qubit, directly modulating the electric potential of the qubit. Since
electrons typically have a very low spin-orbit effect, an on-chip micromagnet
induces a magnetic field gradient to hybridise the spin and charge states of the
spin qubit [20}/86,[87]. EDSR has also been demonstrated for tightly-confined
electrons in SiMOS with an intrinsic spin-orbit effect due to excited orbital

states [32] and for holes in germanium [55] and silicon [57}588§].

A novel approach to qubit control demonstrated recently is the use of hop-
ping spins to perform single-qubit operations. First demonstrated for holes
in Germanium, gates are implemented by shuttling the spin between dots

with a difference in spin quantisation axis due to the hole spin’s strong spin-
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orbit coupling. By precisely engineering the timing of the shuttling operation,
single-qubit gates with fidelities well above the fault-tolerant threshold were
observed [89]. Shuttling-based control is also advantageous because it eschews
the need for a microwave frequency driving field. In this way, it is somewhat
analogous to the Loss-DiVincenzo proposal: the ferromagnetic dots of the orig-
inal paper are substituted for the intrinsic spin-orbit coupling of holes in Ge.
In principle, hopping spin gates can be performed for any system with a large
spin-orbit interaction; this could include electrons with an intrinsic spin-orbit

coupling [32] or an on-chip micromagnet [20].

All of the control schemes described in this section are a form of local control,
where qubits are addressed individually and sequentially for qubit operations.
This presents several challenges when scaling to large qubit arrays. Addressing
many qubits individually requires the qubits to be spread out over a frequency
range large enough to avoid crosstalk [90]. The addition of frequency multiplex-
ing hardware to the microwave signal chain is a potential source of electrical
noise and heat load to the cryogenic setup [20,91]. One possible solution to
these issues is the use of a global microwave field to control the entire qubit
array simultaneously [38]. Previous experiments on global control schemes will

be reviewed in detail in Section 2.4]

2.1.2.2 Two-qubit gates

Two-qubit gates are based on the Heisenberg exchange interaction and can
be performed between nearest-neighbour qubits by tuning the interdot barrier
potential such that the electron wavefunctions overlap. The most practical

implementation of a two-qubit gate in spin qubits depends on the relative sizes
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of the exchange interaction J and Zeeman splitting ;. When the two spins are
on resonance (Ez < J), pulsing the exchange interaction results in a SWAP
gate coupling the |1]) and ||1) spin states. On the other hand, for far-detuned
qubits (Ez > J), the exchange interaction causes a frequency shift in one qubit
dependent on the state of the other: in essence, this is a controlled-Z (CZ) gate.
A controlled-NOT (CNOT) gate is performed by combining the CZ gate with

either sequentially [29] or simultaneously [92] applied single qubit operations.

Two-qubit exchange oscillations were first observed in GaAs [39], followed by
demonstrations of two-qubit CNOT gates in SiMOS [29] and Si/SiGe [92].
Improvements in device design, fabrication, and operation have resulted in
several reports of two-qubit gate fidelities above 99% [21},/50,/93]. These two-
qubit gates can only be performed between adjacent qubits; there is significant

interest in researching two-qubit operations between distant qubits.

2.2 Superconducting resonators

Superconducting resonators have a wide range of applications in quantum com-
puting including single photon detection [94], parametric amplification [95,96],
and as a key component of superconducting qubits [10,(97,98]. The phe-
nomenon of superconductivity results in resonators with zero resistivity, making

extremely high quality factors possible.
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2.2.1 Coplanar waveguide resonators

The most common type of resonator used in cQED experiments is the copla-
nar waveguide (CPW), which consists of a single signal trace flanked by two
ground planes (Fig. [99]. The planar design of the CPW makes it espe-
cially compatible with lithography processes commonly used in semiconductor

fabrication.

Figure 2.3: Illustration of a superconducting resonator. A typical CPW
resonator is depicted with antinodes in the electric field (orange) at each end.
The lumped-element model of the resonator is depicted in blue. Adapted from

Ref. .

The characteristic impedance Z, and effective permittivity €. of the copla-

nar waveguide can be computed from the resonator dimensions and substrate

permittivity [101]:

307 K (k)

Zo = : 2.1

0 A/ Eeff K(ko) ( )
€+ 1

ot = =5 — (2.2)
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where
w
kg = ——— 2.3
T w428 (2:3)
ky = /1 — ko, (2.4)
(2.5)

w and s are the resonator conductor width and ground plane separation respec-
tively, € is the electric permittivity of the substrate, and K (k) is the complete
elliptic integral of the first kind. This assumes that s,w < ts where ¢, is
the thickness of the substrate. This condition is satisfied for the resonators
measured in this thesis, where s = 5 um,w = 25um, and t;, & 1mm. From
Egs. and it is evident that the resonator impedance depends only on
the CPW parameters w and s, and that reducing w relative to s increases the
impedance. A simple representation of the CPW is the lumped-element model,
which breaks the resonator down into an infinite chain of infinitesimally small

series inductances and parallel capacitances (Fig. [2.3]).

A resonator terminated by antinodes (i.e. open circuits) will act as a /2
resonator with maximal electric field fluctuations (minimal magnetic field fluc-
tuations) at both ends. For a resonator of length d, the fundamental mode of
the A\/2 resonator occurs at frequency fo = ves/2d, where veg = ¢/ /€cq is the
phase velocity of light in the waveguide. For applications where the resonator
is desired to be in the vacuum state (e.g. spin-photon coupling), the resonator
frequency should be high enough to avoid thermal photons: hfy > kgT =
2.08 GHz for a base dilution refrigerator temperature of 7' = 10 mK. There-
fore, resonance frequencies in the range 4-8 GHz are commonly chosen due to

the abundance of microwave electronics available in this frequency band.
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2.2.2 Resonator quality and coupling regimes

Quality factor (Q-factor) is a quantitative measure of a resonator’s ability to
store energy without loss. It is defined as the ratio of the resonator frequency

fr to the resonator linewidth:

_
Qtotal - Afa

with A f defined as the full width at half maximum (FWHM) of the resonator’s

(2.6)

magnitude response. The quality factor can be separated into components

based on loss mechanism, for example:
1 n 1
Qtotal Qi Qc 7

where (). is the coupling quality factor representing losses from coupling to

(2.7)

input/output ports of the resonator and @; is the internal quality factor in-
dicative of resistive, radiative or dielectric losses. (). is easily engineered by
changing the inductive/capacitive coupling at the resonator ports, while @ is

an intrinsic value dependent on device fabrication, materials and design.

When Q. < @, the resonator is overcoupled and the majority of photon loss
is through the input/output ports. This regime is ideal for readout resonators
since the readout signal increases with @).. When Q. > @, the resonator is
undercoupled. Qiota is inversely proportional to the resonator decay rate; as a

result, undercoupled resonators are generally ideal for spin-photon coupling.

2.2.3 Kinetic Inductance

Kinetic inductance is a phenomenon caused by the inertia of electrons in an

alternating field. In normally conducting wires, this effect is usually not signif-
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icant since the collision time of electrons in a wire is far less than the frequency
of the field. However, when the wire is superconducting and driven at a high
frequency, kinetic inductance emerges as a phase delay in voltage due to the
inertia of the electron. High kinetic inductance materials are typically dirty su-
perconductors, which are superconducting materials with impurities such that
the electron mean free path is much shorter than the superconducting coherence
length [102]. The impurities may be physical (e.g. superconducting quantum
interference devices (SQUIDs) [103]) or chemical (e.g. a superconductor inter-

spersed with insulating materials such as NbTiN, TiN or granular aluminium).

An expression for the kinetic inductance Ly can be derived from Mattis-Bardeen

theory [104], given by

d\ Ryh A
Ly = <w> 52 coth <2kBT> : (2.8)

where d and w are the length and width of the resonator’s central trace, Ry,

is its normal-state resistance per square, and A is the material’s supercon-
ducting gap. Therefore, the kinetic inductance of a material can be estimated
by simply measuring its room temperature resistance. By combining these
two approaches, it is possible to increase the characteristic impedance of a
resonator by several orders of magnitude over the common 502 impedance
resonator [59}/105,(106]. However, there are added challenges when using high
impedance resonators. Since the capacitance of the resonator is smaller, par-
asitic capacitances form a greater fraction of the total. As a result, unwanted
microwave leakage is increased, making it more difficult to overcouple the res-

onator [107].

20



2.2.4  Superconducting resonator materials

2.2.4 Superconducting resonator materials

Several criteria are important when selecting a suitable resonator material:

o Magnetic field resilience
The superconductor’s critical field must be high enough to withstand the
typical operating magnetic fields of spin qubits (~ 500mT) |108|. Res-
onator quality factor also degrades with magnetic field, and is especially

sensitive to fields perpendicular to the plane of the substrate [105]/109].

» Kinetic inductance
To maximise the spin-photon coupling rate, high kinetic inductance ma-

terials are desirable.

e Thermal budget
For SIMOS qubits, a forming gas anneal is an essential step at the end of
the fabrication process. Hence, the resonator material should be resilient
to temperatures of up to about 400 °C. This requirement can be avoided

if the resonator is fabricated after the quantum dot structure.

2.2.4.1 Niobium Titanium Nitride (NbTilN)

Previous demonstrations of strong spin-photon coupling have used NbTiN [31}
110] due to its magnetic field stability and high kinetic inductance. Samkharadze
et al. [105] found that NbTiN resonators maintained quality factors greater than
10° for parallel magnetic field strengths of up to 6 T. The impedance of the

resonator was approximately 4 k(2.
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2.2.4.2 Granular Aluminium (grAl)

Granular aluminium is an novel material first proposed for use in supercon-
ducting qubits by Grunhaupt et al. |111]. By introducing oxygen gas during
aluminium deposition, the aluminium forms small grains of diameter 3 nm
coated with a layer of aluminium oxide. The kinetic inductance, critical field
and critical temperature all depend on the oxide content, which is easily tuned
by varying the oxygen pressure when depositing the film. As grAl is a dirty
superconductor, it has significantly improved critical temperature and critical
field when compared to pure aluminium [112]. Granular aluminium also has
very high kinetic inductance, as high as 1.2 nH/sq |113|, which is an order
of magnitude higher than reported for NbTiN. Strong charge-photon coupling
was recently achieved for granular aluminium resonators coupled to holes in

germanium [59).

2.2.4.3 Molybdenum Rhenium (MoRe)

Molybdenum rhenium also exhibits high magnetic field stability and resistance
to high temperatures: Q-factors approaching 10° were measured for annealed
resonators [114]. The fabrication process of MoRe is also easier than other
superconductors, as it can be sputtered without the need for nitrogen or oxygen

gas in the deposition chamber |115].
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2.3 Spin-photon coupling

The coupling between a spin qubit and photon belongs to the field of cavity
quantum electrodynamics (cQED), which describes the interaction between any
two-level system (such as a qubit) and the electric field of a cavity (such as a
superconducting CPW resonator). The qubit can be described as a two-level
system with ground and excited states |g) and |e) separated by an energy hw,.
The qubit Hamiltonian, H, is

hw,

where &, is the Pauli-Z operator. The resonator Hamiltonian, H, is
H, = hw,.a'a, (2.10)

where w, is the resonant frequency and a' (a) is the bosonic creation (annihila-
tion) operator. The Hamiltonian Hj,, describing the qubit-resonator interaction

can be derived by way of the rotating wave approximation as |116]
Hi = hg (640 +6_a'), (2.11)

where 6, = |e) (g| and 6_ = |g) (e| are the qubit’s raising and lowering opera-
tors respectively, and g is the vacuum Rabi coupling. The Hamiltonian of the

combined qubit-resonator system is

HJC’ = Hq+Hr+Hint (212)
huw
= = 10:+ hw,dla + hy (64a+06-af), (2.13)

This is the Jaynes-Cummings Hamiltonian commonly used to describe light-

matter interactions in ¢cQED [117]. As detailed in Chapter [3} an electron with
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spin-orbit interaction cannot be described with a simple two-level model; in
this case, the Jaynes-Cummings Hamiltonian is not sufficient to derive the

spin-photon coupling strength.

The strong coupling regime is achieved when the coherent spin-photon coupling
strength ¢ is greater than the decoherent processes of resonator decay s and
spin dephasing . In 2017, three independent demonstrations of strong spin-
photon coupling were published in the space of a year for electrons in Si/SiGe
[30,131] and resonant exchange qubits in GaAs [110]. The key innovations
of these devices were the additional spin-charge hybridisation provided by a
micromagnet or multi-electron qubit, and the use of resonator materials and
geometry which greatly increased the resonator impedance. In the work by
Samkharadze et al. [105], NbTiN resonators with an impedance of 3 k2 and
Q-factors above 3000 were achieved. Subsequent studies reported coherent
spin-spin interactions [118,/119], culminating in the first two-qubit logic gate
mediated with a superconducting resonator, albeit with poor spin coherence
(T ~ 80 ns, T7 ~ 260 ns) [120]. Strong coupling was also reported for hole
spin qubits in silicon MOS nanowires [33], with a high spin-photon coupling
strength of 330 MHz attributable to the strong spin-orbit effect of holes.

2.4 Global control and dressed qubits

One of the first ideas for a spin-based quantum computer was outlined by
Kane in 1998, which envisioned an array of phosphorus donors embedded in
a silicon substrate |38]. Kane’s proposal for a quantum computer introduced

the concept of global control, using an off-resonant always-on global magnetic
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field. Qubit operations were performed by electrically tuning the qubit into
resonance with the global field [38,/121]. Since the global field can drive all
qubits simultaneously and with a single microwave source, it mitigates the
wiring, heating and frequency crowding issues associated with local control

methods (Sec. [2.1.2.1)). This makes global control schemes advantageous when

scaling to large qubit arrays.

Recent research on global control has investigated qubits dressed in a driving
microwave field as a way to improve the coherence times of spin qubits |122}
123]. Advanced dressing protocols which modulate the amplitude of the global
field have been proposed to more effectively cancel errors in qubit Larmor
and Rabi frequencies [124}|125]. An experimental demonstration of always-
driven two-qubit control was recently achieved with an on-chip ESR antenna
in SiMOS qubits [85]; however, ESR antennas are not scalable to large, globally
controlled arrays because of their large footprint and localised magnetic field.
Dielectric resonators are an alternative global field source capable of providing

a homogeneous magnetic field with low microwave loss.

2.5 Dielectric Resonators

Dielectric resonators are compact, high-performance components that confine
electromagnetic energy within a dielectric material to produce resonances at
microwave and millimetre-wave frequencies. They are widely used in microwave
circuits as filters, oscillators, and antennas due to their low loss, easy on-chip
integration and good power-to-field conversion factors. Dielectric resonators

are widely used in ESR spectroscopy experiments [126/128[; however, spin res-
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onance for applications in quantum computing was only achieved relatively
recently [35,36]. The dielectric material used in these experiments was potas-
sium tantalate (KTaOs), which has an extremely high electric permittivitty
(€, > 4 x 10 for T = 4K) and low loss tangent § ~ 1072 at cryogenic tem-
peratures [129]. An internal quality factor of 6 x 10* was reported for KTaOs

dielectric resonators in Ref. [35].

For the purposes of spin resonance, it is desirable to drive with a purely mag-
netic AC field, with the electric field entirely confined within the dielectric
resonator. Hence, the fundamental transverse electric (TE) mode, TEy;4, is
used (Fig. [2.4]). The resonant frequency of a dielectric resonator can be calcu-
lated from its dimensions and electric permittivity, with the use of Marcatili’s
approximation [130]. For a rectangular resonator with height h and cross-

sectional dimensions a and b, the TE;;5 mode resonant frequency is [131]:

fr= ko (2.14)

" \/Eolio'

Here, kg is the free-space wavenumber given by

erky = k2 4+ k) + k2, (2.15)

where
k=i k= (2.16)
. tan <k2h> = (e, — DK} — K2, (2.17)

from which a solution for ky can be calculated.
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TE115

Figure 2.4: TIllustration of a dielectric resonator. Electric (red) and
magnetic (blue) field lines are depicted for the TE;;; mode. Adapted from

Ref. [35].
2.6 Gate Set Tomography

Gate Set Tomography (GST) is a robust and highly precise method used to
characterise the behaviour of quantum gates, especially in the presence of noise
and systematic errors . Unlike quantum process tomography, which focuses
on reconstructing a single gate, GST characterises an entire set of quantum
gates along with the state preparation and measurement (SPAM) errors. GST
works by preparing a variety of input states, applying sequences of gates, and
then performing measurements on the output states. The advantage of GST
over other error characterisation protocols (such as randomised benchmarking)

lies in its ability to evaluate SPAM errors and to distinguish between Hamilto-
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nian and stochastic errors. This makes GST a powerful tool for benchmarking
quantum gates and identifying and correcting for sources of qubit error. While
GST was first applied to trapped ion qubits [133], it has since been used for a
wide variety of qubit platforms including silicon spin qubits [43],134,/135].
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Chapter 3

Theory of spin-photon coupling
in silicon MOS qubits

This chapter includes work from the following manuscript which has been sub-
mitted for publication: K. S. Guo, M. Feng, J. Y. Huang, W. Gilbert, K.
M. Itoh, F. E. Hudson, K. W. Chan, W. H. Lim, A. S. Dzurak, A. Saraiva.
Methods for trans verse and longitudinal spin-photon coupling in silicon quan-
tum dots with intrinsic spin-orbit effect. Submitted to Phys. Rev. Applied.
Preprint available: arXiv:2308.12626 [cond-mat.mes-hall]

The experimental data presented in this chapter was collected by the author,
Jonathan Huang and Will Gilbert, with theoretical analysis by the author and
Mengke Feng. Wee Han Lim and Fay Hudson fabricated the device.
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MOS QUBITS

3.1 Intrinsic spin-orbit effect in silicon MOS

qubits

Electron spin qubits in silicon typically have a very low intrinsic spin-orbit ef-
fect [136,[137]. As a result, electron dipole spin resonance (EDSR) is usually
achieved with an extrinsic spin-orbit coupling engineered with an on-chip mi-
cromagnet [86}87], an approach which is also commonly used for electrons in
Si/SiGe heterostructures [138,/139]. However, electrons in SiMOS which are
strongly confined within a dense gate layout can be tuned in a way such that
the orbital states (which have a significantly higher spin-orbit coupling) can be
accessed. Experiments exploiting these excited states have demonstrated all
electric drive using EDSR with substantial increases in Rabi frequency while

maintaining single qubit gate fidelities in excess of 99.9% [32].

This configuration lends itself naturally to spin-photon coupling, since the
qubit’s EDSR drive can be readily provided by the electric field of photons
in a superconducting resonator. An advantage to the intrinsic coupling is that
there is no micromagnet required, relaxing fabrication constraints and improv-

ing scalability prospects.

This chapter combines experimental data on electron spin qubits in SIMOS
with cQED theory to estimate expected spin-photon coupling parameters with

the integration of a suitable superconducting resonator.
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3.1.1 Experimental Setup

In order to evaluate the spin-photon coupling strength, experiments were per-
formed on an electron SiMOS device to characterise the spin-orbit coupling.
The device and experimental setup are the same as those presented in Ref. .
A false coloured SEM image is shown in Fig. [3.1]

Electrons are accumulated under the P2 and P3 gates in the (3,1) charge con-
figuration. The single electron under P3 is the target qubit, while the electron
under P2 is used as an ancilla. A static magnetic field By = 700 mT is applied
to the device. Readout is measured by spin-to-charge conversion via Pauli spin
blockade (PSB), which is detected by an adjacent single electron transistor
(SET). EDSR is performed by applying microwave pulses to the CB, J1 or J2

gates.

(@)

Figure 3.1: Device layout (a) False-coloured scanning electron microscopy
(SEM) image of a device nominally identical to the measured device. EDSR is
performed on the qubit under P3 (purple), while the qubit under P2 (blue) is
used as an ancilla for readout. (b) False-coloured SEM cross-section showing
substrate, silicon oxide layer (purple) and aluminium gate stack with native
oxide (white).
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3.1.2 Theoretical model

A four-level model is used to describe the qubit energy spectrum, consisting of
the spin states [1) and |]) split by the external magnetic field and the orbital
states |A) and |B). The Hamiltonian of the qubit is presented in Eq. in

the basis {[4),[B)} @ {[1),[{)}

sE7 +na(Vy) 0 A+ Agg Ay
ﬁqd _ 0 _%E? —na(Vs) Agt A—Au
A+ Ay Ay SES + (g + 1)V 0
Ay A=Ay 0 —3E7 — (13 = B1)Vs

where E? () are the Zeeman splittings for each orbital state, nam) are their
respective linear Stark shifts, §; is the differential lever arm between the two
orbitals, Vj is the applied gate voltage on the J gate (either J1 or J2 depending
on the regime), A is the inter-orbital coupling between the orbitals, Ay is
the spin-dependent component of spin-orbit coupling, and Ay is the spin-flip
component of the spin-orbit coupling [140]. The orbital terms A, Ay and
A4 are dependent on the electric confinement of the qubit, giving access to a
variety of different spin-orbit coupling schemes by tuning nearby gate voltages.
The gates with the most influence on the orbital terms are the CB and J gates
since they are in close proximity to the electron and strongly control its lateral

confinement.

To model the speedup in Rabi frequency as the spin-orbit coupling changes, a
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Hamiltonian H ac is introduced with driving amplitude Qac:

001 0

) 0001

Hac = Qac - (3.2)
100 0
010 0

With this, the Rabi frequency is defined as the coupling between the ground
state, |g), and the 1st excitation state, |e), of Hjc in the eigenbasis of ffqd, and

can be calculated as frani = ‘<e| Hac \g)‘

3.1.3 PESOS maps

To probe the qubit’s spin-orbit dynamics, a pulsed electron spin-orbital spec-
troscopy (PESOS) map is measured by sweeping the J2 gate voltage and mi-
crowave frequency while applying a microwave pulse with a fixed duration (0.5
ps in Fig. [3.2(a)). The fixed microwave duration reveals any changes in Rabi
frequency as nutation patterns that appear alongside the main resonance [32].
The spin-orbit coupling is strongest when the orbital and spin states become
degenerate; for the PESOS map in Fig. m(a), the orbital degeneracy point
occurs when Vj, = 1.624 V. By fitting the qubit frequency and Rabi frequency
from the PESOS map to the four-level model, all parameters of the Hamiltonian
in Eq. can be extracted. The fitted four-level model is plotted in Fig.|3.2(b),
with Rabi frequency plotted in Fig. [3.2(c). The fitted Rabi frequency reaches
a maximum of 32 MHz at the orbital degeneracy, a value which is confirmed
by counting the number of interference fringes visible in the PESOS map (14

visible fringes corresponds to a 29-fold increase in the Rabi frequency).
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Figure 3.2: Four-level model of electron qubit with spin-orbit cou-
pling (a) A PESOS map obtained at 700 mT with 15 dBm drive on the CB
gate. Fitted qubit frequency plotted in blue. Colorbar indicates even state
probability. (b) Four-level model obtained from fitting of the PESOS map.
The vertical grey dashed lines correspond to the voltage range plotted in (a).
(c) Extracted Rabi frequencies frap; from the PESOS map (orange), with a fit
(blue) based on the four-level model.
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3.1.4 Resonator and Interaction Hamiltonians

The analysis so far has solely focused on the spin qubit described by its Hamil-
tonian ﬁqd. To obtain the full qubit-resonator system, the resonator and in-

teraction Hamiltonians, H,. and Hj,, are added:

f[res = hwesa'a, (3.3)

where w,es is the resonant frequency of the superconducting resonator and af

and a are the creation and annihilation operators, and

1
Hi = hlgio.(a + a') + dwo.(a'a + 5) + g0 cos(wmt + ¢m)(a + a] (3.4)

The interaction Hamiltonian contains three terms: the first is proportional
to g, and describes an on-resonance transverse spin-photon coupling which
was previously used to demonstrate strong spin-photon coupling for electrons
in Si/SiGe and holes in SIMOS [30,:31,33]. The second term is a dispersive
coupling with strength dw which couples the qubit energy levels to the number
of photons in the resonator. Finally, applying a sinusoidal modulation to the
voltage on a nearby gate with frequency w, and phase ¢, gives rise to a
dynamic longitudinal coupling with strength g which is proportional to the

curvature of the qubit energy.

Therefore, the Hamiltonian of the total spin-resonator system is

ﬁtot - I:Ires + I:qu + ]f]inin (35)
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3.2 Transverse spin-photon coupling

The transverse spin-photon coupling scheme uses the electric field of photons
in the resonator to directly drive Rabi oscillations in the qubit. In the eigen-
basis of Hqd, a single photon in the resonator introduces an electric drive with

magnitude

Oy

Qnczpr = Ve, (3.6)

where «; is the lever arm of the gate the resonator is connected to, and Vipp

is the resonator’s zero-point fluctuation of voltage with impedance Z,

27
Vapp = Wi/ —. 3.7
ZPF — W A (3.7)
The transverse spin-photon coupling strength is
g1
- = abi . 38
or JRabi,ZPF (3.8)

Therefore, to estimate frapizpr and calculate the expected transverse spin-
photon coupling strength, Rabi oscillations were measured for varying EDSR
drive amplitude, then the Rabi frequency was extrapolated down to the single-

photon voltage fluctuations Vapp expected in a high-impedance resonator.
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3.2.1 Microwave induced interdot transition broadening

The microwave drive used for EDSR is generated by a vector signal generator.
However, because the attenuation of microwave signal from generator to gate
is unknown, the actual voltage amplitude applied to the gate is ascertained
by probing the microwave induced broadening of the (4,0) <> (3,1) charge

transition.

Fig. (a) shows the interdot charge transition induced by sweeping the CB
gate voltage. As the microwave signal applied to the CB gate is increased,
a clear broadening of the RFSET signal is observed, which is fitted to the

Fermi-Dirac distribution

A

The parameter of interest is the transition width W, while A and B are con-
stants which result from the normalisation of the RFSET signal. Linear re-
gression is used to fit the broadening of the transition (Fig. [3.3|(b)), which is
used to convert the microwave power to the voltage applied at the gate. This
methodology was repeated for the J2 and J1 gates, allowing for the conversion
of microwave powers at the generator to actual voltages at the gate. While
this technique does not account for heating effects at higher powers, any ther-
mal broadening would be additive. Therefore, attributing all broadening to
the microwave source gives an upper bound for the driving amplitude. This
approach yields minimum line attenuations of 77 dB, 72 dB, and 75 dB from

the microwave source to the CB, J1, and J2 gates respectively.

37



CHAPTER 3. THEORY OF SPIN-PHOTON COUPLING IN SILICON
MOS QUBITS

(a) Lo ' 1.0

MW amplitude
o o o

[=]
N
RFSET signal (a.u.)

0.0 L == . : . ; :
0.312 0316 0320 0.324 0328 0.0 0.2 0.4 0.6 0.8 1.0
CB Voltage, Ves (V) MW Amplitude

Figure 3.3: Interdot charge transition broadening (a) The (4,0) <> (3,1)
charge transition caused by the CB gate as a function of microwave drive am-
plitude. An amplitude of 1 corresponds to 15 dBm at the microwave signal
generator. (b) Width of the transitions (fitted to Eq. for varying mi-
crowave amplitudes.

3.2.2 Calculating spin-photon coupling, g,

To estimate franizpr and calculate the expected transverse spin-photon cou-
pling strength, Rabi oscillations were measured on the device described in[3.1.1]
which is without a resonator. The Rabi frequency was extrapolated down to
the single-photon voltage fluctuations Vpp expected in a high-impedance res-

onator.

Figure [3.4(a) shows the PESOS map of the device under an external magnetic
field of 700 mT, operating near the orbital degeneracy point at Vj, = 1.598 V. A
speedup in the Rabi frequency caused by spin-orbit coupling is evident through
the interference fringes in the PESOS map.

Rabi oscillations were measured while sweeping the applied microwave power.
This experiment was then repeated while applying the microwave drive to the

the CB, J1 and J2 gates. The Rabi frequency frap increased linearly with
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Figure 3.4: Rabi oscillations (a) PESOS map taken at By = 700 mT. The
blue dashed line plots the fitted qubit frequency, black dotted line indicates
the voltage applied on the J2 gate where Rabi chevrons were measured. (b)
Rabi oscillations measured when applying a EDSR pulse on the CB gate with
1.4 mV amplitude (equivalent to 20 dBm power on the microwave source). (c)
Rabi oscillations measured when applying a EDSR pulse on the CB gate with
0.45 mV amplitude (equivalent to 10 dBm power on the microwave source).

increasing drive voltage (Fig. [3.5). At voltage amplitudes above 0.7 mV, a
tapering effect was observed (grey points in Fig. , consistent with previous
experiments on similar devices [32,[36]. These data points were excluded from
the fit since they are not relevant at single-photon levels. The voltage amplitude
at single-photon levels for a superconducting resonator is

27,
wh'

Ve = (3.10)

For a typical high-impedance resonator with resonant frequency w, = 6 GHz
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Figure 3.5: Rabi frequency at single-photon level. Rabi frequency as
a function of microwave power applied on the CB (blue), J1 (purple), and J2
(yellow) gates. A linear fit is used to extrapolate to the single-photon level (20
nV, vertical black line). The extrapolated single-photon Rabi frequencies are
shown in Table .1} Some data points for the CB and J2 gate fits are excluded
from the fit due to a tapering effect observable at higher powers (grey).
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and impedance Z, = 2 k€2, this equates to 20 nV. By extrapolating the fits to
this voltage for each gate, the spin-photon coupling strength ¢, calculated and
listed in Table 311

Driven Gate | Coupling strength, | Resonator decay, | Spin decoherence, 2g,
g1 /2m(MHz) K. /2m(MHz) vs/2m(MHz) Ysthr/2

CB 3.984+0.15 2 1.27 3.5

J1 1.68+0.25 2 1.27 1.5

J2 2.70+0.41 2 1.27 2.4

Table 3.1: Table of spin-photon coupling parameters for each driving gate.

3.2.3 Calculating qubit decoherence,

The qubit decoherence in the system was calculated from the first and sec-
ond derivatives of the qubit dispersion shown in Fig. (b), according to the
following equation |141]:

L LB g L (2B g
ot - h\l 2 ( oV 5Vnoise + 4 oV2 5Vnoise )

where 0V0ise 18 the voltage noise fluctuation of the gate due to charge noise,

(3.11)

assumed to follow a 1/f distribution. This expression for spin decoherence
accounts for noise up to the second order which is dominated by charge noise
[142,/143]. Charge noise on the J gate is the greatest source of decoherence
due to the gate’s strong influence on the lateral confinement of the quantum
dots [144]. 6Vieise is taken to be 2 neV at 1 Hz based on results obtained in
other SIMOS devices [43]. Measurements for all three gates were taken at the
same voltage relative to the degeneracy, so the decoherence is expected to be

the same for all driving gates.
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Figure 3.6: J2 voltage dependence of spin decoherence Spin decoherence
calculated according to Eq. [3.11, Red dashed line indicates J2 gate voltage at
which Rabi oscillations are measured, with v, = 1.27 MHz.

3.2.4 Evaluating spin-photon coupling strength

The strong spin-photon coupling regime is reached when the coupling strength
g1 between the spin qubit and the resonator exceeds both the photon decay
rate k, and the spin decoherence rate 7g, i.e., g > (k;,7). In this regime,
the coherent spin-photon interaction dominates the resonator decay and spin
decoherence, allowing for effective information transfer between the spin and

photonic modes [145].

A weaker but experimentally relevant criterion for coupling strength is the
observation of vacuum Rabi splitting, when ¢, is sufficiently strong to cause
an discernible splitting in the resonator’s spectral response. This is fulfilled
when the vacuum Rabi splitting (2g,) exceeds the combined resonator (%)

and spin (7s) linewidths, namely
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Table shows the calculated spin-photon coupling strengths and decay rates
while driving on three gates. The resonator has an assumed decay rate k, /27 of
2 MHz, equivalent to a (). of 3000 and comparable to previous experiments with
high impedance resonators on silicon substrates |[118}/119,/146]. The strongest
coupling is obtained with the microwave drive applied to the CB gate, due to its

high lever arm caused by the gate geometry and proximity to the electron [147].

Using these criteria, the strong coupling regime is satisfied when driving on the
CB and J2 gates, while the vacuum Rabi splitting should be observable driving
on any of the three gates. The case for strong transverse coupling is largely
contingent on the ability to fabricate a high quality resonator; given the values
of g, and 75 in Table [3.1] the upper bound for x, for which the vacuum Rabi

splitting is observable is 13 MHz when driving on the CB gate.

3.3 Longitudinal Spin-Photon Coupling

Longitudinal spin-photon coupling describes the coupling which modulates the
qubit’s energy levels in proportion to the number of photons in the resonator.
This section will focus on the longitudinal spin-photon coupling which arises
when a qubit is operated in a "sweet-spot', a region where the Stark shift
is zero (0Eq/0Vg = 0). As a result, the qubit is first order insensitive to
decoherence caused by charge noise [61}|148,/149]. In contrast to transverse

coupling, the qubit and resonator are not required to be on resonance and
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can be operated in the dispersive regime where w, < wq. This reduces spin
decoherence from charge noise, cavity-induced relaxation via the Purcell effect,
and provides greater flexibility when tuning the qubit or the external magnetic

field.

For a qubit configuration where the Zeeman splitting Ey is comparable to
the inter-orbital coupling A, the qubit’s energy dispersion becomes non-linear
between two spin-flip anticrossings. This results in a sweet-spot in the qubit
dispersion Eq, observed in the voltage range Vjo € [1.5,1.57] V in Fig. (a).
The shape of the qubit dispersion is controlled by adjusting the magnetic field

strength and angle or by electrically tuning the inter-orbital tunnel coupling.

3.3.1 Dispersive and dynamic longitudinal couplings

At the sweet spot, first order longitudinal couplings such as the dispersive
coupling used for gate-based readout become zero. However, since the second
derivative is non-zero (0*Eq/0V? # 0), a second order dispersive coupling

remains with strength [150]
2 2
dw = % (Voor )’ %53 (3.13)
This coupling is likely too weak for strong spin-photon coupling since dw o
(. Vopp)?. However, it can be enhanced by applying a sinusoidal signal with
frequency equal to w, to a gate, modulating the qubit energy [150]. This
introduces the third term in the interaction Hamiltonian (Eq. [3.4)) containing

the dynamic longitudinal coupling g:
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O*Eq -
2V

Qr
g = ?VZOPF ay2 m (3.14)

where V,, is the modulation amplitude applied to the qubit. Hence, g is
amplified compared to the dispersive coupling dw by a factor of Vi, [ Viep.
Since the modulation frequency is on resonance with the cavity, there are other
terms that are cancelled in the rotating wave approximation , which

are omitted in these calculations.
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Figure 3.7: Longitudinal coupling strengths. (a) PESOS map taken at
By = 620 mT. The fitted qubit dispersion is plotted in blue. (b) Magnitudes
of the dispersive dw and dynamical longitudinal g, for the fit in (a). The first
order Stark shift is plotted in purple. (c) Energy diagram of the fit to the four-
level model. Green dashed lines indicate the voltage region plotted in (a-b).

Figure [3.7|(a) shows a PESOS map taken at a configuration which maximises
the curvature of the qubit dispersion. In this setup, there is a clear sweet spot

in the qubit dispersion with respect to the J2 gate voltage. There is also a
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sizeable second order Stark shift which is beneficial for longitudinal coupling.
The dispersive and dynamic longitudinal couplings were calculated from the
fitted qubit dispersion using Eqs. and and are plotted in Fig. 3.7 A
peak value of g = 69 kHz is calculated at the sweet-spot where Vj; = 1.54 V.

The tunability ratio g /20w as a metric of how strong the longitudinal coupling
is compared to the always-on dispersive coupling. In the voltage configuration
considered in Fig. the tunability ratio is calculated as 4000 + 300, which
is larger than previously reported for electrons in Si/SiGe [146]. This is likely
due to the higher gate lever arms of the SiMOS platform and the large inter-
orbital coupling of the qubit, allowing for a higher modulation amplitude. The
coupling may also be turned on and off by moving the qubit in voltage space

away from the ideal operation point with maximal coupling.

3.4 Discussion

This chapter has investigated the theory of spin-photon coupling and its ap-
plication to electron spin qubits in SIMOS. By taking advantage of the intrin-
sic spin-orbit effect of SIMOS qubits, strong transverse coupling is achievable
provided the fabrication and integration of a sufficiently high quality supercon-
ducting resonator comparable to those reported in previous cQED experiments.
These results demonstrate that the strong coupling regime is achievable using
an intrinsic spin-orbit effect for electrons on the SiIMOS platform, indicating
the viability of future experimental efforts in this area. However, the spin-
photon coupling strength reported in Section is lower than results for holes
in SIMOS (g5 = 330 MHz) [33], and electrons in Si/SiGe with a micromagnet
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(9s = 21 MHz) [120]. There are several future avenues for research which may
improve the spin-photon system. The coupling strength could be improved
with higher resonator impedance [59] or optimised device design for maximal
gate lever arms [147]. The resonator decay rates could be improved through
better filter design [107], or by utilising flip-chip bonding to separate the res-
onator and quantum dot chips [146]. Finally, improvements in fabrication could

reduce charge noise [48], improving the spin decoherence.

It is important to note that the transverse coupling scheme is susceptible to
spin relaxation due to the Purcell effect [151]. This has limited the fidelity of
two qubit gates demonstrated so far [120]. This issue could be mitigated by
implementing a Purcell filter [152] or by detuning the qubit from the resonator
[118].

The longitudinal coupling regime examined in this chapter avoids these short-
comings since it does not require the qubit to be on resonance with the cavity.
While the longitudinal coupling calculated in this chapter is not sufficient for
strong coupling, there is potential to reach the strong coupling regime if res-
onator impedance and decay rates are improved. The curvature of the qubit
dispersion could be increased through tuning of the qubit’s electric confinement
and magnetic field, while the modulation could also be applied to multiple gates
simultaneously to increase the second order Stark shift. The dynamic longitu-

dinal coupling also has potential applications in qubit readout [153].
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Chapter 4

Fabrication and characterisation

of superconducting resonators

The silicon MOS fabrication process imposes certain restrictions on the ma-
terials and methods available when integrating an on-chip superconducting
resonator. This chapter details progress in fabrication and experiment towards
making a hybrid qubit-resonator device. While resonator and quantum dots
were individually demonstrated, an integrated device with both working com-
ponents was not realised. Nonetheless, the methods and results in this chapter

represent a step towards achieving spin-photon coupling for electrons in SiMOS.

4.1 High impedance resonators

As detailed in Section [3.2] the spin-photon coupling strength of a hybrid qubit-

resonator is directly proportional to the zero-point voltage fluctuation of the

48



4.1.1 Experimental Setup

resonator V pr, which in turn is proportional to the square root of the resonator

impedance:

g1 X Vipp X \/ Zy. (4.1)
The impedance of the resonator is given by

L
Zr =] —=. 4.2
r C ( )

Therefore, it is desirable to maximise the inductance and minimise the ca-
pacitance of the superconducting resonator. The simplest way to do this is
to maximise the geometric impedance of the resonator by reducing the centre
conductor width and increasing its separation from the ground plane. This
approach was sufficient for a demonstration of strong spin-photon coupling in
Si/SiGe, which used a Niobium resonator (chosen for its magnetic field re-

silience) [30].

However, even greater impedances are possible by choosing superconducting
materials which exhibit a property known as kinetic inductance. MoRe is one
such material, making it an interesting candidate for superconducting resonator

fabrication.

4.1.1 Experimental Setup

The characterisation of resonators requires cryogenic setups capable of cooling
to temperatures below the superconducting transition of the resonator mate-
rial. Most experiments reported in this chapter were performed in a dilution
refrigerator capable of cooling to a base temperature of 50 mK (Fig. . The

microwave lines inside the fridge are superconducting NbTi wires. A total of
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50 dB of attenuation is applied throughout the microwave line to eliminate
Johnson-Nyquist noise from higher temperature stages. Two cryogenic circula-
tors are used to isolate thermal noise on the output line. The circuit topology
is changed depending on whether the reflection or transmission of the resonator
is measured. At the 4 K stage, a high-electron-mobility transistor (HEMT) is
used to amplify the output signal, with a nominal gain of 37 dB. The microwave

signal is generated and read by a vector network analyser (VNA).

The molybdenum rhenium (MoRe) notch resonators (Sec. {4.1.4]) were measured
in an ICEoxford VTI cryostat capable of reaching temperatures of 300 mK.
The experimental setup was the same as described in Figure 4.1}, except for the

removal of one circulator and the absence of a 1 K stage.

4.1.2 Notch resonator design

To characterise the resonator fabrication process and materials, a simple notch
resonator layout was designed (Fig. (a)). The device consists of six res-
onators of different lengths coupled to a transmission line. The resonant fre-
quencies are separated by at least 0.5 GHz and are designed to have a coupling
g-factor of 10,000, with the exception of resonator 4 (at 7 GHz), which has a
coupling g-factor of 1,500. This allows for the identification of individual res-
onators even when the resonant frequencies deviate from simulations for high
kinetic inductance materials. Flux pinning sites were added to the design to
improve magnetic field resilience (Fig. [4.2| (b)). The quality factors of all res-
onators were extracted from their frequency and phase responses by the circle

fit method described in Ref. [154].
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Figure 4.1: Fridge diagram and experimental setup for resonator ex-
periments. (a) Fridge diagram of transmission-style measurements for the
notch resonator device. (b) Fridge diagram of reflection-style measurements
for the hybrid spin-photon device.
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Figure 4.2: Notch resonator design (a) Mask design of the notch resonator
device with labeled resonant frequencies as simulated in Sonnet EM. (b) Mi-
croscope photo of resonator showing flux pinning sites.

4.1.3 Oxide thickness and resonator quality

In silicon MOS devices, a layer of silicon oxide (SiO,) is fabricated between gate
and substrate. This oxide is grown with a process called thermal oxidation,
which is typically 8 nm thick in the active region of devices studied here (Fig.
(b)). Outside of this region, the oxide thickness is increased to 100-200 nm
to ensure electric isolation between metal and substrate after wire bonding.
The resonator sits on this thick oxide layer, which is a potential source of

two-level systems (TLS) causing photon loss in the resonator.

To test the effect of the oxide layer thickness on resonator quality factor, two
aluminium notch resonator devices were fabricated on thermally grown high-
quality ultra dry oxide (UDOX) layers with thicknesses of 8 nm and 110 nm.
Tablel4.1|shows the measured quality factors of the notch resonators, fitted from
the resonator phase and magnitude responses with the circle fit technique [154].
The Q. values are generally in good agreement with simulation, while there is no
clear trend in quality factor between the two oxide thicknesses. This indicates

that the thermally grown oxide layer is not a significant source of dielectric loss
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in the resonator.

Oxide thickness | Res. 1 | Res. 2 | Res. 3 | Res. 4 | Res. 5 | Res. 6
5GHz | 6 GHz | 6.5 GHz | 7 GHz | 7.5 GHz | 8 GHz
Q./10° 9.0 9.5 13.0 2.4 7.9 6.1
Homm 05105 | 209 | 254 28.6 17.1 24.1 9.4
S nm Q./10° 5.0 6.7 8.2 1.9 9.5 9.9
Qi/103 27.4 25.1 22.4 24.4 23.1 13.4

Table 4.1: Table of quality factors of notch resonator device for different oxide
thickness.

4.1.4 Molybdenum rhenium resonators

Molybdenum rhenium (MoRe) is a promising material for superconducting res-
onators owing to its high superconducting transition temperature, magnetic
field resilience and kinetic inductance [114]. In addition, MoRe resonators
have been shown to be capable of withstanding the high temperatures of the
annealing process of silicon MOS processes [115], unlike other common super-
conducting materials such as NbTiN. MoRe is sputtered without the presence
of nitrogen or oxygen gas, making it less prone to variability between resonator
batches. Because etching the metal layer is detrimental to the quantum dot
fabrication quality, a lift-off process is used to pattern the resonator. Since
the sputtering process results in a conformal deposition, lift-off for sputtered

films can only be used if the deposited film thickness is much thinner than the

photoresist thickness (typically ~ 2 um for nLOF2020).

The MoRe resonators measured here are made from a 60/40 MoRe alloy, sim-
ilar to previous experiments in Refs. [114}/155], and are deposited on a high-

resistivity silicon substrate with a film thickness of approximately 20 nm (Ap-
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pendix . The device was measured in the VTI at a temperature of around
300 mK. Table shows the measured quality factors of the MoRe notch res-
onators. Only four resonances were observed, with significant shifts in resonant
frequency from simulation attributable to the presence of kinetic inductance.
Therefore, the reason for the absence of resonator 1 is likely due to its resonant
frequency being shifted outside the operating frequency range of the circulator
and cryo-amp. Resonator 5 was observed to have a break due to a fabrication
defect, so its resonance could not be measured. The quality factor results are
comparable to the aluminium notch resonators and validate lift-off patterned

MoRe as a suitable material for high impedance superconducting resonators.

Res. 1 | Res. 2 | Res. 3 | Res. 4 | Res. 5| Res. 6
f:(GHz) - 4.67 5.03 5.48 - 6.19
Q./10° - 6.5 6.1 2.2 - 11
Qi/10° - 28 17 35 - 21

Table 4.2: Table of quality factors for MoRe notch resonators.

4.2 Integrating resonators with quantum dot

devices

4.2.1 Hybrid device fabrication

The successful integration of a resonator on the same chip as a SIMOS quantum
dot presents several fabrication challenges. The two devices are on completely
different size scales: the resonator is typically millimetres long while the quan-
tum dot gates are tens of nanometres wide. As a result, electron beam lithogra-

phy is too time consuming to pattern resonators, while the resolution of optical
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lithography is not sufficient for quantum dots. Two separate lithography steps

are therefore required for the fabricaton of a hybrid device.

This raises a dilemma of which component should be fabricated first. Fabricat-
ing the resonator first places a limitation on the resonator material, since the
resonator must be able to survive a forming gas anneal without quality factor
degradation. Conversely, fabricating the quantum dot first precludes the use of
etching to pattern the resonator; the highly reactive chemicals used to etch the
metal layer introduce impurities into the gate and oxide layers of the quantum
dot device which are detrimental to qubit coherence. For the device measured
in this section, the quantum dot gate layers are deposited and annealed before

the resonator is fabricated.

Aluminium forms an insulating native oxide upon exposure to air which must
be removed before making a connection between the optical and EBL metal
layers. One method of making a galvanic connection between the optically-
defined and EBL-defined regions is to use metal patches which overlap both
layers at their junction (Fig. [4.3| (b)). The native oxide is removed with an

ion milling process before the patch is deposited without breaking vacuum

(Appendix .

The hybrid device was developed before a high-impedance material fabrication
process was finalised. As a result, the resonator is made of aluminium and is

not expected to exhibit any kinetic inductance.

25



CHAPTER 4. FABRICATION AND CHARACTERISATION OF
SUPERCONDUCTING RESONATORS

4.2.2 Hybrid device design

Figure (a) shows an SEM image of the double quantum dot device. The
device is similar to that measured in Section with an SET used for readout
while a nearby antenna can drive qubits with ESR. The gate oxide thickness is
8 nm in the active region (Fig. (b), in green), which slopes up to a oxide
thickness of 200 nm across the rest of the chip. The thicker oxide isolates the
metal gates from the substrate, ensuring that a 2DEG is not formed outside

the active region.

The CPW \/2 resonator is designed to have a resonant frequency f, = 6 GHz,
with a coupling quality factor of 3,000. The resonator has a centre pin width
of 5 pm and a ground plane separation of 25 pm. This corresponds to an
impedance of 91 €2 in the absence of any kinetic inductance. The centre pin of
the resonator is connected to the P2 gate; to bias the voltage of the P2 gate, a

DC tap is connected to the voltage node of the resonator.

LC low-pass filters are fabricated on every gate electrode to filter microwave
leakage from the capacitive coupling of the resonator to nearby gates [107,/156].
The filters consist of a planar spiral inductor and finger capacitor and are

designed with a cutoff frequency of 1 GHz.

4.2.3 Device characterisation

The hybrid device was measured in the cryogenic setup described in Section
4.1.1) with a base temperature of 50 mK. Figure (a) shows the wideband

magnitude response of the hybrid device. Two resonances are visible at 6
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Figure 4.3: Hybrid device design (a) False-coloured SEM image of the
quantum dot device. (b) Microscope photo of device showing EBL-defined
and optically-defined metal layers. The yellow dotted line denotes the boundary
of the two metal layers. The patch regions are indicated by the rectangular
regions at each junction where the photoresist is etched away (example outlined
in blue). The dark green region is the active area, where the gate oxide is 8
nm thick. (c) Mask design of hybrid device. In this design, the resonator is
connected to the P2 gate.
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4.2.3 Device characterisation

GHz and 7.2 GHz respectively (Fig. [4.4] (b,c)). To verify that the resonance
originates from the aluminium resonator, the magnetic field is swept until the
resonance disappears (Fig. |4.5 (a)). The critical field is found to be 20 mT,
in agreement with the literature |157,/158]. A rough temperature sweep is also
conducted by collecting the He—*He mixture in the dilution fridge, warming
it to 4 K while probing the resonator. A critical temperature between 0.9 K
and 1.3 K was measured (Fig. {4.5[ (¢)), similar to previously reported values
for aluminium thin films [159]. The 6 GHz resonance is almost certainly the
A/2 resonator, since the resonant frequency and coupling g-factor are consistent
with simulation. The resonator is undercoupled, with an internal quality factor
@; = 820 much lower than previous experiments on notch resonators (Tab.
indicating a significant loss mechanism introduced by the integration of

the quantum dot.

There are several potential causes of the drop in quality factor of the hybrid
device. The resonator is galvanically connected to the P2 gate which over-
laps considerably with nearby gates, especially the lateral confinement gate
RCB (Fig. [4.3)). This could be a considerable source of leakage which is not
sufficiently filtered by the LC circuit. In a strong spin-photon coupling demon-
stration for hole qubits in SIMOS, Yu et al. (2022) reported a @; of 530 despite
the use of LC filters on all DC lines [33]. The hybrid device also has several
n-type ohmic regions doped with phosphorus atoms which form a conducting
channel for the SET and electron reservoir. These ohmic regions could be

another source of microwave leakage.

The origin of the resonance at 7.2 GHz is unknown: both resonances have

the same critical field and temperature, signifying that they originate from an
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aluminium superconducting resonator. Possible candidates for the additional
peak include a resonance in the bond wires, a resonance in the DC tap, or
slotline modes |160]. The internal quality factor of the extra resonance is no-
tably higher than the main resonance: this is further evidence the drop in ;

is caused by proximity to the quantum dot.

4.3 Discussion

The results presented in this chapter show the fabrication and characterisation
of superconducting resonators for use in spin-photon coupling experiments.
MoRe was investigated as a material for high-impedance resonators with in-
ternal quality factors exceeding 10%. The Al resonator of a hybrid device was
measured, yielding a ); of approximately 800. These results represent a signif-
icant step towards the integration of a superconducting resonator with SIMOS
quantum dot devices. However, a demonstration of spin-photon coupling was
ultimately not achieved within the duration of this thesis due to issues in fab-
rication process development and poor lithography yield. Future directions of
research include improvements to the resonator quality factor and experiments
on a device with both qubits and high-impedance resonator working concur-

rently.

The resonator quality factor could be improved by changing the gate design
to minimise capacitive coupling between gates. For example, the RCB gate
could be made smaller to reduce the overlap with the P2 gate. The resonator
could also be connected to other gates with larger gate separation such as

the LCB gate. The surface area of the ohmic regions could also be reduced
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to mitigate microwave leakage. The filter design could be improved further
by using second-order low-pass or band-stop filters to increase the stopband
attenuation. Materials with high kinetic inductance could be used to fabricate

compact nanowire inductors [107].

Many of the fabrication constraints described in Section could be removed
if the resonator and qubit are fabricated on different chips. Flip-chip bonding
could be used to make a low-resistance galvanic connection to the resonator

[161).

Recent developments in granular aluminium (grAl) films have demonstrated
kinetic inductances far larger than other high-impedance materials [59,/111].
The biggest challenge when working with grAl is the variability between thin
films: careful control of all deposition parameters is required. If these fabrica-
tion challenges can be overcome, the spin-photon coupling strength could be

improved considerably.
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Chapter 5

Control and benchmarking of

qubits dressed in a global field

Individually addressing and controlling many qubits presents a challenge in
scalability due to qubit crosstalk, heat load, and the hardware complexity of
frequency multiplexing. One possible solution utilises a dielectric resonator to
provide a uniform driving field for global qubit control. By dressing the qubits
in an on-resonance global field, all qubits can be driven simultaneously with
a single microwave source. This chapter demonstrates control of electron spin

qubits in silicon driven by a dielectric resonator.

5.1 Experimental Setup

The device under test is a three-dot device with an adjacent single electron

transistor (SET) (Fig. [5.1), similar to the device measured in Chapter [3] and
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devices in Refs. [18][32,143]. The P and J gates shape the electric potential
of the quantum dots and confine the electron spin qubits. The reservoir gate
(RG) is used to induce a two-dimensional electron gas (2DEG) which acts as an
electron reservoir to load electrons into the quantum dots. The SET consists of
a top gate for 2DEG accumulation and two barrier gates for confinement. The
reservoir barrier (RESB) and SET barrier (SETB) gates are usually kept at a

high potential to isolate the qubit quantum dots from the SET and reservoir.

The distinguishing feature of this device is the addition of a potassium tantalate
(KTaOs3) dielectric resonator used to provide the global microwave field. The
resonator sits on top of a 0.2 mm sapphire spacer that prevents stray electric

fields at the resonator’s boundary from affecting qubit operation (Fig. [p.1](a,d)).

All measurements are performed in a wet dilution refrigerator capable of cool-
ing to base temperatures around 50 mK (Fig. The global driving field is
provided by a Keysight PSG8267D vector signal generator, which is connected
to a loop coupler directly above the dielectric resonator (Fig. (d)). The
microwave source’s internal mixer is used for I/Q modulation, while I/Q signals
are produced with a Quantum Machines OPX. DC gate voltages are biased with
a combination of SIM928 isolated voltage sources and Basel LNHR digital-to-
analog converters (DAC). The OPX is used to generate high frequency pulses
for the P,J and SET top gates.

The device is operated in the (4,0) <> (3,1) charge regime under the (P2,P3)
gates. Parity readout is performed using Pauli spin blockade (PSB) for spin-
to-charge conversion [70], while charge transport is detected with the single
electron transistor (SET). The SET source-to-drain current signal is read with

the OPX after amplification with a Basel SP983¢ I-to-V converter.

64



5.1. EXPERIMENTAL SETUP

Figure 5.1: Dielectric device design. (a) 3D
chip with a dielectric resonator placed on top. (b) Cross-section diagram of the
silicon device. (c) False-coloured SEM image. The white dashed line indicates
the cross section depicted in (b). (d) Photo of the device showing loop coupler,
dielectric resonator and silicon chip.
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An external magnetic field of around 0.25 T applies a Zeeman splitting equal
to the dielectric resonator’s resonant frequency. The magnetic field is oriented
along the (110) crystallographic axis of the silicon substrate. There is an ap-
proximate 25 MHz difference in Larmor frequency between the two qubits,

attributable to g-factor variance caused by the spin-orbit interaction [32,|162].

The qubits are numbered sequentially according to their Larmor frequency:
qubit 1 refers to the electron under the P3 gate, while qubit 2 is located under
P2. Experiments are performed on the qubits individually, which are tuned into

resonance with the dielectric resonator by changing the magnetic field strength.

5.2 Coherent control with a dielectric resonator

Previous dielectric resonator experiments demonstrated spin resonance [35] and
coherent control [36] of electron spin qubits in silicon. However, the coherence
times of these devices were limited by the use of palladium for the gate material,
likely due its low charge mobility compared to aluminium and the atomic layer
deposited (ALD) inter-gate oxide layer [163]. The results presented in this
chapter are performed on a device with an aluminium gate stack. Figures[5.3
(a) and (b) show the plot distinctive to these devices: the enhancement of
the qubit’s Rabi frequency as it is brought into resonance with the dielectric
resonator (black dashed line). The dielectric resonator has a resonant frequency
of 6.713 GHz with an internal quality factor of ); = 900. The resonator is
almost exactly critically coupled, with a loaded quality factor of @); = 450.
Qubit 1 has a significantly higher Rabi frequency than qubit 2, suggesting

the presence of an intrinsic spin-orbit effect which is driven electrically by the
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Figure 5.2: Experimental setup.
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resonator. This is supported by the asymmetry in the Rabi enhancement plots

which arises from the anisotropic spin-orbit interaction [32].

Figure [5.3| shows the Rabi, Ramsey and Hahn coherence times of both qubits.
T Rabi for both qubits exceeded 70 us (Fig. (c,d)), while T and T5 jann Were
on the order of 10 us and 100 us respectively (Fig. (e-h)). These results
are comparable to experiments performed on similar Al devices on isotopically
purified SIMOS [43,/164]. Therefore, the dominant source of decoherence of
previous global control experiments can be attributed to the Pd-ALD gate

stack and not to the dielectric resonator itself.

5.3 Two-axis control of driven qubits

The original Kane quantum computer proposal used an off-resonant always-on
global magnetic field. To perform qubit operations, the qubits are electrically
tuned into resonance with the global field via the Stark effect [38121]. Hence,
in practical quantum algorithms, qubits spend the majority of the time idling
out of resonance with the global field. However, from the coherence times in
Fig. it is evident that qubits suffer from much greater decoherence off

resonance, namely:

Ty < T Rabi- (5.1)

Therefore, for globally driven qubit arrays it is advantageous for qubits to

be always on-resonance, or dressed, with the driving field. Dressed qubits
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Figure 5.4: Stark shifts for dressed qubit control. Qubit even state prob-
ability when a microwave of fixed amplitude and duration is applied with vary-
ing frequency and plunger gate voltage. The qubit frequency changes with gate
voltage due to the Stark effect. Dashed (dotted) lines indicate voltage control
points for Dressed FM and SMART (Dressed FSK) qubits.

have been demonstrated on a variety of platforms including superconducting

qubits [165], donor-bound electrons in silicon |121]122], and electrons in silicon
quantum dots [166].

Single qubit control is achieved by pulsing gate voltages to modulate the qubit
frequency via the Stark effect. Figure shows PESOS maps (introduced in
Sec. of the qubits when sweeping the voltage of the plunger gates directly
above the spin. Stark shifts of up to 7 MHz and 2 MHz are observed on qubits

1 and 2 respectively. Several driven qubit schemes are possible with different

Stark shift and global field modulation signals ,.

In the dressed regime, the qubit’s spin states are hybridised with the exter-
nal field. Therefore it is more convenient to transform to the dressed basis
{IX,),1Y,),1Z,)}, in which the qubit’s logical states correspond to the new
quantisation axis of the dressed qubit (Fig. [5.5). This is equivalent to a
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Hadamard transformation, effectively swapping the X and Z axes on the Bloch
sphere (X — Z,, X — X,,Y — =Y,) [123]. A more detailed derivation of the
dressed basis is contained in Appendix [A] and all qubit states in this section

are described in the dressed basis unless otherwise specified.

5.3.1 Dressed qubits

The most straightforward method of dressed control is frequency-shift keying
(FSK), in which the frequency of a qubit is "keyed" between discrete values
while driving with a continuous wave (CW) global field (Fig. (a,d)). The
signal applied to the gate voltage is essentially a square pulse with amplitude
large enough to induce a detuning A between the qubit and driving field. For
the ideal case where A > (g, a rotation of angle « is performed by choosing
the duration of the FSK pulse Trsk according to the equation

«
— = ATpgk. 5.2
- = Asx (52)

However if A ~ Qg, the Stark shift is not sufficient to bring the qubit com-
pletely out of resonance with the global field. The resulting oscillations have

frequency

f=1A2+ Q% (5.3)

around a rotation axis with polar angle on the Bloch sphere

0= tanl(QAR). (5.4)

This is analogous to Rabi oscillations in the bare basis with non-zero detuning.

As a result, large detunings relative to the Rabi frequency are desirable for

dressed FSK qubits.
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In experiment, the qubits were tuned to a regime optimal for dressed FSK
gates. The plunger gate voltages are chosen close to the charge transition

to maximise the available A (Fig. [5.4). The Stark shift of both qubits is

9fq

non-linear; therefore, control points with lower first-order Stark shift ( %

) are
chosen to minimise the effect of charge noise coupling to the qubit through the
plunger gate [144]. An experimental demonstration of dressed FSK oscillations
in qubit 1 is shown in Fig. [5.6(g). These results are measured at the lowest Rabi

frequency while still preserving qubit coherence. This ensures the condition

A =7 MHz > Qgr = 0.37 MHz is satisfied.

Alternatively, dressed qubits can be controlled with sinusoidal modulations on
the qubit frequency, an approach termed frequency modulation (FM) (Fig.
5.6(€)). In contrast to FSK, the FM control scheme does not benefit from
maximal Stark shifts since for large modulation amplitudes where A > Qg,
Bloch-Siegert shifts arise from the breakdown of the rotating wave approxima-
tion |167]. This makes it more suitable for a large-scale global control scheme
where the Stark shift is small. It is desirable to bias to a control point with
linear Stark shift to minimise distortions in the sinusoidal modulation of the

qubit dispersion (Fig. [5.4)).

Two-axis control is achieved in dressed control schemes by shifting the phase
of the Stark shift signal relative to the qubit’s precession about the dressed
Z-axis at the Rabi frequency (Fig. . For dressed FSK qubits, adding a

3% (2) phase delay results in rotation around the Y (-Y) axis. Similarly, for
dressed FM qubits X (Y) rotations are achieved by applying negative cosine

(sine) signals to the gate.
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(b) Dressed FSK, A = 5Qp

|1) [1) 0

Figure 5.5: Bloch sphere visualisations of (a) bare, (b) dressed FSK,
(c) dressed FM and (d) SMART gates. The qubit state is simulated as
a function of time for a 7/2 gate around the X and Y axes. The bare gates
take a quarter of the Rabi period, while the dressed and SMART gates take 1
and 2.4 periods respectively. Note the change in basis between the bare and
dressed qubits.
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5.3.2 SMART qubits

The key benefit of dressed control is the protection it provides from environmen-
tal noise, improving qubit coherence. However, dressed qubits have limitations
in their ability to suppress noise. The dynamical decoupling of the dressed
qubit is only effective if the noise’s time correlations are longer than the Rabi
period; higher-frequency noise, especially near the Rabi frequency, still affects
the qubit’s coherence. Additionally, variations in the qubit’s Rabi frequency
are particularly detrimental to dressed qubit coherence. This is especially im-
portant in the context of large scalable qubit arrays, where fluctuations in qubit

Larmor and Rabi frequencies from fabrication variations are expected.

The SMART (sinusoidally modulated, always rotating, and tailored) proto-
col addresses these limitations by introducing a sinusoidal modulation to the
amplitude of the global field (Fig. (c,f)). A detailed explanation of the
noise decoupling properties of the SMART protocol described using the geo-
metric formalism [168] can be found in Ref. [124]. SMART qubits have been
previously demonstrated in nitrogen-vacancy centres [169] and on the SIMOS
platform using an on-chip ESR antenna to provide the global drive [85,/166].
The results in this chapter are the first implementation of SMART qubits driven

with the global field of a dielectric resonator.

Two-axis control of SMART qubits is more complicated than the dressed case:
in addition to phase shifts, higher frequency harmonics are added to the qubit
modulation. All SMART experiments in this chapter use the simplest imple-

mentation: for a modulated driving field

AMw(t) = hg\il% COS(27Tfm0dt), (55)
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X and Y rotations are performed with the following signals applied to the

detuning (Fig. [p.5}

Ax(t) o< cos(47 fmoat), (5.6)

Ay (t) o sin(27 fioat). (5.7)

Here fiod is chosen such that fioa/Sdr = j1, where jo1 ~ 2.4048 is the 1st
zero of Jy, the zeroth-order Bessel function of the first kind. This value of f,0q

cancels quasi-static noise up to the second order [124].

5.4 Gate Set Tomography

To benchmark the fidelity of bare, dressed and SMART qubits, single qubit gate
set tomography (GST) experiments were conducted. GST sequence generation
and results analysis was implemented with the pyGSTi software package [170].
For bare qubit GST sequences, germ lengths up to L=256 were used, while the
maximum dressed and SMART germ length was L=64. The gate set consists
of the Xz, Yz and I gates, and a CPTP (completely positive trace preserving)

gate set model is used.

5.4.1 GST infidelity sources

One of the advantages of GST analysis is its ability to decompose error genera-
tors around each axis and separate Hamiltonian and stochastic errors. However,

the exact composition of these errors depends on the gauge fixing of the GST
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Figure 5.6: Driven gate pulse sequences. (a-c) Applied Microwave drive
signal for each driven qubit scheme. 7/2 projection pulses (red) are applied to
transform into the dressed basis before and after the control sequence (blue).
(d-f) Voltage waveforms applied to the plunger gate for each driven qubit
scheme. A square pulse is used for the Dressed FSK scheme, while sinusoidal
pulses are used for Dressed FM and SMART qubits. (g-i) Even parity readout
probability as a function of applied Stark shift and modulation time. Coherent
oscillations are observed for each of the three driven qubit schemes.
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Figure 5.7: GST fidelity and FOGI quantity comparison across bare
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gates.

analysis program, which can be independent of experiment and varies between
GST runs. To this end, errors are classified into first-order gauge invariant
(FOGI) quantities. As the name suggests, FOGIs are independent of gauge
transformations and can be used to compare error rates between GST experi-
ments . Using FOGIs also presents the errors in a manner more intuitively
relatable to physical sources of error in the qubit system. The FOGIs for single
qubit GST are listed in Table

The average gate infidelity € is calculated for single-qubit gates from the sum
of Hamiltonian (H;) and stochastic (S;) errors:
2
RS 5.9
for axis i € {X,Y, Z}.

Figure shows the gate fidelities and error composition of bare, dressed
and SMART qubits driven with a dielectric resonator. Bare v X and vY
gate fidelities exceed 99.7%, all dressed frequency modulated gates exceed 99%
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fidelity, and SMART gates are just under 99%. Surprisingly, the dressed and
SMART X and Y gates have lower fidelities than bare gates. Since the dressed
and SMART gates are 4 and 9.6 times longer than bare gates respectively, this
suggests there is a decoherence mechanism acting on the qubits for a longer
period which is not adequately decoupled by the dressed or SMART fields.
Identifying the physical source of this noise is the primary motivation for the

noise spectroscopy experiments detailed in Section [5.5

Due to the detailed error breakdown provided by GST, all Hamiltonian errors
can be experimentally corrected for such that their contribution to the gate in-
fidelity is negligible. As a result, all qubit errors are attributable to stochastic
processes. Notably, the bare I gate is particularly degraded by stochastic de-
phasing, with a gate fidelity of only 96.51%. Idle gate fidelities for dressed and
SMART qubits are much higher, equivalent to their corresponding v/ X and
VY gates (within error). This confirms the noise decoupling benefits provided

by the dressing microwave field.

5.4.2 Power sweep

To evaluate the effect of the driving field on the qubit fidelity, GST experiments
were performed for varying microwave powers at the Keysight vector signal
generator. The power was swept from -7 dBm up to 11 dBm, corresponding to
qubit 1 Rabi frequencies of 0.255 MHz and 2.16 MHz respectively. The results
for the SMART driving field are shifted down by 1.5 dB since the sinusoidally
modulated field delivers less average power to the qubit. A few notable effects of

microwave power are observable in the GST results (Fig. . For bare qubits,
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Gate | Error mechanism | FOGI quantity composition

VX | Dephasing Sx

Bitflips Sy + 5z

Over /underrotation | Hx

Axis Misalignment | § (Hy (Xz) + Hz(Xz) + Hx(Yz) — Hy(Yz))
VY | Dephasing Sy

Bitflips Sx + 57

Over/underrotation | Hy

Axis Misalignment | 3 (HY(X )+ Hz(Xz) + Hx(Yz) — HZ(Y%))

s
2

I Dephasing Sz

Bitﬂips S X + Sy
Over/underrotation | Hy

Axis Misalignment \/ H% + H}

Table 5.1: First-order gauge invariant (FOGI) quantities for single
qubit GST. H; and S; denote the Hamiltonian and stochastic errors around
axis i € {X,Y, Z}. Note that the dressed and SMART axes are defined in the
dressed basis. Adapted from Ref. [135].

there is an increase in Hamiltonian rotation errors at higher powers (Fig.
(a)). This is possibly due to heating induced shifts of the qubit frequency [172].
The decrease in I-gate dephasing noise is explained by faster gate times from
the speedup in Rabi frequency. The extremely low infidelities of the X and Y

gates are comparable to the error bar magnitudes, making conclusions difficult

to draw (Fig. (d,g)).

For the dressed and SMART qubits power sweep results, there is a broad
trend of increasing bitflip (off-axis stochastic) and decreasing dephasing (on-
axis stochastic) errors (Fig. (b-c,e-f,h-i). Similar to the bare case, the
decrease in dephasing error could be due to the decrease in gate time. The
increase in bitflip error could be caused by distortions introduced by the mi-

crowave source or two level fluctuators at higher powers. There is also a notable
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increase in all stochastic errors for the SMART qubits which occurs for power

greater than 7 dBm.

5.4.3 Gate Set Tomography with introduced error

There is an inherent variability in scalable SIMOS qubit arrays due to spin-orbit
effects caused by the randomness of the Si/SiO, interface [162]. As a result,
any global control scheme must be resilient to variations in Rabi and Larmor
frequencies between qubits. To characterise the robustness of the driven gates
to qubit variability, GST experiments are performed with the introduction of
fixed offsets in the Rabi or Larmor frequency (Fig. [5.9). All experiments are
performed using the same electronic configuration and microwave power: 2
dBm at the signal generator corresponding to a Rabi frequency of 736 kHz.
From Figure|5.9| (e-f), it is evident that the dressed and SMART identity gates
are more resilient to Larmor frequency offsets, while the SMART identity gate
is more resilient to Rabi frequency offsets. These results generally agree with
the simulations detailed in Ref. [124]. However, this pattern does not hold true
for the X and Y gate infidelities. Therefore, a more detailed analysis of the
GST results is required to explain the infidelity results.

5.4.3.1 Larmor error

Figure [5.10] shows the error mechanism decomposition of the Larmor sweep
infidelities plotted in Fig. (f,h,i). For bare qubits, the dominant source of
error introduced is Hamiltonian. The Larmor offset manifests in the I gate as

an over /under-rotation along the Z-axis (Fig. (a)). For the X and Y gates
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Figure 5.8: GST gate infidelities as a function of microwave power.
(a-c) Idle gate infidelities of (a) bare, (b) dressed FM and (c¢) SMART gates
as a function of microwave power. (d-f) v X gate infidelities as a function of
microwave power. (g-i) VY gate infidelities as a function of microwave power.
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Figure 5.9: GST fidelity results with introduced error. (a-b) Bloch
sphere visualisations of (a) dressed and (b) SMART —v/X gates with a 10%
error in the Rabi frequency. (c-d) Bloch sphere visualisations of (c) dressed
and (d) SMART —v/X gates with Larmor frequency error equal to 30% of the
Rabi frequency. (e-f) Idle gate infidelities in the presence of introduced offsets
in the (e) Rabi or (f) Larmor frequencies. The Rabi error is expressed as a
fraction of the Rabi frequency, while the Larmor error is an absolute value.
The Rabi frequency for these GST experiment is {0 = 736kHz. Compared
to bare gates, the dressed gates are more robust to Larmor errors, while the
SMART gates are more robust to both Larmor and Rabi errors. (g-h) —v/X
gate infidelities for the same Rabi and Larmor offsets as (e-f). (i-j) VY gate
infidelities for the same Rabi and Larmor offsets as (e-f).
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(Fig. (d,g), both rotation and axis misalignment errors are introduced.
This corresponds to an off-axis rotation, in good agreement with the theory
of off-resonant Rabi oscillations. The decoupling effect of the dressed field is

evident from the decrease in I-gate Hamiltonian errors for both dressed and

SMART qubits.

The stochastic errors of the dressed and SMART gates increase for larger Lar-
mor offset. This is because the noise cancelling properties of the driven schemes
are not as effective: using the language of the geometric formalism [168], a
Larmor error causes the space curve to become non-closed, thereby becoming
vulnerable to first-order noise |124]. For SMART gates, the dephasing and bit-
flip errors are asymmetric, implying that the axis of the noise is dependent on
the sign of the Larmor error. This asymmetry is not observed in the dressed

qubit results.

5.4.3.2 Rabi error

Figure shows the error mechanism decomposition of the Rabi sweep in-
fidelities plotted in Figure (e,g,i). As expected, introducing a Rabi error
causes an over/under-rotation in the bare X/Y and dressed I gates (Fig. [5.11
(b,d,g)). These Hamiltonian I-gate errors are completely eliminated by the si-
nusoidally modulated field of the SMART protocol (Fig. [5.11f(c)). Since there
is no driving field during the Bare I gate, the infidelity is completely indepen-
dent of any Rabi error (Fig. [5.11 (a)). Similar to the Larmor error results,
the stochastic noise of the SMART gates increases with Rabi offset, indicating

that first-order quasi-static noise processes are coupling to the qubit.
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Figure 5.10: GST infidelity contributions under Larmor error offsets.

(a-c) Bare, dressed FM and SMART I-gate infidelity contributions of FOGI
quantities as a function of Larmor frequency error. The Rabi frequency for all
experiments is Qg = 736 kHz. (d-f) X-gate infidelity contributions. (g-i) Y-
gate infidelity contributions. Red dashed lines indicate changes in y-axis scale.

5.5 Noise Spectroscopy

A surprising outcome of the GST results in Section [5.4]is the SMART protocol’s

modest fidelities relative to dressed FM, which is at odds with previous experi-
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Figure 5.11: GST infidelity contributions under Rabi error offsets.
(a-c) Bare, dressed FM and SMART I-gate infidelity contributions of FOGI
quantities as a function of Rabi frequency error, expressed as a fraction of the
Rabi frequency. (d-f) X-gate infidelity contributions. (g-i) Y-gate infidelity
contributions. Red dashed lines indicate changes in y-axis scale.

ments [166]. This section details the noise spectroscopy experiments performed
to characterise the noise sources affecting qubit coherence and posit possible
explanations for this discrepancy. The noise spectroscopy techniques presented

here focus on frequencies on the order of the Rabi frequency (~MHz).
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5.5.1 CPMG

Carr-Purcell-Meiboom-Gill (CPMG) noise spectroscopy is a technique com-
monly used to characterise noise sources that affect the coherence of qubit
systems. It utilises CPMG pulse sequences [173,/174] which consist of refo-
cusing 7-pulses interleaved with wait times of period 7 [175/176]. Sweeping 7

allows one to probe noise at frequencies in the kHz to MHz range (Fig. [5.12)).

CPMG Sequence N
I(r/4) —Y | I(r/2) —{Y | (7/4) ] VX —A

0) —vX

Figure 5.12: Quantum circuit diagram for a CPMG spectroscopy se-
quence.

Figure [5.13| shows the noise spectrum of qubit 1 measured with CPMG spec-
troscopy for microwave powers ranging from -4 dBm up to 14 dBm. The noise
spectral density is observed to be strongly dependent on power. This suggests
that the dominant source of decoherence at higher microwave powers occurs
during the refocusing m-pulses, not the idle period 7. A 1/f-like noise spec-
trum is observable in the lowest power noise trace, which transitions to a white
noise floor at approximately 40 kHz. A blue noise spectrum is also visible for
frequencies approaching 1 MHz. This effect is not unique to devices driven
with a dielectric resonator; similar results were observed in a SiMOS device
driven by an on-chip broadband transmission line antenna [18]. Additional
noise spectroscopy techniques are therefore required to probe higher frequen-

cies and ascertain the physical source of blue noise.
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104 10° 106
Frequency (Hz)

Figure 5.13: Qubit 1 CPMG noise spectroscopy for different mi-
crowave powers. Different noise frequencies are probed by varying the CPMG
sequence wait time 7. A blue noise spectrum is observable at frequencies above
1MHz. Shaded regions indicate the 95% confidence intervals of the noise spec-
tral density.

5.5.2 Spin Locking

Spin locking spectroscopy is a noise characterisation protocol which is capable
of measuring noise at frequencies higher than that of CPMG. A microwave field
is applied for a period 7 to the qubit in an eigenstate of the qubit dressed by the
driving field (Fig. . The spin is ‘locked’ to the axis of the driving field and
the dominant cause of decoherence is noise at the Rabi frequency. The decay
time, 7', is named due to its similarity to spin relaxation experiments when
viewed in the dressed basis. By varying the applied microwave power, spin
locking can be used to probe noise at frequencies in the MHz range .
Spin locking experiments were performed on qubit 1 for Rabi frequencies in
the range 0.2-2.8 MHz by varying the output power of the microwave source

and the amplitude of the 1/QQ modulation signal (Fig. [5.15). The measured
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Figure 5.14: Quantum circuit diagram for spin locking spectroscopy.
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Figure 5.15: Qubit 1 spin locking spectroscopy. The Rabi frequency
(and noise frequency) is swept by changing the power of the microwave drive
signal. Vertical dashed lines indicate the corresponding Rabi frequency at the
microwave powers applied in Fig. |5.13

noise spectral density increases with microwave power; similar noise spectra
have been observed in spin locking results in other devices in SIMOS and Rabi
spectroscopy results in GaAs [179]. The authors of Ref. |[179] attributed the
blue noise to heating-induced frequency noise or spin relaxation via photon-

assisted tunneling.

All of the experiments detailed in this section are not able to differentiate
between power-dependent noise from other mechanisms because the noise fre-
quency cannot be changed without also varying the microwave drive power.
Hence, more advanced spin locking experiments are required to distinguish the

power-dependent noise.
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0) = VX Yo (7) VX —1A

Figure 5.16: Quantum circuit diagram for spin locking spectroscopy
with phase modulation.

5.5.3 Phase modulated spin locking

Adding a phase modulation to the spin locking drive allows one to probe dif-
ferent noise frequencies with a constant microwave power (Fig. [5.16). Con-
sequently, the noise spectrum obtained is independent of the drive power. A
sinusoidal phase modulation ¢(t) is applied to the I/Q modulation signals gen-
erated by the OPX, expressed as

o(t) = Asin(wgt), (5.9)

where A is the phase modulation amplitude and wy = 8Qg is the phase mod-

ulation frequency. The full equations for the I/Q modulation signals for 1/Q
amplitude Aypw are:

I = Aypw sin(Asin(wyt)) (5.10)

Q = —Anw cos(Asin(wyt)). (5.11)

When A=0, the modulations signals simplify to the standard spin locking ex-

periment of Section|5.5.2l The noise frequency f,,:se probed by the spin locking

experiment follows the zeroth-order Bessel function of the first kind, Jy(z):

fnoise(A) = |J0(A)‘WR (512)

Figure m (a) shows results of phase-modulated spin locking for a single mi-
crowave power P=14 dBm. The qubit state (averaged over 100 shots) is plotted
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(a) Podd (b) Phase modulated spin locking spectra
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Figure 5.17: Qubit 1 phase modulated spin locking spectroscopy. (a)
Odd parity readout probability as a function of spin locking period 7 and phase
modulation amplitude A. (b) Phase modulated spin locking spectroscopy re-
sults for several microwave powers. In contrast to Fig. the noise frequency
is changed by varying the phase modulation amplitude, allowing for a noise
spectrum independent of microwave power.

as a function of spin locking period and phase modulation amplitude. There is
a sudden increase in decoherence at A = 2.4, 5.5: this corresponds to the phase
modulation amplitudes where Jy(A) = 0, around which the qubit is exposed
to low frequency noise. For a given phase modulation, the results are fitted
to an exponential decay function and repeated for several microwave powers
(Figl5.17 (b)). Since the Bessel function is not one-to-one, the noise frequency
probed is repeated for amplitudes past the first zero of Jy: these data points are
not plotted for clarity. Due to the very fast decoherence at low frequencies, the

error bars of the exponential fit become larger than the noise density. These

points are also excluded from Figure (b).

From the noise spectrum, a strong power-dependent component of the noise is
observed. Connecting the rightmost points of each curve (when the phase mod-

ulation amplitude is zero) recovers the same blue noise spectrum as in Figure
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[b.15] A surprising result from the phase modulated spin locking spectra is the
apparent observation of blue noise, even with constant microwave drive power.
This suggests the presence of a noise mechanism which cannot be explained
by microwave-induced heating alone. The origin of this noise remains an open
question: it could be a product of the experimental setup (e.g. introduced by
the microwave signal chain) or an artifact of the spectroscopy protocol (e.g.

sampling noise at the phase modulation frequency wy).

5.5.4 Noise spectroscopy and driven gates

These noise spectroscopy results provide an important insight into possible
noise mechanisms present in driven qubits. As discussed in Ref. [125], the
dressed and SMART protocols filter low frequency Larmor noise in exchange
for increased susceptibility to noise around the Rabi frequency. The spin locking
and CPMG results reveal a blue noise spectrum which is strongly dependent
on the power of the microwave drive. This explains the lower GST fideli-
ties of SMART gates relative to dressed: since the longer SMART gate time
Tsmart = 24T Dressea €xposes the qubit to high frequency noise for longer with-

out compensatory benefits from noise cancellation.

The exact physical mechanism of the microwave-induced noise is not clear. One
possible candidate is the excitation of two-level fluctuators (TLFs) in the oxide,
dielectric and doped regions of the device. Reducing resonator losses (thereby
increasing the quality factor) through improvements to device fabrication would
reduce power-dependent noise, greatly improving the performance of driven

gates.
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5.6 Discussion

This chapter has demonstrated two-axis control of bare, dressed and SMART
qubits driven with the global field of a dielectric resonator. GST and noise
spectroscopy were used to benchmark the qubits and identify possible causes of
decoherence. These results represent a significant step in the implementation
of global control for a scalable qubit array. Implementing initialisation and
readout protocols in the presence of a global field (such as in Ref. [123] is the
next step towards demonstrating the viability of global control in scalable qubit

arrays.

The detailed noise spectroscopy data collected in this chapter allows for tailored
improvements to be made to the SMART protocol. For example, harmonics
of the global field and Stark shift signals can be added which adapt the filter
function of the SMART protocol to suit the qubit’s specific noise profile.

More complex noise spectroscopy protocols are also possible which can shed
more light on the sources of noise in the device. By introducing a detuning offset
to the spin locking experiment, the noise spectrum can be separated into Rabi
and Larmor components [177]. More advanced phase modulation waveforms

or a sinusoidally modulating spin locking field could also be implemented.

A notable limitation of the current experimental setup is the 1D magnetic field.
The magnetic field is aligned with the [110] axis with respect to the silicon
crystal lattice, an orientation which maximises the spin-orbit coupling of the
qubit [162]. As a result, there is a large variability in qubit frequency between
quantum dots, precluding simultaneous two-qubit control in this device. Future

global control experiments could change the orientation of the magnetic field
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by either physically rotating the qubit device or by using a cryogenic setup
with a vector magnet. This would allow for the implementation of multi-qubit

gates and quantum algorithms which use global control.
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Chapter 6

Conclusion

This thesis has investigated two distinct problems relating to the scalability of

semiconductor spin qubits.

First, the coupling of an electron spin to a superconducting resonator was ex-
plored with the aim of establishing quantum operations between distant qubits.
The theory of spin-photon coupling was applied to the intrinsic spin-orbit in-
teraction observed for electrons tightly confined in SIMOS quantum dots. A
combination of theoretical analysis and experimental data was used to esti-
mate spin-photon coupling strengths in the transverse and longitudinal cou-
pling regimes. The transverse spin-photon coupling strength was extrapolated
to 4 MHz in the single-photon limit, suggesting that the strong transverse cou-
pling regime is attainable assuming the integration of a suitable high-impedance
resonator. While the dynamic longitudinal coupling was found to be insuffi-
cient for strong coupling, it may become possible in future experiments with

improvements in resonator fabrication and device tuning.
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Superconducting resonators were successfully integrated with a quantum dot
device, with a measured internal quality factor of 820. High-impedance res-
onators were fabricated from MoRe and tested, showing a sizeable kinetic in-
ductance and quality factors exceeding 10*, which is comparable to other com-
monly used superconducting resonator materials. The thickness of the insulat-
ing dry oxide layer did not have significant effect on resonator quality factors.
While the simultaneous operation of qubits and resonator was not achieved
due to poor quantum dot device yield, these results represent a step towards

experimental demonstrations of spin-photon coupling in SIMOS devices.

Finally, experiments were conducted on a two-qubit device with a global driving
field supplied by a dielectric resonator. Qubit coherence times were found to
be comparable to other SIMOS devices. Two-axis control of bare, dressed and
SMART qubits was implemented and GST was used to benchmark and compare
the error sources of each control scheme. Fidelities above 99% were reported for
the dressed FM qubits, with greatly improved identity gate fidelities over bare
qubits. Qubit spectroscopy experiments were performed to identify physical
sources of noise; the noise was found to scale significantly with microwave
power, suggesting a decoherence mechanism related to the microwave drive.
These results are the first fidelity results obtained with a dielectric resonator,
and prove the viability of both dielectric resonators and dressed control schemes

in the large globally-driven qubit arrays of the future.
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6.1 Future directions

The theory suggests that strong spin-photon coupling is possible with improve-
ments in the fabrication and integration of superconducting resonators with
SiMOS qubit devices. However, there is still significant work to be done to
make this a reality. The first step is to determine the cause of the drop-off
in internal Q-factor for the integrated resonator. The resonator quality fac-
tor could be improved with better gate filtering [107], moving the resonator
off-chip [146], and optimal gate design to reduce cross-capacitance. The spin
decoherence rate can be reduced with advancements in isotopically purified
substrates [45] and improved fabrication processes for the mitigation of charge
noise [48]. The spin-photon coupling strength could be improved by using
granular aluminium for the resonator [59] and increasing the gate lever arm
with better gate design [147]. Hole spin qubits in silicon are also a promis-
ing research avenue for spin-photon coupling. A strong spin-orbit interaction
has been observed for planar hole devices in SIMOS [180], which is readily ap-
plied to cQED experiments. The coupling strength reported for holes in silicon
nanowires is the highest of any spin-photon system to date [33]. However, work-
ing with holes also comes with additional challenges such as anisotropy of the
hole spin’s g-factor [60], susceptibility to charge noise [181,/182], and reduced
readout fidelity [180]. Strong spin-photon coupling does not automatically en-
able a high fidelity two-qubit gate. Spin relaxation induced by the Purcell
effect |151] has been shown to be greatly detrimental to two-qubit gate perfor-
mance [120]. This could be reduced with the integration of Purcell filters [152]
or by detuning the resonator from the qubit |[153}]183]. Overcoming these chal-

lenges, along with improvements in the spin-photon coupling strength, may
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allow for the implementation of a high fidelity two-qubit gate mediated by a

resonator.

The results presented in this thesis on dielectric resonators show great promise
for their use in the control of scalable qubit arrays. The logical progression from
the single-qubit results of Chapter [5]is the demonstration of two-qubit control
with a dielectric resonator, which could be achieved with a vector magnet. The
initialisation and measurement of qubits under a global field is another avenue

for further research [123].

Improvements to gate fidelities could be achieved by reducing losses in the
dielectric resonator, thereby increasing the quality factor. The power-to-field
conversion factor C = By /v/P is a metric that quantifies the magnetic field
applied by the dielectric resonator for a given power. The conversion factor
C « /@, hence increasing the quality factor allows one to drive equivalent
magnetic fields at reduced microwave power. This could lessen the effect of the
power-dependent noise seen in noise spectroscopy experiments in Section [5.5|
By reducing the area of doped ohmic regions, harnessing foundry fabrication
processes, and optimising device design, the most recent generation of devices
have already increased (); by an order of magnitude over the device reported in
this chapter. Further Q-factor improvements could be achieved by depositing
a superconducting film on the dielectric resonator (with an aperture) to shield
the device from stray fields. The resonator could also be placed on the back of

the chip, reducing eddy currents induced in the bond wires and gate stack.

The ohmic regions which form the SET channel and electron reservoir for elec-
tron qubits in SIMOS are a significant source of dissipative loss for the dielectric

resonator [35]. Therefore, the SETs currently used for readout are detrimen-
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CHAPTER 6. CONCLUSION

tal to the dielectric resonator quality factor, especially for scalable arrays with
SETs adjacent to all qubits. Hence, there is a strong case for gate-based disper-
sive readout [79}80], which does not require ohmic regions or additional metal

gates.

Recent progress on foundry-made devices is promising [51,/184,/185] and devices
with hundreds of qubits may only be a few years away. Ultimately, the true
test of a global control scheme will be its experimental implementation in a

large-scale qubit array.
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Appendix A

Dressed Basis

This section derives the bare and dressed bases used in Chapter 5| and largely

follows the analysis contained in Ref. [123].

The Hamiltonian of a spin in an external magnetic field can be expressed as
Hy = hwqyo, (A.1)

where wy = 27 f, is the angular frequency of the qubit. This analysis can be
applied to any two-level system; for an electron in a magnetic field By, the

qubit’s energy levels are separated by a Zeeman splitting with energy
hwy = gusBo (A.2)

where g is the g-factor of the electron and up is the Bohr magneton. To perform
qubit operations, a microwave drive with frequency fyw and amplitude Ayw
induces a transverse AC magnetic field (defined here along the x-axis). The

total Hamiltonian becomes:

hw
Htot == TqO'z + AMW COS(QFwat)O'x (A3)
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This Hamiltonian describes the qubit in what is commonly termed the labora-
tory frame. To simplify analysis, the Hamiltonian is transformed into a frame
rotating at the angular frequency of the qubit w,. Using the standard rotating

wave approximation, the Hamiltonian becomes

h

Hiare = §(A0z + Qroy.), (A.4)

where A = |f, — fuw]| is the detuning between the qubit and field, and Qg is
the Rabi frequency. This is commonly known as the rotating frame. In this
thesis, it is also called the bare basis and all bare qubits and gates (such as in

Fig. [5.5[ (a)) are defined in this basis.

For qubits in an always-driven microwave field, it becomes more convenient to
define the qubits in the eigenbasis of the driving field. Therefore, a Hadamard

transformation is applied to determine the dressed Hamiltonian
Hdressed = HHbareHTy (A5)

where H is the unitary representation of the Hadamard gate:

mo Lt (A.6)

Vel -1 '
This equates to a swapping of the X and Z axes on the Bloch sphere. In
experiment, the qubit is initialised in the bare basis before a Y7/, projection

pulse is applied to initialise the +|z,) state. The inverse is applied before

performing qubit readout.
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Appendix B

Fabrication recipes

This appendix lists recipes used for fabrication of superconducting resonators
and hybrid resonator-qubit devices. Fabrication processes not carried out by
the author (such as oxide growth and electron beam lithography) are not in-

cluded.

B.1 MoRe sputtering

1. Preclean MoRe target for 5 minutes, 300W, 450V, 20mTorr Argon gas.

2. Deposit MoRe, 300W, 450V, 3mTorr Argon gas. Deposition rate ~

18nm/min

3. Lift-off with acetone. Sonication may be required
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B.2 Ion milling and Al deposition

1. Ion mill 4 minutes, 5nm milled

o Discharge voltage: 40V
o Beam voltage: 600V
o Beam current 36mA

o 2mTorr Argon gas.

2. Deposit Al, 80nm@1A /s

B.3 Direct writer UV lithography

1. Spin nLOF2020 @ 5000rpm, 30s
2. Pre-bake @ 110°C for 1 min
3. Expose with DMO MicroWriter ML3

o Exposure quality: High

e Dose: 65-68
4. Post-bake @ 110°C for 1 min
5. Develop with AZ826MIF, 1 min
6. 30 sec DI rinse + N2 dry

7. Oy Plasma ash — 5bmin, 50W
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