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Abstract

Single spin quantum dot qubits in silicon are a promising candidate for a scalable
quantum processor due to their long coherence times, compact size, and ease of integration
into existing fabrication technologies. Realizing a large quantum processor composed of
thousands or more logical qubits requires the integration of conventional transistor circuitry
and wiring interconnects to control each individual dot in the processor. The high density
of control wiring required for these processors presents many engineering challenges. In this
thesis, we propose a surface code quantum processor for silicon quantum dot qubits based
on a node/network architecture. Local nodes consisting of just seven quantum dots are
spatially separated on the order of microns to facilitate space for the necessary high density
wiring. Entanglement is distributed between individual nodes via shuttling of entangled
electron pairs throughout the network. X or Z stabilizer operations, necessary for operating
the surface code, are realized by distributing three electron spin singlet pairs across four
local nodes followed by local gate operations and ancilla measurements. Simulations of
electron shuttling indicate that adiabatic transport is possible on timescales that do not
bottleneck the processor speed. Phase rotation of the shuttled spin, induced by the Stark
shift, can lower the overall shuttling fidelity; however, the error can be mitigated by proper
electrostatic tuning of the stationary electron’s g-factor. Using realistic noise models, we
estimate error thresholds with respect to single and two-qubit gate fidelities as well as
singlet dephasing errors during shuttling.

Electron shuttling is a key resource of the proposed network architecture. We continue
the shuttling simulations by presenting an algorithm for finding constant-adiabatic shut-
tling control pulses, which enables a more rigorous study of how different conditions impact
the shuttling speed and fidelity. These constant adiabatic pulses are used to optimize the
physical device geometry to maximize charge shuttling speeds up to ~300 nm/ns in the
single-valley case. We then switch to an effective Hamiltonian representation where spin
and valley degrees of freedom are accounted for during shuttling. Using realistic device and
material parameters, shuttle speeds in the range 10—100 nm/ns with high spin entangle-
ment fidelities are obtained when the tunneling energy exceeds the Zeeman energy. High
fidelity shuttling also requires the inter-dot valley phase difference to be below a threshold
determined by the ratio of tunneling and Zeeman energies, so that spin-valley-orbit mixing
is weak. In this regime, we find that the primary source of infidelity is a coherent spin
rotation that is correctable, in principle, using single spin rotations.

Two-qubit gates in the network architecture are mediated by the exchange interaction,
an interaction that stems from the Coulomb interaction but manifests as a rotation between
the |1) and ||1) two qubit states. Realizing fault tolerant two-qubit gates has proven diffi-



cult in silicon quantum dots due to charge noise which perturbs the electron orbitals states,
causing decoherence. Quantitatively accurate modelling of exchange in general quantum
dot networks is important towards realizing fault tolerant gates. Traditional modelling
methods, such as a full configuration interaction approach, are cumbersome due to signif-
icant computational overhead required when accounting for the electron-electron interac-
tions in the calculation. We present a modified linear combination of harmonic orbitals
configuration interaction (LCHO-CI) approach which significantly reduces the computa-
tional time for obtaining quantitatively accurate estimations of exchange. The method
works by approximating the single electron orbitals of the quantum dot network using
an orthogonal basis of harmonic orbitals. This choice of orthogonal basis allows a pre-
calculated library of matrix elements to be used in evaluating the Coulomb interactions,
which speeds up the LCHO-CI calculation. The modified LCHO-CI approach is then used
to study how the physical device geometry impacts the charge noise sensitivity of a double
quantum dot system. We find that, in general, geometries which increase the dot charging
energy and decrease the gate lever arms improve the system’s sensitivity to charge noise.

We conclude this thesis by pivoting away from theoretical studies of silicon quantum
dots and towards experimental studies of electron transport in dopant-free GaAs het-
erostructures. In modulation doped GaAs heterostructures, a doping layer is used to
induce a two-dimensional electron gas (2DEG) at the heterojunction. Dopant-free GaAs
lack the doping layer which makes fabrication more difficult as local electron reservoirs
must be used to bring carriers and induce a 2DEG. The lack of the doping layer offers sev-
eral advantages over modulation doped heterostructures, such as gate-ability of the 2DEG
and ability to make ambipolar devices (both n- and p-type ohmic contacts). Realizing n-
and p-type ohmic contacts requires etching a recess pit and depositing the ohmic material
at an angle in order to preventing screening of the top gate when inducing a 2DEG or two-
dimensional hole gas (2DHG). Magnetotransport experiments are used to characterize an
induced 2DEG and 2DHG in a Hall bar fabricated on a 310 nm deep single heterojunction.
The carrier mobility and density can be tuned using the top gate, and we achieve peak
mobility values of 4.5x 108 cm?/Vs and 0.65x10° cm?/Vs for the 2DEG and 2DHG respec-
tively. We then move to a one-dimensional system and study electron transport through a
quantum point contact. Conductance quantization is observed, and subband spectroscopy
measurements indicate a 1D subband spacing of 4.5 meV. Finally, we study dynamically
driven electron transport in a zero-dimensional system using a tunable-barrier quantum
dot acting as a single electron pump. Single electron pumping is observed up to T = 5 K,
and fits to the electron cascade model suggests pumping errors of 1.87 ppm when operated
at a driving frequency of f = 500 MHz.
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Chapter 1

Introduction

1.1 Introduction

There has been signi cant interest in utilizing quantum mechanics to realize novel technolo-
gies for metrology [S5, ], communications [86], sensing [169, 52], and computing [195].
Quantum computers are believed to be capable of solving a set computational problems
much faster than could be done on a classical computer, such as prime number factor-
ization [240], database search [93], and simulation of quantum materials [67]. Classical
computers work by performing gate operations on a regular bit of information, which can
be stored in either a 0 or 1 state. Quantum computers utilize quantum superposition
to encode quantum bits (i.e. qubits) as a superposition of both 0 and 1 states. Other
quantum phenomena, such as entanglement and interference, give quantum computers
unique properties that enable them to outperform their classical counterparts. Quantum
computers are getting closer to demonstrating ‘quantum supremacy', where a gquantum
computer performs a particular computational task faster than ever could be possible on
a classical computer. Recently, quantum supremacy has been claimed for a computation
involving pseudo-random quantum circuit sampling [3]. Such milestones will become only
more commonplace in the upcoming years as quantum technologies continue to mature.

There are numerous implementations for realizing a quantum processor including su-

perconducting circuits [40, , 78], nuclear magnetic resonance [45, ], optical systems
[144], trapped ions [97], topologically protected states [232], diamond nitrogen vacancies
[37], phosphorus donors in silicon [129, ], spins in quantum dots [170, ], and more

not listed here. Each implementation has its own advantages and disadvantages which
typically revolve around the ability scale to larger qubit systems or di culties in achiev-
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ing high qubit gate delities. The particular implementation focused on in this thesis is
spins in quantum dots. Quantum dots are regions where electrons (or holes) are trapped
in a zero-dimensional system, con ned in all three spatial directions [99]. Quantum dots
are very small, ranging from 10s to 100s nm in size depending on the material system,
which enables dense packing of these qubits within a quantum processor. The tight con-
nement of the dot gives rise to discrete energy levels forming, p-, d-, orbital “shells'.
Electron Il these shells according to Hunds rule leading quantum dots to often be referred
to as "arti cial atoms' [38, ]. The number of electrons occupying the a quantum dot
can be precisely tuned from 100 electrons down to just a single electron. For quantum
information purposes, dots are typically operated in the single to few electron regime.

In this thesis, we focus on quantum dots that are formed laterally in a semiconductor
heterostructure using electrostatic gates. A heterostructure consists of two or more di erent
semiconductor materials stacked on top of each other, such as Si/3iGr GaAs/AlGaAs.

By bending the band structure of these materials, either though electrostatic gating or
doping of the material system, a thin conductive layer of free electrons can become trapped
in a 2-dimensional plane along the interface of the host materials. The free electrons in
the conductive layer behave like a gas and as such, are referred to as a two-dimensional
electron gas (2DEG). Gate electrodes deposited on top of the heterostructure can be used
to locally tune the potential landscape to reduce the system from 2D to 0D, forming a
quantum dot. By manipulating the voltages applied to these gate electrodes, the quantum
dots and the electrons within them can be electrostatically controlled.

1.2 Thesis Overview

The rest of this chapter provides an introduction of electron transport through quantum
dots, followed by a brief discussion of how single electron spins in dots can be used as qubits.
This is by no means a comprehensive introduction into the fundamentals of quantum dot
systems, and additional material can be found in the reviews of Hansem al. [99], Van

der Wiel et al. [262], Kloe el et al. [142], Kouwenhoveret al. [150], and Zwanenburget

al. [295] where the last one focuses speci cally on silicon quantum devices.

Chapter 2 presents a proposal of a node/network architecture for a scalable quantum
processor using silicon quantum dot spin qubits. Individual nodes in the network are com-
posed of seven quantum dots, and nodes are separated on the order of microns to open up
space for electronic wiring and classical control circuity. Neighboring nodes are connected
via linear chains of empty quantum dots which facilitate entanglement distribution by shut-
tling electrons from singlet pairs between nodes. A circuit for realizing and Z stabilizer
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operations, which are necessary for implementing the surface code, is presented in terms of
elementary quantum dot qubit operations. One of these elementary operations, inter-node
electron shuttling, is simulated to study how fast shuttling operations can occur while still
maintaining adiabatic evolution of the electron state. Surface code error thresholds for the
network are calculated using noise models for single and two-qubit gate errors as well as
spin dephasing errors accumulated during shuttling.

Chapter 3 signi cantly expands upon the electron shuttling simulations done in the
previous chapter. Electrons are shuttled by sequential tunneling through a linear quantum
dot array where each quantum dot is formed using a simpli ed gate geometry. A method
for nding constant-adiabatic shuttling pulses is introduced which allows for systematic
comparison of shuttling speeds and delities across di erent device geometries and material
parameters. Constant-adiabatic shuttling pulses are used to optimize the dimensions of the
simpli ed gate geometry in order to maximize the shuttling speed. Bulk silicon has six-fold
degenerate conduction band minima termed as \valleys" which, for a lateral quantum dot,
reduces to a two-fold nearly degenerate valley system. The interplay between the orbital,
valley, and spin degrees of freedom is highly relevant to silicon, as it can cause mixing and
decoherence during shuttling. The shuttling simulations are extended to include valley
and spin physics using an e ective Hamiltonian representation. We nd that high delity
singlet shuttling can occur when the inter-dot tunnel coupling is larger than the Zeeman
splitting and when the valley phase di erence between adjacent quantum dots is below a
threshold value, given by the ratio of tunnel coupling and Zeeman splitting.

Chapter 4 presents work done on modelling the exchange interaction in quantum dot
networks. The exchange interaction can be used to implement two-qubit gates, a neces-
sary part of operating the network architecture introduced in Chapter 2. We introduce
a modi ed linear combination of harmonic orbitals/con guration interaction (LCHO-CI)
approach for solving the many-electron eigenstates of the quantum dot network. The resul-
tant many-electron spectra is mapped to an e ective Heisenberg representation to extract
the individual electron pairwise exchange interaction strengths. In the modi ed LCHO-
Cl approach, an orthogonal basis of harmonic orbitals is used to approximate the single
electron states. This choice of basis signi cantly reduces the computation time of the ClI
calculation by enabling a pre-calculated library of matrix elements to be used when evalu-
ating the Coulomb interactions. Additionally, we show how the harmonic orbital basis can
be optimized to improve the accuracy of the LCHO-CI calculation without hindering the
total calculation time. We use the modi ed LCHO-CI method to calculate exchange in a
silicon double quantum dot device occupied by two electrons. The full 3D device struc-
ture is modelled, including the physical gate geometry and Si/SiCheterostructure. The
speed of the modi ed LCHO-CI calculations enables us to systematically study how the

3



device's geometric parameters impact the system's sensitivity to charge noise uctuations,
an important decoherence mechanism for quantum dot spin qubits.

Chapter 5 switches focus from applied theoretical studies of silicon quantum dots to
focusing on experimental studies of electron transport in dopant-free GaAs material sys-
tems. The highlight of the chapter is a demonstration of single electron pumping using a
dynamically driven quantum dot in dopant-free GaAs. However, the quantum dots are not
made with quantum information processing in mind but rather for novel quantum optics
and communications applications. The chapter begins by discussing the bene ts of dopant-
free systems compared to intentionally doped heterostructures. The biggest challenge with
using dopant-free GaAs is forming high quality ohmic contacts to an induced 2DEG at
the GaAs/AlGaAs interface. 2D magnetotransport data for a deep single heterojunction
demonstrates good ohmic contacts to these structures as well as the presence of an induced
conductive layer of electrons and holes. Next, 1D electron transport is studied using an
etched quantum point contact. Quantized conductance is observed, and bias spectroscopy
measurements show how the 1D subband spacing can be tuned as high as 4.5 meV using
the top gate. Lastly, non-adiabatic electron transport is studied in a OD system using a
tunable-barrier single electron pump. When the pump is driven by an AC signal, a small
integer number of electrons can be pumped through the device every cycle with high accu-
racy and reproducibility. Non-adiabatic pumping is observed at driving frequencies from
100 MHz to 900 MHz at relatively high cryogenic temperatures of = 1.4 K. Fits to the
electron cascade model suggest a pumping accuracy comparable to state of the art single
electron pumps in GaAs at similar frequencies. This device is the very rst demonstration
of single electron pumping in a dopant-free GaAs system.

1.3 Background

1.3.1 Electron transport through quantum dots

We begin with a brief introduction of electron transport in quantum dots. Much of this
section is based on the introduction in the thesis of Holloway [109]. To start, we consider
just a single quantum dot that is coupled to source and drain leads, shown schematically in
Figure 1.1. The source and drain leads are capacitively coupled to the quantum dot which
forms tunnel barriers. The source and drain leads act as reservoirs for electrons to tunnel
into and out of the quantum dot. These reservoirs can be used to initialize and measure
electron spin states for quantum information purposes, as discussed in Section 1.3.2. An
additional metal gate electrode with voltageVy is capacitively coupled to the quantum
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dot with strength Cg4. V; enables tuning of the energy levels within the quantum dot.
Electrons Il the lowest energy states of the source and drain up to the respective chemical
potentials of the leads s and . By applying an external bias voltagevyss to the leads,
these chemical potentials can be shifted according 84,s = s b. The quantum dot
chemical potential (N)= U(N) U(N 1) species the energy required to add am ™"
electron to the dot, whereU(N) is the total energy of the quantum dot when occupied by
N electrons. When (N) lies below s and p, electrons occupy the rstN states of the
quantum dot.

Figure 1.1: Schematic of a single quantum dot coupled to a source and drain reservoir as
well as a nearby gate. Each reservoir has a corresponding chemical potentiaand the
gate voltageV, is capacitively coupled to the dot with strengthCg.

Evaluating (N) from rst principles is non-trivial. A good model for (N) can be
found using the semi-classical constant interaction approach [262], which gives

AN No 1=2) eGV,
C C

whereEy is the orbital energy of theN ™ electron, N is the number of electrons occupying
the quantum dot whenVy = 0 V, and C is the self-capacitance of the quantum dot. The
tight con nement of the quantum dot can be treated as small 3D box, giving rise to orbital
energies of the form

(N)=En +

(1.1)

2 2
Eob = =— —~+ L+ - 1.2
" om L, L, L, (12)



wherem is the e ective mass of the electron in the host materialp; corresponds to an
orbital mode along each spatial direction, andl; are the e ective con nement length scales.
We will denote the orbital energyEqm,(ny;ny; n;) of the N electron in the dot asEy .
The amount of energy required to add an electron to the quantum dot is simply

Eas = (N) (N 1)=Ey Ey .+€=C (1.3)

where the last term, €=C, is the quantum dot's charging energy, typically denoted as
Ec. Ec accounts for the Coulomb repulsion energy that electrons need to overcome when
being packed within such a tight space. Usually, the physical size of a quantum dot makes
Ec Eon SO that Eadd Ec.

When a bias voltage is applied to shift s and p, (N) can be tuned to fall within the
bias window where the quantum dot is no longer in a equilibrium charge con guration. An
electron can tunnel from the source, into the accessibié" dot state, and then back out
of the dot into an unoccupied state in the drain. As this process repeats, a nite current
is produced through the device. However, if(N) lies outside of the bias window, then
electron tunneling through the dot is suppressed, and there is no current ow. As this
e ect is mainly caused byE.qqy Ec, the current suppression is referred to as Coulomb
blockade. The current through the quantum dot is given as

X
l=eo fC(N) ) fC(N) »p) (1.4)

N

wheref ( ) =[1+exp( =kgT)] !is the Fermi function with temperature T and , is the
electron tunneling rate through the dot barriers [8]. The tunnel rate o is an average of
the individual source and drain barrier tunneling rates o = s p=( s+ p). Current
through the device can be controlled three ways. The rst is the applied bias voltagé;as.
By increasingVyias, the bias window opens bringing more states,(N ), within the window
allowing for conduction through the device. The second control parameter is temperature.
At higher temperatures there are free electrons with energy s-p and unoccupied states
with energy < s-p in the source and drain. This broadens the bias window and smears
the resolution of when current is and is not blocked through the dot. The third and nal
parameter isVy, which directly controls (N) as described in Equation 1.1. By changing
Vy, (N) can be shifted to lie in and out of the bias window, controlling when current ows
through the dot.

Figure 1.2a shows simulated current through a single quantum dot as a function\g,
and Vy. The simulation parameters areEc = 10 meV, T =1 K, Cy = 0.1C, and , =
1 GHz. Diamond-like regions of Coulomb blockade (i.e. Coulomb diamonds) correspond
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Figure 1.2: Simulated current through a single quantum dot coupled to two electron reser-
voirs with chemical potentials | and g. Simulation parameters areEc = 10 meV, T =
1K, Cy=0.1C, and =1 GHz. a) Coulomb diamonds whenVyj;s and Vg are swept.
When no energy levels lie within the bias window, current is suppressed. As the bias in-
creases and dot energy levels are brought within the window, electrons can tunnel from the
left reservoir, into the dot, and out into the right reservoir producing current. Numbers
indicate the electron occupancy of the quantum dot as a function &f;. The width of
the Coulomb diamond directly gives the dot charging energc. b) Current versusVy at
Vhias = 1 mV. Peaks in the current correspond to an additional electron tunneling onto the
guantum dot. The spacing between peaks is related ©¢ by the dot capacitanceC and
gate capacitanceVy. c-e) Schematics of the dot energy diagrams at di erent bias and gate
voltage con gurations taken from a).

to where no energy levels (N) lie within the bias window and current is suppressed. As
Vy increases, each diamond indicates where an additional electron has tunneled onto the
guantum dot. The respective quantum dot occupancy in each diamond is appropriately
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labelled in the gure. The width of the Coulomb blockade diamonds directly gives the
charging energy, providing an easy way to experimentally determingéc. Figure 1.2b
shows a 1D slice of the simulated current along,,s = 1 mV to highlight the Coulomb
blockade peaks a¥ is swept. Each peak corresponds to an additional electron tunneling
onto the dot. The peak broadness is a function of both the temperature of the electron
reservoir as well ad/ias. At very small Vyiss, the conductance peaksG = I=V) can be t
to the expression
e€ A (Vg Vo)
hkgT 2kg T

whereA is an amplitude tting constant, is the lever arm betweerV, and the energy of
the dot, Vj is the voltage location of the peak height, and is the estimated temperature of
the electron reservoir. In the lab, heating from wiring lines or noise in the signal can raise
the e ective temperature of the electron reservoir above the cryostat base temperature
where the device is being measured. High&r will smear the resolution of the current
measurements discussed above, and characterizihgs an important step in assessing the
quality of the cryogenic measurement setup. Figures 1.2c-e show schematics of the dot's
energy spectra at di erent bias and gate voltage con gurations when current is allowed
and suppressed through the device. The measurements outlined in Figure 1.2 can be used
to nd which voltage con gurations tune the quantum dot to the regime where a single
electron occupies the dot, which is relevant for quantum computing purposes.

(1.5)

Our above discussion has assumed the system parameters suchgand , are constant

in the system. In reality, both C4y and o depend on the gate voltages that de ne the
guantum dot system. As a quantum dot approaches the single electron occupancy regime,
the tunnel rate  through the quantum dot will fall. This is because a3/ is lowered, the
barrier height between the dot and the source and drain leads is indirectly increased. As

o decreases, so does the magnitude of the current through the quantum dot. Generally at
small electron occupancies, it is not possible to directly measure the current through the
guantum dot due to its small magnitude. Therefore, in order to tune the quantum dot down
to the single electron regime, we must utilize a charge sensor. The charge sensor is another
guantum dot physically located nearby the dot of interest. The close proximity capacitively
couples the two dots together as shown schematically in Figure 1.3a. The charge sensor is
tuned to a higher electron occupancy regime where the tunnel ratg through the sensor is
large enough so that the sensor currente,sor Can be directly measured. When the charge
sensor is tuned along the edge oflg.nsor Coulomb peak as shown in Figure 1.3b, the charge
sensor becomes sensitive to electrostatic uctuations in the surrounding environment. As
electrons in the dot of interest tunnel on or o of the quantum dot, the charge sensor's
energy is perturbed and a measurable change IQensor iS recorded. The amplitude of



Figure 1.3: Using a charge sensor to monitor a nearby quantum dot. a) Schematic showing
two quantum dots (grey) capacitively coupled together. Both dots are capacitively coupled
to two electron reservoirs (yellow). The dot of interest is in a low electron occupancy regime
with low tunneling rate o where the current is too small to directly measure. The charge
sensor is in a higher electron occupancy regime where the tunneling ratgis high so that
the current | sgnsor can be resolved. b) A simulated Coulomb blockade peak for the charge
sensor dot using the same dot parameters as Figure 1.2. The sensor is tuned along the
edge of a Coulomb blockade peak making it sensitive to nearby electrostatic uctuations.
As electrons tunnel o of the dot of interest, the e ective voltage on the charge sensor
increases, shifting sensor. The right schematic indicates how sensor increases step-wise with
the change in electron occupancy of the dot of interest.

those perturbations is proportional to the strength of the capacitive coupling between the
dot and charge sensor. In this way, the charge sensor can monitor the dot of interest's
electron occupancy down to the last electron. This ability of the charge sensor to be able
to detect single charge events of dot can be utilized for spin readout as will be discussed
in Section 1.3.2.



1.3.2 Single spins in quantum dots as qubits

There are several methods for encoding spins in quantum dots into a logical qubit including
singlet-triplet [178, ], hybrid [137], exchange-only [58, ], and single-spin. In this
thesis we focus on the most straightforward of the possible encodings, the single-spin
qubit, rst proposed by Loss and DiVincenzo [170]. The quantum processor consists of a
lattice network con guration of many quantum dots coupled together each occupied by a
single electron. By applying a large static magnetic eld,, the Zeeman e ect lifts the
spin degeneracy forming a two-level qubit system where the logical qubit staf€ and j1i
correspond to the spin stateg'i and j#i.

The rest of this section provides a brief introduction into four fundamental operations
for these qubits: initialization, single-qubit rotations, two-qubit rotations, and measure-
ment. While these techniques described are applicable to both silicon and GaAs material
systems, our terminology will center around silicon quantum dot devices as they are the
focus of Chapters 2, 3, and 4. Silicon has two distinct advantages over GaAs in its ability
to realize quantum dot spin qubits. First, GaAs has many nuclear spins which can couple
to the electron via the hyper ne interaction and decohere the spin state. While natural
silicon has an abundance of th&Si, a spin +% isotope, silicon can be puri ed to only have
285, creating a nuclear spin “vacuum' which signi cantly increases the coherence time of
silicon spin qubits. Secondly, GaAs's zinc-blende lattice structure has bulk inversion asym-
metry. This creates a strong spin-orbit coupling in GaAs and is a dominanting mechanism
for spin relaxation [63, ]. Silicon has no bulk inversion asymmetry; however, structural
inversion asymmetry arises at the interface where the quantum dot is formed which causes
a non-zero, but far weaker, spin-orbit coupling compared to GaAs [99, ]

Quibit initialization

Qubits can be easily initialized into a quantum dot by coupling to an electron reservoir,
as discussed in Section 1.3.1. Figure 1.4a shows the procedure for initializing a spin-up
j"i (logical jOi) state. The dot is tuned such that the chemical potential of the electron
reservoir, , falls in between the ground and excited spin states. The black outline of the
yellow region depicts the energy distribution of electrons in the reservoir. AI = 0 K,
electrons do not have high enough energy to tunnel into the excited spin staj@ and
instead only initialize into the ground spin statej"i . The probability of initializing into j"i
depends both on the magnitude of the Zeeman splitting, as well as the e ective electron
temperature of the reservoir. E, is given asE; = g gBo whereg 2 is the electron
g-factor and g is the Bohr magneton. TypicallyjByj is on the order of 1 T giving E;,
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110 eV. The magnitude ofE, sets an upper bound on the allowable temperature of the
reservoir. If the thermal energykg T E,, then some electrons in the reservoir have a high
enough energy to load into the excited spin state as shown in Figure 1.4b. By reducihg
sothatksT  E,, the|"i state can be initialized with high probability. Due to the small
magnitude ofE,, T must be tens of mK, usually achieved using a dilution refrigerator.

In a large quantum dot network, it is not practical to couple reservoirs to every single
dot in the network. Adding reservoirs takes up an important amount of physical space
on the chip as well as introduces extra charge noise from each reservoir. In reality, only a
subset of dots in the network need to be coupled to a reservoir. Electrons can be initialized
in those reservoir-coupled dots and then moved elsewhere by sequential tunneling through
dots in the network. In principle, as long as a quantum dot is decoupled from an electron
reservoir, there is no strict requirement thatkg T E, in order to operate the spin
qubits. Recent experiments have demonstrated "hot' quantum dot qubits above 1 K where
cryogenic cooling requirements are eased [283, , ].

Figure 1.4: Spin qubit initialization in a single quantum coupled to an electron reservoir.
The dot is tuned so that the chemical potential of the reservoir, , lies in between the
j"i and j#i spin states. Both spin states are separated in energy by the Zeeman splitting
E, = g gjBj. The black outline of the yellow region corresponds to the energy distribution
of electrons in the reservoir. a) AtT = 0 K, electron tunneling into the excited spin state

is suppressed, and electrons only only initialize into the groundi state. b) When the
thermal energy of the reservoir is comparable to the Zeeman splitting, there is a non-zero
probability of electrons tunneling into the excitedj#i state.

One useful feature of quantum dots is their inherent ability to initialize entangled two-
gubit states. When two electrons from a reservoir are loaded into a single quantum dot,
they load into the same ground orbital state of the quantum dot. The Pauli exclusion
principle prevents two spins of the same species from being loaded, and the electrons load
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into the entangled spin singlet statgSi = p%(j"#i j#"i ). By tunneling one electron from
the pair into a neighboring quantum dot, a distributed entangled qubit can be realized.
This behavior is heavily utilized in our proposal for a scalable quantum dot processor
outlined in Chapter 2.

Single-qubit rotations

A standard method for realizing single-spin qubit rotations is microwave-driven electron
spin resonance (ESR) [211, : , ]. The static magnetic dg causes a preces-
sion of the electron spin. By applying an on-resonance microwave eBl perpendicular

to By, the spin state can be driven between th@i and j#i states. The precession fre-
guency of the electron is determined by, and tends to be on the order 10s of GHz.
The microwave pulse can be generated either by sending power to a resonant cavity or
by using an impedance matched microstrip line placed directly near the quantum dot.
Using resonant cavities has proven di cult as generating a larg&; induces a strong mi-
crowave electric eld which enables photon assisted tunneling of the electron out of the
dot [151, ]. Microstrip lines placed within a few hundred nanometers of the quantum
dot require less power, thereby suppressing photon assisted tunneling. However, microstrip
lines tend to be bulky, taking up valuable physical space and can only control a local set
of nearby quantum dots in the network. Nevertheless, microstrip lines have been used to
demonstrate very high delity single-qubit gates>0.999 [280]. As the microwave pulse is
applied perpendicular to theBy eld, ESR can can only implement directlyX andY qubit
rotations. Z gates can be achieved either by changing the reference frame of the system
or by composingX and Y gates.

Local dot disorder causes the electrog-factor to vary from each dot to dot [122].
This is advantageous as it enables individual addressability of each quantum dot in the
network. However, realizing global control proves problematic as it is di cult to realize a
pulse with wide bandwidth while maintaining uniformly high delity. The small but non-
zero spin orbit coupling in silicon allows theg-factor to be electrostatically tuned through
the Stark shift [267]. This allows quantum dots to be brought on and o resonance with
the microwave pulse enabling on-demand individual and global control.

Electron spin dipole resonance (EDSR) uses electric microwave pulses as an alternative
approach for single-spin rotations [179, 44]. Electric elds couple to the qubit's spin through
the spin-orbit interaction to drive rotations. In silicon, only holes have a su ciently strong
enough spin-orbit interaction to realize fast spin rotations. For electrons, the spin-orbit
coupling is too weak. Strong enough microwave electric elds can be brought directly to
the qubit by using one of the nearby metal gates de ning the quantum dot [197, 1,
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providing individual addressability. For electrons, a strong e ective spin-orbit interaction
can be realized by using a micromagnet [249, : : ]. The micromagnet creates
a magnetic eld gradient with perpendicular and parallel elds akin to a strong e ective
spin-orbit interaction. Micromagnets are large compared to the quantum dot size and
must be deposited as a nal step on top of the device structure, thereby covering a cluster
of nearby quantum dot qubits. While EDSR easily allows for individual addressibility,
the magnetic eld gradients are not tunable after depositing the micromagnet, nor easily
reproducible, and variation from micromagnet to micromagnet on the same processor will
require calibration. Additionally, the stray elds from the micromagnet will perturb the
rotation axis of the qubit if the micromagnet is not properly aligned with theB, eld. The
introduction of the e ective spin-orbit interaction means the qubits are more sensitive to
charge noise and will decrease the qubit's coherence time [13].

Two-qubit rotations

Quantum dot qubits have a natural mechanism for implementing entangling two-spin quan-
tum gates through the exchange interaction [269, , , : ]. This interaction,
with strength J, is a function of tunnel coupling as well as the energy detuning between
neighboring quantum dots. While the interaction arises from the Coulomb interaction, it
manifests as a rotation between th¢#i and j#"i two-qubit spin states. Since tunnel cou-
pling and detuning can be controlled electrostatically using gates that de ne the quantum
dot, J and the corresponding two-spin gates can be controlled electrostatically. The size
of J enables rotations of the entangling gates in the subnanosecond range [178]. Direct
application of the exchange interaction results in a SWAP quantum gate but requires
high bandwidth lines for proper control at the fastest frequencies [116]. For the logical
guantum gates controlZ or CROT, extra single-spin gates must be used in tandem with
the exchange interaction. In the original Loss-DiVincenzo Broposal for quantum dot qubits,
the control-Z was proposed using three single-spin and twoSWAP gates [170]. However,
the control-Z can also be directly implemented by creating a di erence in Zeeman energy
between the two quantum dots and have an exchange interaction of lesser or comparable
strength. The E, can either be realized using a micromagnet as shown experimentally
in Watson et al. [271] or through the Stark shift as in Veldhorstet al. [269].

Two-spin operations are signi cantly faster than single-spin operations. There are
proposals for exchange-only quantum dot qubits which use only the exchange interaction
for universal control of logical qubits, allowing for very fast processor speeds in principle
[58]. The single-spin qubit requires a combination of both and single-spin gates, so the
logical two-qubit gates will be limited by the slower single-spin operations. Two-qubit gates
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have only recently obtained high enough delities of 98.0% to allow for characterization
using randomized benchmarking techniques, indicating that both single-spin and two-spin
quantum gates are approaching fault tolerance levels for quantum computing [116, ]
The di culty in realizing high delity two-spin gates stems from the exchange interaction's
sensitivity to charge noise, which perturbs both the detuning and tunnel coupling between
the quantum dot qubits [50, 56]. Reducing charge noise's e ect on the qubit can be done
through operating the qubits near the symmetric operating point which makes the qubit
rst order insensitive to charge noise [221, ]. Furthermore, the impact of the charge
noise can be reduced using appropriately designed control pulses [29, 94] and refocusing
composite pulses [64]. Charge noise can induce correlated errors on the qubits which can
adversely a ect fault to&prant encoding protocols [251]; however, we show in Chapter 2 that
the SWAP error inthe  SWAP gate can be converted to Pauli noise through twirling. The
exchange interaction and its sensitivity to charge noise is one of the focuses of Chapter 4.

Qubit Measurement

Directly measuring the spin of a single electron is challenging due its small magnetic
moment. The most commonly used method for spin readout relies on converting the
electron spin state into a unique charge con guration which can in turn be measured
using a charge sensor [212, , ]. One drawback in charge sensing is the need for
dynamic control over the tuning of the charge sensor in order to maintain an optimal
charge sensitivity throughout a wide voltage range measurement [281]. The rst spin-to-
charge conversion technique discussed is spin-dependent tunnelling as shown in Figure 1.5a
[63]. When the quantum dot is coupled to an electron reservoir, the dot's energy levels
can be pulsed so that the chemical potential of the reservoir lies between the two spin
energy levels. If the electron is in the groungli state, it cannot tunnel out of the dot.

As the charge con guration of the dot remains unchanged, so does the charge sensor's
current lsensor. On the other hand, if the dot is in the excitedj#i state, then the electron

can tunnel out of the quantum dot into the reservoir. | sensor Will response to the change

in the electrostatic environment with a change in the sensor current. After the electron
has tunneled out of the dot, a new electron can tunnel into the ground state which returns

| sensor tO it's idle con guration. The main disadvantage of this readout technique is that the
electron and the spin state is lost when the measured electron tunnels into the reservoir.

An alternative approach, which does not require the electron to be lost to the reservoir,
employs Pauli spin blockade in a double quantum dot system [157], schematically shown
in Figure 1.5b. Two electrons in a double quantum dot system form either a singlet or
one of three triplet spin states corresponding t&, = 1, 0, or +1. When the ground
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Figure 1.5: Spin-to-charge conversion techniques for spin readout using a charge sensor.
a) In spin-dependent tunneling, the dot is coupled to a electron reservoir with chemical
potential . The dot energy levels are pulsed such that lies between the two spin states.
When the electron is in thej"i state, the electron remains trapped in the dot, and the
charge sensor sees no response in its currégtsor. When the electron is in thej#i state,
the electron tunnels out of the dot manifesting as a blip ir sensor UNtil @ new electron
tunnels into the dot. b) When a small bias is applied to a double dot system with two
electrons, the leftmost electron wants to tunnel into the right dot taking the system from a
(1;1)! (0;2) charge con guration. This transition only occurs when the electrons are in
the singlet|Si as the doubly occupied tripletjTi is separated by an energy splittingest
due to the Pauli exclusion principle.

state energy levels in each quantum dot are aligned, each electron occupies a single dot in
a (1, 1) charge con guration (where each number corresponds to the electron occupancy of
the left/right dot). When a small bias is applied to the dots as shown in Figure 1.5b, an
electron will try and tunnel into the other dot forming a (0; 2) charge con guration. The
doubly occupied energy levels for the singl& and triplet T states are separated by a large
energy splitting Est due to the Pauli exclusion principle. For small biases, the electron can
only tunnel into the right dot if the electron pair are in the singlet stateS(1;1) ! S(0; 2).
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When in the triplet state, the T(1;1) 9 T(O; 2) transition is suppressed. A nearby charge
sensor can monitor the respective (1) or (0;2) charge con guration of the double dot
system in order to extract the two-electron spin state.

The need for a charge sensor to perform spin readout increases the density of metal
gate lines and device complexity. An alternative and more scalable spin readout method
is gate dispersive readout which uses radio frequency (RF) re ectometry techniques to
probe the charge con guration of the quantum dot [89, 46, ]. An LC tank circuit is
directly connected to one of the metal gates used to de ne the quantum dot, eliminating
the need for a charge sensor. The LC circuit elements consist of a surface mount inductor
and the parasitic capacitance of the metal gate. Changes in the charge con guration of
the quantum dot shift the load capacitance C at the metal gate which manifests as a
dispersive phase response Q C=G of the re ected RF signal whereQ is the quality
factor of the LC circuit [182]. Homodyne detection on the re ected RF signal can be used
to measure  and detect changes in the charge con guration.

1.3.3 An outlook on quantum dot spin qubits

This section gives a brief summary of the current state of quantum dot spin qubits and
an outlook on what next steps are necessary in order to scale up these devices to the tens
of qubit level. Some of the discussion here will be explored in further detail elsewhere
in this thesis. While electron spin quantum dot qubits are a promising candidate for a
scalable quantum processor, state of the art devices so far consist of at most 10 quantum
dots [181, ]. In contrast, Google's Sycamore quantum processor, which was claimed
to have demonstrated quantum supremacy, is composed of 54 superconducting qubits [3].
Quantum dot devices are beginning to demonstrate the basic operations needed to scale up
to larger qubit systems. Demonstrating simple quantum algorithms, like the Deutsch{Josza
algorithm, has been realized in a two-qubit silicon quantum dot device [271]. Additional
experiments, such as conditional quantum teleportation, have recently been realized in a
GaAs quadruple quantum dot device [214].

Scaling to larger quantum dot devices is not prohibited by the physical size of a quantum
dot. Quantum dots take up a remarkably small area, with GaAs dots being around 100s of
nm in size and silicon dots being around 10s of nm. Scaling to larger qubit systems is mainly
prohibited by other aspects of quantum dot qubits, such as current state of the art two-
qgubit gate delities, device variability, cryogenic cooling capabilities, and wiring/control
complexity. Single qubit gates with very high delities have been demonstrated for silicon
(0.9996) [283] and GaAs (0.995) [31]. However, two-qubit gates have struggled to achieve
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similarly high gate delities due to charge noise (charge noise is explored in detail in
Chapter 4). Only recently have delities for two-qubit gates reached 98% in Si/Si©
quantum dot devices [116] and 92% in Si/SiGe devices [276]. In GaAs, two-spin entangling
gates have demonstrated delities of 90% in a double dot system [191]. Additionally,
guantum teleportation was achieved in a GaAs four-dot system using two-qubit gates
[214]; however, the low teleportation delities ( 0.71) indicate that two-qubit gates in
GaAs are still far from fault tolerant thresholds.

Device variability is another bottleneck in scaling up quantum dot processors. Because
quantum dots are so small, local variations from device fabrication or material quality
can introduce signi cant dot to dot variations. For example, measurements of nominally
similar silicon quantum dot devices showed that the electrog-factor can vary by up to
0.3% from dot to dot [122]. The magnetic elds typically used to create two-level spin
systems in quantum dots give a Zeeman splitting of 40 GHz, implying that the energy
splitting could vary by up to 120 MHz from dot to dot. If global microwave control
elds are used to facilitate single qubit rotations, then there is no guarantee that all qubits
would be on resonance with the common microwave pulse. Of the possible material systems
for quantum dot qubits (GaAs, Si/SiO,, and Si/SiGe), Si/SiO, is the worst o ender for
device variability, due to imperfections at the Si/SiQ interface and defects within the
SiO,. For GaAs and Si/SiGe, variability from background dopants or intentional dopants
in the material system give rise to device non-uniformity. Material systems such as GaAs
and SiGe bury the electrons in the quantum dot within the wafer heterostructure, where
device reproducibility is improved [155]. Improvements in fabrication techniques have
already demonstrated multi-dot devices with reduced variation [14, ]. Some proposals
for silicon dot devices suggest using oating gates placed nearby the quantum dot to ne-
tune the dot's electrostatic potential and reduce dot to dot variation [18]. However, the
use of this technique in practice remains to be seen.

Another main bottleneck for device scaling lies in cryogenic cooling of the quantum
dot processor. Quantum dot devices are typically operated in dilution refrigerator systems
which can cool down the devices to tens of mK. These low temperatures are necessary
in order to resolve the two-level spin system when using conventional measurement tech-
niques. However, as mentioned in the readout section of Section 1.3.2, if the quantum dots
are decoupled from an electron reservoir, there is nothing, in principle, preventing them
from being operated at higher temperatures. Several recent state of the art experiments
have demonstrated implementing single and two-qubit gates in silicon quantum dot devices
above 1 K [283, , ]. At these temperatures, conventional pump®te cryogenic sys-
tems can be used to cool the devices. Quantum dots require high control wiring density in
order to precisely control the qubits. To handle the high density, it has been proposed to
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bring conventional CMOS control circuitry into the cryostat and even onto the same chip
as the quantum dots [164, , 16, ]. However, these conventional CMOS circuits have
signi cant power dissipation, which proves problematic for dilution refrigerators. Pumped
“He cryostats have orders of magnitude larger cooling power compared to dilution refriger-
ators and can easily reach 1.4 K temperatures, which could enable the integration of CMOS
control circuitry. As such, raising the operating temperature of quantum dot qubits above

1 K is key towards their scalability.

We have discussed several material systems which can host quantum dot spin qubits:
GaAs, Si/SiO,, and Si/SiGe. GaAs quantum dots are larger and easier to fabricate, and as
such they were realized earlier than silicon quantum dot spin qubits. However, GaAs has a
strong hyper ne interaction, due to the presence of nuclear spins, which results in intrinsic
electron spin coherence time3, on the order of 10 ns [208, ] (although dynamical
decoupling techniques have demonstrated,'s up to 1 ms [176]). When isotopically
puri ed of the naturally occurring 2°Si isotope, silicon is nuclear spin free. This has proven
e ective in enabling long coherence times on the order df, = 120 ms and T, = 28 ms
in early Si/SIO, silicon spin qubit experiments [267]. GaAs also has a strong spin-orbit
interaction while silicon does not, making it easier to facilitate long range spin state transfer
in silicon. In bulk silicon, the conduction band minima have six-fold degeneracy, termed
valleys. At the interfaces where the quantum dots are formed, the degeneracy is lifted,
resulting in two low energy states. The presence of these valley states can be a major
source of mixing for silicon quantum dot spin qubits, particularly when the valley splitting
is equal to the Zeeman splitting [282, ]. The valley splitting energy is determined by
the sharpness of the interface, as well as other electric elds present in the system. As the
Si/SiO,, interface is sharper than the Si/SiGe interface, the former material tends to have
larger valley splittings compared to the latter; however, both materials have demonstrated
valley splittings >100 eV [79] (note that typical Zeeman splittings are< 100 eV). Local
disorder at the interface can cause the valley splitting to vary between dots, which not
only causes unwanted dot to dot variation, but can also suppress the inter-dot coupling
strength [294, 20]. The conduction band of GaAs has no degeneracy resulting in a single
valley material. However, the hyper ne and spin-orbit e ects of GaAs still make silicon
a more attractive material system overall in terms of scalability. Si/SiGe materials have
intrinsic strain which makes the wafers more di cult to grow and fabricate devices [255].

In contrast, the Si/SiO, interface is not as strained, making it comparatively easier to grow
and fabricate devices. Charge traps in the SiJayer are problematic for device noise and
variation; however, forming gas annealing is e ective at suppressing those defects [139, ]
Conventional CMOS technology readily uses Si/SiOmaterial, which makes it a natural t

for current foundry processing as well as integration of classical circuits onto the physical
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quantum processor chip. Taking all of these considerations into account, we anticipate
that Si/SiO , will be the material of choice for realizing quantum dot spin qubits, at least
for the nearer-term.
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Chapter 2

Network architecture for a
topological guantum computer In
silicon

Chapter contributions: The network architecture was initially conceived by Dr. Jonathan
Baugh and further re ned with input from myself, Eduardo B. Ramirez, Dr. Kyle S.
Willick, and Sean M. Walker. Jiahao Li and Benjamin D. Shaw assisted with nextnano++
simulations for Section 2.3. Error models for the quantum gates were proposed by myself
and Dr. Jonathan Baugh with input from Zhenyu Cai and Dr. Simon C. Benjamin.
Simulations of the surface code error thresholds in Section 2.4 were done by Zhenyu Cai.

This chapter is adapted from the publication:

Buonacorsi, B. , Cai, Z., Ramirez, E.B., Willick, K.S., Walker, S.M., Li, J., Shaw, B.D.,
Xu, X., Benjamin, S.C., and Baugh, J. (2019). Network architecture for a topological
guantum computer in silicon. Quantum Science and Technology,(2), 025003.

2.1 Introduction

Building a large-scale, universal quantum computer would enable major technological ad-
vances, yet presents a signi cant challenge. Solid-state qubits based on superconduct-
ing circuits [78, ], semiconductor quantum dots [99, ], semiconductor donor spins
[129, , ], or topologically protected quantum states [232] o er exciting prospects for
a quantum computer chip, in analogy to classical CMOS devices. The standard circuit
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model for quantum computation, however, requires a staggering error correction overhead
to achieve fault tolerance. Topological stabilizer codes acting on two-dimensional qubit
arrays, i.e. surface codes [220, 75], can tolerate relatively high error thresholds and are
considered one of the most promising approaches to scaling up. Fowde¢ral. [72] esti-
mate that 100 million physical qubits would be required to factor a 2000 bit semiprime
(i.,e. RSA) number via Shor's algorithm on a surface code processor. In that estimate,
the ratio of logical to physical qubits is 10 4. Scaling to this size, while maintaining
the requisite precision of quantum control and the necessary cryogenic environment, is
far beyond what is possible today. Superconducting qubit processors are rapidly advanc-
ing from several qubits [189, , ] to the 50 100 qubit scale [3], while competing
platforms such as semiconductor quantum dots are still developing at the few-qubit scale
[271, , 64, , ]. Ultimately, the qubit footprint matters for a large-scale monolithic
chip to be possible. Quantum dot and donor qubits have the advantage of a small (tens
of nanometers) footprint compared to other platforms like superconducting or trapped
ion qubits, making an area density of 10' physical qubits per cn? a theoretical pos-
sibility. A rigorous analysis based on a compact exchange-only silicon double dot qubit,
accounting for technological and physical constraints as a function of CMOS technology
node, predicts that a 18° cm ? density of physical qubits is possible at the 7 nm CMOS
node, corresponding to 10* 10° cm 2 logical qubits depending on the error correction
scheme chosen [225]. The ability to integrate classical components on the quantum chip to
facilitate multiplexing of control and readout signals will be advantageous. Semiconductor
qubits also have an advantage in this respect, especially those based on silicon platforms.
We will refer to realizing electron or hole spin qubits in a silicon MOS device structure
[179, : , ] at cryogenic temperatures as QMOS'. A QMOS approach can bene t
from the vast investments and advances that have been made in conventional CMOS de-
vice processing, and is naturally compatible with CMOS integration. In this chapter, we
propose a QMOS architecture that is based on a network/node approach and is distinct
from existing proposals [107, : , , ]. This approach is advantageous because
it separates the surface code operation into two fundamental parts: local node operations
that should be feasible to demonstrate in the near-term, and medium-range entanglement
distribution that is more challenging but can be developed in parallel. Our scheme provides
greater isolation of the data qubits (data qubits hold the computational quantum states of
the surface code) than a conventional close-packed 2D array, and naturally opens up useful
space to ease wiring density constraints and allow integration of supporting components
to facilitate multiplexing of control and readout signals.

While much early progress in quantum dot spin qubits was achieved in GaAs 2DEG
devices, silicon o ers the possibility of a nuclear spin free lattice, which has been demon-
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strated to yield electron spin coherence times of order seconds for donor electrons [256, ]
and up to tens of milliseconds for MOS quantum dot spin qubits [269]. The intrinsic spin-
orbit interaction for electrons at the conduction band edge in silicon is weak compared to
[1I-V semiconductors, which leads to longer spin relaxation and decoherence times. An
enhanced spin-orbit interaction arises at the Si/Si@interface due to inversion asymmetry
leading to variation in the electronic g-factor, however this can be tuned near zero by
the orientation of the external magnetic eld [121]. The variation ing, of order 10 ? at
most [268, 65, ], is tunable by the vertical electric eld strength and can be used for
addressing individual spins with a global microwave ESR eld, or as a second control axis
for singlet-triplet qubit rotations [121]. Disadvantages of silicon compared to IlI-V's in-
clude the valley degeneracy problem [49, ] and greater di culty in accurately modelling
two-qubit exchange energies [163]. Valley splittings are enhanced at interfaces, and have
been observed for MOS dots up to several hundreaV but vary considerably depending

on local electric elds and disorder [79, ]. While Si/SiGe quantum wells present less
disorder in the electrostatic potential and are thus “cleaner, valley splittings are found to
be smaller on average for quantum dots in this material [15, , ]

While for MOS quantum dots the microscopic roughness of the SiOnterface leads
to an unavoidable degree of intrinsic variation in electrostatic and qubit parameters, the
large scale uniformity of the Si/SiQ material system is remarkable and has been critically
important to the scaling of classical CMOS. Many engineering challenges, however, can be
foreseen with developing large scale QMOS: (i) qubit sensitivity to charge noise, (ii) control
line cross-talk, (iii) variability in device tuning parameters, (iv) need for high density 3D
wiring interconnects, (v) need for multiplexing and parallel operations, (vi) ultra-low power
dissipation, (vii) high precision / high bandwidth / low noise voltage controls, etc. Existing
proposals make use of 2D quantum dot arrays as a basis for a surface code quantum
computer. Veldhorstet al. [266] suggest a two-layer structure, with a closely-packed 2D
dot array at a lower 28Si/SiO2 interface, and an upper Si transistor layer to enable a word-
line/bit-line qubit addressing scheme using oating gates. Each dot is singly charged and
has four nearest neighbours with exchange interactions that must be separately controlled.
Single-qubit rotations are achieved via global microwave eld and gate tuning of individual
electronic g-factors. This approach utilizes shared control lines and is therefore scalable
in principle, but requires a high interconnect density with feature sizes well below present
technological capabilities. All qubits, both data and measure, experience the same local
noise environment and capacitive cross-coupling to many electrodes, so that both control
line cross-talk and gate voltage noise would present challenges. Furthermore, the power
dissipated by conventional transistors would make it di cult to maintain mK temperatures,
either requiring very large cooling powers or qubit operation at temperatures approaching
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1 K. Li et al. [164] propose an alternate scheme using shared control that makes use of a
half- lled 2D lattice, so that, between operations, qubits are better isolated. It relies on
shuttling electrons between adjacent lattice sites to accomplish two-qubit interactions, and
uses dc currents in a subset of control lines to tune local ESR frequencies in concert with
a global ESR eld. Since the dots and tunnel barriers are all controlled by a crossed array
of common lines, this scheme requires a high degree of device uniformity, at least an order
of magnitude beyond what has yet been demonstrated in experiments. To avoid practical
issues with scaling a qubit array beyond 1000 qubits, it was proposed to join arrays in

a network, making use of electron shuttling "highways' consisting of linear dot arrays to
transmit quantum information. Hence, both local and long-range electron shuttling are
critical elements of Liet al's proposal. Our scheme also makes essential use of electron
shuttling to distribute entanglement between adjacent nodes; however, these are small
nodes of fewer than 10 quantum dots, so that the nodes and their corresponding local
quantum operations are nearly within the reach of present experimental capabilities.

2.2 Node/network surface code for quantum dots

It is well understood that a universal quantum computer could be constructed by net-
working together many simple processor cells, rather than building a single complex device
[193, , 39, ]. Key to this approach is the ability to distribute entanglement between
such cells, or network nodes. Nickersat al. [193] showed that even with realistically noisy
entanglement distribution, with raw error rates approaching 10%, entanglement puri ca-
tion strategies could be used to reduce the e ective error rates to tolerable levels. Combined
with su ciently high delity local gate operations, state preparation and measurement, a
stabilizer protocol was described that enables a two-dimensional surface code to be im-
plemented [193]. This method is straightforwardly applicable to systems like trapped ion
gubits, where spatially separated traps can be linked photonically [117, 17, ]. However,
successful entanglement distribution via a photonic link is currently probabilistic and slow,
with typical rates on the scale of a few Hz, limiting practical processor speeds. Here we
propose to apply the network model to a monolithic silicon QMOS chip, with internode
distance on the micron scale. We exploit the natural property of spin qubits to form a sin-
glet ground state in a doubly occupied quantum dot to create the entanglement resource,
and the weak spin-orbit interaction in silicon to allow coherent shuttling of electron spins
via inter-dot tunnelling, as illustrated in Figure 2.1. Thus, entanglement distribution be-
comes e ectively deterministic. Although our approach is monolithic and thus returns to
“building a single complex device', we gain signi cant advantage by separating the scaling
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problem into two distinct parts, and by creating useful space between these very compact
qubits to improve qubit isolation and make wiring/integration more practical. Numerical
simulations show that electron shuttling on the micron scale can be carried out with high
delity in principle, and on the timescale of single-qubit ESR gate operations so that shut-
tling does not create a speed bottleneck. Further, we show that phase error in the singlet
state due to Stark e ect modulation of the g-factor during shuttling can be reduced to
negligible levels with appropriate electrostatic tuning. Finally, we obtain threshold values
for errors in gate and shuttling operations that would be required for a scaled up network
to be fault tolerant, using reasonable noise models and the Gottesman-Knill theorem [91, 1]
to e ciently simulate large networks.

Figure 2.1: Spatial separation of the spin singlet statgSi across distant quantum dots A
and B, via spin shuttling through a linear chain of normally empty quantum dots. The two-
electron ground state singlet is loaded into a quantum dot tunnel coupled to the reservoir.
The singlet is separated into a (1,1) charge state with one electron in dot A, then the other
electron is shuttled to a distant dot B. Both the weakness of the spin-orbit interaction
for conduction electrons in silicon and the isotopic removal @PSi nuclear spins help to
preserve spin coherence during transport over micron scales.

For simplicity, we will assume that spatial separation of the singlet states can be done
with high delity, so that entanglement puri cation is not needed. This allows for a minimal
node consisting of one data and two ancilla qubits. Additional ancillae and entanglement
distribution operations could be used for entanglement puri cation if needed, as described
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Figure 2.2: Sequence of steps in the stabilizer operation on four neighbouring nodes labeled
A-D. Prior to step 1, all dots are empty except for the data qubit dots. Dashed lines
indicate electron internode and intranode tunneling events. Istep 1, singlets created at
nodes A and C are shared between nodes A/B and between C/D, populating the ancilla
1 qubits. Long dashed lines indicate internode shuttling.Step 2: a singlet created at

A is shared between ancilla 2 qubits on nodes A/CStep 3: ancilla 2 qubits on nodes
A/C are measured, which projects the four ancilla 1 qubits into the shared GHZ state with
probability 1/2, or with equal probability into a state that is transformed to the GHZ state

by local gate operations.Step 4: conditional quantum gates (control-NOT or controlZ)

are performed between ancilla 1 and data qubits, followed by measurement of the ancilla
1 qubits, realizing a stabilizer operation on the data qubits. Step numbers are color-coded
to match circuit segments in Figure 2.4
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in [193]. A four-qubit GHZ state is formed across four neighbouring nodes, making use of
singlet separation and the ancilla qubits in each node, as shown in Figure 2.2. The GHZ
resource shared among ancilla 1 qubits, together with conditional logic gates (control-NOT
or control-Z) applied to the data qubits, allows for theX or Z stabilizer operation to be
carried out. In addition to the three quantum dots hosting the data and ancilla qubits,

1 2 additional dots are present in the node to facilitate the distribution of singlet states,
which we will refer to as “shuttle’ dots. A conceptual device-level illustration of a node is
shown in Figure 2.3. In this version, there are two shuttle dots, which ensures no more
than three tunnel couplings per dot. The node is connected to a single electron reservoir
via one of the shuttle dots, providing a means for initializing the charge state of the device
and loading singlets into the shuttle dot prior to their distribution. All reservoirs are kept

at a xed potential of 0 V. The node in Figure 2.3 is based on a simpli ed gate geometry
in which each quantum dot is de ned by a single ‘via' accumulation gate electrode (see
Figure 3.2 in Chapter 3 for an example). Additional barrier gates between intranode dots
allow for ne control of exchange. A double dot, aligned perpendicular to the data/ancilla
linear array, allows for readout of both ancilla qubits, as will be described in Section 2.2.2.
A global microwave eld acts in concert with electrostatic tuning of the electronig-factors

to realize arbitrary single-qubit rotations via ESR. Dots forming the shuttle pathway are
each formed by single gate electrodes, with no additional barrier gates, as we show in
Section 2.3.

2.2.1 Stabilizer circuit

In order to simulate the performance of the proposed network architecture, we must rst
write out the explicit stabilizer circuit in terms of the basis operations possible with quan-
m dot qubits: inter-dot tunneling, single qubit X, Y, and Z rotations, and two-qubit
SWAP gates. The four-node stabilizer sequence shown in Figure 2.2 begins with all
dots empty except for the data qubit. The explicit circuit diagram corresponding to the
stabilizer sequence is shown in Figure 2.4.

We outline the mathematical details underlying the part of the circuit used to construct
the distributed four-qubit GHZ state. In our notation, commas separate nodes from each
other asjA;B;C;Di. Within a particular node, the rst qubit represents the ancilla 1
qubit and the second (if written) indicates the ancilla 2 qubit. A blank space in the ancilla
2 location means that qubit is not present. For instancg¢0l; 01;01; 01 indicates that all
nodes have g0i state in the ancilla 1 qubit and ajli state in the ancilla 2 qubit. While
the state j01; 0; 01 01i indicates that all nodes have g0i state in the ancilla 1 qubit and
while all but the B node have gli state in the ancilla 2 qubit (where the B node actually
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Figure 2.3: Device concept for a node. Accumulation mode MOS quantum dots are formed
by single "via' gate electrodes (gold color), with additional gates to control inter-dot tun-
neling (silver color). All quantum dots (red circles and ovals) form in Si just below the
interface with SiO,. For clarity, gate electrodes forming the electron shuttling pathways
(oval dots) and the electron reservoir are not shown. The intranode dots are identi ed by
the labels on the via gate electrodes. In this version of the node there are two shuttle dots
(note that only one is labelled explicitly), one tunnel coupled to the shuttle path going
left, the other to the path going right and to the reservoir. This geometry ensures no
more than three tunnel couplings per dot. The label®1;R2 indicate the double dot that
allows for readout of the ancilla qubits, using the singlet-triplet spin basis together with
RF re ectometry. Gate electrodes to control exchange between the ancilla qubits afil
are not shown but are implied. The oval-shaped dots making up the shuttle pathway are
each de ned by a single gate, with no additional barrier gates.

has no qubit present in the ancilla 2 location). A two-electron spin singlet state is loaded
from the reservoir into the shuttle dots in nodes A and C, and then distributed across A-B
and C-D via internode shuttling. This populates the ancilla 1 qubits giving the initialized
state

o 1 . 1 :
j 1= p—é 10;1i,g ] L0i,g p—é j0;licp J 1,0 (2.1)
=5 0;1,01i pgep | 01,100 pgep ] 10,0, Li pgep +J1: 0515 0 g (2.2)

From here on out, we will drop theji 5o, notation. Next, a fresh singlet loaded in node
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A is distributed across the ancilla 2 qubits in nodes A-C giving the state

| iz —9— j00LOLL j 001110 j 10,0:0% i + j100; 11 O
2" 2 (2.3)
j 041,001 +j0L 1100 +j1L0:001 j 11 0;1C 0

The rst step of segment 3 in Figure 2.4 is aYy ( ) rotation on the ancilla 1 qubits in
nodes A and C and on the ancilla 2 qubit in A. This transforms the singlets into the
j ti= pl—é(jOO' + j11i) Bell states, and the total state becomes

i i= —p- j1L 1111 +j1110L0i +j0OL0;1L 1i + jOL O; 0L Oi
2 2 (2.4)
+j10,1;10; i + j10,1;00;0i + jOO; 0; 10; 1i + jOC; 0; 0C; Oi

Next, we perform a controlZ operation between the ancilla 1 and ancilla 2 qubits in nodes
A and C,

ji= —p'—_ j1, 1,121 j 11;2;0%0i j 0L O; 1% 1i + jO1;0;0%Ci
2 2 (2.5)
+j10,1;10,1i + j10,1;,00,0i + jOO; 0; 10; 1i + jOO; O; OC; Qi

To create the 4-qubit GHZ state distributed across all four ancilla 1 qubits, we perform an
X basis measurement on the ancilla 2 qubits in nodes A and C. Rewriting the state above
in the X basis, it is easy to nd the state of the ancilla 1 qubits conditional on the four
measurement outcomes:

1 . o . (I o :
+artc! p—§ j0;0; 0,01 + j1;1;1; i Ay c! 193 j0;0;0;0i + j1;1;1;1i
+a; ¢! pl—é j0;0;1;1i +j1;2;0;0i Ate! pl—z j0;0;1;1i +j1;2;0;0i

Since the four outcomes above occur with equal probability, the even parity outcomes
give the GHZ state with probability 1/2. The odd parity outcomes give a state with equal
probability 1/2 that is transformed into the GHZ state by applying an X () rotation on the
ancilla 1 qubits in two of the nodes (either A-B or C-D). Therefore, four-qubit GHZ state
preparation is deterministic. The GHZ state provides the shared entanglement resource
that allows the data qubits to be stabilized. A control-NOT (or controlZ) between the
local ancilla 1 and data qubits, followed by measurement of the ancilla 1 qubits, performs
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a 4-qubit X (or Z) stabilizer on the data qubits. The resulting stabilizer measurement
outcomes are fed to a classical data processing module in order to determine if any nodes
require a unitary rotation to correct any errors in the code. The ancilla dots can then
be emptied of electrons (via shuttling to the reservoir) to prepare for the next stabilizer
operation.

A full surface code cycle requires 4 separate stabilizer operations in sequence, since
any two neighbouring 4-node plaquettes cannot be stabilized simultaneously. Both tde
and X plaquettes are split into two non-adjoining subsets, and each of the 4 subsets are
stabilized sequentially (see Figure 2.5). As pointed out in [193], the stabilizer superoperator
allows projectors and errors to be commuted so that errors occurring in between subsets
can be corrected. Note that the control-NOT and controlZ operations in steps 3 and 4
of Figure 2.4 require single-qubit rotations on the data, ancilla 1 and ancilla 2 qubits. To
simplify the device, however, one could restrict single-qubit control to ancilla 1 only, and
use SWAP operations to realize gates on the neighbouring qubits. While this approach is
more costly in terms of two-qubit gate error, it reduces control complexity by requiring only
one dot per node to be on-resonance with the global ESR eld. Since exchange gates are
typically much faster than ESR rotations, this does not present a bottleneck to processor
speed.

2.2.2 Readout of the ancilla qubits

Measuring ancilla qubits quickly and with high delity is a critical requirement for any
surface code processor, including the network approach proposed here. One method for
projectively measuring the electron spin is to use spin-dependent tunneling together with
a local charge sensor [63, ]. However, this would require bringing both an electron
reservoir and a charge sensor in close proximity to the ancilla qubits, both of which we aim
to avoid in order to keep the data and ancilla qubits well isolated and reduce the number
of local gate electrodes. Instead, we propose to use a double quantum dot placed so that it
can be controllably tunnel coupled to both ancilla dots. The double dot is not coupled to

a reservoir, but is coupled via local gate to an RF re ectometry circuit, as shown in Fig-
ure 2.6. The double dot is operated in the two-electron singlet/triplet basis. The readout
sequence for the ancilla stat¢ i is the following: (1) initialize the double dot in the sin-
glet (0,2) charge con guration, (2) separate into the (11) singlet, (3) perform a controlZ
gate operation between the ancilla and the adjacent member of the double dot, (4) tune
the double dot to favour the (0,2) con guration and use gate-dispersive RF re ectometry
[205, , 88] to distinguish thd (1; 1) and S(0; 2) spin(charge) states. This charge detec-
tion method works by sensing the quantum capacitance associated with inter-dot tunnelling
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Figure 2.4: Circuit diagram corresponding to the four-node operations shown in Figure 2.2.
The labels 1-4 at the top correspond to the steps in Figure 2.2; entanglement distribution
is carried out in steps 1-2, the GHZ state is formed at the end of step 3, and the stabilizer
operation is step 4. Al and A2 refer to ancilla qubits 1 and 2, respectively. Other symbols
are de ned in the legend below. The notatiorR( ) indicates a spin rotation about theR
axis in the Bloch sphere by an angle. Conditional X ( ) gates applied to the A1 qubits

in nodes A and B ensure the GHZ state is created with 100% probability in the absence
of measurement and gate errors. Contrd- gates in step 4 correspond to & -stabilizer,
whereas additionalY ( = 2) rotations transform these to control-NOT gates which yield the

X -stabilizer. The stabilizer measurement outcomes are sent to a classical data processing
node to determine which (if any) nodes require a corrective unitary rotatiole,, . In the
diagram we assume the ability to perform single qubit rotations on the data and both
ancilla qubits, however, use of additional SWAP gates could restrict this requirement to
one qubit, e.g. single qubit gates on Al only. The contrd- sequences could be replaced by
direct gates under certain circumstances [271], reducing the number of single-qubit gates
and increasing processor speed. Steps to empty the ancilla dots are not shown explicitly,
but will directly follow the nal measurements.
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Figure 2.5: A full stabilizer cycle consists of the four steps indicated in the gure, since
adjacent 4-node plaquettes cannot be stabilized at the same time. Starting at the upper
left, the Z stabilizer is split into two steps, followed by the two-stepX stabilizer. The
cycle then repeats. Dark color indicates which stabilizer operations are being performed
in the current step.

(see Mizuataet al. [182] for a description of quantum capacitance). When the ancilla qubit

is in the logicaljli state, the control-Z gate rotates the singlet to a triplet, which remains

in the (1; 1) charge state due to the Pauli spin blockade. The conventional contrdl-gate
sequence requires two-qubit exchange and single-qubit rotations on both qubits, but it
may be advantageous to restrict single-qubit rotations to the ancilla qubit by using SWAP
gates. We note that single electron charge detection using gate-dispersive methods has
demonstrated sensitivities allowing for measurement on few-nanosecond timescales [39],
therefore, qubit readout times could be limited by the gate operations and not by charge
detection. The presence of valley states in silicon complicates the spin-blockade based
readout but is not a fundamental obstacle to achieving high readout delities [247]. We
note that current state of the art experiments using gate dispersive methods have achieved
readout delities of >98% for a two-qubit state in silicon within a time frame of 6 s [293].
Obtaining these delities at the 1-100 ns regime is critical to ensuring that readout does
not signi cantly bottleneck the overall processor speed.
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Figure 2.6: A method for reading out the ancilla qubits. A double quantum dot is operated
in the two electron singlet-triplet basis (labeleds T). A local gate electrode (gray) couples
the quantum capacitance of the double dot to an RF re ectometry circuit for gate dispersive
charge readout. A second (gray) gate electrode controls exchangdg between the ancilla
dot and the double dot. Initialized in the (1 1) singlet state, a controlZ gate conditioned
on the statej i of the ancilla qubit acts on the dot adjacent to it. The ancilla stateg0i and
j1i thus map to the singlet and triplet states, respectively. The Pauli blockade prevents the
T(1;1) state from tunnelling to the S(0; 2) state, and thus the dispersive charge detection
allows the two states to be distinguished. The conventional contr@- sequence requires
control of the exchange coupling and single-qubit rotations, the latter of which can be
restricted to the ancilla qubit using SWAP gates.

2.2.3 Network layout

A proposed layout of the nodes forming a network is presented in Figure 2.7. N-type
ion implanted regions, kept well separated from the nodes to reduce charge noise, allow
reservoirs to be brought to each node using accumulation gates. The shuttle dots in each
node connect to north/south shuttle pathways (linear dot arrays). The version shown
here and in Figure 2.3 has two shuttle dots so that no dot has more than three tunnel
couplings that must be separately controlled. The data qubit dot is coupled only to the
rst ancilla, providing isolation for this all-important qubit. East/west shuttle paths can be
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Figure 2.7: Illustration of a proposed network layout showing a plaquette of four nodes and
how they connect beyond to form a 2D surface code. lon implanted regions indicated by "+'
symbols provide electron reservoirs that are brought to each node with accumulation gates
(gold color). The enlarged section at right shows the dot layout in each node relative to the
reservoir and shuttling paths, the latter here indicated as lines that represent linear (empty)
dot arrays. Each switch is a T-junction of quantum dots in which the tunnelling direction is
controlled by local gate electrodes. Gate electrodes that form the dots and enable quantum
control (not shown) connect vertically (out of plane) to wiring in upper interconnect layers.
Gate electrodes controlling shuttling can be shared, since singlet distribution occurs in
parallel across the entire device. The RF re ectometry circuit indicated by the blue box
represents a combination of on-chip and o -chip components and probes the charge state
of the double dot by the gate-dispersive readout technique. Nodes in the main gure are
not to scale.

chosen at T-junctions, where local gate electrodes control the tunnelling direction. Thus,
each node is connected to all four neighbouring nodes. The internode distance can be
scaled to optimize wiring density and integration of classical CMOS components while
minimizing shuttle errors, and we expect this to be on the scale ofl to a few microns.

For an internode spacing of 1.5 m, the node (data qubit) density is 4.4 10’ cm 2, still

a high density compared to superconducting and ion trap qubits. It is about 2 orders

of magnitude less dense than the estimates given in [225] for close-packed silicon-based
qubits, but would still give a few times 18 cm 2 logical qubits, enough to factor a 2000-
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bit semiprime number using Shor's algorithm with a 10 cisize chip (assuming 10,000
logical qubits) [225, 72]. The internode space could be used to add oating gate circuits
to correct for small electrostatic variations in qubit device parameters, allowing for widely
shared control lines.

2.3 Single electron transport

Spatial separation of the spin singlet pairs is fundamental to the proposed network ap-
proach, and occurs in parallel across the device at the beginning of every stabilizer cycle.
To coherently translate an electron spin across a distance requires con nement of the wave-
function be maintained. Single electron transport via ‘'moving quantum dots' has been
realized with surface acoustic waves in piezoelectric materials [131, , 10]. This idea
was recently applied even in silicon, with an appropriate piezoelectric material attached to
the surface [25]. Surface acoustic wave generation, however, requires bulky interdigitated
electrodes, and con ning the waves to desired pathways is challenging. A more exotic
possibility is the generation of a soliton wave [134, 60], which would render unnecessary
the requirement for a moving potential well. Unfortunately, solitons can only be gener-
ated from a Fermi sea, and not (as far as we know) from single particle levels in quantum
dots. To create a moving con ning potential without acoustic waves, one can use a set
of gate electrodes to form a linear array of quantum dots [76, 68]. In the limit of many
ne gate electrodes, a moving dot could be approximated. With realistic gate dimensions,
however, it is more practical to de ne adjacent dots and force electrons to tunnel succes-
sively between them. We adopt a simpli ed model in which each dot is formed by a single
accumulation (plunger) gate, and there are no explicit gates to control tunnelling. Instead,
plunger gate voltages and the electrode geometry are used to control tunnelling. Two main
topics are addressed: (1) what shuttling speeds are feasible in realistic devices while adia-
batically maintaining the electronic ground state, and (2) how large is the shuttle-induced
modulation of the electronicg-factor due to the Stark e ect, how much error does this
cause in the singlet state delity, and can it be mitigated? The results presented here are
only an introduction into the feasibility of sequential electron shuttling through a quantum
dot chain as it relates the network architecture proposal. These results are expanded upon
in signi cantly more detail in Chapter 3. Although unrealistic for silicon [247], we assume

a single valley model in this chapter as a rst step. Coherent spin transport through a
series of dots is unlikely to succeed in cases for which the energy splitting between the two
lowest valley states, s, is comparable to the Zeeman and/or tunnelling energiek,, and

tc, respectively. In such cases, even a weak spin-orbit coupling causes levels with di erent
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spin and valley indices to anti-cross, so that diabatic transitions that mix spin and valley
states are di cult to avoid [291, ]. Thus, our approach would require that s E;;t,

so that the higher valley state would play a role similar to an excited dot orbital state.
This condition is more likely to be achievable in MOS dots compared to Si/SiGe. The
g-factor modulation is an indirect e ect of the spin-orbit coupling and causes a phase
rotation of the singlet state. Direct spin-orbit induced rotations alongx?y are expected

to yield weaker errors, but are non-negligible for long shuttle paths, as we discuss below.
Charge decoherence, which can occur when the system is biased near zero-detuning [209],
is also neglected in our simulations, but will be an important factor to consider in future
work. As a side note, there is a closely related method referred to as coherent transfer by
adiabatic passage (CTAP) which is analogous to the STIRAP (Stimulated Raman Adia-
batic Passage) technique in optics for population transfer in a three-level atomic system (
system) [92, ]. CTAP, in a 3-dot linear array, relies on quantum interference to transfer
an electron from dot 1 to dot 3 without it ever being in dot 2. This can be generalized to
an N -dot system (for oddN). This method, however, is not feasible with the simpli ed
gate geometry of our simulations because CTAP requires independent control of tunnel
couplings and dot potentials, implying more gate electrodes are needed. CTAP is also
sensitive to dephasing throughout the entire sequence, whereas shuttling is only sensitive
during the tunnel events. For these reasons we have not included CTAP in our simulations,
but it remains a possible alternative.

2.3.1 Shuttling simulations

Figure 2.8a shows an example of the gate electrode geometry and potential landscape for
a ve-dot linear array. This is simulated using a 3D self-consistent Poisson equation solver
in the nextnano++ software [11]. The ‘via' gate electrodes are 40 nm wide at the base,
with center-center separation of 60 nm. The base of the via gate is separated from the Si
interface by 17 nm of SiQ, and the potential pro le is shown 0.5 nm below the Si/SiQ
interface. Figure 2.8b shows the sequence of gate voltages applied in a ve-dot shuttling
simulation, with V; (Vs) corresponding to the leftmost (rightmost) gate electrodes. The
gate voltage sequence for shuttling was designed using a set of 1D potentials calculated
using nextnano++. The electron is rst initialized in dot 1 with V; > V,. To transfer

the electron to dot 2, we rst sweepV, linearly in the positive direction while holding

V; xed. This can be done very quickly over the range oY, for which the wavefunction
localized in dot 1 is insensitive tdv,. This fast sweep ends when inter-dot tunnelling “turns
on' and there is a small probability for the electron to be in dot 2; we chose an arbitrary
threshold of 0.1% probability. V, is then swept slowly enough to continue to satisfy the
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