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Abstract

Gate-defined quantum dots have been identified as a promising platform for quantum
information processing thanks to low error rates, and the possibility for large-scale in-
tegration with industrial semiconductor manufacturing processes. With multiple recent
demonstrations in semiconductor-based material stacks showing high-performance single-
and two-qubit gates, the focus turns to how to scale-up these technologies.

In this thesis, three advancements are presented in-depth for the scale-up of Silicon-MOS
based quantum dot devices for quantum computation.

Firstly, a passive filter/combiner is developed that behaves as a DC-coupled bias tee.
This allows for linear combination of DC-bias voltages with broadband pulses (DC - 500
MHz) from an Arbitrary Waveform Generator (AWG), without AC-coupling the AWG
line. These combiners are then optimised for low-power and integrated into the cryostat
at the 4 K stage to reduce electrical noise.

Secondly, we investigate devices based on Fully-Depleted Silicon-On-Insulator (FDSOI)
technology manufactured in a full-scale 300mm wafer process as a platform for quantum
dot based quantum processors. A double-nanowire device is configured such that a 2x2
array of quantum dots is formed in one nanowire, with a Single Electron Transistor (SET)
formed in the other nanowire which is used as a charge sensor. The SET sensitivity
is improved by the addition of floating gates between the nanowires, which increases
capacitive coupling. The tunnel coupling between adjacent quantum dots is modelled,
motivating modifications to the device design, and delineating a pathway towards adoption
of CMOS industry processes for scalable manufacture.

Finally, we demonstrate a technique that enables fully electrical control of electron spins by
enhancing the intrinsic spin-orbit coupling (SOC), which is naturally weak for electrons
in silicon. The SOC is enhanced by manipulating the energy quantisation spectrum of
the quantum dot to create a level degeneracy. This can be achieved with pulses on gate
electrodes, so that the SOC can be enhanced on-demand, allowing for a switchability
between ON and OFF control modes. Microwave electrical control of quantum dots in the
ON mode shows Rabi oscillation frequencies up to 81 MHz, and single qubit gate fidelities
above 99.9%. The effect is reproducible across multiple devices and charge configurations.
This technique could alleviate the need to integrate antennas or micromagnets on-chip.
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

The development of computers and digital information systems over the course of the
20th and 21st centuries has driven technological and social change that has profoundly
revolutionised human civilisation. Modern technologies such as portable talking navigation
assistants, wireless earbuds, and virtual reality only existed in science fiction until very
recently as progress continues at full speed more than 60 years after the invention of

transistors, and almost a century after the birth of the field of computer science.

Today, thanks to the incredible scaling of silicon CMOS technology, computers can solve
a huge set of problems. However, there are some problems that are too complex for
today’s computers, and will remain intractable for the foreseeable future within classical
information systems, and some of these problems would be immensely valuable to solve.
Computers based on quantum mechanics and quantum information theory are predicted
to be capable of solving some of these problems in fields such as material science, medicine,

and cryptography.

This thesis investigates technologies for developing and scaling such a computer based on

quantum dots in silicon.



1.1 Quantum Computation

A quantum computer is one that harnesses the unique nature of quantum mechanical in-
teractions in order to perform computations. Specifically, superposition and entanglement
are key to the quantum algorithms that promise to revolutionise our computing capabil-
ity [1-3]. The task then is to create a system in which superposition and entanglement
can be reliably created on demand, controlled, and read out. The system then has to be
scaled, much like classical computers have been, in order to be able to tackle problems of

value [4-6].

1.1.1 Qubits and DiVincenzo’s Criteria

The fundamental building block of a quantum computer is the quantum bit, or qubit [7].
The classical bit of information acts as a binary switch, representing the states 0 and
1, whereas a qubit can be represented as a unit vector in three-dimensional space which
we can visualise as a point on the Bloch sphere (Figure 1.1). The qubit state |¥) then
contains information equivalent to two phases 6 and . When the qubit state is measured,
it collapses into one of two basis states with probabilities cos?(0/2) and sin?(6/2) for
the respective basis states. By convention we define the measurement operation in the Z

direction, with basis state outcomes of |0) and |1).

Prior to measurement, the qubit retains full information as the state vector may point
anywhere on the sphere, representing a superposition of the two outcome states. Further
to this, with multiple qubits we may create non-classical correlations between output
states, known as entanglement. The field of quantum information theory builds on these
concepts in the design of algorithms for applications of quantum computers, and is beyond

the scope of this thesis.

In order to create a quantum computer that may usefully execute quantum algorithms,
the underlying physical qubit technology must meet five criteria set out by David DiVin-

cenzo [9].



1.1.1 Qubits and DiVincenzo’s Criteria

[1)

Figure 1.1: Bloch sphere. A qubit can be represented as a unit vector or point on the Bloch
sphere. Figure adapted from [8].

1. A scalable physical system with well characterized qubits.

One needs a physical system upon which a qubit can be encoded in a reproducible
manner. That is, a well-defined 2-level system with some energy gap. The physical
system also needs to be scalable.

2. The ability to initialise the state of the qubits to a simple fiducial state
Computation, both classical and quantum, relies on a known initial state of the
system.

3. Long relevant decoherence times

One needs to be able to maintain the state of a qubit for long enough to be able to
execute many control operations. More recently this could arguably be extended to
incorporate compatibility with error correction protocols [10].

4. A universal set of quantum gates
The set of quantum gates available in the system must be able to access any quantum

state of the system.

5. A qubit-specific measurement capability



1.1.2 Quantum Technologies and Progress

One needs to be able to read out the state of the system with high accuracy, both

during and after computation.

1.1.2 Quantum Technologies and Progress

The landscape of technologies for quantum computers that have fulfilled DiVincenzo’s
criteria has evolved considerably. Now, dedicated commercial efforts are ongoing to build
systems using different technologies such as qubits based on superconducting Josephson
junctions, trapped ions and neutral atoms, photons, vacancy centres in diamond, and

quantum dots and dopants in semiconductors.

The capability of quantum computers has advanced into what is now called the NISQ
(Noisy Intermediate Scale Quantum) era [11], after the first demonstrations of quantum
computer surpassing classical computers in specific tasks [12-14]. The NISQ era describes
a phase where simple quantum algorithms can but run, but where qubit errors limit their

effectiveness.

The next phase involves the implementation of error correction protocols which will allow
algorithms to run indefinitely, without being affected by noise. To do this, many physical
qubits are used to encode a single logical qubit which is protected from errors. One
promising encoding, the surface code [10], requires on the order of thousands of physical
qubits to encode a single logical qubit. This means that there is significant overhead in the
numbers of qubits required to run useful algorithms. Recent studies make estimates on the

order of millions of physical qubits required when assuming a 0.1% gate error rate [4-6].

The effectiveness of error correction protocols is very active field of research, with recent
demonstrations of reductions in error rates in both trapped ion- [15] and superconducting
qubit-based systems [16,17]. These demonstrations are very encouraging, as they show
that with more qubits, and modest reductions in error rates, it seems that it will eventually

be possible to build fault tolerant systems.

The importance of scalability in quantum computing can hardly be overstated as studies



indicate the need for millions of qubits for early demonstration of quantum algorithms.
The development of classical computing technology provides us with an example of a

possible development path, and some salient lessons.

The capability of classical computers advanced rapidly since their inception in the early
20th century. However, critical to this advancement was a fundamental change in their
construction that occurred with inventions of the bipolar junction transistor (BJT) in
1947 and the metal oxide semiconductor field effect transistor (MOSFET) in 1959. Prior
to this, computers were built from vacuum tubes - a large, hot, and unreliable equivalent
to today’s JFET. Scaling such a system proved impractical due to the bulkiness, power
requirement, and unreliability of vacuum tubes. Only with the advent of transistors and
then integrated circuits in the 1960’s computers started to get smaller. As transistors were
miniaturised, the processing power of computer systems advanced further and further, as
more transistors could be integrated into a single system. Today, state-of-the-art chips

contain tens of billions of transistors.

Just as semiconductor technologies gave classical computers a way to achieve extraordinary
scale, it may again provide a way for quantum computers to scale to the millions, and

even billions of qubits.

1.2 Quantum Dot Spin Qubits

The quantum dot spin qubit proposed in 1998 by Loss and DiVincenzo [18] has the po-
tential to be a scalable technology platform quantum computers. Spin states of electrons
(or holes) in a quantum dot can behave as well-defined two-level systems which can then
can be used to form qubits. Spin is a quantum mechanical property that results from the
intrinsic magnetic moment of the electron, and can be polarised with the application of

an external magnetic field, with an energy gap caused by the Zeeman effect equal to

E,=gupB (1.1)



1.2.1 Silicon MOS

where ¢ is the Lande g-factor, pup is the Bohr magneton, and B is the magnetic field
strength. This results in spin states parallel and anti-parallel to the applied magnetic

field, which we denote |}) and |1), respectively.

A number of material platforms for quantum dot qubits have been demonstrated, such as
GaAs/AlGaAs heterostructures [19,20], Si/SiGe heterostructures [21-24], Ge/SiGe het-
erostructures [25], planer silicon MOS [26,27], silicon MOS nanowires and FinFets [28-30],
nanowires made from Ge [31], Ge/Si [32], and InAs [33], graphene [34], and even solid
neon [35]. Dopant based qubits in semiconductors are a promising technological path-
way for quantum computers because of the long coherence times and gate fidelities of
nuclear spins, with active development on two manufacturing technologies - One using ion

implantation [36-38], and the other using STM lithography [39].

The silicon MOS, Si:P, and Si/SiGe material stacks have already demonstrated high-
fidelity one- and two-qubit gate operations [22-24,27,37, 38,40, 41]. Silicon MOS in par-
ticular has great potential to leverage the existing manufacturing capability of the CMOS
industry, with multiple demonstrations of qubits in devices manufactured in full-scale 300

mm wafer process lines [28-30,42].

1.2.1 Silicon MOS

Silicon MOS quantum dots leverage the same manufacturing technology that is used to
fabricate the chips used in today’s classical computers. This consists of a bulk-Si substrate,
an insulating oxide layer, and metallic gate electrodes which are used to apply electrostatic
biases to form a quantum well within the bulk-Si active area, as shown in Figure 1.2. An
insulating layer may also be placed between the active Si region and bulk, which will be

investigated in Chapter 3.

Quantum dots can be formed in structures akin to traditional MOS transistor device. We
form a accumulate a layer of mobile electrons at the interface between Si and SiOs by

applying a positive bias voltage to a metal gate electrode (gate ST in Figure 1.2a). We



1.2.1 Silicon MOS
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Figure 1.2: Silicon MOS device structure. a, schematic cross-section of a MOS quantum dot
device structure, consisting of a bulk-Si active layer, an insulating SiO» layer, and patterned gate
electrodes which are used to shape the chemical potential and accumulate and isolate quantum
dots. b, Top-down SEM image of the same design as in a. This gate layout can be used to form a
single electron transistor (SET). Figure b adapted from [43].

call this electron layer a 2-dimensional electron gas (2DEG). To form a quantum dot,
additional screening gates SLB and SRB are added to create barriers in the potential, and
in-turn, gaps in the 2DEG. When operated at deep cryogenic temperatures of 4 Kelvin
and below this structure can now form a single confined quantum dot, along with two

leads formed by the conductive 2DEG.

Due to electron-electron repulsion, a finite amount of energy is required to add an elec-
tron to the quantum dot, denoted as E¢, which causes a quantisation of the dot charge
occupation. The charging energy decreases as the quantum dot becomes larger, reducing
the relative electron repulsion. Figure 1.3a shows this trend in charging energies, along
with peaks at the addition of the first, fifth, and thirteenth electrons, corresponding to
shell structure of the quantum dot. For silicon there are spin, orbital, and valley degrees
of freedom, leading to 2D Fock-Darwin states as in Figure 1.3b [44]. n and [ correspond
to the quantum numbers, and v to the valley state which in silicon is restricted to only
z-valleys due to the electrostatic and 2-dimensional confinement. In general, it is desirable
to ensure that the energy levels within a dot are well quantised, however an exception to
this rule will be investigated in Chapter 4 where a degeneracy between levels is utilised

for spin control.

Quantum dots in MOS structures can thus have well-defined two level spin states, and
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Figure 1.3: Charging energy spectrum of a Si quantum dot. a, Discrete charge filling
of a quantum dot. Figure adapted from [43]. b, Charging energies for the first 14 electrons of a
quantum dot in silicon, showing peaks at the addition of the first electron to a new orbital. c,
2-dimensional Fock-Darwin states for quantum dots in silicon. n and 1 are quantum numbers, and
v is the valley state. Figures b and ¢ adapted from [44].
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can be reliably produced and scaled with different designs of the control gate electrodes,

thus fulfilling the first of DiVincenzo’s criteria.

1.2.2 Initialisation

Electron spin qubits in silicon typically have very long 77 spin relaxation times [44,45].
Because of this, it is not practical to wait for normal relaxation processes to reset or
initialise a qubit, and a range of techniques are used. Two widespread techniques are energy
selective loading from a charge reservoir, and splitting of spin singlet states in a double
quantum dot. Each of these techniques can be augmented with hotspot relaxation [44].

Readout can also serve as initialisation if it is a non-destructive process.

An example of a device that can utilise reservoir spin loading is shown in Figure 1.4a.
The gate LD accumulates a 2DEG connected to ground via an ohmic contact, a charge
reservoir which acts a homogeneous spin bath with a Fermi energy, Fr. A quantum dot is
formed under the tip of gate P, and its tunnel rate to the reservoir controlled by the barrier
gate LB. To load a deterministic spin state, first the electrons are unloaded from the dot
by lowering the voltage on P. Next, the potential of the dot is set so that the spin-up and
spin-down states straddle the Fermi level set by the reservoir. At this bias point, only
a spin-down electron will tunnel into the dot. Finally, the dot is tuned far away from
the Fermi level to decouple the spin from the reservoir. Instead of three discrete levels,
this process can be replaced by a slow ramp, which is more robust to charge noise as the

separation between up and down spin states is typically small (<1 mV).

Where a charge reservoir is not available (such as in the middle of an array of quantum
dots), spin states may be initialised in a double dot by first creating a singlet state in one
dot, then spreading the wavefunction over the two dots. Figure 1.5a shows a device in
which this can be done, when quantum dots are formed under the gates G1 and G2, and

designated as QD1 and QD2 respectively (Figure 1.5b).

A singlet state is first created in QD2, corresponding to a charge state of (0,2), where
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Figure 1.4: Reservoir spin initialisation. a, SEM image of a MOS quantum dot device, in
which a dot is formed under the tip of gate P. A charge reservoir is accumulated under LD, and
connected to ground via a doped lead and ohmic contact. b, Initialisation protocol to load a spin
down electron from a charge reservoir with a Fermi energy Er, with a Zeeman splitting of the spin
up and spin down states. Firstly, unload the electron from the quantum dot by decreasing the dot
gate voltage. Next, set the voltage such that the Fermi energy Er sits between the two spin levels,
so it is favourable for only a spin-down electron to load into the dot. Finally, increase the voltage
on P further to decouple the spin from the reservoir. Figure a adapted from [43]
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Figure 1.5: Inter-dot spin initialisation. a, SEM image of a MOS quantum dot device, in
which quantum dots are formed underneath the gates G1 and G2. b, Cross-sectional schematic
of the device, with quantum dots QD1, QD2, and the charge reservoir indicated in yellow. c,
Inter-dot level-crossing diagram for the (0,2)-(1,1) charge anti-crossing. A [(0,2).S) two-electron
singlet state in QD2 can be split between QD2 and QD1 be ramping the inter-dot detuning across
the charge anti-crossing. The ramp rate must be slower than the tunnel coupling ¢. to ensure an
adiabatic transition. To keep a singlet state, the ramp rate must also be faster than the S to T_
coupling, A (shown in inset), when crossing the S to 7 transition. A T_ state can be created by
ramping slowly over the S to T_ transition, at a rate slower than A. Figure adapted from [46]
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(X,Y) denote the charge numbers in dot X and Y. One electron is then moved to QD1
by ramping the detuning voltage between the two quantum dots across the charge anti-
crossing, creating a (1,1) charge state. The ramp rate across the anti-crossing must be
slower than the inter-dot tunnel rate t. in order to transfer the electron adiabatically and
preserve the singlet state. The ramp rate must also be fast enough to avoid relaxation
at the S to T_ transition, shown in the inset to Figure 1.5c. Often this is achieved by
tuning the interdot coupling, as it can achieve a larger range of tunability than the ramp
rate for practical time scales. After some time the |(1,1)S5) state will relax to a mixture
of |1}) and [}[1). A high probability of a single one of these states can be achieved with
a sufficient Zeeman energy difference (F.) between the two dots, and a careful tuning of

the ramp rate.

A pure |]]) or T_ state can be created by ramping slowly across the |(1,1)S5)-|(1,1)T-)
transition. It is also possible to use valley or orbital state degeneracies as relaxation

hotspots to quickly reset a spin without altering the charge state [44,47].

A number of techniques then enable quantum dot qubits to meet DiVincenzo’s second

criteria, of having a reliable fiducial state initialisation.

1.2.3 Control

The spin control strategies for quantum dots primarily involve some form of microwave
control, with the microwave frequency matching the spin Larmor frequency which is set
by the Zeeman splitting, F,, with a strong static magnetic field applied. Exchange-only
control protocols (which do not require microwave control signals) also show promising
progress, with recent demonstrations of single- and two-qubit gates encoded on six quan-

tum dots [41].

Control based on electron spin resonance (ESR) uses a microwave magnetic field to drive
the spins [19]. An oscillating field, Bj, is applied in a direction perpendicular to the static

field, By, an example of which is shown in Figure 1.6a. The specific spin rotation can be
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Figure 1.6: Electron spin resonance (ESR). a, Device SEM image with a quantum dot spin
qubit situated under the gate electrode G4. The charge state of the dot is sensed with a SET
formed under ST. A microwave magnetic field B; used to control the qubit is delivered via a
micro-antenna, highlighted in blue. A charge reservoir is formed under R. b, Simplified schematic
of the sensing regime, using the charge reservoir for initialisation and readout. ¢, A Rabi oscillation
of an electron spin driven by an applied microwave field. Figure adapted from [48]
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Figure 1.7: Electric dipole spin resonance (EDSR). A device architecture used for electric
dipole spin resonance. A micromagnet is fabricated above the qubits which creates a magnetic
field gradient. Gate electrodes are then used to deliver a microwave electric field to manipulate the
spin via the spin-orbit coupling induced by the magnetic field gradient. Figure adapted from [26]

set by the microwave pulse time, as shown in the Rabi oscillation in Figure 1.6c.

Microwave magnetic fields require large dedicated structures to separate the electric and
magnetic field components. It is also challenging to isolate parasitic magnetic fields which
can spread far from their source. On the other hand, electric fields can be more targeted,
allowing control to be delivered to an individual quantum dot, assuming that microwave

control lines are carefully designed with appropriate isolation.

To enable electrical control, one prominent technique is to induce a magnetic field gradi-
ent [49], which is commonly done by fabricating a micro-magnet near the qubits [26,50-52].
The gradient that is created in By increases the spin-orbit coupling, which enables the spin
to be controlled with electric fields. This technique trades off the large antennae required
for magnetic control, in favour of micro-magnets which are still large compared to the
quantum dots themselves, but significantly smaller than typical ESR antenna designs.
Another advantage of micro-magnets is that the magnetic field gradient gives a large 0 F,

between nearby qubits, assisting with addressability for small arrays.

In some material stacks, and for hole quantum dots, there is sufficient spin-orbit coupling

to drive spins electrically, without the need to add extra structures [28,53,54]. In Chapter 4
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Figure 1.8: Spin coherence times. a, Pulse sequence and data for a measurement of the free
induction decay time (Ramsey), T5. b, Pulse sequence and data for a measurement of the Hahn
echo coherence time, T4 . ¢, Pulse sequence and data for the CPMG active dynamical decoupling
sequence [55], T5'PME . Figure adapted from [48]

a technique is investigated to drive electron spins in silicon electrically without a micro-

magnet.

One of the appeals of electron spin qubits in silicon is their long spin relaxation and
coherence times. Spin coherence times typically range between 10-1000 ps with dynamical
decoupling, with one such example shown in Figure 1.8, data taken from [48]. When
compared to typical gate times with ESR control of 0.1 - 1 us, high Q-factors can be
achieved. The quality factor, Q, is defined as Q = 2 x Ty /Tgate. Multiple recent studies
have demonstrated single qubit gate fidelities above 99.9 % [22,40,47,51].

A two qubit gate in quantum dots can be implemented either using the exchange interac-
tion [56,57], or with electric dipole coupling mediated by direct capacitive coupling [58,59],
or indirectly via coupling to a cavity [60,61]. Two-qubit logic gates using exchange have
recently surpassed a fidelity of 99 % [22-24,38], which now shows that quantum dots can
implement a universal gate set for multiple qubits with fidelities above error correction

thresholds [10].

The demonstration of long coherence times, and high-fidelity universal gate sets mean that

15



1.2.4 Readout

e

d v (V)
-1.0 -08 -0.6 -04 -0.2
[— — ]

Read level (mV)
)

=
e — o0
=2 200 . -
Time (us) y = il
\
! \
0 04 08 12 \ Time (ps)

UIser) (nA) t(us)

Figure 1.9: Spin to charge conversion. a-c, Elzerman readout scheme. A pulse sequence
is shown in a, and the resulting sensor response shown in b. c¢ show the current traces that are
measured at various read levels. A region with spin-dependent charge tunneling appears between
~ 0—1 mV in the read level. d-g, Pauli spin blockade readout scheme. A charge stability diagram
is shown in d at the (1,1)-(0,2) inter-dot charge transition. A triangular region on the (0,2) side of
the transition indicates the presence of Pauli blockade. e, model energy diagram for the inter-dot
transition. f, SEM top-view of the test device. g, current traces for 5 cycles of the sequence which
involves a random initialisation to (1,1) followed by a read phase at the blockade region within
(0,2). Blockaded states will remain in the (1,1) charge state, whereas unblockaded states will
transition to (0,2). a-c adapted from [62]. d-g adapted from [63].

quantum dots fulfil DiVincenzo’s third and fourth criteria for qubits.

1.2.4 Readout

Readout of quantum dot spin qubits relies on two elements. Firstly a method for spin-to-

charge conversion, and secondly a charge sensor to detect the charge state.

A spin can be converted to a charge state either by energy selective tunneling to a charge
reservoir, known as Elzerman readout [62,64], or by utilising Pauli spin blockade (PSB)

between two quantum dots [63,65].

Elzerman readout requires a charge reservoir nearby coupled to the qubit to be read
out, and allows for readout of a single spin. Since the charge tunnels out to a reservoir,

Elzerman readout is destructive. That is, the qubit is reset as part of the readout.
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Figure 1.10: Charge sensing techniques. a, Quantum point contact (QPC) used to sense
charge movements in the adjacent dot. b, Gate-based RF sensing, where an LC-tank circuit is
connected to the gate R. ¢, Resonance of the LC-tank circuit at 704 MHz. The resonant frequency
is influenced by changes in capacitance of the gate R. d, Illustrated charging energy spectrum of
the quantum dot. A capacitance is added to the circuit when V¢ causes a charge movement in the
dot. Figure a adapted from [64]. Figures b-d adapted from [68].

PSB readout does not require a charge reservoir as it uses an inter-dot charge movement.
The charge is retained, so this readout type is non-destructive if required. Depending on
the timescales of the system, it is possible for PSB to cause blockade in the Singlet-Triplet
basis, or in the parity basis [66]. Since PSB readout is performed between two quantum
dots, only a single bit of information is gathered for the readout of two spins, but the

natural parity check may be useful for some error correcting codes [67].

Two common techniques are used to readout the charge state of qubits during spin-to-
charge conversion. The first implements a single electron transistor (SET) or quantum
point contact (QPC) which has highly non-linear conductance, making it very sensitive to
nearby charge movements [63]. The SET and QPC need to be integrated near the qubits,
along with source/drain leads. They can be operated in either DC or RF modes [64,69].
A second technique is gate-based readout, which senses changes in the capacitance of an
electron underneath a gate electrode using an LC-tank circuit [68,70-73]. This technique
has the advantage that it uses the gate electrode that is already required to control the
qubit, removing the need to interrupt a qubit array for the integration of an SET. The

disadvantage is the requirement for an LC-tank circuit, and the associated RF electronics.
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The general technique of using an LC-tank to detect capacitive shifts can also used when

an LC-tank is connected to a source/drain contact [74,75].

In these techniques, quantum dots have a set of viable choices for reliable and high-fidelity
qubit readout, meeting DiVincenzo’s fifth criteria. With all of the criteria fulfilled, and
demonstrated in small-scale devices, we now look to what will be required to create a

full-scale quantum computer in silicon, and where this thesis will make contributions.

1.3 The Path to Full-Scale Quantum Computers in Silicon

The pathway towards quantum computers with millions of qubits is likely to take many
years. We can make an estimate of this timeline by appropriating Moore’s Law from the
CMOS industry, which states that the number of transistors in an integrated circuit (IC)
will double roughly every two years [76]. With current state of the art systems possessing
on the order of 10-100 interacting qubits, it would take approximately 15-20 years to reach
the numbers of qubits required for proposed applications [4-6]. Increasing the functional
size of quantum computers is however not as simple as increasing the qubit count. It
is also necessary to improve the qubit quality and interconnectedness. A system with
a million qubits has limited use if the error rate is so high that information cannot be
transferred throughout the system without being lost. Both aspects must be addressed to

build scalable systems, as shown in Figure 1.11.

Further to this, technologies that can quickly scale to 100 or 1,000 qubits and slow down
thereafter will take significantly longer to reach full-scale and complete useful computa-
tions. A viable technology must have a pathway to millions of qubits and silicon quantum
dots have excellent potential to meet this goal. Various proposals have been made for
scalable quantum processor architectures [77-81] which raise important technological con-

siderations and opportunities in future development.
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Figure 1.11: Qubit scaling. Figure courtesy of Google Quantum Al, showing the relationship
between qubit count and qubit error rate. Useful applications are likely to require millions of
qubits with low error rates.

1.3.1 Scalable Manufacturing Processes

An important step towards any scalable system is to have a scalable manufacturing process.
Devices in the current state of the art have been (for the most part) manufactured in small-
scale research fabrication facilities [22-24, 38,41, 82,83]. Whilst the material stacks used
in these devices are similar to those used in full-scale commercial foundry processes, the

lithography and process control differ significantly.

The devices referenced above all use electron beam lithography (EBL) to etch nano-scale
structures in devices, which enables arbitrary structures with critical dimensions down to
a scale of 10 nm, and fast design iteration as it does not require a mask as for photo-
lithography. To achieve high-yield and throughput, it is necessary to adjust critical di-

mensions and use photo-lithography for all steps of the fabrication process.

A number of commercial foundries are now involved in the fabrication of quantum dot
devices for quantum computing, with notable progress using devices fabricated at Intel [30],
CEA [28,84-87], IBM [29], Hitachi [88], Global Foundries [89], and IMEC [42], among

others.

The design and operation of devices manufactured in full-scale foundry processes is a very

active area of research with many challenges to be addressed. In particular, techniques
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to scale devices in two dimensions are of interest. In Chapter 3 we investigate a device

design and operation modes that address this challenge.

1.3.2 Controlling Many Qubits

Quantum processors differ from classical processors in that qubits each need external
control signals to implement quantum logic gates, whereas classical bits act as the con-
trol signals themselves, and logic gates are implemented as hardware circuits. This has

profound implications for the development of full-scale systems.

Firstly, the quality of control signals and the qubit noise environment can directly affect
the qubit operation fidelity [40,90,91]. For silicon qubits, the wide bandwidth of control
signals creates challenges in signal generation and conditioning. In Chapter 2 a signal
addition circuit is investigated that allows for simple and low-noise generation of signals

with a continuous bandwidth from DC up to 1 GHz.

Secondly, the scaling of interconnect will become increasingly challenging as qubit counts
increase. Already, with qubit counts reaching 50 and above, quantum computers fill rooms
with the requisite electronics and cabling (see Figure 2.1). It is necessary to develop
architectures for the control circuitry that minimise the scaling of the number of control
lines required per qubit [92]. It is only practical to have up to roughly one thousand
connections to a chip, due to the mechanical and thermal load associated with the wiring

needed.

One solution to the wiring problem is to apply some signals to many qubits simultaneously.
Crossbar architectures propose that 2 x N control lines may be used to control N? qubits
if the qubits are arranged in a rectangular grid [79,93]. These proposals require a very

tight tolerance on the variability within the array, which is yet to be demonstrated.

A scheme is being explored for the microwave drive signal, where qubits may be driven
continuously within a persistent microwave field [94-97]. Progress has also been made on

ways to deliver a single microwave field across an entire chip [98,99].
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These global control strategies make use of the Stark shift to tune the spin Larmor fre-
quency, and in-turn implement quantum logic gates within the driving field. In Chapter 4
a technique will be investigated that enables the qubit resonance to be switched on and
off, as well as being driven electrically, which could enable new architectures and control

schemes for quantum processors.

1.3.3 Integrated Control Electronics

Another solution to the wiring problem is to implement multiplexing strategies that can

allow signals to be shared across many qubits by switching between them in time [100-103].

Alongside multiplexers/demultiplexers, signal generation and digitisation can also be im-
plemented at cryogenic temperatures the wiring bottleneck to room-temperature electron-
ics. It is too early to tell how much signal generation may be implemented on-chip with
the qubits, however this is an active field of research with different proposals varying in

their approach [78,80,89,104-106].

The primary limiting factor for the integration of control electronics on-chip is the thermal
load. Cryostats capable of reaching milliKelvin temperatures typically have a cooling
power of of tens of microWatts at base temperature, which would heavily restrict the
types of electronic circuits that could be integrated on-chip. Higher temperature stages
have much higher cooling power, with tens of milliWatts available at 1 Kelvin, and Watts
available at 4 Kelvin. This motivates increasing the temperature of the qubits to allow

for more electronics to be integrated on-chip.

1.3.4 High Temperature Operation

Recent studies in silicon MOS systems have shown that electron quantum dot qubits can
be operated at a temperature above 1 Kelvin [82,83]. A study on hole quantum dots
in a FinFET even showed qubit operation above 4 Kelvin [29]. In each study, a modest

increase in qubit errors is found at increased temperatures. For future architectures this
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may need to be traded off against the need to integrate more heat-generating electronics

on-chip.

1.3.5 Long-range Quantum Links

An important component of more complicated architectures is the need to transfer quan-
tum information over large distances [78]. The need comes from both the need to integrate
control electronics within a qubit array, and also the potential to increase connectivity be-

tween qubits within a large array [81].

It is possible to transfer a qubit state within an array using only two-qubit gates between

nearest neighbour qubits. However, this may prove to be inefficient over long distances.

One strategy is to physically transport the electron spin across the processor [80,107,108].
The ability to coherently transfer an electron spin between two quantum dots has also
been demonstrated in silicon [109] and GaAs [110,111]. A key advantage of this strategy
is that it can be implemented using the same quantum dot and gate structure that is
required for qubits. Spin transport can also be achieved using surface acoustic waves in

piezoelectric material stacks [112-114].

Another strategy is to transfer the spin state via a form of interstitial coupler. Proposals
have been made for capacitive coupling [59], but much research has been focused on
microwave cavities which couple the spin to a photon [60,61]. This technique could allow
for spin information to be transported across millimeter or even centimeter distances
quickly and coherently. However, they require large microwave structures to be fabricated

on-chip, using superconducting materials.

1.4 Thesis Outline

Chapter 2 introduces the control electronics required for quantum dot qubits in silicon.

It then investigates signal combination techniques for addressing the wide bandwidth re-
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quired by silicon qubits, before identifying a circuit design that extends control bandwidth
to a continuous band from DC to near 1 GHz. The circuit is modified for low power dissi-
pation to be compatible with cryogenic operation, and integrated within a cryostat at the

4 Kelvin stage.

Chapter 3 investigates operation of devices manufactured in a full-scale 300 mm wafer
process. Fully-depleted silicon-on-insulator (FD-SOI) devices with one and two silicon
nanowires are tested, showing formation of quantum dots. A SET charge sensor is imple-
mented in one nanowire and used to sense quantum dots in an adjacent nanowire remotely.
The SET is then used to sense a 2x 2 quantum dot array in a remote nanowire. Simulations
of inter-dot tunnel couplings show that modest reductions in device critical dimensions are

required to achieve tunnel couplings high enough for PSB readout and two-qubit gates.

Chapter 4 introduces the possibility of controlling silicon MOS quantum dot qubits purely
electrically, without the need for an antenna or micro-magnet to be fabricated on-chip.
Using a degeneracy between ground and excited states of the quantum dot, the spin-orbit
effect can be dramatically increased, making the qubit susceptible to electrical control
signals. Using electrical drive, Rabi oscillations are observed up to fran = 81 MHz, and
single qubit fidelities as high as 99.93 %. The electrical susceptibility can be switched
on and off on-demand, with an on-off ratio up to 650, and a switching fidelity of at least
99.35 %. This capability to control the spin electrically without a micro-magnet could

enable entirely new quantum processor architectures.

Chapter 5 provides an overview of important results within this thesis. It discusses the
potential implications of the work presented, and opportunities for future research and

development.
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CHAPTER 2. INSTRUMENTATION

Chapter 2

Instrumentation for High-Fidelity

Control of Quantum Dots

The task of engineering many delicate quantum states to act as stable qubits is challenging and
requires complicated electrical control signals. For spin qubits in semiconductors, these arbitrary
waveforms must span from near-DC up to hundreds of MHz, with low noise and high-resolution.
Standard components fail to meet these requirements, with quantum engineers often left with a
choice between having high-bandwidth, OR keeping their control lines DC-coupled. We develop a
linear-alternative to the bias-tee that utilises both high-impedance and impedance-matched passive
circuits to achieve a bandwidth from DC to 760 MHz. The design incorporates DC-line filtering,

and has a power dissipation of less than 2 mW, allowing it to be installed within the cryostat.

The work presented in this chapter is included in a manuscript in preparation:

W. Gilbert, C.H. Yang, T. Tanttu, B. Hensen, A. Laucht, and A. S. Dzurak. “A Linear Alternative to Bias-tees
for Spin Qubit Control”

The author acknowledges the contributions to this chapter by A. Dickie who assisted with
cryogenic integration and testing of the combiners, C.H. Yang who took part in the early
cryogenic circuit design, and B. Hensen who assisted with testing of initial prototypes. The

author designed, manufactured, and characterised the combiners.
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CHAPTER 2. INSTRUMENTATION

Figure 2.1: Images of state-of-the-art quantum processors. a, A 54-qubit quantum proces-
sor based on superconducting Josephson junctions at Google AI Quantum. b, A 9-qubit quantum
processor based on the spins of trapped ions at IonQ.

The challenges of building a quantum computer are well known within the community of
companies and research institutes that dedicate their time to it. In fact, Richard Feynman
alluded to this at the end of his now famous talk arguing for the simulation of physics

with a new type of computer based on quantum mechanics [115] -

. if you want to make a simulation of nature, you’d better make it quantum
mechanical, and by golly it’s a wonderful problem, because it doesn’t look so

easy.

Quantum states are inherently fragile. The process of engineering many quantum states to
be highly stable and controllable goes against what are arguably the natural tendencies of
quantum states of particles, to give in to entropy. To create qubits is then inherently un-
natural and challenging, as the physical processes untended cause the engineered quantum

states to decay or decohere.

Despite this, at time of writing significant progress has been made in engineering systems
with tens to hundreds of qubits working in sync. Looking at two state-of-the-art systems in
Figure 2.1 one couldn’t fail to notice the complexity of the surrounding control hardware.
The reason for this is two-fold. Firstly, extreme environmental conditions are required,
such as a high-vacuum and deep cryogenic temperatures, meaning that access to a qubit

chip is restricted to compact and low-power solutions. Secondly, qubits are analogue
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Figure 2.2: High-level schematic. High-level schematic of control setup for quantum dot
qubits. The control requirements for quantum dot qubits necessitate the use of multiple instru-
ments, and a method for combining the signals that can pass key specifications.

devices requiring analogue control signals which for semiconductor spin qubits must cover

bandwidths from DC up to tens of GHz.

A key challenge in system design is to deliver analogue signals across such a wide bandwidth
from room temperature electronics to a chip within a cryostat, without distorting the

signals or adding noise.

2.1 Electronics

Spin qubits in semiconductors are inherently analogue devices, requiring a low-noise envi-
ronment, but also broadband arbitrary waveforms to dynamically control qubit coupling
and charge occupation for qubit state initialisation and readout. They are also typically

operated at deep cryogenic temperatures below 1 Kelvin.

2.1.1 Electron Control Requirements

A high level schematic is shown in Figure 2.2, including an electrical model of a control

gate electrode in a device similar to those in Refs [38,40,57]. In the case of quantum
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2.1.1 Electron Control Requirements

Qubit/Material Spin relax- | Spin coherence | Two-Qubit cou- | Ref
ation time, | time, T pling, J/h
Ty
SiMOS, Si/SiGe e~ | 0.001-10 s 0.01-1 ms 1-100 MHz [22-24,
spins 40]
SiMOS h™ quantum | 0.1-10 ms 0.1-10 ps N/A 28, 29]
dots
Ge/SiGe hT quan- | 0.1-10 ms 0.1-10 ps 10-1000 MHz [25,53]
tum dots
Si:P, e~ spins 0.001-10 s 0.1-1 ms 1-100 MHz [37,39]
Si:P, nuclear spins >1 min 1-1000 ms 1-1000 MHz [37,116]
Si/SiGe  exchange- | 0.1-100 ms 1-100 ps 10-1000 MHz [41]
only

Table 2.1: Timescales relevant to common spin qubit technologies

dots in a silicon metal-oxide-semiconductor (MOS) structure, a DC bias of 1-2 Volts is
applied to accumulate the desired number of electrons (or holes) in the silicon channel.
This DC bias should have as low noise and drift as possible, and should have a micro-volt
resolution after attenuation. A range of up to 4 V can be required for certain device

material stacks.

The DC bias is combined with arbitrary pulses with a typical amplitude of 10 - 100 mV,
and requiring a resolution of 100 pV of better. The bandwidth requirement of these
pulses varies significantly depending on the material stack hosting the qubits. Relevant
frequencies for different material stacks are listed in Table 2.1.1. The upper bandwidth
requirement is usually set by the duration of pulses used to switch on exchange coupling
between qubits and can be up to 1 GHz [39,41]. The lower bandwidth requirement is
set by the spin relaxation time, 77, and can extend to 10 seconds, or 0.1 Hz for electron
spins in silicon [62]. Dopant atoms in silicon can exhibit a 7} of hours or days, however

it is measured indirectly via an electron spin [36] so doesn’t impose a requirement on the

electronics.

The T} timescale is necessary to reach in some cases during initial calibration of systems,
but is not required as part of routine operation of a quantum computer. It is however

critical to be able to maintain constant voltage levels for at least the full duration of a
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2.1.2 Adder Circuits

single-shot, which will commonly be some multiple of the coherence time, plus initialisation

and readout times. For MOS quantum dots this will be between 0.01 - 10 ms on average.

A requirement for a bandwidth from sub-1 Hz up to GHz on a single line does come up
for some devices (such as oscilloscopes), however qubit control adds extra constraints that

prevent the use of standard circuits without modification.

o DC bias/offset - High bandwidth signals must have a DC offset of up to +4 V.

¢ Resolution - The resulting signal should have a voltage resolution below 10 uV,

ideally 1pV.

e Power dissipation - Low cooling power at milliKelvin temperatures means that a
50  termination cannot be used on the device end due to the heat load. Instead,
solutions must deliver signals to an open-circuit load and manage the resulting re-
flections. A 50 Q load also often causes problems for low-noise DC sources which

have limited output current capabilities (<10 mA).

To meet all of these requirements in tandem, one would need an instrument with a 20-
to 24-bit resolution, and 1 GHz of bandwidth. In a practical sense, the easiest (and
perhaps only) way to do this is with a combination of instruments - A high-resolution DC
voltage source combined with a fast AWG. Methods for combining the outputs of these

two instruments is investigated next.

2.1.2 Adder Circuits

In Figure 2.3a-c, three design approaches for adder circuits are shown that can be used
for combining a DC bias with fast waveforms from an AWG. The circuits in a,b are
standard and widely used, being a resistive combiner and a bias-tee, respectively. An
impedance matched variant of the resistive combiner is also common for RF and microwave
applications, but low-noise DC noises typically cannot drive 50 €2 loads, so this design is

not suitable for quantum dot control which required a low-noise DC bias.
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2.1.2 Adder Circuits
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Figure 2.3: Comparison of basic design approaches. a, High impedance combination
achieves low DC current draw and AWG linearity down to DC, but has limited bandwidth. b,
Bias-Tees achieve both low DC current draw and high AWG bandwidth, but sacrifice DC coupling
of the AWG. c, Including both high impedance and 50 Ohm paths for the AWG signal in parallel
achieves low DC current draw, and high AWG bandwidth. Additionally, if the division ratio of
both paths are matched, then the AWG signal also remains linear down to DC. d-f, Output wave-
forms for test circuits in a-c, respectively for a 5 Hz square wave input (100 ms pulse lengths). g-i,
Output waveforms for test circuits in a-c, respectively for a 5 MHz square wave input (100 ns pulse
lengths). Rise/fall times may be limited by the signal generator used for testing, which specifies a
<9 ns rise/fall time.
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2.1.3 Linearised Bias-Tees (Combiners)

The resistive combiner allows for simple addition of voltages without an AC-coupling ca-
pacitor, providing linear combination down to DC as seen in Figure 2.3d. However, due to
the high impedances required the output is poorly matched to 50 €2 lines so has very limited
bandwidth and causes significant reflections and pulse distortion. Early demonstrations
of two-qubit gates in silicon used similar circuits [57], however to achieve high-fidelity gate

operations more bandwidth is required.

The bias-tee is much more widely used [25,26,28]. The author notes a view that bias-tees
are used for gate-control of quantum dots in almost all publications in the field, despite
their common omission from methods sections and schematics in papers. This design
trades off DC-coupling in favour of maintaining an impedance matched line for the AWG
signals, allowing for high-bandwidth as seen in Figure 2.3h. As such, long pulses will

gradually decay as in Figure 2.3e.

The pulse decay effect can be mitigated with drift compensation strategies where the AWG
voltage is gradually increased in order to maintain a steady voltage at the device. This
technique has limits in that the AWG voltage cannot be increased indefinitely, and that

it requires careful calibration of the filter time-constant.

In a practical sense, dealing with drifting voltages from a low-frequency cut-off adds com-
plication to what are already deep physical systems and where a primary development
focus of current research is to improve the accuracy and stability of qubit operations. In
order to maintain flexibility and simplicity in pulse waveform generation, the ideal solution

is for the pulsing line to be DC-coupled.

Figure 2.3c shows an adder design that achieves both DC-coupling of the AWG line and

high-bandwidth, as demonstrated in Figures 2.3f and i, respectively.

2.1.3 Linearised Bias-Tees (Combiners)

The operation principle of the adder circuit in Figure 2.3¢ (now referred to as a combiner)

is that it splits the AWG input into two paths with different impedances but matched
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2.1.4 Power Dissipation & Noise

attenuation, such that the line can be driven quickly with a matched impedance, but then
held high by a high-impedance path. A 5:1 division ratio is design for the DC bias port,
and a 25:1 division ratio for the AWG port.

A first high-impedance path is formed by resistors R1, R2, and R3 and forms a resistive
combiner similar to that in Figure 2.3a, with a division ratio of 25:1. A second path
consists of an pi-attenuator with a 50 Q impedance and a 50:1 division ratio (R4, R5,
R6), which is then AC-coupled to the output. The attenuation of the 50 €2 path is double
that of the high-impedance path due to the voltage doubling effect of signal reflections
on an open-circuit load. Fast pulses that are sent through this combiner design will fully
reflect off of the gate-electrodes of the test device (Figure 2.2), then propagate back to the
combiner output where they will be absorbed by the 50 €2 path in the combiner, resulting
in minimal pulse distortion. The pulse level is then held at the doubled value by the

high-impedance path, resulting in an effective DC-coupling, as seen in Figure 2.3f.

The attenuation of both paths needs to be well matched in order to achieve acceptable
levels of pulse distortion. This is easily achieved with off-the-shelf precision resistors, and
is an advantage of constructing the full combiner on a single circuit board. A parallel
study utilises the same design principle of splitting the AWG line into two paths, however
distributes components between room-temperature and cryogenic stages, making it diffi-
cult to achieve good matching [21]. The advantage of such an approach is the ability to
apply different filtering to the DC and AWG lines at cryogenic temperatures for reduced

noise.

2.1.4 Power Dissipation & Noise

Quantum dot qubits are operated at deep cryogenic temperatures in order to reduce
thermal broadening of energy spectra of the quantum dot. Recent demonstrations of
qubits in silicon at temperatures above 1 Kelvin are encouraging [29,82,83], and may lead
to relaxed requirements on temperature. However, currently semiconductor qubits are

typically cooled as much as possible in order to realise the highest possible performance.
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2.1.4 Power Dissipation & Noise

In order to achieve low effective temperatures for qubits (measured as the effective elec-
tron/hole temperature [82]) one must also reduce the effective noise temperature of control
signals. A noisy control signal delivered from room temperature to a qubit chip at 20 mK
without appropriate filtering will increase the effective electron temperature as noise effec-
tively broadens level transitions of the quantum dots. A common technique for reducing
noise is to include both filtering and attenuation on control lines as they are routed down

through the thermal stages of the cryostat.

Electrical noise that is transmitted through control lines comes in two primary sources.

o Instrumental noise - Generated from instruments such as amplifiers, DACs (Digital-

to-Analogue Converter), power supplies, radiated noise, etc.

o Thermal (Johnson-Nyquist) noise - Present in all components at a low level

that is dependent on circuit impedance, temperature and bandwidth -

vp = VAT RAf (2.1)

where kg is Boltzmann’s constant, 1" is temperature, R is the effective resistance of

the noise generating component, and A f is the bandwidth.

We can reduce Af by filtering lines to only pass the frequencies required, and R by avoid-
ing components with a high output impedance. When bandwidths are high however, it
becomes important to also reduce the physical temperature of signal conditioning compo-

nents to reduce the T' component.

Due to the limited cooling power available at cryogenic temperatures, not all components
can be placed at the coldest temperature stages. For example, a modern dilution refrig-
erator will have approximately 1 Watt of cooling power at a 4 K stage, 10 mW at a 1 K
stage, and 10-1000 uW at a mK stage, depending on specification and operation point.
Dissipative circuits then can rarely be placed on a mK stage, but may be considered for 1
K or 4 K stages. In addition to this, solutions that need to be applied to multiple control

lines need to have proportionally lower power dissipation. That is, for 100 lines and 1
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2.1.5  Cryogenic Combiners

Watt of available cooling power, a per-line solution should have less that 1 W / 100 = 10

mW of power dissipation.

In order to benchmark the power dissipation, we assume a maximum pulse amplitude of
200mVy,_p,, and both static and dynamic inputs (which will be investigated in more detail
in Section 2.1.5). Under these conditions the circuit presented in Figure 2.3c dissipates up
to 125 mW due to a 50 €2 input impedance and a high division ratio of 25:1, and as such
can only be used at room temperature, at least for any significant number of lines. Since
the input impedance is 50  across the full bandwidth from DC, there is no difference in
dissipation between static and dynamic inputs. We now investigate low-power variations

to this base circuit.

2.1.5 Cryogenic Combiners

To reduce the power dissipated within the combiner, we make two modifications to the

base circuit which are elucidated in two hardware versions shown in Figure 2.4 -

e Version 1 - Converted the 50 2 path into an AC-coupled attenuator with zero static

power dissipation.

e Version 2 - Reduced the division-ratios from 5:1 (DC) and 25:1 (AWG) down to
2.5:1 for both ports in order to reduce required input voltages to produce the same

output voltage.

A low-pass filter is also added to the DC port path, which is discussed in Section 2.1.6.

The circuits in Figure 2.4 are divided into two paths, a 50 €2 path and a Hi-Z path.
Looking firstly at the 50 € path we convert from the standard pi-attenuator in Figure 2.3¢c
to a modified AC-coupled version, with capacitors C4, C6, and C7 inserted in series with
the resistors of the pi-attenuator. The values of C4, C6, and C7 are chosen to have an

impedance ratio equal to that of the resistor network. That is,

Zcall 112wl
[[Zce,c7ll  |1Zr7Rrsl|

(2.2)
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2.1.5  Cryogenic Combiners

Cryo Combiner v1 Cryo Combiner v2
T T T s - - = -
b Hiz ct lor)
h : 450 nF L 172nF <R1
path | R2 R3 R4 100 kQ
. 8.76 kQ | 41.2kQ | 49.9 kQ
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: 130nF  1249kQ 5.2nF 130 nF|
T

120Q 22nF 52.6 nF

Arb. —] — — Out | |—e<Out
: R7 R8 | | R10 R11 :
| 52Q 52Q ! ! 75Q 75Q |
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Pstatic denamic
Room Temp Combiner 125 mW 125 mW
Cryo Combiner vl 32.5uwW 125 mwW
Cryo Combiner v2 1.5uwW 1.25 mwW

Figure 2.4: Cryogenic combiner designs a, Version 1 cryogenic combiner circuit schematic,
with a single-pole low-pass filter on the DC port, a 5:1 division ratio on the DC port, and a 25:1
division ratio on the AWG port. b, Version 2 cryogenic combiner circuit schematic, with a two-pole
low-pass filter on the DC port, and a 2.5:1 division ratio on both ports. ¢, Table of calculated
power dissipation for each combiner variant. Power is calculated for a 200mV,_, square wave
output waveform, and for both the static (DC) and dynamic (fast pulsing) case.
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2.1.6 Integrated Low-Pass Filter

which results in a constant division ratio across all frequencies, equal to that in the original

resistive attenuator.

This capacitive attenuator network is sensitive to capacitive loading on the combiner out-
put, which can cause an unbalanced charge/discharge time across attenuator resulting in
distortions. To combat this, the value of the smallest capacitor within the circuit is chosen
to be an order of magnitude larger than the expected capacitive load at the output. Here
we assume capacitive loading equal to 3 metres of coaxial cable, or approximately 300 pF
at 100 pF/m, and select 5.2 nF as the smallest capacitor for easy calculation. The values
of C3 and C5 are selected to match the capacitance looking into the pi-attenuator. This
creates a broadband impedance matching for the capacitive attenuator. The capacitive at-
tenuator has an associated charge/discharge time, which for both versions of the cryogenic

combiner is &~ 10 us.

For the version 2 combiner, the division ratio was significantly decreased for two reasons.
Firstly, to reduce the power dissipation within the combiner itself, allowing most of the
heat to be taken by upstream components so that the combiner can be placed within the
cryostat. Secondly, to give some flexibility in the choice of division ratios as in some cases
the maximum amplitude is needed for rough characterisation, whilst in other cases extra

attenuation is desired to reduce noise.

2.1.6 Integrated Low-Pass Filter

A low-pass filter (LPF) for the DC bias is integrated into the Hi-Z path to take the
place of standard DC line filtering. The high series resistance of typical DC filters has a
unpredictable effect on the performance of the combiners since the port impedance must
be included in the calculation of the division ratio and resistor values. As such it is much
simpler to include the LPF within the combiner circuit for consistency. A single-pole LPF
is used in version 1 (components R1, C1), and a double-pole LPF in version 2 (components

R2, C1, R3, C2).
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2.1.7 Distortion & Variability

The low-pass filter in the DC path adds a capacitive loading to the AWG path. To prevent
pulse distortion caused by this loading, a compensating high-pass filter (HPF) is added to
the AWG branch of the Hi-Z section (components R4, C2 in version 1, components R6,
C3, R7, C4 in version 2). The component values for the HPF are chosen so that, a) the
time-constant of both filters are the same, and b) so that the division ratio of the AWG
path is the same for both high- and low-frequency signals, cancelling the loading effect of
the LPF. The addition of this filter adds some complexity to the design, and necessitates

careful tuning of component values.

2.1.7 Distortion & Variability

Distortion is an important and challenging design specification for this combiner with
multiple filter time constants and circuit components to match. In particular, the double-
pole matched HPF/LPF in the version 2 combiner required careful tuning. A goal of
sub-0.5% distortion was set for the design phase in simulation, which required 2-3 days of
iteration and tuning. To achieve close to this specification in production, tight tolerances
were chosen for the components, with 0.1% tolerance on the resistors, and 1% tolerance
on the capacitors (the best that are available off-the-shelf in the required form factor).
In production test, waveform distortion was characterised as a proportional overshoot or
undershoot, and measured for square wave inputs at decade frequency increments from
5 Hz to 5 MHz. Maximum over/undershoot was found to be sub-2.5% for the version 1
combiner and sub-2% for the version 2 combiner. In most cases, impedance mismatches
and reflections will cause distortions much more significant that 2 %. If however additional
reductions in maximum distortion are required, they can be achieved with - component
screening to reduce component variation, pulse pre-distortion filtering of the AWG wave-

forms, or reducing the combiner circuit complexity.

An image of a version 2 combiner is shown in Figure 2.5, with SMA connectors and a

compact brass enclosure.
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2.1.8 RF Performance

Figure 2.5: Connectorised version 2 cryo-combiner
a b

Version 1
Version 2
10 — — —Target

S,, (dB)

25 ¢ | Version 1
Version 2
— — — Target

0.0 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Frequency (GHz) Frequency (GHz)

Figure 2.6: Bandwidth measurements a, Insertion loss S21 for the pulsing line of the version
1 cryo-combiner. Target attenuation is 34 dB or a factor of 50:1 when measured with a 50¢2 load,
double the attenuation that will be seen by a high-impedance load. b, Return loss S22 for the
output port of the combiner. The target of -20 dB represents a reflected signal amplitude of 10 %.

2.1.8 RF Performance

The RF performance of the combiners was measured with a Keysight N9918B portable
network analyser, and is shown in Figure 2.6. The transmission coefficient, S21, for devices
with high attenuation will typically rise rather than fall when the bandwidth of the device
is exceeded, as signals begin to couple directly from input to output, bypassing dissipative
elements. The version 2 combiner is significantly less susceptible to this affect as it has a

lower attenuation factor than version 1.
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2.1.9 Line Losses & Practical Considerations

A more important specification for these devices is the return loss, S22, as it determines
how well the combiner can absorb signals reflected from control gate electrodes which
themselves have a return loss close to 0 dB. The choice of a specification for return loss
is arbitrary and depends on what level of distortion one can tolerate at the device. Here
we choose a specification of -20 dB, which equates to a reflection amplitude of 10 %. The
version 1 combiner achieves a bandwidth of 560 MHz under this specification, with the
version 2 combiner improving slightly to 760 MHz. Version 2 exhibits a minor damped

resonance at 40 MHz due to the parasitic inductance of a PCB trace.

The bandwidth of these combiners is sufficient to enable sub-10 ns pulses, enough for a
majority of semiconductor qubits, whilst still maintaining an effective DC-coupling of the

AWG.

2.1.9 Line Losses & Practical Considerations

These combiners are designed for a specific purpose and may produce erroneous results in

other settings. The assumptions for the use of these combiners are -

e Open circuit load - The combiner is design to connect directly to a control gate
electrode with very low leakage current. Any current path to ground at the output
will alter the division ratio as it behaves like a resistor in parallel with the shunt
resistor of the Hi-Z path. When measuring the output of these circuits using an
oscilloscope with 1 M) input impedance, a small decay in output voltage will be
seen over a 10 ms timescale. This was calibrated against simulations to build a

model for the expected response on an ideal Hi-Z load.

e« Low DC source impedance - 3-port resistive combiners such as these are sensitive
to input impedances, as the impedance of the other two ports must be included in
the calculation of the voltage division. To the preserve the division ratio of the
Hi-Z path, impedances up to approximately 500 ) can be tolerated without causing

distortion. The DC low-pass filters that are commonly used for quantum dot control
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2.1.10 System integration
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Figure 2.7: Fridge setup a, Simplified schematic of electrical setup using combiners at room
temperature. b, Simplified schematic for a setup with combiners integrated at the 4 K stage of
the cryostat.

typically have a high series impedance, precluding their use, which is the reason for

the inclusion of a low-pass filter as part of the cryogenic designs.

Impedance matching at AWG input - A significant impedance mismatch at the
AWG input can cause distortions, especially if one cause of the impedance mismatch

is a series resistance.

50 Ohm input source - Both cryogenic combiner versions will have a 50 €2 input
impedance for fast waveforms, and a Hi-Z input for slow waveforms. For a step pulse
input as in Figure 2.3f the input impedance will gradually transition from matched
to Hi-Z, which causes a 50 €2 source to gradually output more voltage, increasing to
double the nominal value. This behaviour is expected, and will result in the specified
division ratio being held for the nominal source voltage. Non-standard 50 €2 sources
that do not expect a 50 2 load (such as with a Hi-Z setting) may generate half the

desired voltage.

2.1.10 System integration

The combiner can be integrated into experimental setups either at room temperature, or

within the cryostat at the 4 K or 1 K stages, as shown in Figure 2.7. Assuming a thermal
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load of 1.25 mW for the version 2 combiner, up to 20 combiners may be integrated at the

1 K stage of a Bluefors XLLD-400 cryostat, and up to 800 at the 4 K stage, space allowing.

2.2 Conclusion

The combiner investigated in this chapter enables passive and linear combination of a DC
bias with arbitrary waveforms from an AWG, with a continuous bandwidth from DC to
over 500 MHz. These combiners are then optimised for low-power and integrated into
the cryostat at the 4 K stage to reduce electrical noise. The combiner has now become a
standard across the research groups of Prof. Andrew Dzurak, and Prof. Andrea Morello,
and a key part of the experimental setup for many influential publications [38,97,98,109,
117,118], as well as the work of the chapters to follow. Modifications to the design for
cryogenic operation have enabled it to be integrated within the cryostat at the 4 K stage
for reduced noise, which is a key part of the electrical setup for experiments that are now

pushing the limits of silicon MOS qubit fidelities (results unpublished).
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CHAPTER 3. QUANTUM DOTS IN CMOS

Chapter 3

Quantum Dots in CMOS

The advanced nanoscale integration available in CMOS technology motivates its use for spin-based
quantum computing applications. Building on a solid foundation of qubit demonstrations in silicon
quantum dot devices manufactured in university /prototyping fabrication facilities, this chapter
investigates the suitability of an industrial FDSOI CMOS process as a platform to transition to
scalable manufacture. A charge sensor is demonstrated in double nanowire devices to be able to
sense quantum dots in an adjacent nanowire. Devices augmented with split gates and floating
couplers between the nanowires are shown to have increased sensor sensitivity between nanowires,
and by applying a relative bias to the nanowires, a 2 X 2 quantum dot array can be formed in
one nanowire and sensed, down to the last electron, by a charge sensor situated in the adjacent
nanowire. Interdot tunnel rates are found to be weak in the few electron regime, however valley
structure and tunnel rate simulations show that only a modest dimension shrink is required to

achieve a workable range.

The work presented in this chapter has been published in:

W. Gilbert, A. Saraiva, W. H. Lim, C. H. Yang, A. Laucht, B. Bertrand, N. Rambal, L. Hutin, C. C. Escott,
M. Vinet, and A. S. Dzurak. “Single-electron operation of a silicon-CMOS 2x2 quantum dot array with integrated
charge sensing.” Nano Letters vol. 20 , no. 11, p. 7882-7888, (2020).

The author acknowledges the contributions to this chapter by C. C. Escott who performed
electrostatic simulations, and A. Saraiva who performed tunnel rate calculations. The author
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The importance of scalability in computing is hard to overstate. Despite the potential
for quantum computing to reduce complexity scaling for some problems, it is not exempt
from the reality that practical systems must scale to the millions of qubits or more to have
real impact [4-6]. Semiconductor spin qubits hold great potential as a scalable technology
platform for quantum computers, firstly due to their small size, typically ranging from
30-100 nm, which would allow many to be fabricated on a single chip. Another advantage
is their process compatibility with classical microelectronics, allowing peripheral analogue

and digital electronics to be integrated on the same chip, alongside the qubits [78].

At the time of commencement of this study, demonstrations had already been made of
high-fidelity single- and two-qubit gates from multiple sources [27,40, 51,52, 119]. All
of these demonstrations were made in devices manufactured in small-scale fabrication
facilities, using manufacturing processes primarily suited to fast turn-arounds and easy
adaptability, rather than mass scale and high yield [120]. Few demonstrations had yet
been made in which devices were manufactured using full-scale 300 mm wafer process
lines [28,86,121]. The transition to scalable fabrication processes necessitates changes in
device designs and geometries to achieve the expected higher yields, and as such significant
work remains to be done to reach parity with the state-of-the-art. This study aims to
demonstrate important functionality that is required for operation of small-scale quantum
processors using devices manufactured in a 300 mm wafer CMOS process line at CEA-
Leti. It occurred alongside other important studies using devices manufactured at CEA-

Leti [84,85,122], Intel [30], IMEC [123], Global Foundries [89], Hitachi [88], and IBM [29].

3.1 FD-SOI Quantum Dot Devices

Quantum dot devices based on a traditional MOS process are constructed with metal gate
electrodes patterned on top of an insulating layer (such as SiO3) above a bulk semicon-
ductor substrate [120]. This is based off the traditional planar-MOS transistor design.
Recently, Silicon-on-Insulator (SOI), Tri-gate/FinFET, and GAAFET processes have be-

come more popular in state-of-the-art CMOS to achieve high ON/OFF ratios as gate

42



3.1.1 Dot Formation In Nanowires

lengths are aggressively shortened and transistors densities increased [124]. These pro-
cesses may impose extra complications for the design of 2D quantum dot arrays, however
they allow for the adoption of standard CMOS processes with minimal adaptations. There

are also some key advantages.

A Fully-Depleted Silicon-on-Insulator (FD-SOI) process allows for quantum dots to be
confined on two sides by the edges of a nanowire as shown in Figure 3.1b, rather than
requiring dedicated screening gates such as for devices with a bulk active region as in
Figure 3.1a. Two added benefits of the FD-SOI process are the ability to apply a voltage
bias to the so-called 'back-gate’ to tune the threshold voltage, Viy, and the ability to apply

a bias to the nanowire itself, which will be investigated in section 3.1.

Dot gate Screening gates Dot gate  Quantum dot

b Sio, Active Si

Si0,
Bulk-Si

Buried SiO, (BOX)
Bulk-Si

Figure 3.1: Bulk-MOS vs FD-SOI designs a, Schematic cross-section of a typical bulk-MOS
based quantum dot device. b, Schematic cross-section of an FD-SOI-based quantum dot device.

3.1.1 Dot Formation In Nanowires

In earlier studies of fully-depleted silicon-on-insulator (FD-SOI) devices they have been
shown to be a viable platform for hosting quantum dots [28,125,126]. One such study [127]
of a device fabricated using FD-SOI technology at CEA-Leti [128] is adapted and shown in
Figure 3.2. The studied device consists of a 100 nm wide and 12 nm thick silicon nanowire
on-top of a 150 nm thick buried SiO2 oxide (BOX). The silicon substrate underneath the
BOX is also used as a back-gate. The silicon nanowire is encapsulated in a 5 nm SiO»
layer, upon which two face-to-face gate electrodes are patterned with length L. = 60 nm
and a face-to-face separation of 70 nm. A 40 nm wide SigNy spacer is added around the

gates to prevent implantation of dopants near the target quantum dot locations.
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Figure 3.2: Single-nanowire device & dot formation. a, Top-view schematic of a nanowire
device with face-to-face gate electrodes. b, Cross-section schematic showing materials and elec-
trical connections. ¢, Transport current through the nanowire, showing non-linear conductance
characteristic of quantum dot formation. The honeycomb pattern indicates formation of a double
quantum dot. d, Interdot charge anticrossing measured dispersively via the gate electrode Grp.
This figure is adapted from Betz, et al. Nano Lett. (2015) [127]

The device is connected as shown in Figure 3.2b, such that charge transitions of the dot
under Ggrr can be detected via dispersive sensing [68]. Firstly, the direct transport current
through the nanowire is measured under a 3 mV source-drain bias, whilst sweeping the
gate voltages Vorr and Vgpce. This reveals a non-linear conductance in a honeycomb
pattern indicating the formation of a double quantum dot, one under each gate electrode.
The dots are determined to form in the corners of the nanowire, based on electrostatic
simulations [129]. Operating a device in transport mode allows for detection of quantum
dots, however operation of qubits in this mode does not allow for single-shot readout of
qubit states. Whilst some studies have demonstrated qubits in this mode [28,29,53], it

leads to limited readout visibility, and is incompatible with error correction protocols that
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3.1.2 Double Nanowire Devices

require spin readout.

An advancement is made by probing charge movements in the device via reflectometry.
This employs one of the dots as a sensor which can be used to detect charge movements
in nearby dots. Figure 3.2d shows a charge transition in the dot under Gpc detected via
a capacitive shift in the Ggrp dot-reservoir transition. Single-shot spin readout can then

be achieved by performing a spin-to-charge conversion and probing the charge state [130].

Dispersive sensing in this manner requires the placement of an ancillary sensor dot nearby
the qubits, in this case on the opposite side of a nanowire. In the case of nanowire
based platforms in which it is easiest to form quantum dots as edge states at the corner
of the nanowire, this placement of a sensor dot within the nanowire would interrupt the
formation of 2x NV arrays of qubits. Fully gate-based sensing as in Refs. [70,71] can alleviate
this problem by using only interdot charge movements as long as sufficient signal-to-noise

ratios can be achieved.

Our study investigates an alternative approach which is to place the sensor in a second

adjacent nanowire and will be discussed for the remainder of this chapter.

3.1.2 Double Nanowire Devices

The first device investigated in our study is shown in Figure 3.3a and consists of two parallel
70 nm wide silicon nanowires separated by 120 nm, fabricated using fully-depleted silicon-
on-insulator (FD-SOI) technology at CEA-Leti [128]. The nanowires are 7 nm thick and
have an effective oxide thickness of 6 nm. The gate electrodes L1, L2, R1, R2, made out of
a stack of titanium nitride and polysilicon, wrap over the edges of the nanowires. Silicon
nitride spacers are used to self-align the n-type doped source (SR/SL) and drain (DR/DL)

leads to the gates.

The device is connected as in Figure 3.3b, with a small source-drain bias Vgpgr applied to
the right-side nanowire, along with a 100 uV excitation at 23 kHz for lock-in amplification.

Gate voltages Vg1 and Vi are swept in Figure 3.3c revealing regular Coulomb oscillations,
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3.1.2 Double Nanowire Devices

L1

600
400 _
<
2
'
5
200
: : 0
116 118 1.2 122 124 126

Ve (V)

Figure 3.3: Double-nanowire device & dot formation. a, Three-dimensional schematic
layout of a FD-SOI device with two nanowires and wrap-around gates. b, Top-down schematic
layout showing electrical connections. Gates L1 and L2 are individually biased from Vi, and Vi,
whilst gates R1 and R2 are biased together from Vg. Approximate quantum dot locations are
shown in transparent blue. A source drain bias, Vgpg, is applied to SR, and the resulting current
through right nanowire measured from DR using lock-in amplification. ¢, Coulomb oscillations in
the right-side nanowire.

indicative of the formation of a quantum dot under the gates R1 and R2. Coupling to
the source and drain leads is weak in these device designs, resulting in the transport
current being too small to measure until the gate-accumulated quantum dots reach the
many electron regime, and a single large quantum dot is formed spanning both gates R1
and R2. The right-side nanowire is then configured as a Single Electron Transistor (SET)
charge sensor, by biasing it to a point of high dI/dVR on the flank of a Coulomb blockade

peak to be sensitive to nearby charge fluctuations [131].
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3.1.3 Charge Sensing From a Remote Nanowire

3.1.3 Charge Sensing From a Remote Nanowire

A second excitation of 3 mV at 213 Hz is now applied to the gates L1 and L2 for a second
lock-in amplification to measure charge movements sensitive to the voltages V11 and V..
The DC biases on the left-side nanowire gates L1 and L2 are now individually swept to
measure accumulation of quantum dots under each gate, as shown in Figure 3.4 for the few
electron regime in Figure 3.4a and the multi-electron regime in Figure Figure 3.4b. Dark
lines indicate charge transitions between dots under L1 and L2, and the source/drain
leads. The signal is significantly stronger in the many electron regime than in the few
electron regime. We determine this to be due to the screening effect of the gates L1 and
L2, preventing capacitive coupling from the dots to the SET in the right-side nanowire.
This screening becomes less effective as more electrons are added to the dots, causing
the wave functions to grow and bleed out from underneath the wrap-around gates, which

in-turn increases the capacitive coupling to the SET.

a b
0.3 PR o 20 0.5
15
15
0.25 0.48
S 0 < 10 4
< o < o
N 0.2 = ~ 0.46 =
> 0 5 8 2 5 8
0.44
0.15 0 0
- 5 0.42 o —
0.15 0.2 0.25 056 058 0.6 062 064
Vi (V) Vi (V)

Figure 3.4: Charge sensing in a double-nanowire device. a, Dot-reservoir charge transitions
in the left nanowire in the few electron regime. b, Dot-reservoir charge transitions in the left
nanowire in the many electron regime.

An irregular spacing of the charge transitions in the few-electron regime (Figure 3.4a) may
indicate that the first few electrons form multiple separate quantum dots under the same
gate, most likely at the corners of the nanowire [129]. The transition spacings become
much more regular for many electrons, indicating that eventually the multiple dots merge

into one.
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3.2 Floating Couplers Between Adjacent Nanowires

In this section we test a new device design in which a cut is made in the polysilicon
gates over the nanowires, shown in Figure 3.5a. This leaves gates L1, L2, R1, and R2
only overlapping the edge of the nanowire, and additional gates C1 and C2 which are
un-contacted, and therefore floating. C1 and C2 then serve as capacitive couplers between

the nanowires. The device is connected as in Figure 3.5b.
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Figure 3.5: Split-gate device schematics. a, Three-dimensional schematic layout of a FD-
SOI device with two nanowires, split gates, and floating couplers. b, Top-down schematic layout
showing electrical connections. Gates L1 and L2 are individually biased from Vi, and V2, whilst
gates R1 and R2 are biased together from Vi. Floating couplers C1 and C2 are uncontacted.
Approximate quantum dot locations are shown in transparent blue. A source drain bias, Vgpg, is
applied to SR, and the resulting current through right nanowire measured from DR using lock-in
amplification. Vg, is used to apply a differential bias between the left- and right-side nanowires.

The left-side nanowire gates L1 and L2 were individually biased to accumulate one quan-
tum dot under each gate. This two-dot system was first characterised via current (trans-
port) measurements [132] as a function of bias voltages Vi and V9, shown in Figure 3.6a.
The honeycomb pattern associated with two coupled quantum dots can be resolved only
for a high number of electrons in each dot (large Vi1 and V). Again, for low elec-
tron occupancies, the smaller electronic wavefunctions result in reduced tunnel rates and

immeasurably low currents for this measurement set-up.

The right-side nanowire was then operated as an SET charge sensor by biasing the (electri-

cally shorted) R1 and R2 gates to accumulate one quantum dot, which serves as the SET
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Figure 3.6: Split-gate transport and charge sensing. a, b, Charge transport measured with
a single lock-in amplifier applying 100 ¢V at 23 kHz to the S-D bias for the respective nanowire.
a Transport through the left nanowire, b Transport through the right nanowire, which is then
configured as a charge sensor by biasing it to the high sensitivity point shown by the red marker.
¢, Charge sensing performed in a double lock-in amplifier setup, with 100 4V at 23 kHz applied to
the sensor Vgpgr, and 3 mV at 213 Hz applied to the dot gates L1 and L2.

island, coupled to heavily-doped source and drain regions SR and DR. Large amplitude
Coulomb blockade oscillations in the sensor nanowire current are observed (Figure 3.6b).
The irregular Coulomb blockade oscillations observed in this device can be corrected with
independent control of R1 and R2 bias (see Figure 3.3c). The SET is biased to the point

marked by the square symbol in Figure 3.6b for maximum sensitivity.
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In this device, the charge sensitivity is also increased by the floating electrostatic couplers
C1 and C2, providing charge transition sensitivity down to the last electron for the quan-
tum dots under L1 and L2, as can be seen in Figure 3.6¢. As the charge occupancy of the
dots is increased with more positive bias Vi1 and Vs, the inter-dot coupling increases as
indicated by the emergence of a traditional honeycomb pattern [132]. At higher gate biases
the transitions eventually become diagonal lines, corresponding to a completely merged
large dot. Decreased visibility of the charge transitions for the last few electrons in each
dot is seen where the tunnel rate between the quantum dots and the reservoir becomes

slower than the lock-in probe frequency [133] (213 Hz in this case).

Additional spurious transition lines seen in Figure 3.6¢ may correspond to disorder or ran-
domly positioned dopants in cases where their slope and/or contrast does not match a re-
peatable feature. Dashed lines mark the full window in which the transport measurements
were taken for Figure 3.6a and reinforce the advantage of charge-sensing arrangements for

the observation of charge transitions in few-electron quantum dot systems [134].

The electrostatic coupling between the sensor nanowire and the quantum dots is enhanced
by the presence of the floating gates C1 and C2 [135], and the floating gates remain
well isolated from their surroundings, with no significant charging effect observed during
experiments. We expect that device designs incorporating similar couplers may enjoy
extra freedom in where sensors can be placed, relative to quantum dots that need to be

read out.

3.3 A 2x2 Array of Quantum Dots

The dimensionality of qubit arrangements plays an important role in the propagation of
errors, as well as in the fidelity thresholds of quantum error correcting codes [10]. A
non-trivial topology for quantum dot networks is therefore a key development towards full
scale silicon quantum computers. Even though the device design investigated here does

not allow for an extended two-dimensional arrangement of qubits, we take a first step
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towards this goal by developing a technique to accumulate and characterise a 2 x 2 array

of dots within a single nanowire.

The strong electrostatic coupling between the floating gates (C1 and C2) and each nanowire
allows the creation of additional quantum dots underneath the floating gates by using a
differential bias between the nanowires. The left-side (dot) nanowire was biased negatively
relative to the right-side (sensor) nanowire, such that the floating couplers C1 and C2 act

as gates to induce two additional quantum dots, shown schematically in Figure 3.7a.

Measurements with this configuration are shown in Figure 3.7b. Charge transitions in C1
and C2 dots are distinguishable from L1 and L2 quantum dot transitions on the Vi vs
V12 charge stability diagram by nature of their relative coupling strengths to the gates
L1 and L2. The L1 and L2 quantum dots have strong coupling to the biased gates and
therefore exhibit transitions nearly perpendicular to their respective axes. The quantum
dots under C1 and C2 have larger cross capacitance to the opposite dot gate (i.e., L2
and L1, respectively), leading to transitions that are inclined with respect to the axes.
Secondly, the C1 and C2 quantum dots couple more strongly to the sensor compared to L1
and L2 dots, owing to their proximity to the floating couplers, and hence their transitions

can be distinguished by the larger influence on the SET current (see Figure 3.7b).

This arrangement of quantum dots provides increased connectivity and dimensionality
while also providing a configuration favourable for single-shot readout of inter-dot tran-
sitions, which is a requirement for qubit readout based on Pauli spin blockade. We note
that similar 2 X 2 quantum dot arrays were formed in devices fabricated with the same
foundry technology, but which contain a single nanowire and all the split gates are directly
biased (no floating coupler gate) [84,85]. In contrast to that strategy, our method enables
an SET to be positioned remotely to the quantum dot array, while maintaining a high
sensitivity to interdot charge movements. Transitions between L1 and C1, and L2 and
C2, respectively, can be seen in Figure 3.7b as white lines. Transitions between L1 and
L2 have less signal since the charge movement occurs parallel to the SET nanowire. We
focus now on a double dot configuration with electrons under L1 and C1, as schematically

depicted in Figure 3.7c. The corresponding charge transition diagram in Figure 3.7d shows
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Figure 3.7: 2x2 quantum dot array in CMOS. a, Schematic top-view of quantum dot
configuration for the charge sensing shown in b. ¢, Quantum dot configuration for charge sensing
measurements d, e and f. Quantum dot locations are shown in transparent blue in a,b The colour
scale is shared across panels b,d,e,f.

operation in the few electron regime.

For quantum computation, the quantum level the electron occupies in either dot should be
energetically well separated from excited states. If this is not the case, then only a small
region in voltage space will exhibit Pauli spin blockade, and avoiding the creation of spin-
triplet states during the readout pulse becomes challenging. Due to the low symmetry of
these corner dots, a detailed analysis of the electron filling and assigning quantum numbers
to the different dot occupations is a challenging task which is beyond the scope of the
present work. Instead, we focus on the charge configurations in which the electrons occupy
either the ground valley-orbital state (e.g., (1,1)-(0,2) charge transition as in Figure 3.7e);
or the configuration in which two electrons could form a closed shell in the ground valley-
orbital state and a third electron occupies an excited valley state (e.g., (3,1)-(4,0) charge
transition as in Figure 3.7f). The interdot charge transition shown in Figure 3.7e has little
dependence on Vi, possibly due to the coupling factors of the L2 gate to the L1 and C1
dots being roughly equal in this configuration [122]. In what follows, all charge occupation
values (Np1, N¢p) refer to the configuration with N electrons under the L1 dot and N

electrons under the C1 dot.
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3.4 Valley Structure and Tunnel Rates

3.4.1 Tunnel Rate Measurements

All possible spin-based quantum processor architectures ultimately rely on a high-fidelity
method to read out the spin of each qubit. For spin readout via spin-to-charge conversion,
either the energy dependent tunnelling rate to a reservoir [64], or between two dots for Pauli
spin blockade [65,136], should significantly exceed the spin relaxation rates. Preliminary
measurements indicate that the tunnel rates in this device are too low for spin readout [56].
In the simplest configuration, the transition rate between (1,0) and (0,1) is measured to
be 2.0+£0.2 Hz, by observing real-time tunnel events at the anti-crossing (see Figure 3.8a).
Increasing the electron population so that the electronic wavefunctions for each dot overlap
more strongly, shows an increase in the transition rate to 40 = 4 Hz for the (2,0)-(1,1)
charge transition (Figure 3.8b). We note that transition rates of this magnitude are
strongly impacted by stochastic charge movement caused by phonons or high-amplitude

low-frequency electric noise.

An additional device that incorporates a metal layer (M1) approximately 270 nm above
the active silicon nanowire region was also tested, with results shown in Figure 3.8c-e. By
applying a large bias voltage V1 to this ‘global’ top gate, the tunnel coupling between
dots can be tuned. Due to the global influence of this top gate, in particular most strongly
through the floating couplers to the C1 and C2 dots, a compensating bias is applied to the
other gates, and the charge stability diagram is recalibrated. Initial measurements testing
this mode of operation were undertaken by applying an AC lock-in excitation in-phase to
L1 and L2, with the device tuned such that the excitation drives a charge movement across
the target anti-crossing. The lock-in frequency is swept to measure at which point the
SET signal from this charge movement decreases, indicating that the charge is no-longer
tunneling across the anti-crossing due to the lock-in frequency exceeding the inter-dot
tunnel rate. For the (1,0)-(0,1) transition with Va3 = 9 V, the tunnel rate was measured

to be 8.5 kHz, which is considered still insufficient for spin readout.
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3.4.2 Tunnel Rate Simulations
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Figure 3.8: Measurement of interdot tunnel rates. a,b, Real-time traces of interdot charge
movements between L1 and C1 dots, biased at the (1,0)-(0,1) and (2,0)-(1,1) charge transitions
respectively. c¢,d,e, Driven tunnel rate measurements in which an alternate device with a similar
design is biased to the (1,0)-(0,1), (2,0)-(1,1), and (4,0)-(3,1) interdot charge transitions respec-
tively, with a detuning excitation applied at the probe frequency. A positive current indicates that
a charge is moving in phase with the probe. In this device an additional bias is applied to a line
in the Metal-1 layer, 270 nm above the active region, to increase tunnel coupling.

Tunnel rates increase substantially for higher dot charge occupancies due to the increased
size of the dot wavefunction, as seen in the (4,0)-(3,1) charge transition in Figure 3.8e,
and exceed the bandwidth of the measurement apparatus. A decrease in the tunnel rate
for the (2,0)-(1,1) transition could be due to a Pauli blockade effect as only a subset of

states populated in the (1,1) charge configuration can tunnel to (2,0).

3.4.2 Tunnel Rate Simulations

In order to design devices with tunnel rates that can enable the spin readout fidelities

required for quantum computation, we model the electronic structure of nanowires of dif-
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3.4.2 Tunnel Rate Simulations

ferent transverse dimensions within the effective mass approximation (see also Ref. [129]).
Electrons in silicon possess an anisotropic effective mass. In order to determine the effec-
tive mass of the electrons in the direction of the tunnelling movement between dots, it is
necessary to determine which silicon conduction-band valley state is the ground state for
these quantum dots. The nanowire is fabricated along the [110] direction on a (001) wafer,
however the valley states are aligned along [100] (z), [010] (y) and [001] (z) directions.
For the geometry of the device studied here, strain and electrostatic confinement have
comparable effects in determining the valley ground state (see insets in Figure 3.9). On
one hand, the corner electric field confines the electron slightly more strongly against the
upper (001) oxide interface, which energetically favours a ground state formed by the z
valley states. On the other hand, strain due to the different thermal contractions of the

material stack [137] may alter the energy ordering between valley states [138].
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Figure 3.9: Simulation of valley structure and tunnel rates. Simulation of electron wave-

functions and the resulting predicted interdot tunnel coupling versus nanowire width. Inset: energy
band diagrams show the modelled quantum dot band structures.

Simulations show that both effects can be quantitatively comparable for all nanowire sizes.

The angle of the corner electric field leads to a splitting between z valleys and z or y valleys
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induced by quantum confinement of Aqonr &= 19 —22 meV, favouring a doubly degenerate z
ground state (see also Ref. [125]). Valley-orbit coupling could lift the remaining degeneracy
between +z valleys, but it is not included in the simulations presented here. The impact of
strain on the valley structure is hard to predict with precision in nanometric devices, which
may be affected by process-induced strains, crystal defects, variability and non-idealities
in their geometries. A strain anisotropy of 0.2% would be sufficient to generate a relative
energy shift between valleys that is comparable to Acons [138,139]. For this reason, we

study the tunnel rates both with and without valley inversion.

With valley inversion, the mass along the direction connecting both L1 and C1 dots [110]
is a combination of the longitudinal and transversal masses and the effective mass tensor
becomes non-diagonal. As a result, the electronic wavefunctions are not symmetric and
the tunnel rates are smaller than in the case of a z valley state (see Figure 3.9). The
calculations shown in Figure 3.9 indicate tunnel rates in this device become more suitable
for quantum computing applications for a modest decrease in the transverse nanowire
dimension to below 60 nm. The range of tunability expected from biasing the M1 global

top gate is also shown (Figure 3.9 red open symbols).

3.5 Conclusion

In general, forms of orbital or valley degeneracy are detrimental for quantum computing,
leading to fast spin relaxation and undermining exchange coupling between spins, however
this is not always the case and will be investigated in depth in Chapter 4. In the context
of spin qubit readout, the added degree of freedom from an additional nearby energy level
may hinder spin blockade. In order to guarantee a priori that no undesirable degeneracy
is present, it is necessary to know the electronic structure of the dot, which can be a
challenging issue for many-electron qubits. In specific examples of very small, highly
symmetric quantum dots [50], it is possible to recognise the shell structure of the dot
and consider electronic interactions as a small perturbation, similarly to what is done

in atomic physics. In a more general case such as the corner dots in a nanowire, the
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electronic structure and excitation spectrum may not bear an easily recognisable labelling
in terms of quantum numbers. In these conditions, it is desirable to operate at low electron

occupancies.

The charge sensor measurements described here enable the identification of quantum dot
transitions down to the last electron. High sensitivity charge sensing is a key ingredient
used to perform single-shot readout of single spin qubits [140], and we note a parallel study
on nanowire devices with floating gates that closely examines the electrostatic couplings
[122]. Nevertheless, the device studied here does not allow for spin readout due to the
limited tunnel rates between dots, a constraint that may be alleviated with a modest
dimension reduction, or with an extra layer of interleaved gates for control of interdot
coupling [141,142]. Our study provides a pathway for future device designs that could

reach the tunnel rate regime required for spin readout based on Pauli spin blockade.

In the years following this study, demonstrations have been made of tunable tunnel rates
in devices manufactured in full-scale 300mm wafer foundries, in FinFET [30], FD-SOI [87],
and planer SIMOS [42] material stacks.

The demonstration of enhanced capacitive coupling between remote quantum dots is also
encouraging. Similar structures may also enable long-range spin coupling, as proposed

in [59].

o7



CHAPTER 4. ELECTRICAL CONTROL

Chapter 4

On-Demand Electrical Control of

Spin Qubits

Once called a “classically non-describable two-valuedness” by Pauli [143], the electron spin is
a natural resource for long-lived quantum information since it is mostly impervious to electric
fluctuations and can be replicated in large qubit arrays in silicon, offering high-fidelity control
[22-24,30,38,40]. Paradoxically, one of the most convenient control strategies is the integration of
nanoscale magnets to artificially enhance the coupling between spins and electric fields [51,144,145],
which in turn hampers the spin’s noise immunity [146] and adds architectural complexity [80]. Here
we demonstrate a technique that enables a switchable interaction between spins and orbital motion
of electrons in silicon quantum dots, without the presence of a micromagnet. The naturally weak
effects of the relativistic spin-orbit interaction in silicon are enhanced, leading to a speed-up in Rabi
frequency by a factor of more than 650 by controlling the energy quantisation of electrons in the
nanostructure, enhancing the orbital motion. Fast electrical control is demonstrated in multiple
devices and electronic configurations, highlighting the utility of the technique. Using the electrical
drive we achieve a coherence time T rrahn =~ 50 ps, fast single-qubit gates with T, /2 = 3 ns,
and gate fidelities of 99.93% probed by randomised benchmarking. The higher gate speeds and
better compatibility with CMOS manufacturing, enabled by on-demand electric control, improve

the prospects for realising scalable silicon quantum processors.

The work presented in this chapter has been presented in:

W. Gilbert, T. Tanttu, W. H. Lim, M. Feng, J. Y. Huang, J. D. Cifuentes, S. Serrano, P. Y. Mai, R. C. C. Leon,

o8



CHAPTER 4. ELECTRICAL CONTROL

C. C. Escott, K. M. Itoh, N. V. Abrosimov, H-J. Pohl; M. L. W. Thewalt, F. E. Hudson, A. Morello, A. Laucht, C.
H. Yang, A. Saraiva, and A. S. Dzurak. “On-demand electric control of spin qubits.” arXiv:2201.06679, (2022).
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The density of quantum dots in an array is set by the size of the electron wave functions
and the consequent size and pitch of gate electrodes [147], but individualised high-fidelity
control of electron spin qubits in silicon typically requires on-chip integration of much
larger devices, such as micromagnets [50,145] or stripline antennae [19]. Other spin qubit
implementations, such as electrons in InAs nanowires [148] and holes in silicon [28] and
germanium [31, 149, 150], have sufficient intrinsic spin-orbit coupling to enable localised,
all-electrical control employing only the gate electrodes that are already used to define
the quantum dots. The possibility to induce spin-orbit effects by leveraging an orbital
quasi-degeneracy has been investigated in a few circumstances [150-154]. However, the
same spin-orbit coupling that enables direct electrical control also exposes the qubits to
decoherence from electrical noise [146]. Furthermore, while some semiconductor fabrica-
tion plants have the capability to integrate non-silicon materials, electrostatic quantum
dots using silicon CMOS technology offer the strongest prospect of leveraging the full
potential for integration and miniaturisation of the most advanced transistor fabrication

nodes [124].

4.1 A Controllable Quantum Dot Energy Spectrum

Figure 4.1: Device design a, Scanning electron micrograph of a quantum dot device nominally
identical to all four devices investigated here. b, Simulated cross section of the device geometry
overlaid with a schematic of the electron wavefunctions and spins.

Spin-orbit effects for electrons in silicon quantum dots are typically small resulting from the

weak contributions of both Rashba and Dresselhaus spin-orbit couplings. This means that
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direct electric driving is weak without a synthetic enhancement. However, these effects
can become significant if the electron is allowed to move between orbital configurations,
either within the quantum dot [150, 155], or by moving between two quantum dots [153].
To date, there is yet to be a demonstration in silicon that harnesses the effect in a manner

that is both controllable, and maintains high-fidelity quantum operations.

Orbital configurations are generally immutable due to the well quantised orbital energies
of few-electron quantum dots. However, a dense arrangement of electrodes such as in
Figure 4.1a and b (nominally identical to all devices studied here) gives access to a level of
control over the potential landscape that can be used to consistently form quantum dots

that possess an energy spectrum with flexible controllability.

We accumulate two quantum dots under gates P; and P in a silicon MOS device in which
the substrate is purified 2Si containing 800 ppm residual ?°Si. Each of the two quantum
dots are configured as single spin qubits, and read out using spin-charge conversion based

on Pauli spin blockade (PSB) [65], and detected with a nearby SET.
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Figure 4.2: Excited state spectroscopy a, Excited state spectroscopy at zero By field of an
isolated double quantum dot containing 4 electrons, measured in device A as a function of Vj and
the interdot bias AVp (static biases Vp1 = 2.08V, Vpy = 2.4V), with fprope = 477 Hz. Energies
Ex (green dashed line) and Ep (orange dashed line) are fitted to step increases in interdot tunnel
rate, indicating occurrence of ground and first excited states. b, Extrapolation of the Ex — Ep
separation reveals a convergence near Vy = 1.6 V.

Figure 4.2a shows how excited state spectroscopy may be used to infer the presence within

a dot of electronic states that have a differential lever arm ], and correspond to different
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charge density distributions, which therefore couple differently to the various electrostatic
gates due to a non-uniform electric field. In A ppendix A we discuss t he m agnitude of
the obtained oy and how it corroborates our interpretation of the orbital excitation. We

denote these orbital configurations A and B, and their energies E' y and Eg, respectively.

We instigate internal movement of the electron within the dot by biasing the gate volt-
ages to reconfigure the quantum dot to a point where the two states A and B (each with
different spin configurations) have approximately the same energy. At this point, the
quantum dot becomes highly polarisable, which leads to fast electrically-driven spin res-
onance (EDSR) [54]. The intrinsic spin-orbit effect is not changing at this p oint, rather,
the coupling to electric fields and the rate of EDSR is enhanced as it is inversely propor-
tional to the energy gap [156]. This quasi-degeneracy point can be found by extracting
the excitation energy (separation of fitted orange and green dotted lines in Figure 4.2a),
extrapolating its trend against the side gate voltage (J gate) to the point where it reaches
zero (Figure 4.2b). At that point, the A and B states hybridize, and the electron enters
a superposition state a|A) + 5|B). The exact values of a and 5 depend on the particular
nature of the two states A and B, but they are controllable by exploiting the differential

lever arm o).

This controllability over the wavefunction hybridization is the key to on-demand exploita-
tion of spin-orbit effects. In Figure 4.3a we present a typical series of control steps, starting
from an idling qubit (i) that is set to have minimal spin-orbit effects by setting the quanti-
sation energy to be large (v &~ 1 and 8 ~ 0). The dot is then deformed to create the hybrid
state (ii) for a short amount of time, sufficient for the application of a microwave pulse (iii)
that creates the spin rotation. The quantum dot is then reconfigured t o t he idling mode
(iv), which restores the qubit resilience against spurious electric field fl uctuations. This
strategy allows for idling qubits to be protected for prolonged times while active qubits are
being manipulated. The vision of a scalable qubit arrangement presented in Figure 4.3b
is based on a dense array of spins in a grid of quantum dots. Individualised control of
a subset of the qubits can be performed by reconfiguring t he electrostatic p otential and

applying microwave excitations, both achieved directly by the top gate that defines the
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a

i. Idling qubit ii. Deform dot to iii. Apply MW to iv. Return to idle
create hybridization  rotate the spin

¢ Idling
qubit

Figure 4.3: Operation protocol for switchable qubits a, Control sequence illustrating how
to deform the quantum dot to turn on a controllable orbital degeneracy using the lateral J gate and
use it for qubit control. The idling state is purely spin-only, while the control state is a spin-orbit
mix. b, Rendering of a multi-qubit array with idling qubits set to be in a spin-only state, while
some of the qubits are being controlled in a spin-orbit mixed state.

quantum dot. This on-demand activation of spin-orbit effects would significantly simplify
the design and operation of large scale quantum processors by removing the need for

additional complex nanomagnet or antennae arrays [79,80].

4.2 Pulsed Electron Spin-Orbit Spectroscopy

While the orbital spectroscopy technique presented in Figure 4.2a is useful in narrowing
the search range for a degeneracy point, ultimately it is the change in spin dynamics that
will be the most reliable signature of the successful formation of a hybrid wavefunction.
We show as a dashed black line in Figure 4.2a the trend of points that are identified as

having maximum spin-orbit driving. This identification is obtained by a technique we call
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4.2.1 Enhanced Spin-Orbit Coupling

pulsed electron spin-orbital spectroscopy (PESOS). It consists of applying a microwave
pulse of fixed duration and power and measuring its effect on the spins as a function
of the microwave frequency and gate voltages. Optimal visibility of the spin resonant
frequency is obtained when the pulse duration and amplitude match with the condition

for a spin flip.

4.2.1 Enhanced Spin-Orbit Coupling

-120 -40
AV, (V)

Figure 4.4: Pulsed Electron Spin Orbit Spectroscopy (PESOS) a, PESOS map, consisting
of the probability of measuring a spin flip after a burst of microwave of fixed power and duration,
while varying the microwave frequency and a gate electrode voltage bias. The power and duration
of the burst are roughly calibrated to correspond to a m-rotation for a pure spin state. Fringes
appear as a function of gate voltage as the spin-photon coupling becomes more intense, and the spin
being rotated by several 7. b, Simulated PESOS map obtained by modelling the spin-orbit qubit
as a two-level system with voltage-dependent Rabi and Larmor frequencies to fit the measured
PESOS map (see Appendix A). The colours correspond to the angle of spin rotations. ¢, Rabi
frequencies extracted from the fitted simulations. d, Measured Rabi oscillations over time as a
function of AVp, confirming the interpretation of the Rabi speed-up.

Figure 4.4a shows the results from this experiment. With a fixed microwave pulse time
we observe spin-flip oscillations as the interdot detuning bias AVp is swept, indicating

an enhancement of the efficiency of the EDSR, which results in multiple spin flips with
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the same microwave pulse. Simulations of gate-dependent Rabi and Larmor frequencies,
shown for example in Figure 4.4b for the measurement from Figure 4.4a, can be used to

extract the magnitude of the speed-up and help interpret the PESOS maps.

By measuring PESOS maps for different biases V5 and AVp, we can extract the bias config-
uration that provides the largest speed-up in Rabi frequency, as shown in Figure 4.4c. This
allows us to completely reconstruct the line in the charge stability diagram in Figure 4.2a
that corresponds to a hybrid ground state. Figure 4.4d shows the complete Rabi oscilla-
tions of the spin at a fixed drive frequency of 23.154 GHz, confirming our interpretation

of the PESOS maps.

4.3 Repeatability Across Multiple Devices & Configurations

In order to assess the suitability of this technique for scalable systems, multiple devices
were measured, with different material stacks, charge configurations and By-fields. Fig-
ure 4.5a and b were taken using different charge configurations in the same device. Fig-
ure 4.5c-e are three other devices, with different operation modes, material stacks and
microwave excitation strategies, measured in two different cryogenic setups (see Table 4.1
for details). Figures 4.5a-e show examples of PESOS maps generated by double quan-
tum dots in which a single spin is initialised and measured against an ancilla using parity
readout [40,66]. Where two peaks are observed at different frequencies — these correspond
to the target spin and the ancilla. All maps have identifiable hybridization points where
the probability of a spin flip forms oscillations in at least one of the resonance lines. We
note that device D is driven all-electrically by applying a microwave field directly to the
CB1 gate (see Figure 4.1a), while devices A to C are driven by the coplanar waveguide

antenna, which creates both electric and magnetic fields [157].

We also use this interpretation of the degeneracy enhanced EDSR to guide the experimen-
tal search for the degeneracy point shown in Figure 4.5b (see Appendix B). The regularity

with which we find these hybridisation points is encouraging for the prospects of scalability
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Table 4.1: Device details
Device A was fabricated on an isotopically enriched silicon-28 substrate (50 ppm residual 2°Si) [158].
Devices B, C & D were fabricated on an epitaxially grown, isotopically purified 28Si epilayer with
a residual 2%Si concentration of 800 ppm [159].

Device A B C D
29Si concentration 50 ppm 800 ppm 800 ppm 800 ppm
Gate materials TiPd TiPd Al Al
Electron occupancy (1,3) & (3,1) (3,1) (1,3) (3,1)
By-field (T) 0.827 0.55 0.827 0.1-1.0
Microwave  carrier 22.3 15.4 22.3 2.8-28
frequency (GHz)

Mode of driving antenna-based | antenna-based | antenna-based | gate-based

Device A (3,1) ¢ Device B (3,1) Device C (1,3) Device D (3,1)
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Figure 4.5: Reproducibility across multiple devices a-e, PESOS maps measured in multiple
different devices, material stacks, charge configurations, and magnetic fields. See Table 4.1 for
details. f-j, Four-level models that best reproduce the data from a-e, showing the variety of
intradot level-crossing regimes and their impact on the spin dynamics.

of this technology. We have been successful in reproducing enhanced EDSR, in all devices

subject to targeted tests so far.

Across the devices tested, significant variability in the characteristic of level crossings
was found. The taxonomy of the spin-orbit effects in Figure 4.5a-e is related to the
particularities of the orbital states A and B in each of the devices and dot configurations.
The intradot state-hybridization may involve states with different valley configurations
(under a rough interface) [86,160-163], in-plane orbitals [164] or even with interaction-

induced charge transitions such as in Wigner molecules [165, 166].
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4.3.1 Theoretical Modeling and Fits

4.3.1 Theoretical Modeling and Fits

We can obtain a description of our system based on the PESOS maps using an effective
four-level model, consisting of two spin—% systems, A and B. These quantum states can
be either valley or orbital states, depending on the specific system, and are represented
by |A) and |B). The spin states are split by the Zeeman splitting in the presence of a
magnetic field, thus forming a total of four non-degenerate states. A full description of

the Hamiltonian is contained in Appendix A.

The four-level model is fitted to two different sets of information. One is the qubit fre-
quency fp, and the other is the Rabi frequency given by frani- To obtain these data from
the PESOS maps as shown in Figure 4.5a-e, we extract vertical line traces of Payen as a
function of the driving frequency fuw at each voltage value. We can then fit these traces

to the Rabi equation given by:

Af [1 = cos (7T + e — f0)?)]
FRapi + (o = fo)?

where A is the amplitude of the oscillations, frapi is the Rabi frequency, fuy is the driving

Peven =

+6A (4.1)

frequency, fo is the resonant qubit frequency, 7 is the total time of the driving pulse, and
A is amplitude offset of the oscillations. From this fit, we can extract both the Rabi
frequency frabi, and the qubit frequency, given by fy, as a function of the gate voltage
(either Vy or AVp). With this information, we are also able to obtain the simulated PESOS
maps as shown in Figure 4.4b by plotting the Rabi equation for each voltage value with

the fitted parameters.

These extracted values of frap; and fp as a function of gate voltage will be the target fit
values of the four-level model. By varying the parameters of the four-level model Hamilto-
nian, we perform a non-linear least squares fit of both the Rabi frequencies frap; and the
qubit frequency fo simultaneously, minimizing the difference between the calculated values
from the four-level model and target values obtained from fitting to the Rabi equation.
The output of this least squares fit are the Hamiltonian parameters describing the system.

These fitted parameters will enable us to calculate the eigenenergies of the Hamiltonian
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4.3.2 Tuning a Degeneracy Point

and obtain the energy diagrams as shown in Figure 4.5f-j. More details on the fitting

procedure and fitted values are contained in Appendix A.

4.3.2 Tuning a Degeneracy Point

For each of the transitions in Figure 4.5f-j, the hybridization energy gap compares differ-
ently to the spin splitting energy, leading to significant qualitative differences as can be
seen in the eigenvalues of the fitted four-level models, shown in Figure 4.5f-j. We confirm
this interpretation and the ability to recover different regimes by scanning the magnetic
field applied to Device D until we obtain the same qualitative features as in Device A
(shown in Figure 4.6). Our model indicates that this is possible by setting the spin split-
ting to be comparable to the orbital splitting. In Device D, this occurs for a magnetic

field around By = 610 mT.

4.4 Detuning Dependence of the EDSR Drive

We turn our attention to the tunability of the hybridization characteristics, focusing on
the device from Figure 4.5¢ (namely, device D). This is the device with the most marked
effects of the orbital degeneracy on spins among the devices studied here. We retake the
PESOS map of Figure 4.5¢, now focused near the degeneracy point, and with a Gaussian
envelope applied to the microwave burst, in order to reduce cross-talk and separately

address resonance lines that are close in frequency (shown in Figure 4.7a).

In Figure 4.7b, we characterise the impact of the orbital hybridization on the coherent
spin driving. Near the degeneracy point AVy = 0 V, the Stark shift df/dV; becomes
large, leading to a faster damping rate of the Rabi oscillations I's rani. However, the
Rabi frequency improvement outpaces the decoherence amplification, resulting in a higher

Q-factor = 2X frabi/I'2 Rabi close to the degeneracy point.

It is also apparent that the qubits become somewhat convoluted in this configuration, with
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Figure 4.6: Influence of applied magnetic field to degeneracy characteristics a-h, PE-
SOS maps measured in Device D in a (1,1) charge configuration for varying By fields from 610 to

790 mT.
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Figure 4.7: Detuning dependence of the Rabi frequency and quality factor a, PESOS
map measured in Device D at a By-field of 700 mT. A gaussian envelope is used to shape the
microwave burst in order to reduce state leakage. b, Depending of the Rabi frequency, frani, Rabi
decay rate, T'%2% and quality factor, Q on the detuning of the J-gate voltage from the degeneracy
point, AVj.
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Figure 4.8: Diabatic orbital excitation a, PESOS map in which the ramp time of the J-gate
voltage is 80 ns. The resonance frequency continues on a linear trend, indicating that the orbital
state is maintained when crossing the point of degeneracy at V; = 1.638 V. b, PESOS map in which
the J-gate ramp time is increased to 2 ps. The resonance frequency jumps after the degeneracy
point, indicating population of a new orbital state via adiabatic passage across the level-crossing.

poorer initialisation fidelity and the appearance of additional transitions, which pollute the
two-level nature of the system. Indeed, the small hybridization gap extracted in Figure 4.5j
is indicative of susceptibility to the appearance of undesirable diabatic transitions and
leakage to the excited orbital as seen in Figure 4.8. However, with careful initialisation
strategies and using Gaussian pulses to avoid the leakage of the qubit into undesired

excited states, it is possible to achieve PESOS maps with good visibility (Figure 4.7a) and
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4.4.1 Ultra-fast Rabi Oscillations

coherent driving (Figure 4.7b).

4.4.1 Ultra-fast Rabi Oscillations
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Figure 4.9: Extreme tunability of the Rabi oscillation frequency a, PESOS map of device
D at an external magnetic field of 400 mT measured with square pulses. At 400 mT the resonance
can be tracked until very near the degeneracy point, resulting in an increase in Rabi frequency
of almost three orders of magnitude. b, Rabi measurements at Vj = 1.62 V resulting in 7 MHz
oscillations (offset for clarity) and Vy = 1.58 V resulting in 81 MHz oscillations. ¢, PESOS map of
device D for a larger range in Vj. d, Rabi measurement at V; = 1.642 V showing a Rabi frequency
of 124 kHz using the same microwave power as for b. The Rabi frequency becomes immeasurably
low for V3 > 1.65 V.

When the Bp-field applied to this device is reduced to By = 400 mT we observe an
extended range of tunability in the Rabi frequency as seen in the PESOS map in Figure 4.9.
Here we observe the largest enhancement in spin-orbit effects and the resulting Rabi
frequency across all experiments, reaching fran = 81 MHz close to the degeneracy point,

corresponding to a m/2 qubit rotation in 3 ns (Figure 4.9b, lower curve). The spin-
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4.4.2 Enhanced Spin Relaxation

orbit interaction continues to decrease for increasing Vj, leading to Rabi frequencies <
125 kHz at Vy > 1.65 V (Figure 4.9d), recovering the regime of vanishingly small spin-
orbit interactions. This translates to an observed on-off ratio for the spin-orbit coupling
of =~ 650. For comparison, we also show the measurement at the point where the Larmor
frequency is in first order insensitive to noise in the J gate voltage (V3 = 1.62 V), in which

the Rabi frequency is frabi = 7 MHz (Figure 4.9b, upper curve).

4.4.2 Enhanced Spin Relaxation

Device A (1,3) b Device D (3,1)

A\

-60 -40 -20
AV, (V)

Figure 4.10: Enhanced relaxation rate near level degeneracy The spin relaxation time
T) measuring across the full target charge configurations for Device A (a) and Device D (b) in
V3 and AVp gate space. The locations of level crossings are indicated as red dashed lines. This
shows an enhanced spin relaxation rate near the point of level degeneracy in the respective systems.
Interestingly, there are two visible transitions in Device D, between which the spin relaxation is
faster than the background, potentially indicating the population of an alternative ground state.

Naturally by enhancing the coupling between ground and excited states of the quantum
dot, we also increase the spin relaxation rate, 7. We characterised this in both devices
A and D as shown in Figures 4.10a and b, respectively. Each pixel in these data sets
corresponds to a 77 measurement for that voltage bias configuration. The locations of
points with fast relaxation match well with points of enhanced EDSR. as in Figure 4.4c
and Figure 4.5e. Despite this faster relaxation, it is significantly longer than 7> and does

not limit coherence.
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4.4.3 Microwave Amplitude Calibration
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Figure 4.11: Calibration of the microwave excitation amplitude a, Coulomb oscillations
of the SET, measured for dependence on the CB1 gate voltage. b, SET peak broadening with
increasing amplitude of the microwave signal applied to CB1. c, Fitted peak widths of the Coulomb
peak, using a Full-width-half-maximum threshold.

4.4.3 Microwave Amplitude Calibration

The microwave signal applied to the CB1 gate of Device D is delivered through a trans-
mission line that is poorly characterised for frequencies above 6 GHz. In order to calculate
the driving efficiency for the enhanced EDSR, the microwave amplitude is calibrated using

a simplified method based on broadening of the conductance peak of the nearby SET.

First, the slope of Coulomb oscillations of the SET are measured relative to the voltages
on the sensor top gate and the CB1 gate, which gives a relative lever arm between the
two gates of 14.8 (Figure 4.11a). Then, in Figure 4.11b the width of a single Coulomb
peak is measured against the microwave amplitude, scaled from a reference level of 0 dBm
from the source. The fitted peak width trend in Figure 4.11c gives a maximum amplitude
at the CB1 gate of 50 & 2 mV when multiplied by the relative lever arm. Due to the
possibility for a Coulomb peak to also be broadened by local heating effects, or microwave
induced charge traps, this calculated amplitude represents an upper bound, and it may

be significantly smaller.

4.5 Benchmarking the Fidelity of Electrical Drive

For the remaining experiments of this chapter, we tune device D to an alternative bias

point in the (1,3) charge configuration with microwave drive applied to the CB1 gate.
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This configuration yields a degeneracy point with strong spin-orbit effect in a region with
only a weak voltage dependence on the qubit Larmor and Rabi frequencies (Figure 4.12a),
making the qubit substantially more resistant to noise. In Figure 4.12b we take the same
PESOS map with microwave drive applied to the J-gate and observe minimal change in
resonance characteristic, suggesting minimal angular dependence. In this configuration we
measure substantially higher quality factors for Rabi oscillations, in the range of 40-60,

with one example in Figure 4.12c which has a Q of 57.
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Figure 4.12: PESOS and Rabi oscillations at a high-fidelity point a, PESOS map acquired
with microwave drive applied to the CB1 gate. b, PESOS map acquired with microwave drive
applied to the J-gate. Both a and b use the same source power of 20 dBm, however variation in
line losses due to different electronics may result in differences in electric field amplitude applied
to the CB1- and J-gates. ¢, Rabi oscillations driven via the J-gate with an oscillation frequency of
frabi = 4.6 MHz, and a quality factor of 58.

A unique feature of this driving method is the dependence of the Rabi frequency on the
dot potential. Because of this dependence, charge noise can cause variation in the Rabi
frequency leading to under or over rotations of the qubit. To combat this we employ a

feedback technique that measures the spin flip proportion after a number of /2 X pulses.
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The effectiveness of this is seen in Figure 4.13a and b, where a discretised Rabi oscillation

is noisy and stabilised when the feedback step is implemented or not, respectively.

a Rabi feedback OFF b Rabi feedback ON
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Figure 4.13: Rabi Frequency Compensation. a and b show Rabi oscillations discretised into
7 /2 rotations and repeated 10 times to observe instability, with Rabi frequency feedback on, and
off, respectively. The feedback protocol measures Pg;p, for 5, 7, 9, and 11 7/2 pulses, each of which
should result in a 0.5 flip proportion in the ideal case. It then applies a correction to the microwave
amplitude of § Aypw = —gain * [Ps — P; + Py — Pi1], where P, is the measured spin flip proportion
after n 7/2 rotations.

We then assess the single qubit gate fidelity in this configuration via randomised bench-
marking on the Clifford set [167], achieving a 99.93% elementary gate fidelity as shown in
Figure 4.14a, well above the threshold for error corrected fault tolerance [10]. Additionally
we assess the fidelity of the individual elementary gates using Gate Set Tomography [168]
shown in Figure 4.14b resulting in average fidelities of 99.64%, 99.79% and 99.80% for the
I, X, and Y gate, respectively.

When benchmarking single qubits, errors from dephasing during idling are minimal thanks
to the constant driving and echoing, with idling identity gates consisting of a very small
portion of all possible Clifford gates. However, in multi-qubit protocols it is most often
necessary for qubits to remain idle for higher proportions of operation time (such as during
the readout of ancillas in an error correction protocol), leading to significant dephasing
errors [22-24]. Coherence times T312M" and T for this driving mode are limited by the usual
sources of decoherence, such as charge noise coupling through Stark shift, and magnetic

noise from nearby 2?Si nuclear spin, but also the level of enhanced spin-orbit effect close

to a degeneracy point.
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Figure 4.14: Qubit fidelity and errors The device is configured to achieve a high-quality single
qubit and benchmarked using standard techniques. a, Measurement of single qubit gate fidelity via
randomised benchmarking on the Clifford set. The average elementary gate and average Clifford
gate have 99.93% and 99.87% fidelity, respectively. b, The fidelity and errors associated with the
individual elementary gates are characterised with gate set tomography. Projected populations
are displayed as areas, with blue and red representing positive and negative polarity. Concentric
squares in the top-left position of the first panel represent populations of 1.0, 0.1, 0.01, and 0.001.

The coherence times for different values of AV} are assessed using the pulse sequences in
Figures 4.15a and c for T3 and T2H ahn respectively. In these sequences we always perform
X rotations at a fixed control point, but change the bias point during the wait times to
assess the decoherence rate. To assist with data processing, a 10 MHz virtual frequency
shift is applied to the Ramsey sequence. The raw data for the experiments based on these
sequences is plotted in Figures 4.15b and d, and fitted to extract the coherence times,

shown in Figure 4.15e.

The coherence times show dependence on detuning from the degeneracy point, as expected,

THahn — 50 us far from the degeneracy to well below 1 us near the

and range from
degeneracy. The free induction time 75 ranges from 3.5us to below 100 ns. This encourages

the possibility of using the protocol described in Figure 4.3a to extend the qubit lifetime
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Figure 4.15: Qubit coherence and detuning dependence a, Altered Ramsey pulse sequence
in which the wait time Ty, is conducted with a bias AVj is applied to J. b, Coherent Ramsey
oscillations for the sequence in a. A virtual phase is added to the second X/2 pulse to aid data
processing and fitting. ¢, Altered Hahn echo pulse sequence with offset wait times (as in a). d,
Measured data for the pulse sequence in c. e, Fitted 747" and Ty coherence times with vary
detuning in J-gate voltage from the degeneracy point. A; and A, show control OFF and ON
points respectively, used for switching experiments to follow.

whilst idling. To assess the viability of this we construct benchmarking experiments aimed
at measuring the fidelity of a switching operation between points ON- and OFF-points,

which we label A; and As and mark as dashed blue lines in Figure 4.15e.

To isolate the error associated with the switching operation, we construct pulse sequences
(see Figure 4.16a,b) in which the total sequence time is constant for all values of Neycles,

to remove the effect of static decoherence from the result. To do this, a variable wait time,
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Tyait, is added, which scales down with increasing Neycles to keep total time constant.
Here, the duration of each cycle is 80 ns, which is made up of two 20 ns ramps, each
followed by 20 ns settling times. For the sequence in Figure 4.16a, all of the added wait
time is done at the A, bias point, far from the degeneracy, whereas for the sequence in
Figure 4.16b, the wait time is the same in points A; and As. An additional virtual phase
is added before the final X/2 pulse and swept to cause oscillations in the result to directly

probe the remaining coherence (raw data shown in Figure 4.16¢).

We observe an exponential decay in return probability for sequence a, corresponding to an
average error for a round-trip switching cycle of 0.65%, as shown in Figures 4.16d,e. We
expect that the dominant source of error for the switching process is the accelerated de-
coherence in the ON-state, Aq, as the total time spent at this point increases with Nycles
for sequence a. To test this claim, we run sequence b, in which the time spent at the A
point remains constant. For these tests we see a greatly reduced return probably since it
required a long time spent at Aj for all values of N¢ycles. However, we are able to extract
meaningful data, seen in Figure 4.16d. These data exhibit no apparent decay in coherence
for increasing Neycles, suggesting that indeed the main source of error is accelerated deco-
herence near the degeneracy point, rather than any error directly attributed to the bias

ramps and consequence dot deformation dynamics.

To integrate such a protocol within a multi-qubit system, a time penalty must be payed
to run the ramps associated with each switching cycle. This has to then be weighed up
against the potential gain from a reduced decoherence rate for the time a qubit must
remain idle. Considering that in this case a switching cycle takes only 80 ns, compared
to typical gate times of between 0.1-1 us for silicon electron spin qubits (during which
some qubits must idle) we believe this strategy may provide considerable benefit in most

scenarios.
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4.6 Outlook

Entering a new realm of ultra-fast single spin control creates new questions regarding the
physics of these systems and their application for quantum information processing. For
example, the dominant source of control errors for this resonance method are unknown.
Pulse engineering for magnetically driven spin qubits in similar devices have led to signif-
icant improvements in control fidelity, achieving error rates below 0.05% [40]. However,
these strategies can only be translated to the electric driving approach discussed here once

the sources of error are well understood and characterised.

Another question left open in our analysis is in regard of the controllability of the hy-
bridization gap. Comparison of the spin-orbit effect in all four devices investigated here
creates confidence on the ubiquity of this phenomenon. Hence, its applicability as the main
control strategy for qubit devices depends on the regularity of the resulting EDSR speed-
up and dependability on being able to shape the orbital hybridization gap in accordance

with one’s needs.

Switchability of the electrical dependency allows us to tackle one of the most cumbersome
aspects of quantum information, which is that the addressability of a qubit often must
be traded off against its noise resilience. This allows us to turn on the degeneracy for
control and turn it off to harvest the long intrinsic coherence of Si qubits while idling.
This prospect comes with the cost of an additional characterisation step for the quantum
processor to achieve this degeneracy. Hence, from the scalability perspective it is crucial to
further understand how to achieve this degeneracy in a consistent way in a given dot. We
believe that the consistency of achieving this degeneracy in four different devices already
in this first demonstration gives confidence that a consistent method is achievable and we

anticipate more experiments and theoretical work in this direction in future.

We emphasise that enhanced electric driving of the spin is merely one consequence of the
ability to controllably create hybridised wavefunctions with coherent spin states. Exten-

sions of this result could lead to strategies to couple spins to photons [60,169], as well as
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lead to long-range two-qubit gates via spin-dependent electric dipolar coupling, similar to
strategies such as the Rydberg gates [170,171] and Mglmer-Sgrensen gates [172], previ-
ously demonstrated in atomic qubits, or predicted for electron-nuclear flip-flop qubits in

silicon [173].
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Figure 4.16: Assessment of the switching fidelity for on-demand control a, Coherent
switching pulse sequence. The qubit is switched N¢ycies times between two bias points Ay and A,
being close to and far from the degeneracy point respectively. A virtual Z-phase is added before
the final X/2 pulse. In addition to this, a variable time Tyy,; is added in order to keep the total
time between the two X /2 pulses the same for all values of Neycles. The wait time is only added in
the off-state, A;. Each switching cycle uses 20 ns on/off ramps, with a 20 ns pulse settling time
at each level. b, Coherence switching pulse sequence in which the amount of time spent in each of
the states Ay and A is kept constant in order to cancel out the effect of fast decoherence near the
degeneracy from the switching fidelity calculation. ¢, Measured data using the pulse sequence in
a, with Tyyait = 30 ps. This data is used to calculate the return amplitudes for sequence a in d,e
d, Measurement of the return amplitudes for varying Ngycles for sequences in a with Tiyaie = 30 ps,
and b with Tyt = 4,8 pus. We see that for sequence b the baseline return amplitude is reduced,
due to the short coherence time at the Ay point, however there is no observable coherence decay
associated with increasing Ncycles. €, Switching fidelity assessment using the pulse sequence in a.
The fitted curve corresponds to a round-trip switching fidelity of 99.35%.
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CHAPTER 5. CONCLUSION

Chapter 5

Conclusion

The work presented in this thesis was conducted with the goal of advancing progress
towards creating a useful quantum computer. The studies undertaken, whilst varied in
their approach, have each identified new techniques and technologies for scaling silicon

quantum dot systems.

In Chapter 2 an alternative to the bias-tee was found that could allow for a continuous
control bandwidth from DC to near 1 GHz. This linearised bias-tee (known amongst the
team as a combiner) brings ample bandwidth capability, without the need to AC-couple
pulse lines and manage the resulting pulse distortion. The combiner has now become a
standard across the research groups of Prof. Andrew Dzurak, and Prof. Andrea Morello,
and a key part of the experimental setup for several influential publications [38,97,98,109,
117,118], as well as the work presented in Chapters 3 and 4. Modifications to the design
for cryogenic operation have enabled it to be integrated within the cryostat at the 4 K
stage for reduced noise. This advancement also serves as a reminder of the importance
of electronics in experimental work, and a motivator for further improvements that may

enable advancements in quantum computing in the years to come.

In Chapter 3 the possibility to truly leverage the manufacturing capability of the CMOS

industry was investigated. A FD-SOI device fabricated in the 300 mm wafer process line
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at CEA-Leti was tested and demonstrated the first ever use of a charge sensor situated in
a remote nanowire used to sense a quantum dot array. Using this configuration, a 2 x 2
quantum dot array was formed and depleted down to the last electron in each dot. The
operation of this device showed that 2 x N arrays of quantum dots may implemented
without being interrupted by charge sensors which could be a critical enabler for quantum
processor architectures. Whilst this study did not lead to the creation of qubits due to low
inter-dot tunnel couplings, simulations determined that only modest reductions in device

dimensions are required to achieve workable coupling strengths.

The study in Chapter 4 started from a discovery of an abnormal speed-up in Rabi oscilla-
tions in a particular bias configuration. The results that followed were taken from multiple
devices and experimental setups, and supported by an in-depth theoretical study that has
allowed us to understand what could be a totally new way to control spins in quantum
processors. By deforming the quantum dot shape we were able to manipulate the dot
energy spectrum to create a level degeneracy that dramatically strengthens the spin-orbit
effect. Using this technique we drove spin qubits with purely electrical microwave signals,
alleviating the need to integrate large antennae or micro-magnets on-chip alongside the
qubits. The qubit performance was encouraging, with single qubit gates fidelities exceed-
ing 99.9%, and a Rabi frequency that was tuneable up to 81 MHz, the fastest recorded
to-date for electron spins. Additionally, because the level degeneracy is controllable using
normal pulses on gate electrodes, the electrical controllability could be switched on and
off, potentially enabling both fast qubit drive, and long coherence times within the same
shot. The ability to tune spin-orbit coupling demonstrated in this study could enable
new ways to couple spins to photons, or implement long-range two-qubit gates using the

electric dipole interaction.

The path towards full-scale quantum computers is long, and will require countless new
developments. The studies in this thesis raise some questions that may motivate research

interest in the near term.

The requirement to apply microwave signals to a gate electrode is now common, either for

gate-based readout or for EDSR. One challenge with the electrical setup of these config-
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urations is the combination of microwave signals with AWG pulses in baseband, without
degrading the quality of both signals. The combiner investigated in Chapter 2 allows for
a single line to be used for DC and AWG pulses, which enables an easy combination with
a microwave line using a diplexer. However, it is currently not yet demonstrated that
gate-based readout can be combined with a DC-GHz pulsing bandwidth, and may require

further adaptations to line filtering.

The progress on scaling quantum dot devices is inextricably linked to the fabrication
capability that can be realised from full-scale foundry processes. The realisation of devices
with hundreds of quantum dot qubits or more requires significant progress in design and
operation of devices within the constraints of scalable fabrication. As such there is plentiful
opportunity in this area to make progress. A particularly interesting result would be the

demonstration of high-fidelity qubits within a truly scalable 2D array.

The realisation of fully electrical control of electron spin qubits could open the doors for
many new opportunities. Before this capability can be fully exploited, there is a lot of work
to do in further understanding how to reproduce the effect in a consistent manner. We
created an model with which we can analyse the characteristic of each level degeneracy, and
have shown that the degeneracy characteristic can be tuned by sweeping amplitude of the
applied magnetic field. We also hope that further tuning of quantum dot potential profiles
will yield consistent results, and expect that the viability of this technique may depend on
the particular device and gate arrangements that can be fabricated. Contributions from

the wider research field will greatly assist advancing this study.

As the reproducibility of orbital degeneracies is investigated, further physical effects remain
to be explored. Firstly, the co-integration of orbital degeneracies with two-qubit gates may
be challenging. Changes to the orbital state of a quantum dot can dramatically change the
dot coupling to neighbouring dots. While changes to the tunnel coupling can be managed
easily enough, changes in the exchange coupling may complicate the implementation of
two-qubit gates in systems utilising orbital degeneracies. Instead, it may be possible to use
the voltage-tuneable spin-orbit effect to enable long-range two qubit gates using electric

dipole coupling, in which case variability in the exchange coupling may not be as critical.

84



CHAPTER 5. CONCLUSION

Finally, orbital degeneracies could provide a way to couple spins to photons for the creation

of long-range quantum links, without the need to integrate micro-magnets.
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APPENDIX A. APPENDIX: ORIGIN OF SPIN-ORBIT PARAMETERS AND
IMPLICATIONS FOR SPIN DRIVING

Appendix A

Origin of spin-orbit parameters

and implications for spin driving

In this Appendix, we explain the analysis of the experimental results and the construction
of the four-level model that can be used to describe the transition in qubit frequency
between orbitals as well as the speed up in Rabi frequency near the degeneracy points. This
modeling protocol will finally allow us to obtain the energy diagrams shown in Fig. 4.5f-j

in Chapter 4.

The work in this appendix was done by Mengke Feng, and is included as Supplementary
Information in W. Gilbert, T. Tanttu, W. H. Lim, M. Feng, J. Y. Huang, J. D. Cifuentes,
S. Serrano, P. Y. Mai, R. C. C. Leon, C. C. Escott, K. M. Itoh, N. V. Abrosimov, H-J.
Pohl, M. L. W. Thewalt, F. E. Hudson, A. Morello, A. Laucht, C. H. Yang, A. Saraiva,
and A. S. Dzurak. “On-demand electric control of spin qubits.” arXiv:2201.06679, (2022).
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A.1 Analysis of PESOS maps

We begin by extracting the key quantities from the PESOS maps shown in Fig. 4.5, which

are the qubit frequency, denoted as fy, and the Rabi frequency, denoted as frabi-

We firstly identify which qubit is suspected to have an orbital transition by inspecting
qualitative signatures in its PESOS map. The qubit of interest will exhibit both a speed-
up in Rabi frequency frapni indicated by oscillation patterns for fixed pulse time, and a
transition in the qubit frequencies fy indicated by a non-linear change in the resonance
(non-linear Stark shift). The upper transition in the PESOS map shown in Supp Fig. A.la
is an example. We then take line cuts along the frequency axis (fiw) at separate voltage
values (AVp in this case) with examples indicated in Supp Fig. A.la. These line traces
are also plotted in blue in Supp Figs. A.1(b-e). These traces are oscillations of Peyen
probabilities and we can fit them according to the following equation,

AfRabi [1 — cos (T\/flgiabi + (frmw — fo)Q)]

féabi + (frnw - fO)2

where A is the amplitude of the oscillations, frap; is the Rabi frequency, fu is the driving

P even —

+0A, (A1)

frequency from the microwave source, fy is the resonant frequency which can be interpreted
as the qubit frequency, 7 is the total time of the driving microwave pulse, and 0A4 is a
constant shift in the amplitude of the probabilities due to SPAM errors. Fitted traces of

Peyen are plotted in red in Supp Figs. A.1(b-e).

The Rabi frequency frabi is plotted in Supp Fig. A.1f along with the fitting error bars.
In Supp Fig. A.1g, we superimposed the fitted qubit frequencies fy onto the PESOS
map, indicating that the qubit frequencies correspond to the center of the oscillations, as

expected, and also show that this empirical fitting protocol is of satisfactory accuracy.

Finally, as a demonstration of the capabilities of the fitting protocol, we generate a simu-
lated PESOS map colour coded such that the colours represent the number of 7 rotations
(fr) that the qubit undergoes. As the Rabi frequency speeds up and slows down again
with voltage, the same fixed pulse duration causes more or less qubit rotations (with red

representing one 7 rotation and purple representing 13 7 rotations).
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Figure A.1: Rabi frequency fitting. a, PESOS map for Device A in the (1,3) configuration.
The red dotted lines indicate examples of line cuts. We focus only on the upper transition (outlined
by the yellow dotted lines), with a clear speed up in Rabi frequency as well as a transition in qubit
frequency. b-e, Line cuts of Peyen oscillations taken at the indicated dotted lines in a. Blue traces
indicate the experimental data and red traces are the fitted lines based on Eq. A.4. f, Extracted
Rabi frequency frapi as a function of voltage AVp. Error bars of the fit are also shown. g, Fitted
qubit dispersion fy superimposed onto a PESOS map. h, Simulated PESOS map based on fitted
traces shown in b-e.
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A.2 Four-level model of spin-orbital quasi-degeneracy

We have described how we can obtain a set of parameters for fitting the PESOS maps.
From the theoretical point of view, we interpret these parameters based on properties
of quasi-degenerate orbitals. Our goal is to find an effective model that captures the
qualitative features of the qubit and Rabi frequencies. This will typically involve making
conjectures about the degrees of freedom involved in the orbital excitation of a multi-
electron state in a quantum dot, estimating the underlying first-principles microscopic
Hamiltonian, then extracting the effective two-level system subspace, by a Schrieffer-Wolff

transformation for example, that reduces to the phenomenological model.

For this purpose, the simplest model consists of two spin—% states with orbital parts des-

ignated by A and B, which represent the two different sets of states away from the degen-
eracy point, i.e., |A),|B) are the quantum states representing two different valley states,
orbital states etc. The use of our model is agnostic to the exact nature of these states and
therefore, we will refer to them generally as orbital states for simplicity. We also operate
in electronic configurations with a single valence electron, and therefore our system can
be described in the basis of {|A),|B)} ® {|1),|})}. Here, the spin degree of freedom is
in general a pseudo-spin due to spin-orbit coupling. The g-factors for both orbitals are
typically close to the bulk value in silicon, with small variations of ~0.1% from qubit
to qubit and between orbitals due to surface roughness. This implies that the Zeeman

splitting Eé will in general be different from EZB.

The general form of the desired Hamiltonian is

Hx H.
H() — A ) (AQ)
H! Hp

where Hp and Hp describe quantum subsystems A and B, respectively, far from any
degeneracy, and H. describes the coupling between subsystems A and B. Each of these

terms (Ha, Hp, and H.) are 2 x 2 blocks. For subsystem A,

1
Hpy = §EZA+77A(VG—VO) Oz,
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where Eé is the Zeeman energy of subsystem A and na is the linear part of its Stark
shift (all the non-linearity of the Stark shift in our model stems from the resulting orbital
hybridization near the degeneracy point), Vi is the gate voltage, and o, is the Pauli z
operator acting on the spin basis {|1),|l)}. The definition of the reference voltage Vj is

discussed next. For subsystem B,
1. B
Hp = |5 Bz +ns (Vo —=Vo)| o2+ ara (Vo — Vo) 1,

where the Hamiltonian takes on a similar form to that for subsystem A, except with the
corresponding parameters for B and the additional term describing the effect of the gate

voltage on the energy separation between orbitals.

We model the effect of a gate with voltage Vi bringing |B) into alignment with |A) by
adding the term aye1 (Vg — Vo)1 to Hp where aye is the differential lever arm between |A)
and |B). Here, the definition of V{) becomes clear — it is the voltage bias at which the
two states A and B would be degenerate (which gets slightly shifted in the presence of a
difference in Zeeman splitting). Finally, the last term in Eq. A.2 is one that describes the

coupling between |A) and |B), which sets the energy gap at the anticrossing,

A+ Asd Asf
Asf A— Asd

Here, A is the spin-independent coupling rate between |A) and |B). The presence of
spin-orbit coupling creates a spin-dependent coupling term Agq, as well as a spin-flip
coupling Ag. The existence of both spin-conserving and spin-flip terms stem from the
non-alignment of the qubit quantization axis with the crystallographic axes of the device,
as well as the reduced symmetry due to interface roughness. This will be shown explicitly
in Section A.5. Note that a o, term in H. is not necessary for fitting the qubit frequency
because it only produces a phase shift in the transverse coupling - but it may be important

for fitting Rabi frequencies, as will be explained in section A.5.

Therefore, the full Hamiltonian in the basis of {|A),|B)} @ {|1),[})} is
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%EZA + NAY 0 A + Asd ASf

0 —1EA —pav A A—A
Hy = 27 na . sf sd (A3)
A + As.d Asf §EZ + (nB + arel) v 0
Ayt A=Ay 0 —3EZ — (1B — arel) v

where v = (Vg — ).

As we have described, this model works for arbitrary orbital states |A) and |B), and
provides the theoretical basis for predicting both the change in qubit dispersion from one
orbital to another, and the speed-up in Rabi frequency frap; near the degeneracy point.
These are the two key quantities that we will calculate using the model, and fit to the

experimental results.

To calculate the qubit dispersion, we first diagonalize the Hamiltonian numerically for a
given set of parameters, which outputs the eigenenergies of the system. We then consider
the energy difference between the lowest spin up and spin down states (fo = Ey — E),
which is also the first excitation energy, as the qubit frequency. Generally for a large
orbital coupling (for example in the cases of Supp Fig. A.2l-n), the ground and excited
orbital energies are well separated and the qubit frequency is also the difference in energy
between the two lowest energy levels. In the case where the orbital coupling A is smaller
than the Zeeman energies Eé and EZ, there are multiple degeneracy points (for example
in Supp Fig. A.20) and there is a need to track the lowest energy spin up state which

changes in its ordering with detuning.

The second fitting parameter is the Rabi frequency, which is a function of detuning and

is determined by,

frani = [{€e] Hac |9)] (A.4)

where |g) and |e) are respectively the ground and excited states. Again, in the case
where the orbital coupling is lesser than the Zeeman energy (Supp Fig. A.20), it becomes

necessary to track the states so that the Rabi frequency is always calculated between spin
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up and down states. The driving Hamiltonian, Hac, is defined as
HAC = QAC c 0y ® 0y, (A5)

where Q¢ is the magnitude of the spin-flip modulation resulting from the driving mi-

crowave pulse on the qubit.

A.3 Fitting Procedure

Now, we have all the ingredients necessary to perform the fit, and we perform a non-linear
least-squares fit of both the Rabi frequencies and the qubit dispersion simultaneously. The

cost function in this minimization procedure is defined as

feost = O_(finodel — frESOs)?, (A.6)

where fiodel and fprsos refer to the quantities obtained from the four-level model and
extracted from the PESOS maps respectively. They include both the qubit dispersion fj

and Rabi frequency quantities frapi-

From this point, the fitting procedure works to vary the parameters of the Hamiltonian
as defined in Eq. A.3, such that we minimize the cost function as shown in Eq. A.6. We

summarize the protocol as follows,

1. Begin with an initial guess of the Hamiltonian parameters. This is an educated guess
based on what we know of the system and does not have to be strictly accurate. How

we can begin to guess at these quantities will be explained in the following sections.

2. Using the Isqcurvefit function in MATLAB, we input the Hamiltonian parameters
necessary for calculating fy and frapi from the model, which will be compared with
the target values previously obtained from the fitting to the Rabi equation. We also
set upper and lower bounds to the fitting parameters of the Hamiltonian within the

orders of magnitude that are expected.
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Figure A.2: Four-level model fit. a-e, PESOS maps with both the fitted center frequency fj
(vellow dots) and the fitted qubit dispersion from the four-level model (red lines). We show here
only the relevant qubit of study. b-j, The extracted Rabi frequencies frap; from the fitting to the
PESOS map and the fitted Rabi frequencies from the four-level model. We note that for j, the
error bars extend below frani = —5 MHz but are not shown here in order to highlight the actual
range of Rabi frequencies. Both the positive and negative error bars are of the same magnitude.
k-0, The resultant four-level energy diagram from the fitted parameters.

3. The output from this fitting procedure are the parameters of the Hamiltonian. The

fit results are summarized in Table A.1.

The results from this fitting protocol are summarized in Supp Fig. A.2.

We plot in Supp Figs. A.2a-e the PESOS maps with both the target (yellow dots) and
fitted (red line) fy superimposed onto the 2D map. We include here only the qubit
of concern, more specifically, only the qubit that shows a significant speed-up in Rabi
frequency. Similarly, in Supp Figs. A.2f-j, we plot the Rabi frequencies within the same
voltage range as the PESOS maps, with the blue dots representing the target values of
Rabi frequency which are obtained in the same way as shown in Supp Fig. A.1f, and the
red line being the fitted Rabi frequencies from the four-level model. We note that there
are large errors in the Rabi frequency fit for extreme values of Vy in Supp Fig. A.2j due
to a reduction in the visibility of the Rabi oscillation peaks associated to the reduction

in coherence. Finally, using these fitted parameters, we can diagonalize the Hamiltonian
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and obtain the eigen-energies as a function of the voltage as shown in Supp Figs. A.2(k-o0),
similarly to Fig. 4.5. The anticrossing for the transition from one orbital to another is
indicated as a green dashed line and labeled by Vj, except in the case of Supp Fig. A.2ln,
where the anticrossing is out of the plotted range. The expected dominant state (either
|A) or |B)) is also labeled, with the energies of |B) shown to be changing significantly with

gate voltage.

In the rest of the section, we will explain in detail the parameters involved in the fitting.
There are many parameters involved in the construction of the Hamiltonian as shown in
Eq. A.3, and in order for accurate and efficient fitting, it is necessary for us to consider
the real system and reduce the number of degrees of freedom that we have to deal with.
Of the many parameters that define the Hamiltonian, there are two of them which we fix
in all the devices, those are the differential lever arm, a,¢ and the anticrossing position in

voltage, V.

The position of the anticrossing can be read directly from the voltage position of the Rabi
frequency peak assuming a singular peak, as shown in Supp Figs. A.2f-j, and therefore can
be readily confirmed without fitting. Test fits can also be performed to empirically guess
the position of the anticrossing in cases where the anticrossing may not be obvious, like

in Supp Figs. A.2g,i.

On the other hand, to determine the differential lever arm «,¢) requires time-consuming ad-
ditional measurements, for example, excited state magnetospectroscopy (Fig. 4.2), which
was only performed for device A in the (1,3) charge configuration. For fitting purposes,
we take all the ayeq to be on the same order of magnitude as obtained in device A. It is
not possible to independently obtain the differential lever arm, oy, and the inter-orbital

coupling, A, directly from Supp Figs A.2a-e, only their ratio aye/A.

The other fitting parameters comprise the inter-orbital coupling A, the spin-orbit couplings
Agq and Agy, the constant offset in frequency c¢, the difference in qubit frequencies between
orbitals AEyz, the linear Stark shifts of each orbital 7, /g, and finally the amplitude of the

electric driving Qac. We note that not all of these parameters will necessarily be used
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for fitting. In particular, the Stark shifts are generally only used where we can observe
the linear Stark shift regions in the PESOS maps. For example, in the case of device B
and D ( Figs. A.2c,e), we observe clearly the linear regions of the qubit dispersion and
that allows us to fit the linear Stark shift terms well. In the case of the other devices,
where we typically observe only one side of the qubit dispersion, we either fit only one of
the Stark shift terms for simplicity (in the case of Fig. A.2a,b) or none at all (in the case
of Fig. A.2d). In these cases, having the linear Stark shift term 1 g in the model can

introduce an additional degree of freedom which negatively impacts the fit result.

Similarly, the amplitude of electric driving Qa¢ is in general required as an additional
fitting parameter, except in the case of device D, where we experimentally estimate the
AC voltage amplitude based on the impact of a microwave pulse on current profile of the

device SET (shown in Figure 4.11).

The parameter c is treated as a free parameter to account for any constant offsets in
the PESOS maps due to SPAM errors. We also have AFEy accounting for differences in

Zeeman energies, which is typically on the order of tens of megahertz.

Finally, we have the spin-orbit coupling parameters, which are the spin-dependent and
spin-flip coupling terms respectively (Agq and Ag¢). While these parameters are in general
different, they are expected to be on the same order of magnitude. For the ease of fitting,
we have them to be equal in magnitude in our model. The detailed justification for this

will be given in the next section.

The primary result from the fits are the energy diagrams. The four-level model pro-
vides a reasonable description of the experiments for parameters extending across a few
orders of magnitude. Not all parameters are uniquely set by this model due to either
large uncertainties or weak dependence of the experimental results on certain parameters.
However, the extracted parameters do lie within the expected bounds from either previous
independent experiments or first principles calculations in the literature. The extracted
magnitude of the electric drive corresponds to the maximum Rabi frequency shown in

Figs. A.2(f-j). The difference in qubit frequencies are on the order of tens of megahertz
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(Table A.1) as expected for our devices [109,174-176]. For device C, the larger differ-
ence in ¢ factors resulting in a AFy one order of magnitude larger than the rest could
be due to the two orbitals having different shapes, such that the surface roughness along
the interface impacts them in significantly different ways. The Stark shifts na p range
from a few MHz/V to hundreds of MHz/V. The lower bound is typical for dots without
orbital degeneracy [109,174], while the higher Stark shifts can be understood in terms of
the sudden transition between |A) and |B). Confirming the physical significance of the
remaining parameters A and Agq/ requires a model of the orbitals involved, which we

develop in the next section.

A.4 Microscopic Origin of A

The parameter A in our model describes how the orbitals A and B are coupled to each
other. Examples could include the case where A and B represent the s and p orbitals in
an approximately harmonic confinement potential, in which case A stems from any small
anharmonicity. Another example would see p, and p, states coupled through quadrupolar
deformation of the dot. Often the two orbitals will also have a different valley composition,
which means that the precise estimation of A is limited by atomistic disorder that might

affect the valley structure of the dot [44,177-181].

To explore the full capabilities of this formalism, it would require knowledge of the micro-
scopic details of the quantum dot, making this calculation impractical. While it remains
possible to infer information about the anti-crossing from A, there is in fact a caveat here
in this case, that is the interplay between A and the differential lever arm «,¢ means that
to draw any meaningful conclusions, an independent measurement of o, is required as

already discussed.

As such, we will only comment on device A in the (1,3) configuration because aye has
been measured independently here. We first note that the measured aye) = 1200 GHz/V =~
5/h meV/V as shown in Fig. 4.2b. suggests that the observed pair |A),|B) are orbital
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states rather than valley states which have a ayq about an order of magnitude smaller
(arel = 0.6/h meV/V in ref. [44]). This accords with the fact that pairs of valley states
typically do not differ much in charge distribution [182], whereas different orbital states
do.

The extracted A = 12+1 GHz ~ (50+4)/h eV, as shown in Table A.1, is quite small and
suggests that the avoided crossing is set mostly by valley-orbit coupling. To see this, we
first note that we usually observe valley splittings Eys in the order of hundreds of eV [44].
Under the effective mass approximation (EMA) formalism, the valley-orbit splitting can

be written in general as [183]
Eyvo = 2[(Aleg(r) [B)] (A.7)

Normally for Eys (inter-valley, intra-orbital), A and B have approximately the same en-
velopes leading to a large overlap. We now apply the same calculation but now taking A
and B to have different envelopes as justified earlier. The lower overlap results in a lower
valley-orbit coupling (inter-valley, inter-orbital). So it is not unreasonable that A is an
order of magnitude smaller than Eys. Thus, this analysis suggests that |A),|B) are differ-
ent orbital states (having different orbital shapes) that occupy different valleys, and the
change in gate voltage allows for transitions between the orbital states. This explanation
is natural for the case of dots occupied by three electrons if the shell and valley structure

of the dot are well preserved across the different occupation numbers.

A.5 Origin of Agq and Ayt

The coupling terms Agq and Agp arise from spin-orbit coupling. To see this, we start with
the spin-orbit coupling Hamiltonian, which reflects the relatively low symmetry of the

rough Si/SiOy interface [174,175,184]

-HSO = (O’ikﬁg — O’ykf) -f-,B (O'ik;j - O'gk‘g) (AS)

hr hp
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where the Rashba and Dresselhaus Hamiltonians (hg and hp respectively) are scaled by the
corresponding coefficients «, 5. The effect of inter-valley spin-orbit coupling is integrated
into these coefficients in our analysis. The operators here o,k are defined according to
the underlying crystallographic axes, which are represented with bars over z, y and 2z
to underscore that they refer to [100], [010] and [001] directions. These directions are
not necessarily aligned with either the dot symmetry axes or the external magnetic field,
such that both terms may play a role on spin-dependent and spin-flip coupling. In our
experiments, for instance, the dots ideally have an approximate mirror symmetry about
the [110] direction and an external magnetic field applied along the [110] direction, which
would mean that Rashba and Dresselhaus effects participate equally in Agq and Ag. In
reality this scenario is further complicated by the presence of interface roughness, which in
the case of amorphous thermal Si/SiO2 (001) interfaces has no particular crystallographic

structure. This means that A and B orbitals may well have no special symmetry.

Only in fortuitous cases Agq and Ag would differ by a large factor. In most cases, the
approximation Ag = Agq is quantitatively acceptable. Qualitatively, this equality might
introduce artificial symmetries to the Hamiltonian, such that an analysis of the impact of

this approximation is warranted for any predictive analyses.

A.6 Estimating Ay from spin-orbit coupling

We now turn to estimating the magnitude of Agq. To find the matrix element (A|k; |B),
we first consider the case where |A), |B) are different orbital states, i.e., s and p (we will
consider a mixture of orbital states later). Take p along the most elongated axis in an
elliptical dot potential (which is the most common case). Assuming harmonic oscillator
states gives an analytical expression

m*w

2h

(s[k|p) = —i (A.9)

Taking a typical orbital splitting of hw = 3 meV [43,50], we obtain (s|k|p) = —0.06i nm~!.

In general, |A),|B) could have mixed orbital character due to the anharmonicity of the
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dot or interface roughness. So, denoting r as the proportion of orbital mixing, we could
have |A) = /1 — 1 |s) +/re¥ |p) and |B) = —/re~ ¥ |s) + /1 — r |p) with the coefficients

chosen to preserve orthonormality. Then the matrix element reads
(A[|B) = (1= ) (s| klp) — re™% (pl k |s) = (s] k |p) [(1 — ) —reC#+]  (A.10)

By symmetry of the states, the absolute value | (A| k |B) | is symmetric under r — (1 — )
and it is largest when r = 0 or 1, giving | (s| k |p) |. The lower bound is given when r = 0.5.

Averaging over the random phase ¢, we find that,

. 2—
sk Ip) = (AT [B)] > [(s[ k[p)[ 0.5 = 0.5e~C¢+)| = =[(s[ k p)| ~ 0.64[(s[ k [p)]
(A.11)
which shows that |[(A| & |B)| does not depend strongly on the amount of orbital mixing r

and is always roughly the same order of magnitude.

A similar analysis may be performed for the case of p, and p, dots, in which case the
direct transition induced by the vector {k;} is forbidden, but in second order it is allowable

through the virtual coupling to d orbitals.

We should also consider the case when |A), |B) have different valley compositions, which
is the most common case for very flat interfaces (energy levels ordered by valley splitting).
Within the EMA formalism and only including the Bloch phase factor, the states appear
approximately as 15 /g(r) = FA/B(r)eﬂkoz
occur at k = (0,0, ko), with kg = 0.8527/ag. The matrix element becomes (j = x,y)

where F) /g is the envelope and the valleys

(Al k; |B) ~ / drFi(r 81“; r) gaiko: (A.12)
J

We see that the valley phase likely attenuates the integral and we suppose that this

attenuation could easily be a factor of 0.1 ~ 0.01 or even less.

To compare theory with experiment, we note that in general the Dresselhaus contribution
to the SOC is larger than the Rashba contribution [174,175,185]. In ref. [174] it was found
that 8 = 178(11) x 107! eV c¢m while in ref. [175] it was found that o — 3 is in the range
from -300peV nm to 800ueV nm. We thus estimate |a + 3| ~ (100 — (—1000))ueV nm.
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If |A),|B) belong to the same valley then we estimate |Agq| ~ |a + 8] x 0.1 x |(s|k|p)| =
10! ~ 10° GHz as an order of magnitude estimate. For |A),|B) inter-valley this becomes

Agq ~ 1073 ~ 107! GHz.

We see that the variation of the spin-orbit parameters as well as the valley-orbit character
of the states leads to variation of Agq among the devices. The estimates compare favorably
with the fitted Agq which are between 1073 ~ 1072 GHz (Table A.1). Our analysis suggests

that the states |A),|B) are states that with different valley composition.

For Device A in the (1,3) configuration, this conclusion is consistent with our previous
remark - that the |A),|B) here are in different orbital and valley states. In the other
charge configuration (3,1), the smaller Agq may be due to the different valley character
that appears since the confinement potential and the interface that is probed by the
different dot wavefunctions would be different here. For the maps in devices B and D, a

similar conclusion holds because Agq is of a similar magnitude.

For device C, the value of Agq = 0.06+0.08 GHz ~ 0.24+0.32 peV is the largest (although
the confidence interval is not conclusive). This suggests we may be observing a mostly
orbital anticrossing, with the valley composition of either orbital being compatible (valley
interference not completely destructive). This is consistent with the large A ~ 1.2 +0.8

meV.

Parameters Device A (1,3) Device A (3,1) Device B (3,1) Device C (3,1) Device D (3,1)

Vo (V) -0.0528 0.36 1.56 0.91 1.6234
ayel (THz/V) 1.2 1.2 1.5 1.5 1.5
A (GHz) 1241 38+3 85+3 279 + 200 1.340.3
Agq or Ay (MHz) —274+5 0+ 0.002 —7.540.2 —60 £ 80 —1.640.9
dEz (MHz) 2T+ 7 —9+9 10.34+0.3 —1104 70 1941
na (MHz/V) —238 430 Not Fitted 24404 Not Fitted 64 & 30
np (MHz/V) 826 + 100 5+4 1.740.3 Not Fitted 17420
¢ (MHz) 21410 —58 410 25.84+0.3 —60 £ 100 73+1
Qac (MHz) 9.5+0.6 11.34+0.5 1.8140.04 5.6 £0.4 Not Fitted

Table A.1: Fitted parameters of the four-level model
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APPENDIX B. APPENDIX: LOCATING & TUNING A LEVEL DEGENERACY

Appendix B

Locating & Tuning a Level

Degeneracy

We discuss now the protocol for tuning the energy spectrum of a new charge configuration
to create a level degeneracy, resulting in a speed-up of the qubit Rabi frequency. The
protocol utilises tunnel-rate-based excited state spectroscopy. The interdot detuning AVp
is swept across an interdot charge transition to observe changes in the interdot tunnel rate

associated with the population of excited states [43].

Figure B.la shows a top-view schematic layout of the device gates. Figure B.1b shows
the schematic potential landscapes for increasing AVp, progressing from deep in (3,1) to
deep in (4,0), where in-between the ground state of the P2 dot crosses the level of multiple
states for the 4th electron of the P1 dot. We denote the ground and 1st excited states
of the P1 dot as A and B, respectively, and mark these as the two right-most features in

Figure B.1g.

To create a level degeneracy, we observe the trend in the separation of states A and B whilst
deforming the dots, and tune towards a point of zero separation. In Figure B.1g, Vp1, Vpo,
and Vj are varied and denoted as Vp ofset, With the expected potential deformation shown

in Figure B.1c. The states A & B appear to converge for decreasing Vp ofset, SO we set
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Increasing AV,
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Figure B.1: Process for finding and tuning a degeneracy point

VP oftset = 1.7 V and in Figure B.1d & h re-tune Vj to achieve desired tunnel rates.

At the lower J value, the excited states can be probed again. In Figure B.le & i, we

further lower Vp ofset, and lose the visibility of the excited state due to high tunnel rates.
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APPENDIX B. APPENDIX: LOCATING & TUNING A LEVEL DEGENERACY

In Figure B.1f & j we again attempt to re-tune the interdot tunnel rate and again observe
the states A & B, here converging for higher Vj, potentially a sign that states A & B have
already crossed. Now we perform a PESOS map near the red triangle where we anticipate
a degeneracy, with results shown in 4.5b in the main text. We note that the first PESOS
map we took in the vicinity of the red triangle immediately showed a speed up of the qubit

Rabi frequency.
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