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Abstract

Quantum computing – leveraging quantum phenomena to perform complex and otherwise

intractable computational problems – has rapidly progressed from a theoretical aspiration

to a potential reality. Currently, there are many competing approaches to the way the

physical qubits (quantum bits) are built, from trapped ions, to superconducting circuits, to

semiconductor quantum dots, and beyond. Here, we focus on quantum dots, where electrons

or holes are confined within a semiconductor and the quantized nature of charge and spin are

utilized for computation. Within the field of quantum dots, heterostructures made of silicon

and silicon-germanium are especially enticing due to their low density of defects and nuclear

spin. Although quantum dots are a promising avenue for quantum computation because

of their intrinsically small size and similarity to classical transistors, nearly every aspect of

their design, realization, and control has yet to be fully optimized.

This thesis explores modifications to the heterostructure, fabrication, and measurement

of Si/SiGe quantum dots in the pursuit of improved quantum dot qubits. The valley splitting

in silicon quantum dots, a near degeneracy of the lowest lying energy states, is critical to the

formation and performance of silicon qubits. In this work, we present several modifications to

the Si/SiGe heterostructure in an effort to enhance this splitting. In particular, we investigate

the effects of introducing germanium to the silicon quantum well by the inclusion of a single

spike in germanium concentration or an oscillatory concentration throughout the well. We

present experimental measurements of the energy spectrum arising from both modifications

and, coupled with theoretical support, demonstrate enhancements to the valley splitting.
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Next, we present several fabrication techniques with the goal of improved quantum dot

functionality and lowered charge noise, a major barrier to higher quality devices. We report

a new strategy for etched-palladium fabrication and discuss the current progress. Finally,

we present work towards the automation of quantum dot tuning. As quantum dot devices

increase in the number of qubits, so do the number of electrostatic gates which control the

device. We discuss the development of automated tuning procedures and present a procedure

for the formation of well-controlled quantum dots from initial voltage settings.
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Chapter 1

Introduction

1.1 Motivation for this Work

The ubiquity and utility of computers in our world is ever expanding. However, there

are certain valuable computational problems that will always remain out of reach of so-

called classical computers. Since their conception 40 years ago, quantum computers have

emerged as a novel computational method with the promise of solving some of these problems.

Quantum computers differ from their classical counterparts by obeying quantum mechanics

and leveraging two of its foundational principles: superposition and entanglement [1]. Similar

to classical computers, quantum computers are built from bits, but these quantum bits –

qubits – are not restricted to the binary values of zero or one. Instead, a single qubit is

a coherent superposition of zero and one, described by an amplitude and a relative phase.

With two or more qubits, quantum entanglement between them allows for more complex

computational logic than classical computers. Put simply, a system with n qubits holds

2n possible states, meaning that the computational power of quantum computers grows

exponentially with the size of the system.

The large-scale computational tasks that quantum computers are envisioned to solve, such

as simulation of large quantum systems [2], prime factorization [3], database search [4], and
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large-scale optimization [5], are still ahead of us. Promisingly, there are several quantum

computing strategies that are increasingly successful. Of note, quantum computers with

dozens of individual qubits have been build out of superconducting circuits or trapped ions [6,

7]. At the time of this writing, the largest chemical simulation on a quantum computer has

been a 12 qubit modeling of the isomerization mechanism of diazene in a superconducting

quantum computer [8].

Another quantum computing strategy, one which we focus on for this work, uses semicon-

ductor quantum dots as qubits [9]. In brief, semiconductor quantum dots are free charges in

a semiconductor tightly confined in three dimensions and cooled to very low mK-K temper-

atures. This confinement leads to quantization of the charge, in multiples of e, which occupy

discrete energy levels much like electrons around an atom. The confinement arises from a

combination of material choice and electrical gate control, depending on design specifics.

These quantized levels provide the necessary basis for qubit formation. Within the field of

semiconductor quantum dots, there are several host material choices, notably heterostruc-

tures of gallium and arsenic, silicon and silicon oxide, or silicon and germanium. Although

quantum dots formed in these different heterostructures share many advantages and chal-

lenges, we focus here on Si/SiGe heterostructures where quantum dots form in a thin silicon

layer sandwiched between layers of SiGe.

Quantum confinement in this heterostructure is achieved through band structure engi-

neering of a silicon quantum well and through electrostatic control of metal gates on the

heterostructure surface. Because of this, the design of both the heterostructure and the

surfaces gates are key points of focus. In particular, conduction band electrons confined in

silicon heterostructures exhibit a near-degeneracy of the lowest two energy levels called the

valley states. The energy splitting between these states, the valley splitting, has important

implications for qubit design and control. On the surface of the heterostructure, the gates

laterally define the dots; their design and fabrication directly affect dot and noise perfor-

mance. Finally, because most quantum dot qubit designs require multiple gates per qubit,
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control of these gates rapidly becomes an intractable problem for heuristic control. For this

reason, automation of quantum dot tuning and control is increasingly vital. In this work,

we explore experiments concerning these three key concepts: heterostructures and valley

splitting, gate fabrication, and measurement automation.

As this motivation is brief, please see Ref. [10] for a review of silicon quantum electron-

ics. For a review of quantum computing, see Ref. [1]. For a review of low-dimensional

semiconductor physics, see Ref. [11].

1.2 Thesis Outline

This work covers an array of experiments performed at the University of Wisconsin–Madison.

Broadly put, this work focuses on Si/SiGe heterostructure modifications for enhancement of

the valley splitting, gate fabrication modifications for improvements to device control and

charge noise, and efforts towards the automation of quantum dot measurements.

Chapter 2 outlines the basics of silicon quantum dots for quantum computing and provides

key explanations of terminology, techniques, and measurements used throughout this work.

We begin with a discussion of quantum dot formation in silicon heterostructures, the origin

and role of valley splitting, and how quantum dots can be manipulated as qubits. This is

followed by a review of standard techniques and procedures for quantum dot fabrication.

This chapter ends with a list of standard heterostructure and quantum dot measurements,

from simple electron transport measurements to more complex energy spectroscopy.

Chapter 3 focuses on modifications to the heterostructure with the goal of controlling and

increasing the valley splitting. Three different techniques for heterostructure modification are

presented. First, silicon substrates with intentional mis-cuts to the surface are used to create

double atomic steps at the heterostructure interfaces. We report the valley splitting in these

mis-cut samples as measured in Hall bars. Next, a thin spike in germanium concentration is

added to silicon quantum well, near the upper interface, to modify each valley wave function
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and increase the valley splitting. In this heterostructure, the excited state spectrum of a

few-electron quantum dot is measured via magnetospectroscopy. The final heterostructure

modification presented is called the ‘Wiggle Well’, in which an oscillatory concentration of

germanium is added throughout the quantum well. A singly occupied quantum dot in the

Wiggle Well is measured using pulsed-gate spectroscopy, showing a large and tunable valley

splitting.

Chapter 4 spans various efforts to modify the standard fabrication process of quantum

dots for enhanced control and superior charge noise behavior. This chapter begins with

simple thermal anneals and lithographic dose changes to improve the transport mobility

in Hall bars. We also present attempts to create donor-dot devices in which an implanted

phosphorus donor is coupled to a gate-defined quantum dot to create a qubit with the

advantages of both systems. We conclude this chapter with an description of the progress

towards ‘SPARTA’, a novel fabrication process in which etched palladium gates replace the

current standard of overlapping aluminum gates.

Finally, in Chapter 5, we discuss efforts towards automation of the tuning of quantum

dot devices, including work done in collaboration with scientists at the National Institute

for Standards and Technology (NIST), and we present a routine for the formation of well-

controlled quantum dots from initial voltage settings. We name this routine ‘cold-start’

tuning, as we begin tuning ab initio with no prior knowledge of the device performance.

This is presented in a manner that can be coded into an automated procedure, and we

discuss various scripting tools that are required.
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Chapter 2

Basics of Silicon Quantum Dots for

Quantum Computation

This chapter is an overview of the basics of silicon quantum dots for quantum computation.

We present an overview of how quantum dots form, a typical quantum dot fabrication pro-

cess, and key measurements useful for understanding and controlling these systems. Many

of the concepts presented here are used throughout the rest of this work. This chapter may

also serve as a helpful guide to those new to the field of silicon quantum dot qubits.

2.1 Silicon Quantum Dots: An Overview

2.1.1 Quantum Confinement

A quantum dot can be defined as any system in which electrons (or holes) are confined into

measurably discrete energy levels [12]. In silicon heterostructures, confinement is achieved

through the design of the heterostructure and by applied gate voltages. Silicon is a semicon-

ductor with a small (∼ eV) band gap between the fully occupied valence band and unoccupied

conduction band (at zero temperature). The conductivity of silicon can be easily modified

through impurity doping with n-type (electron) or p-type (hole) carriers. Externally applied
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Figure 2.1: (a) Side-view schematic of Si/SiGe (top) and SiMOS (bottom) heterostructures
on the left. The schematics to the right show the conduction band minimum for these
heterostructures with a large positive voltage applied to the surface such that the upper
interface of the silicon layer is lowered below the fermi level. A two-dimensional electron
gas (2DEG) can then form at this interface. (b) Side-view schematic of a Si/SiGe quantum
dot device. The surface gates (yellow) are isolated from the heterostructure by a dielectric
(gray). With multiple surface gates, the 2DEG can be selectively formed and depleted to
confine electrons into a quantum dot. (c) Top view schematic of a simplistic gate layout
for a gate-defined, accumulation-mode quantum dot device. The central gate accumulates
electrons into the quantum dot with a positive voltage. The next nearest gates deplete
electrons surrounding the dot to define its extent with negative voltages. Larger gates to
the sides create reservoirs of electrons that extend out to the phosphorus implanted regions.
Ohmic metal, shown in (b), contacts these doped regions for direct current flow through the
2DEG. (d) Approximate circuit diagram for a quantum dot with N electrons coupled to a
source and drain, controlled by a gate voltage Vg. (e) Schematic view of the energy in the
quantum dot device along the dotted line in (c). Electrons inhabit quantized energy levels
within the quantum dot, between reservoirs of a continuous density of states.

electric fields can also bend the conduction and valence bands of silicon across the fermi

level to modify the conductivity. These techniques are used to create silicon transistors that

make up nearly all modern electronics, but can also be leveraged to form quantum dots.

The two standard silicon heterostructures used to form quantum dots, Si/SiGe and

SiMOS, are shown in Fig. 2.1(a). In both, the key to vertical confinement is the chang-

ing band gap across materials. In Si/SiGe, a ∼ 10 nm layer of silicon is sandwiched between

layers of silicon-germanium, often Si0.7Ge0.3. The lattice constant of germanium is larger

by 4.2%. With careful heterostructure growth, the thin silicon layer is under tensile strain

from this lattice mismatch. The changing band gap and tensile strain leads to a significant

(∼ 150 meV) offset of the conduction band minimum of silicon compared to the surrounding
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SiGe, creating a ‘quantum well’ [13,14]. The conduction band minimum of this heterostruc-

ture is shown schematically on the right side of Fig. 2.1(a). With an applied external electric

field, the conduction band minimum can be pulled low enough to cross the fermi level. These

newly populated conduction band states near the fermi level form a two-dimensional electron

gas (2DEG) [11]. A 2DEG is a two-dimensional sheet of electrons, vertically confined by the

triangular potential in the quantum well but free to move in any lateral direction. Typi-

cally, for strong confinement or low temperatures, all electrons occupy the same state in the

confined direction, but exhibit a continuous density of states in the plane of the 2DEG. The

situation is similar for SiMOS (silicon metal-oxide-semiconductor) heterostructures. The

conduction band minimum of silicon is much lower than that of silicon oxide and leads to a

similar quantum well and 2DEG at the interface between the two. The electric field which

creates the 2DEG can be achieved by selectively doping a layer of the heterostructure, but

for quantum dot applications, is most commonly created with positive voltages applied above

the surface of the heterostructure. The quality of these 2DEGs can be described in a simple

manner by their transport mobility, a measure of the ease of electron flow. Electron mobility

is dependent on the density of conducting electrons, scattering from the roughness of the

quantum well interface, and remote impurity scattering. In Si/SiGe heterostructures, the

peak mobility is typically in the range of 105 − 106 cm2V−1s−1 [15, 16].

With vertical confinement achieved through careful engineering of the heterostructure,

lateral confinement is accomplished through careful design of gates on the surface. By

selectively applying positive or negative voltages to individual metallic gates, electrons in

the 2DEG can be ‘corralled’ into small regions. Due to fabrication limitations of surface

gates and a smaller in-plane effective mass, the lateral confinement is typically an order of

magnitude weaker than the vertical confinement, on order 100 nm. Figure 2.1(b) shows a

simple side-view schematic of a Si/SiGe quantum dot device. The 2DEG forms near the

upper interface of the silicon quantum well and is selectively accumulated by gate voltages

on the surface. These gates are separated from the heterostructure by a dielectric to avoid
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direct current flow. At the sides of this schematic, phosphorus doped regions metalize the

heterostructure. Metal contacts on the surface allow for direct current flow through the

2DEG. Figure 2.1(c) shows a top-down view of the gate design. The side gates accumulate

electrons into a 2DEG, often referred to as a ‘reservoir’ of electrons. The central three gates

selectively deplete and accumulate electrons into a quantum dot. Figure 2.1(d) shows an

approximate circuit diagram for a single quantum dot coupled to a source, drain, and single

gate voltage. Real quantum dot devices often have much more complex gate designs and

will be discussed in more detail later in Sec. 2.2.2.

2.1.2 Energy Landscape of Quantum Dots

As mentioned, electrons in a quantum dot occupy measurably discrete energy levels. The

electrons that make up the 2DEG naturally obey quantum mechanics and occupy unique

states, but the confinement must be strong enough for these states to be distinguishable.

Figure 2.1(e) shows a schematic representation of a quantum dot, showing quantized energies

between the continuous density of states in nearby 2DEG reservoirs. If we suppose the lateral

confinement of an imaginary quantum dot resembles an infinite square well in two-dimensions

with 100 nm width and length, the ground and first excited states would be separated by

roughly 0.6 meV, given the in-plane effective mass of silicon in the quantum well. Electrons

confined within a quantum dot act much like the electron orbits around atomic nuclei, leading

to quantum dots sometimes being referred to as ‘artificial atoms’. The electrons occupy these

orbital states, determined by the strength of confinement. This brings us to a critical point:

for these states to be distinguishable, the thermal energy of the system must be much less

than the energy separation of the quantum dot. As a point of reference, a reservoir at the

boiling point of liquid helium (4.2 K) has a Boltzmann factor kBT = 0.36 meV. For this

reason, nearly all quantum dot experiments are performed at sub-Kelvin temperatures.

In addition to the electrons occupying distinct states, adding electrons to a quantum

dot requires overcoming the electrostatic repulsion of the electrons. The change in Coulomb
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Figure 2.2: (a) The face-centered diamond-cubic structure of the silicon atomic lattice. The
lattice constant of silicon is a = 0.543 nm and the nearest neighbor atom separation is
a
4
(x̂ + ŷ + ẑ). (b) Edges of the first Brillouin zone boundary for silicon, with some high-

symmetry points labeled. (c) Select portion of the band structure of silicon, showing the
valence band maximum at the Γ point and the conduction band minimum in the X direction
near the Brillouin zone boundary at k0 = 0.82(2π/a). (d) Constant energy surfaces above the
conduction band minimum for the six degenerate points in reciprocal space. The asymmetric
effective mass and tensile strain in Si/SiGe quantum wells lifts the in plane kx and ky minima
well above the z valley minima.

energy is best described in terms of the capacitance, C, of the dot. Adding a single electron

to a quantum dot requires overcoming the charging energy, EC = e2/C [17]. We can roughly

approximate the capacitance of a quantum dot confined in a 2DEG by calculating the self-

capacitance of a disk with radius R, C0 = 8εrε0R. For R = 50 nm, an approximation for

the charging energy would be EC = 4 meV. Thus, we may expect the Coulomb energy to

dominate the total energy required to add electrons to a quantum dot.

2.1.3 Valley States in Si Quantum Dots

Working in silicon adds an additional consideration to the energy landscape of a quantum

dot: valley states. To understand valley states, we need to take a closer look at the chemical

and electrical structure of silicon. The crystal lattice of silicon, shown in Fig. 2.2(a), has

a face-centered diamond-cubic structure. Silicon has an indirect band gap, meaning the

minimum of the conduction band is offset from the maximum of the valence band in reciprocal

space. Figure 2.2(c) shows a small portion of the electronic band structure of silicon along

two high-symmetry directions as labeled in Fig. 2.2(b). The band gap is ∼1 eV, with the
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conduction band minimum at k0 = 0.82(2π/a) where a = 0.543 nm is the lattice constant.

This leads to an important effect. Because silicon has cubic symmetry and a conduction

band minimum away from the center of reciprocal space near the X point, there are six

degenerate minima. These degenerate minima are called the valley states. Figure 2.2(d)

shows a constant energy surface around the conduction band minima. Here, it is clear

that the effective mass (curvature of the band structure in reciprocal space) differs in the

transverse and longitudinal directions.

For quantum computing, degenerate energy states are undesirable. Thankfully, confine-

ment within a 2DEG lifts this degeneracy. As mentioned, the effective mass of conduction

band electrons in silicon is anisotropic. With confinement in the z direction as electrons

are pulled against the Si/SiGe (or Si-SiOx) interface, the z valley states are confined in the

2DEG with the longitudinal effective mass (ml = 0.91m0) while the x and y valley states are

confined with the transverse effective mass (mt = 0.19m0) [14]. This results in higher bound

state energies for the x and y valleys, lifting their energies above that of the z valley states.

In Si/SiGe heterostructures, the in-plane tensile strain caused by the lattice mismatch be-

tween silicon and the SiGe alloy additionally lifts the in-plane valley states. In a Si/SiGe

heterostructure with 30% germanium in the alloy, the separation in energy of the z valley

states and the x and y states is ∼200 meV.

With the in-plane valleys lifted, this leaves a two-fold degeneracy of the z valley states [14].

Within a quantum well, and with an applied vertical electric field, the pure plane wave Bloch

functions of the valley states are no longer eigenstates. This vertical confinement within the

quantum well and against the upper interface couples the two z valley states and creates

eigenstates of the symmetric and antisymmetric combination of these two valleys. The Bloch

oscillations, determined by the momentum vector k0 of the valley states, persist within an

confining envelope determined by the well and electric field. These oscillations are rapid due

to the large value of k0. These two states are out of phase from one another by a quarter

of a wavelength but share the same overall envelope. The resulting wave function densities
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Figure 2.3: Schematic representation of the wave function densities of the symmetric and
anti-symmetric valley states in a silicon quantum well. The overall wave function envelopes
of the two states are identical, but the phase difference results in different extensions into
the SiGe barrier. As shown in the expansion on the right, the total contribution to the wave
function that exists in the higher energy barrier differs between the two states. This leads
to a small but important lifting of the two-fold valley degeneracy.

|Ψ±|2 are shown schematically in Fig. 2.3.

Focusing now on the evanescent portion of the wave functions that extend into the SiGe

barrier (shown on the right of Fig. 2.3), the phase difference between the two states is

clearer. The contribution to the wave function that exists inside this SiGe barrier is different

for each state. Because the barrier has a higher energy, the differing contribution leads

to an energy splitting between the two eigenstates. This energy splitting is referred to as

the valley splitting. Theoretical modeling of the valley splitting in an ideal heterostructure

predicts a splitting greater than 1 meV. However, in real devices, the valley splitting is

significantly reduced by lattice disorder, interfacial defects, and atomic steps [18]. Valley

splittings measured experimentally typically lie between 20 and 200 µeV [19–31]. Because

the valley splitting is determined by the extent to which the wave function envelope extends

into the SiGe barrier, increasing the vertical electric field and pulling the wave function

harder against the interface can increase the valley splitting. We discuss heterostructure

modifications for valley splitting control in Ch. 3. For a more detailed analysis of valley
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splitting in Si/SiGe heterostructures, refer to Ref. [32].

2.1.4 Quantum Computing with Si Quantum Dots

With a grasp of quantum dots, we now turn to a discussion of their use in quantum computers.

First, however, we discuss what makes a system suitable for quantum computing. A set of

5 criterion, outlined by David P. DiVincenzo in 2000, succinctly describes the necessary

requirements for the physical implementation of quantum computing [33]. These are:

1. A scalable physical system with well characterized qubits

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

3. Long relevant decoherence times, much longer than the gate operation time

4. A ‘universal’ set of quantum gates

5. A qubit-specific measurement capability

To understand these criteria, we introduce some quantum computing notation. A single

qubit, with two distinct energies, is described by two degrees of freedom. We can write the

qubit state as

|ψ〉 = α |0〉+ β |1〉 (2.1)

where |α|2 + |β|2 = 1. This system can be projected on the surface of a sphere, called the

Bloch sphere [1]. This is shown in Fig. 2.4(a). Equation (2.1) then takes the form

|ψ〉 = cos

(
θ

2

)
|0〉+ eiφ sin

(
θ

2

)
|1〉 . (2.2)

For an arbitrary two qubit state, we write:

|ψ′〉 = α00 |00〉+ α01 |01〉+ α10 |10〉+ α11 |11〉 , (2.3)

likewise with a normalization condition for the complex coefficients.
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Figure 2.4: (a) Schematic of the logical states of a qubit on a Bloch sphere. The qubit state
can be described by two angles, φ and θ. (b) Schematics of the logical states of a single spin
qubit (top) and charge qubit (bottom). The single spin qubit states are split by an applied
magnetic field. The charge qubit states differ by the difference in energy between each dot.

We can now discuss the DiVincenzo criteria with more clarity. A good quantum comput-

ing system must have qubits with well defined states |ψ〉 (Criterion 1). The system must be

capable of initialization, for example into the |00〉 state (Criterion 2). The qubits states must

persist for longer than the operation time (Criterion 3). In the Bloch sphere representation,

we can describe ‘decoherence’ as a combined term for relaxation (loss of θ information) and

dephasing (loss of φ information). The sources and timescales of dephasing and relaxation

are often different. However, a mathematical limit places the maximum dephasing time as

twice the relaxation time [1]. Criterion 4 requires that the full state of the system |ψ′〉

must be fully controlled through single and multi-qubit manipulations. Finally, we must be

capable of reading the quantum state of each qubit (Criterion 5).

A quantum dot-based qubit system was first proposed in 1998 [9]. In this proposal, the

spin projections of a single electron quantum dot are used as the logical states. The energy

splitting between the two states is set by an applied magnetic field. Since this proposal of a

single spin qubit, many other qubit systems built from quantum dots have been proposed and

experimentally realized. All qubit designs, however, leverage some combination of the spin

and the orbital (positional) degree of freedom. The basis for these two qubit types, spin qubit

and charge qubit, are shown in Fig. 2.4(b). In general, qubits which utilize spin have longer

coherence times but slower manipulation times than charge-based qubits. An example qubit
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design that utilizes both charge and spin is the quantum-dot-hybrid qubit, which consists of

three electrons confined within two quantum dots [34,35]. The qubit states are defined by the

singlet-triplet spin splitting between two electrons in a single quantum dot, but qubit control

is achieved through charge manipulation between both dots. Qubits built from quantum dots

are enticing due to their relatively small size and similarity to transistors which form the

basis for classical computing. Building a large quantum computer with thousands or millions

of qubits seems attainable, given the billions of transistors in a modern processor.

The first physically realized quantum dot qubits were in GaAs/AlGaAs heterostruc-

tures [36–38]. Dots formed in GaAs have several advantages over silicon: a smaller effective

mass, higher mobility 2DEGs, and no valley states to consider. However, III-V elements (Ga

and As) necessarily have non-zero nuclear spin. This spin environment acts as a significant

source of decoherence in spin qubits. In contrast, 28Si, the main stable isotope of silicon,

has zero nuclear spin. This inherent advantage has led to a gradual shift towards silicon and

germanium heterostructures for quantum dot qubits over the last decade. The current state-

of-the-art in silicon quantum dot qubits are two-qubit gates and multi-dot arrays [39–41].

Through isotopic purification of silicon, the highest single qubit gate fidelity (a measure of

the accuracy of a quantum gate) achieved to-date is > 99.9% in a single spin qubit [42].

Regardless of qubit design, valley splitting plays an important role in silicon quantum dot

qubits. In single spin qubits, the spin relaxation time is often limited by the presence of the

excited valley state. In the quantum-dot-hybrid qubit and the valley-orbit qubit, the valley

splitting determines the logical states of the qubit [34, 43]. Control of the valley splitting is

of critical importance to any silicon qubit. We explore modifications to the heterostructure

for valley splitting control in Ch. 3.

Similarly, good control of qubit parameters and proper state readout is heavily dependent

on gate design. This varies significantly across the silicon dot community and the charge

noise (another dominant source of noise for qubits) has been reduced with newer designs

and fabrication methods [44]. We discuss modifications to fabrication processes for enhanced
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control and lowered charge noise in Ch. 4.

Finally, as the size of the systems scale, heuristic control of all gate voltages becomes

increasingly difficult. We present techniques for automation of various quantum dot tuning

procedures in Ch. 5.

2.2 Standard Fabrication for Si/SiGe Devices

In this section, we describe standard fabrication procedures and designs used for silicon

quantum dots. Details of Si/SiGe heterostructure growth, achieved through chemical vapor

deposition (CVD) or molecular beam epitaxy (MBE), may be found in Ref. [14,15,45]. This

information is useful as a reference for Ch. 4, where fabrication modifications are explored.

2.2.1 Lithography

Lithography, in the context of semiconductor device fabrication, describes a process in which

a pattern is transferred, by means of an etch or a deposition, from a thin film called resist

(often a polymer) to a substrate. The patterning of the resist is achieved through select

exposure to light (photo-lithography) or high energy electrons (electron-beam-lithography).

This process is shown schematically in Fig. 2.5.

The process begins with a substrate, such as a silicon wafer, and photo- or e-beam-resist.

Liquid (but viscous) resist is deposited onto the substrate. By spinning the substrate at high

speeds, the resist is thinned into a uniform layer across the substrate. This resist-substrate

stack is then often thermally annealed to partially cure the resist.

Next, the resist is patterned. In photo-lithography, a photomask is used to transfer

the pattern. Photomasks are transparent glass or quartz panes with an opaque chrome

pattern printed on one side. By aligning the photomask to the substrate and shining colli-

mated light through the mask, the resist is only exposed in the ‘unmasked’ region. Resist

is photo-sensitive and is chemically altered by light exposure during patterning. In e-beam-
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Figure 2.5: A standard lithographic process for semiconductor fabrication, from left to right.
First, a photoresist or electron-beam resist is spun onto the substrate, typically followed by a
thermal cure. Next, the resist is exposed to either light or high-energy electrons in a specific
pattern. The pattern is then developed using a tuned chemical process to selectively remove
either the exposed or unexposed resist. This pattern is then transferred to the substrate
either through a deposition or an etch. Finally, the resist is chemically removed and only
the material deposited or etched pattern remains.

lithography, a focused beam of electrons with energy 10 − 200 keV is rastered across the

e-beam-resist to similarly expose the resist in a pattern. The resolution limit of photo-

lithography is determined by the wavelength of light used for exposure. For optical or

near-UV photo-lithography, this translates to a resolution limit in the hundreds of nm. For

electron-beam lithography, the resolution limit is determined by both beam spread and choice

of resist. Polymer based resists such as PMMA have resolution limits in the tens of nm. For

this reason, larger structures > 1 µm are fabricated via photo-lithography and smaller struc-

tures, such as the voltage gates for quantum dots, are fabricated via e-beam-lithography.

After exposure, the pattern must be developed. As the exposed resist is now chemically

altered, a chemical solution is used to selectively dissolve either the exposed or the unexposed

regions. The process used is specific to each resist and the desired outcome.

Once developed, the patterned resist on the substrate can now be used as a stencil for

various processing. In quantum dot fabrication, there is an array of etches and depositions

that need to be performed in a patterned shape. The resist, as its name suggests, can be

used to ‘resist’ etching of the substrate below. For depositions, the presence of the resist

blocks any material making contact with the substrate surface.



17

After processing, the remaining resist must be stripped away. This is again a chemical

process, similar to development. For depositions, removing the resist is often referred to as

‘lift-off’, because the excess deposition material on top of the resist is lifted off as the resist

is dissolved.

At the end of the lithographic process, the substrate is left with either an additional

patterned layer of material or an etched pattern. This process is repeated many times in

typical quantum dot fabrication to achieve gate, oxide, implanted, and etched structures.

2.2.2 Standard Process Flow

Over the years, the Eriksson research group has developed a standard process flow for quan-

tum dot fabrication on Si/SiGe heterostructures. This process can be roughly divided into

two sections: micron-scale steps performed using a Nikon i-Line Stepper (photo-lithography)

and nanometer-scale steps performed using an Elionix electron-beam-lithography tool. The

resulting fabricated device after these two process flows are shown in Fig. 2.6.

Micro-fabrication of Quantum Dots

Photo-lithography is used for the majority of the fabrication steps. Starting with a Si/SiGe

heterostructure grown on a silicon chip or wafer, alignment marks are patterned and etched

into the heterostructure. The Stepper photo-lithography tool is capable of self-alignment

of the masks to the substrate and the etched marks provide features for alignment. The

physical etch of the SiGe is achieved through a dry plasma process, typically a fluoridated

chemical such as CHF3 or SF6 combined with O2.

Next, another etch of the heterostructure is performed to create what is referred to as

the mesa. This step removes both the SiGe spacer above the quantum well and the silicon

quantum well itself across the majority of the device. What is left is a small, 150 µm square

mesa of heterostructure shown in the center of Fig. 2.6(a) and the entirety of Fig. 2.6(b).

With this etch, a 2DEG may only form within the confines of this mesa. In this way,
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Figure 2.6: (a) Optical image of the photo-lithography fabrication of a quantum dot device,
with a 300 µm scale bar. The large gold pads are the bond pads for each gate, leading
towards the center where the gates are fabricated. (b) Optical image of a quantum dot
device, focused on the central ‘active region’ where electrons can accumulate, with a 30 µm
scale bar. The bond pad wires in this image are palladium (dark gray), and approach the
center from all sides. The gate metal for this quadruple dot device is aluminum (light gray).
The etched oxide terrace is visible as the lighter colored square in the center. (c) CAD
schematic of the device shown in (b). Each color represents a different photo-lithography
step, except for the red pattern which are the three layers of electron-beam-lithography.

unintended electron accumulation or current paths across other parts of the device is avoided.

After mesa definition, the ohmic contacts are implanted with phosphorus. As described

previously in Sec. 2.1.1, regions of the heterostructure can be doped with free electron carri-

ers, in this case phosphorus, to ‘metalize’ the silicon. This allows for direct electrical contact

to the 2DEG. After resist patterning, the devices are sent to an external contractor who

bombards the surface with high energy (∼ 20 keV) phosphorus ions which implant into the

heterostructure. A typical ion density for silicon devices measured at very low temperatures

is 1 − 5 × 1020 ions/cm−3. After their return and removal of any resist or other mask, the

devices are briefly annealed to 700 °C to repair any crystal damage from the implantation.

Next, a dielectric is deposited across the surface. This dielectric is typically aluminum

oxide, deposited with an atomic layer deposition (ALD) tool. A small 32 µm ×32 µm square

of oxide is etched away in the center of the device on the mesa. This is a wet etch using

a buffered hydrofluoric acid. Following the etch, an additional layer of oxide is deposited.
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With this process, we have created a thin oxide layer over where dots will form and a thicker

layer elsewhere. This oxide ‘terrace’ is done to ensure good electrical isolation of gates

across the entire device while minimizing the thickness near the dots. As will be discussed

in Ch. 4, this is done in an attempt to minimize charge noise and minimize the distance

between the surface gates and the 2DEG. With an oxide now covering the entire surface

of the heterostructure, an etch step is required to remove the oxide over the phosphorus

implanted region for good metallic contact. This is again a wet HF etch.

The final three micro-fabrication steps are metal depositions. These metal depositions

are additive processes, meaning the resist is patterned first and the metal is deposited in

the space where developed resist has been removed. The three metal layers to be deposited

are the metal ohmic contacts to the ion implanted region, interconnects, and the bond pad

wires. The metal for the ohmic contacts are deposited onto the bare silicon where the oxide

was etched away. As the name suggests, the function of the interconnects is to connect the

bond pad wires to the dot gate metal. Due to the limitations of attaching wires to bond

pads on the surface of the substrate, the bond pad metal thickness should be ∼200 nm or

greater. The dot gates however, with narrow < 100 nm widths, need to be much thinner.

Because the bond pads are deposited prior to the gates, achieving good step coverage of

the thin gate metal on the thick bond pad metal is not guaranteed. For this reason, thin

∼ 20 nm interconnects are deposited first, such that the bond pads metal and gate metal

can be deposited onto each end. For additional details on the role of interconnects, refer to

Ref. [46]. These metal steps are clearly visible in Fig. 2.6(a-b). The metal used in (a) is

a stack of thin titanium (for adhesion) followed by gold. The metal in (b) is titanium and

palladium. These noble metals (Au and Pd) are used due to their resistance to oxidation,

so that good connection to subsequent metal depositions can be made.

Figure 2.6(a) also shows an additional safety feature of our designs: bond pad straps.

Because these quantum dot devices are small with very thin oxide layers separating each

gate, they are extremely prone to damage from electrostatic discharge (ESD). To prevent
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Figure 2.7: (a-b) SEM images of similar ‘open-style’ two-layer quantum dot devices. The gate
material is gold, isolated by depostied aluminum oxide. The scale bar for both is 500 nm.
(c-e) SEM images of the first, second, and third layer gates of an overlapping aluminum
quadruple quantum dot device, with a 500 nm scale bar. (f) SEM image of a completed
and layered device of the gate design in (c-e), with a 1 µm scale bar. (g) Magnified image
of the same device in (f), with a 250 nm scale bar. The locations of the quantum dots
are highlighted with yellow circles, showing a linear array of four dots opposing two charge
sensing dots.

this during fabrication, all bond pad wires are connected together with bond pad straps.

These are the thin wires seen in Fig. 2.6(a) running along the outside edge of the image.

This keeps all gates and ohmics at the same potential, reducing the chance of charge build-up

and subsequent discharge. After the device is mounted and wired to a PCB with its own

grounding system, these wires are cut with a diamond tipped blade.

Design and Nano-fabrication of Quantum Dots

All that remains in fabrication is the dot gate lithography. The design of the micron-sized

features and the division between photo- and e-beam-lithography is intended to allow for

maximum versatility of gate design as far into the fabrication process as possible. All previous

steps can be completed at the wafer scale to create hundreds of potential dot devices. Then,

the wafer can be diced and the final steps of gate lithography can be completed as needed,

with design iterations as desired.
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Currently, most gate fabrication in the Eriksson group is done in an additive process,

meaning gate metal lift-off is required. Figure 2.7 shows scanning electron microscope (SEM)

images of two different gate styles. Figure 2.7(a-b) shows two iterations of an ‘open’ style

design with two quantum dots in the center fabricated with two layers of gates. The layers

are isolated from one another and the heterostructure surface by deposited aluminum oxide.

Electrons can be loaded into the two dots from reservoirs at the top of the image. Charge

sensing, discussed in Sec. 2.3.4, can be performed on either side of the device. This design

style has been successfully implemented for two-axis control of a singlet-triplet qubit [47],

measurement of transport through an impurity coupled to a quantum dot [48], character-

ization of a double dot in a Si/SiGe nanomembrane [49], and a programmable two-qubit

quantum processor in silicon [40].

Despite these successes, a newer design with greater control, less dielectric, and a tighter

design has taken hold as the standard for silicon quantum dot fabrication. We’ll refer to this

design here and elsewhere in this work as the ‘overlapping aluminum gate design’. Pioneered

in 2007, this design is based on tightly packed or overlapping aluminum gates, isolated from

one another by a thin layer of oxidation of the aluminum itself [50]. In this way, no deposited

dielectric is needed between each gate layer. This oxidation can be enhanced in a number

of ways, most notably by an oxygen plasma ash, as described in Ref. [46]. Figure 2.7(c-e)

shows an SEM image of a typical three-layer design for a quadruple quantum dot. The first

layer of gates, referred to as the ‘screening’ gates, are used to deplete electrons with low or

negative voltages, allowing the 2DEG to form only between these gates. The second layer

is the accumulation layer, with larger reservoir gates to the sides and individual ‘plunger’

gates for control of the chemical potential of the dots. This design has two charge sensors

in the upper channel opposing the linear array of four dots. The third and final layer

defines the ‘barrier’ or ‘tunnel’ gates, which control the tunneling between dots and to the

reservoirs. Figure 2.7(f) shows all three layers together. Figure 2.7(g) shows a much higher

magnification SEM image of the same device. The alignment of the second and third layer
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gates between the screening gates is clear. The overlapping aluminum gate design has been

used in a two-qubit gate in MOS [39], a two-qubit gate in Si/SiGe [41], and an exchange-only

triple dot qubit [51]. Another main advantage of this design is its inherent extensibility to

large dot arrays; a nine dot linear array has been shown to be stable and controllable [52].

This section is meant merely as an introduction and overview of typical quantum dot

fabrication and is in no way an exhaustive list of quantum dot gate designs. Designs are

often tailor-made to the desired goal or qubit design. Certain qubits such as the single spin

qubit in silicon require either an electron spin resonance (ESR) gate or a micro-magnet for full

control of the qubit state. Additionally, various readout or qubit coupling schemes involve

specific gate designs or additional resonance circuits [53–55]. We discuss modifications to

these fabrication processes in Ch. 4.

2.3 Standard Heterostructure and Quantum Dot Mea-

surements

In this section, we introduce and describe key measurement techniques that are used through-

out this work. We begin with a discussion of Hall bar measurements, which can characterize

key parameters of a 2DEG. Then, we describe various quantum dot measurements, from dot

formation to energy spectroscopy.

2.3.1 Classical Hall Effect

The classical Hall effect is a remarkably simple phenomenon arising from electric current in

a perpendicular magnetic field. Simply put, when electrons flow perpendicular to an applied

magnetic field, a voltage builds transverse to the electron flow. This is just the Lorentz force

law, that a force exists on a charge q with velocity ~v in a magnetic field ~B: ~F = q(~v × ~B).

The power of the effect comes with understanding how the electrons flow according to the

applied voltage bias and magnetic field.
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For the classical Hall effect, the 2DEG can be described simplistically by the Drude

model [56]. In this model, conducting electrons move in a similar manner to ideal gases. We

assume electrons scatter with scattering time τ , scattered electrons return to zero momentum,

and electrons respond to external electric and magnetic fields in-between scattering events.

From this, the change in momentum of an electron in an electric and magnetic field is

d~p

dt
= −e( ~E + ~v× ~B)− ~p

τ
. (2.4)

We can replace the momentum with m∗~v, and then define the electric current as ~j = −en~v,

where n is the density of conducting electrons. With these substitutions and assuming a

steady state such that d~p/dt = 0, the electric field is

~E =

(
1

ne
~j × ~B +

m∗

ne2τ
~j

)
. (2.5)

We can see here that in addition to the field along the direction of current flow, there is

a field transverse to both the current and the field. This creates a voltage called the Hall

voltage. We can define a resistivity matrix ρ as ~E = ρ~j. If we imagine a current along the

x-direction and a magnetic field along the z-direction, the Hall resistivity is

ρxy =
B

ne
(2.6)

and the resistivity along the current flow is

ρxx =
m∗

ne2τ
. (2.7)

Herein lies the purpose. By measuring these resistivities, the electron density and the scatter-

ing time can be determined. In a 2DEG, the dimensionality reduces to two and the electron

density becomes a two-dimensional density n2D. Typically, the 2DEG is formed into a bar
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Figure 2.8: (a) Optical image of a Hall bar with a 200 µm scale bar. The labeled top gate
is used to accumulate electrons in the quantum well of the Hall bar (center). A voltage bias
is applied and a current flows from the source to the drain ohmic. Longitudinal (Rxx) and
transverse (Rxy) resistances are measured as a perpendicular magnetic field is swept. (b)
Classical Hall resistances for Rxx and Rxy showing the expected linear slope of the transverse
(Rxx) resistance. This measurement shows a carrier density n2D = 3.99 × 1011 cm−2 and a
transport mobility µ = 50, 300 cm2V−1s−1, measured at 3 K.

shape called a Hall bar to simplify the measurement. For a two-dimensional Hall bar with

current flowing down the length L (with width W ) and a magnetic field perpendicular to

both length and width, we can calculate the carrier density from the Hall resistance Rxy as

n2D =
1

e

(
Rxy

B

)−1
. (2.8)

Often, instead of using the scattering time τ as a figure of merit for the quality of the 2DEG,

the mobility µ = eτ/m∗ is used. This mobility is effectively a measure of how easily electrons

flow. Higher mobility means less scattering and lower resistance. Generally, higher mobility

is desired. With a Hall bar, we can calculate this mobility through a measurement of the

Hall resistance and the longitudinal resistance at zero magnetic field Rxx(B = 0) as

µ =
L

W

(Rxy/B)

Rxx(B = 0)
. (2.9)

This mobility is called the transport mobility, as only scattering which negatively affects the

current flow contributes to this value.

Figure 2.8 shows an optical image of a Hall bar (a) and a Hall measurement (b). A
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standard Hall bar is nothing more than a field effect transistor (FET) with additional ohmic

contacts for resistance probing. The Hall bar has six ohmic contacts consisting of a source

and drain and four ohmics for measuring the Hall and longitudinal resistances. A single top

gate accumulates electrons into a 2DEG which overlaps the ion implanted regions and the

bar region. The top gate is isolated from the heterostructure by an oxide and a mesa etch

creates a trench around the device to avoid stray current flow. The measured bar region lies

in between the central four ohmics. In this device, the bar has a length/width ratio of 10.

The magnetic field is applied perpendicular to the plane of the 2DEG, so that the Hall and

longitudinal resistances are measured as labeled. In Fig. 2.8(b), these resistances are plotted

as a function of applied magnetic field. As expected, the Hall resistance increases linearly

with magnetic field. The behavior of the longitudinal resistance is not important presently,

but will be discussed in Sec. 2.3.2.

As previously stated, these Hall bar measurements are used to measure the carrier density

and mobility. These can be useful for determining the quality of the heterostructure grown,

as defects lead to scattering. Generally, the mobility in the limit of high carrier density

is dominated by impurities within or near the quantum well while the mobility in the low

carrier density limit is dominated by remote impurities in the fabrication stack, e.g. within

oxides. The minimum carrier density such that the disorder is overcome and finite current

flows through the 2DEG is called the percolation density, corresponding to the metal-to-

insulator transition [57]. The limits of low and high carrier density can be fit to separate

power laws and used to interpret the sources of disorder affecting the 2DEG [58, 59]. In

this work, the classical Hall effect is utilized in both Ch. 3 and Ch. 4 for characterization of

heterostructure growth and device fabrication.

2.3.2 Quantum Hall Effect

In the previous section, we treated electrons in a 2DEG in a classical sense. However,

particularly at low temperatures and with minimal scattering, these electrons should be
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described quantum mechanically [11]. We start by replacing our electric and magnetic fields

with the scalar potential φ and the vector potential A. We can then write the Schrödinger

equation for charge q at position R and time t in these potentials as

(
1

2m
[p̂− qA(R, t)]2 + qφ(R, t)

)
Ψ(R, t) = i~

d

dt
Ψ(R, t), (2.10)

where p̂ is the canonical momentum operator −i~∇. If we introduce a magnetic field in the

z-direction and choose a Landau gauge such that A = (0, Bx, 0), we arrive at

(
− ~2

2m
∇2 − ie~Bx

m

∂

∂y
+

(eBx)2

2m
+ V (z)

)
ψ(R) = Eψ(R), (2.11)

where V (z) is the confinement of the quantum well and E is the kinetic energy. Focusing on

motion in the plane of the 2DEG, we can write the energy eigenvalues as

ε = (n− 1

2
)~ωc, (2.12)

where n are positive integers and ωc = |eB/m| is the cyclotron frequency. Eq. (2.12) is

familiar, as it has the form of the energy of a quantum harmonic oscillator.

This result turns out to be very consequential. We see that the allowed energies of

the electrons are independent of their momentum. Therefore, states with the same n but

different momentum k are degenerate. A 2DEG in the absence of a magnetic field has a

continuous density of states out to its fermi level. In a magnetic field, however, this collapses

to a series of delta functions called Landau levels.

The number of states per Landau level is determined by the electron density and the

applied magnetic field. The allowed number of electrons per Landau level per area (density

of states) is eB/h and the Landau levels fill up, starting with n = 1, until all electrons

occupy a level. At larger magnetic field, these levels spread in energy and are allowed more

electrons per level. The number of occupied Landau levels is called the filling factor ν. This
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is generally a continuous number but takes on integer values n at magnetic fields

Bn =
hn2D

n
. (2.13)

These Landau levels can be interpreted as the allowed orbital energies of circular electron

motion. In real silicon 2DEG systems, we have the added energy splittings associated with

the Zeeman energy as well as the valley splitting. We can then approximate the energy

eigenstates as

ε = (n− 1

2
)~ωc ±

1

2
gµBB ± Evalley(B), (2.14)

where g is the electron g-factor, µB is the Bohr magneton, and Evalley is the valley splitting.

We write the valley splitting as a function of magnetic field because with increasing magnetic

field, the magnetic length (approximate orbit of the electron) decreases, leading to a smaller

sampling of the quantum well interface. With this, there are now four Landau levels for each

orbital. The condition for integer filling factor still applies to each of these new levels.

Although these Landau levels are theoretically degenerate delta functions with no width

in energy, they will be broadened in real devices with finite scattering and temperature. The

shape of the broadening is not precisely known, but is considered to be either Gaussian or

Lorentzian in shape [60, 61]. For our calculations here, we assume a Gaussian broadening

with magnitude Γ. We then rewrite the density of states as

g(E) =
eB

h

∞∑
n=1

[
1√
2πΓ

exp

(
− 1

2Γ2

[
ε−

(
(n− 1

2
)~ωc ±

1

2
gµBB ± Evalley(B)

)])]
(2.15)

The Landau level broadening is approximately related to the quantum lifetime by Γ ≈

~/2τq [59,62]. The quantum lifetime, τq, describes the time between scattering events. This

differs from the transport lifetime in that all scattering events, not just those that adversely

affect transport, are accounted for.

Figure 2.9(a) shows the first eight Landau levels for a 2DEG in silicon with a carrier
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Figure 2.9: (a) Simulation of the density of states in a vertically confined 2DEG in a magnetic
field B = 5 T. The two widely separated groupings are separated Landau levels, further
separated by the Zeeman splitting and the (much smaller) valley splitting. The broadening
of these Landau levels is Gaussian. (b) A fan diagram of the fermi level for the system in
(a) with a carrier density n2D = 4× 1011 cm−2. The large vertical shifts are a results of the
‘pinning’ of the fermi level to a Landau level. (c) Longitudinal resistance of this simulation
with a transport mobility µ = 50, 000 cm2V−1s−1 showing the expected Shubnikov-de Haas
oscillations. The blue curve shows the results with no localized states while the orange
curve is a rough approximation to include localization which results in wide regions of zero
resistance.

density of n2D = 4×1011 cm−2 at 5 T with an arbitrary Landau level broadening Γ = 70 µeV.

As the magnetic field increases, these states increase in energy and spread apart. The fermi

energy passes through these Landau levels as the magnetic field changes. At integer filling

factors, the fermi energy lies evenly between Landau levels. At sufficient separation of the

Landau levels, the density of states at the fermi level, which is responsible for longitudinal

conduction, approaches zero. In the limit that the transverse conduction is much larger than

the longitudinal conduction, the longitudinal resistance is proportional to the longitudinal

conduction. Therefore, at integer filling factors, the longitudinal resistance also approaches

zero. This effect is dampened by the fact that as the density of states approaches zero, the

change in fermi energy is rapid, resulting in a ‘pinning’ of the fermi level to the broadened

Landau levels. This effect is shown in Fig. 2.9(b). As the magnetic field increases, higher

Landau levels empty and the fermi level rapidly snaps to the next level. The fermi level here

is calculated by integrating Eq. (2.15) to an energy ε such that the electron density equals

the total value 4× 1011 cm−2.
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To approximate the longitudinal resistance, we evaluate Eq. (2.15) at the fermi level and

normalize the value to the classical value at B = 0 for a mobility µ = 50, 000 cm2V−1s−1. The

result, shown in blue in Fig. 2.9(b), shows oscillations of the resistance with magnetic field.

These are Shubnikov-de Haas oscillations and the minima occur at integer filling factors ν.

At larger magnetic field, these oscillations spread apart and increase in size.

The last effect we consider for this modeling is the distinction between localized and

extended states. When the density of states is very small, the defects and impurities which

contribute to electron scattering cause localization of the electron states. For finite con-

duction, the electron states must propagate along the length of the Hall bar, which these

localized states cannot. Wide regions between the peaks of the Landau levels where the

density of states is low exhibit this localization effect, leading to wide regions where the

conduction, and therefore the resistance, is exactly zero. This effect is approximated in the

orange curve of Fig. 2.9(c), where any density of states at the fermi level below a threshold

is set to exactly zero.

Notably absent from this discussion is the effect of the lateral confinement of the Hall

bar. This will introduce an additional confinement term to the Schrodinger equation and

can be helpful to explain especially low magnetic field results. This confinement can also

be helpful to describe the effect of edge states: conduction along the edges of the Hall

bar. At the edges, the energies of the Landau levels rapidly increase and approach infinity

(for an infinite well). This bending leads to an integer number of states along the edges,

corresponding to the number of filled Landau levels. In the wide regions of zero resistance

in the longitudinal resistance, only these edge states contribute to the Hall resistance. This

leads to a quantization of the Hall resistance at integer filling factor. This effect is called the

integer quantum Hall effect and the resistance at integer filling factor n is Rxy = h/(ne2).

Example longitudinal and Hall resistances in the quantum Hall regime are shown in

Fig. 2.10(a). The Shubnikov-de Haas oscillations (SdHO) are clearly present and show wide

plateaus of zero resistance at high field. The Hall resistance also shows wide plateaus at the
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Figure 2.10: (a) Transverse (green) and longitudinal (red) resistances for a Hall bar measured
below 100 mK (n2D = 4.15 × 1011 cm−2, µ = 160, 000 cm2V−1s−1). Strong quantum Hall
plateaus and Shubnikov-de Haas oscillations are present. The integer filling factor ν is
labeled for select plateaus/minima. (b) Longitudinal resistance from (a), focusing on the
low field region. The upper panel shows these SdHO plotted against linear magnetic field.
The bottom panel shows the same, plotted in inverse magnetic field. The oscillations are
evenly spaced in inverse magnetic field, with the onset of a doubling of the frequency at
higher magnetic field as the Zeeman splitting increases beyond the level broadening.

same field as the SdHO minima. We can label the filling factors of these plateaus either from

the resistance of the Hall plateaus or the carrier density calculated from the low field slope.

Figure 2.10(b) shows a zoom-in of the low-field longitudinal resistance. We can see that as

the field increases, an additional oscillation appears. This is the spin splitting increasing

with increasing field, resulting in better separated Landau levels and creating deeper SdHO

minima. If we plot this data in inverse magnetic field, shown in the bottom plot, these

oscillations are evenly spaced and double in frequency as the spin splitting increases at

higher field. This periodicity is just the filling factor equation Eq. (2.13). The periodicity of

the oscillations in inverse field is another way to determine the carrier density of the system.

The quantum Hall effect is a very powerful phenomenon with many applications. For our

purposes, it can be used to estimate the energy separation of these Landau levels, particularly

the valley splitting. Additionally, the low-field behavior of the SdHO at varying temperature

can be used to determine the quantum lifetime, τq. The ratio τ/τq can be used to predict

whether interface or remote scattering dominates the 2DEG behavior [59,63]. In this work,

the quantum Hall effect is utilized several times throughout Ch. 3.
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Figure 2.11: (a) Approximate circuit diagram for a single quantum dot coupled to a source
reservoir, drain reservoir, and gate. The electrostatic energy of the quantum dot is influ-
enced by these capacitances and the voltages applied. (b) Schematic of a changing chemical
potential of a quantum dot between a source and drain. When no QD state lies in the bias
window between the source and drain, no current flows (top). If the QD energy is modified to
position a state in the bias window, electrons can shuttle between source and drain (bottom).
(c) Example Coulomb blockade oscillations of a single quantum dot. The gray line connects
the measured red points as a guide. (d) Coulomb diamonds of a single quantum dot. The
stable regions of charge, where no current flows, are labeled with the relative number of
electrons, N . Increasing the source-drain bias narrows these Coulomb blockade regions to
form the diamond shape.

2.3.3 Coulomb Blockade

We now turn our attention to various quantum dot (QD) measurements. The simplest and

most foundational of these is Coulomb blockade [17]. As previously discussed in Sec. 2.1.2,

the energy of a quantum dot consists of the Coulomb repulsion of the electrons and the single-

particle energy spacing between quantum levels (valleys, etc.). In well defined quantum dots,

overcoming the Coulomb repulsion is the main energy requirement for adding additional

electrons to the QD.

Figure 2.11(a) shows an approximate circuit diagram for a quantum dot coupled to a

source reservoir, a drain reservoir, and an electrostatic gate. We can write the electrostatic

energy of the quantum dot (ignoring single particle energies, spin energy, etc.) as a function

of the charge Q on the dot

U(N) =
Q2

2C
, (2.16)
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where C is the total capacitance of the dot, C = CS + CD + Cg. The charge Q of the

dot encompasses the charge induced by the source, drain, and gate voltages, as well as the

voltage of the dot itself. We can rewrite the charge as

Q = CSVS + CDVD + CgVg − CVdot. (2.17)

We rewrite the charge induced on the dot as CVdot = eN , where e is the magnitude of

fundamental charge and N is the number of electrons induced on the dot. The electrostatic

energy of the dot becomes

U(N) =
(−eN + CSVS + CDVD + CgVg)

2

2C
=
EC
2

(−N + q/e)2, (2.18)

where q = CSVS + CDVD + CgVg and EC is the charging energy, EC = e2/C. We define the

chemical potential of the dot as the energy required to add the N th electron:

µ(N) = U(N)− U(N − 1) = EC(N − 1/2)− EC
e
q. (2.19)

From this, we can see that the chemical potential of the dot is determined by the number

of electrons on the dot, as well as the voltages and capacitances which make up q. The

q term is continuous, but the occupation of the quantum dot, N , is discrete. Therefore,

the chemical potential of the dot, while a continuous function, only results in a change in

electron occupation at certain values of q.

The energy landscape of a quantum dot is shown schematically in Fig. 2.11(b). The

quantum dot shown in the center has a series of well separated quantized energy levels

(separated by EC). Source and drain 2DEG reservoirs on either side have a continuous

density of states below their fermi level. The quantum dot is separated from these reservoirs

by tunnel barriers on either side controlled by gate voltages. The energy of the quantum dot

and these barriers can be tuned as desired. Figure 2.11(b) shows a source-drain bias: the
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fermi level of the source and drain differ (VS 6= VD). With sufficiently opaque barriers, this

energy imbalance can be maintained when there is no available quantum dot state within this

source-drain bias window. This is shown in the top schematic of Fig. 2.11(b) and is called

Coulomb blockade. By changing the gate voltage over the QD and shifting the chemical

potential of the dot, a QD state can be brought into this bias window and an electron can

be shuttled from the source to the drain, as shown in the bottom schematic. For Coulomb

blockade to be apparent, the temperature of the system must be lower than the charging

energy of the dot and the tunnel resistances must be higher than the resistance quantum. In

the limit of low tunnel rates, low temperature T , and large quantum dot energy splittings,

the conductance G of a Coulomb blockade peak is given by [64]

G

G∞
=

∆E

4kBT
cosh−2

(
e(Cg/C)|V − V0|)

2kBT

)
, (2.20)

where ∆E is the internal energy splitting of the dot, Cg is the capacitance of the gate, C is

the total capacitance of the dot, and V0 is the gate voltage at maximum resonant tunneling.

Figure 2.11(c) shows the source-drain current through a quantum dot as the dot gate

voltage is swept. The current is highly nonlinear and oscillates between a high value and zero.

These oscillations are called Coulomb blockade oscillations. Each peak corresponds to the

addition (or subtraction) of an electron to the quantum dot. Each minimum corresponds to

a stable number of electrons in the quantum dot as there are no available states for tunneling

on or off. If we also sweep the source-drain bias, as done in Fig. 2.11(d), we see what are

called Coulomb diamonds [12]. The large white diamonds of zero current are the stable

regions of quantized dot occupation N . As the source-drain bias is increased from zero, the

region of finite current flow widens. At negative bias, electrons are shuttled in the opposite

direction and the current flow reverses. The angles and size of these diamonds are determined

by the capacitances to the source and drain, the asymmetry of the source-drain bias, the

charging energy of the dot, and the capacitance between the gate and the dot. The charging
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energy of the dot can be easily determined by the source-drain bias at which the diamonds

of finite current intersect. For this measurement, the charging energy is around 2 meV.

The structure of the current flow within the finite current diamonds is due to the internal

energy spacings of quantum dot. As the source-drain bias increases, additional excited state

energy levels such as an excited valley or orbital state can contribute to the conductance and

the current increases. With precise measurement, these Coulomb diamonds can be used to

measure the excited state energy spectrum in a quantum dot [65].

2.3.4 Charge Sensing

In quantum dot qubits, knowing the electron occupation of the quantum dots is vital. For

charge qubits, the occupation of the dot determines the qubit state. For qubits which utilize

spin, ‘spin-to-charge conversion’ is used to map the spin state to a specific charge state [36,66].

Therefore, having a way to externally sense the charge occupation of a quantum dot is

essential. ‘Charge sensing’ is a catch-all term for many different techniques to sense absolute

or relative dot occupation. Here, we focus on perhaps the most straightforward approach of

a nearby QPC or QD charge sensor [67].

The energy of a quantum dot is very sensitive to nearby electrostatic changes. Near a

Coulomb blockade peak, small changes to gate voltages or nearby charges can significantly

affect the current through the dot. We can use this high sensitivity to our advantage as a

sensor of other quantum dots. Figure 2.12(a) shows the current through a quantum dot as

the gate voltage of a separate and independent dot that we want to sense is swept. There

are two effects to be noted. Most obviously, there are abrupt changes to the current about

every 40 mV. These large shifts in current are due to a changing occupation of the sensed

dot. With increasing voltage, each shift corresponds to an electron being added to the dot.

The Coulomb blockade peak position shifts due to this change in the nearby electrostatic

environment. The second effect to be noted is the overall slope in current between charge

transitions. This is due to the voltage change on the sensed dot gate. This effect is much
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Figure 2.12: (a) Example current through a charge sensor quantum dot as the sensed dot
gate voltage is swept. The abrupt changes in current are a result of the changing electron
occupation of the nearby dot. (b) Two-dimensional charge sensing of a quantum dot. The
left panel shows Coulomb blockade oscillations of the transport current through the sensed
quantum dot as two dot gate voltages are swept to create a 2D image. The center panel
shows the current through the charge sensor, with abrupt changes at the charge transitions.
The right panel shows the numerical differentiation of the charge sensor signal with respect
to dot gate 2, showing peaks at the charge transitions.

smaller, leading to the gradual shift in the charge sensor current.

This charge sensing technique can be quite useful. Figure 2.12(b) shows electron tran-

sitions of a quantum dot through changes to two gates. The left panel shows the direct

transport current through the dot. The voltage at which electrons are added to the dot ap-

pear as Coulomb blockade peaks. In the central panel the current through a nearby charge

sensor feels the effect of these electron transitions, resulting in shifts at these voltages. In

the right panel, a derivative of the charge sensor results in peaks at the charge transitions

like those in direct transport. Often at very low dot occupations, maintaining a large enough

tunnel rate for a detectable transport current is difficult. Charge sensing in this way removes

the need for particularly fast tunnel rates which are often detrimental for qubit use.

This charge sensing technique is not limited to measuring the changing occupation of a

single quantum dot. Coupled quantum dot systems can be measured with a single charge

sensor, and the differing distance between the charge sensor and the sensed dot results in a
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differing response, which can be used to determine the location of each dot. A charge sensed

double quantum dot system is shown later in Sec. 2.3.7.

2.3.5 Lever Arm Measurement

The energies of quantum dots are experimentally manipulated with voltages on surface gates.

Knowing those explicit energies, however, is often very important for spectroscopy and qubit

manipulation. For this reason, we need a conversion between the gate voltage and the energy

of the dot. The conversion factor between a gate and the energy of a quantum dot is called

a lever arm, α. The lever arm is a measure of the capacitance between the gate and the dot,

determined by the gate geometry and the location and shape of the dot. There are many

ways to measure this value. In transport, the lever arm can be calculated from a Coulomb

diamond as its width (gate voltage) divided by half its height (source-drain bias). However,

in the low electron regime for qubits, we must rely on charge sensing methods and we focus

on a thermal-based method here.

Figure 2.13(a) shows a charge sensed electron transition. Adapted from Ref. [64] and

Ref. [68], we can fit the charge sensor current with

ICS(V ) = A tanh

(
α(V − V 0)

2kBTe

)
+ b ∗ V + I0, (2.21)

where the last two terms adjust for a current offset and the cross capacitance of the gate

voltage. As written, the width of the charge sensor transition is dependent on both the lever

arm α and the electron temperature Te. This is a measure of the temperature of the electron

reservoir, as the quantum dot has no defined temperature. Therefore, if we can control and

measure the electron temperature, we can determine the lever arm.

Figure 2.13(b) shows the same charge sensed transition as (a), but at an elevated tem-

perature. The transition is clearly broadened significantly by this change. The temperature

in the system is changed by heating the mixing chamber of the dilution refrigerator in which
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Figure 2.13: Charge sensed transition of a quantum dot at a fridge temperature of 12 mK.
(b) Charge sensed transition of the same quantum dot in (a) at a fridge temperature of
550 mK. The gray curves in (a-b) are fits to the data using Eq. (2.21). (c) Lever arm and
electron temperature fit of a thermally broadened charge sensed electron transition. The
extracted lever arm is α = 0.99 eV/V and the base electron temperature is Te0 = 133 mK.

the device is loaded. The transition in both (a) and (b) can be fit with Eq. (2.21) to extract a

single Te/α parameter for each curve. This parameter is plotted in Fig. 2.13(c) as a function

of the mixing chamber temperature. As the lever arm should stay fixed across temperature,

the parameter Te/α increases with increasing fridge temperature. At very low temperatures,

it plateaus. This is due to the electron temperature de-coupling from the fridge temperature.

The 2DEG experiences some heating from electrical and thermal noise of the device wiring.

Because the electron-phonon coupling in silicon is relatively weak, the electrons cannot fully

thermalize to the fridge at very low temperatures. At higher fridge temperatures, this effect

is diminished and the electron temperature is in equilibrium with the fridge temperature.

We fit the electron temperature Te phenomenologically with

Te
α

=
1

α

√
T 2
MC + T 2

e0
, (2.22)

where TMC is the mixing chamber temperature and Te0 is the electron temperature at TMC =

0. Fitting the data in Fig. 2.13(c) with this function, we can now extract a lever arm and a

base electron temperature. This lever arm can then be used to convert gate voltage changes

into changes in the chemical potential of the dot.
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Figure 2.14: (a) Coulomb blockade peak of a single quantum dot with labeled sensitive (green
star) and insensitive (blue triangle) points for measurement. (b) Charge noise curve of the
dot peak in (a), showing a 1/f like dependency (gray line). The current power spectrum of
the insensitive peak is subtracted from the sensitive point before conversion to the charge
noise. The stray points near 60 and 120 Hz are environmental noise.

2.3.6 Low-frequency Noise Characterization

Noise is a near universal inhibitor to larger and better performing qubit devices of all designs.

In quantum dot based qubits, electrical noise called charge noise can be the dominant noise

source. Electrostatic fluctuations of the environment surrounding QDs can arise from many

sources, but are mainly attributed to two-level-system (TLS) defects at material interfaces

or within dielectrics [69–71] This charge noise can affect the energy, shape, and position of

quantum dots. For silicon qubits, charge noise can often be the most significant limit to

higher fidelities [42, 72]. For charge noise characterization, there is a relatively simple and

quick measurement that can be performed on a single quantum dot coupled to a source

and drain [69, 73]. The power spectrum of the current through a Coulomb blockade peak is

measured and converted into a charge noise spectrum. This is performed as follows.

First, a Coulomb blockade peak is tuned to have a large (dot current)/(gate voltage)

slope. To measure the charge noise that impacts the chemical potential of a quantum dot,

we operate at a point where the measured signal, the current, is sensitive to changes in

the chemical potential. The dot gate voltage is set to the highly sloped side of a Coulomb

blockade peak, as shown in Fig. 2.14(a), indicated by the green star. The power spectral

density (PSD) of the current, SI(f), is acquired in a long time-trace at this voltage point.
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This measurement captures the chemical potential noise in the device which affects the

current, but also captures bias voltage noise as well as noise from any current or voltage

pre-amplifiers in the circuit. We therefore need to subtract out these external noise sources.

This can be done by subtracting the noise at a point which is insensitive to the chemical

potential noise we are interested in. A good choice for this insensitive point is the peak of

the Coulomb blockade curve, marked in Fig. 2.14(a) by the blue triangle. In an ideal case,

the slope at the insensitive point is exactly zero. Subtracting a current PSD at a point with

finite slope is a major source of error in this approach.

This current PSD is then converted to a measure of the charge noise in the device. This

is done with a measure of both the lever arm, α, and the slope at the sensitive point to

convert to a PSD of the chemical potential µ.

Sµ(f) = α2

∣∣∣∣ dI

dVgate

∣∣∣∣−2SI(f) (2.23)

This has units of energy2/frequency and represents the charge noise at the dot in terms of the

change in chemical potential. The total integrated charge noise, σε, which is often reported

for qubit measurements, can be attained by taking a square root and integrating over the

bandwidth of the measurement [74]. Figure 2.14(b) shows an example charge noise result.

Charge noise in silicon quantum dots typically shows a 1/f dependence, as highlighted by

the 1/f gray line in Fig. 2.14(b). The value at 1 Hz is often reported as a standard metric.

In the field of gate defined silicon quantum dots, the lowest charge noise measured lies in

the 0.1− 1 µeV Hz−1/2 range [44].

While this measurement is performed in a lower frequency range than most qubits are

operated, the magnitude and power law of the noise has been shown to track up through the

megahertz range [42,75]. This measurement can then be remarkably powerful as a predictor

of the noise spectrum of a quantum dot qubit, despite its relative ease. A separate, but re-

lated, method of charge noise measurement involves tracking the peak location of a Coulomb
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Figure 2.15: (a) Schematic of the energies of a double quantum dot system. The left dot is
coupled to the source reservoir and the right dot is coupled to the drain reservoir. The dot
occupation is controlled by gate voltages Vg1 and Vg2. (b) Approximate circuit diagram for
the double quantum dot system shown in (a). Not shown is the cross capacitance between
gate 1 and dot 2, and gate 2 and dot 1. (c) Large stability diagram of a charge sensed double
quantum dot. The slopes of the transition lines give insight into the relative positions of
the electrons. There is a smooth transition from a single central dot in the upper right
to a coupled double dot in the lower left. Some transitions associated with dot gate 1
are difficult to see, due to charge sensor insensitivity in that region. Added dashed lines
highlight the transitions in these insensitive regions. (d) A stability diagram, focused on a
single polarization line in a double dot regime. The dot occupation of the double dot system
is labeled as (N1 = n,N2 = m). The triple points are labeled with red stars. The short
transition line between the triple points is called the polarization line. Changes in voltage
across this line result in moving an electron from one dot to the other.

blockade peak in time. This is used to measure charge noise at lower frequencies [27].

2.3.7 The Charge Stability Diagram

In this work so far, we have focused on a single quantum dot, or a quantum dot and a

sensing dot which do not exchange electrons. We now discuss a double quantum dot system,

in which a secondary quantum dot is added to the same current channel so that electrons

can be exchanged between each dot [76].

This is shown schematically in Fig. 2.15(a), where each dot is coupled to a single reservoir

and the energy of each dot can be individually controlled by gate voltages Vg1 and Vg2.

Figure 2.15(b) shows an approximate circuit diagram for this double quantum dot system.

The electron occupation of each dot is affected by the coupling to the source, drain, and
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each other, as well as the voltages on the gates. For brevity, we simply refer to Ref. [76]

for a detailed derivation of the chemical potential of each dot. We instead focus here on a

qualitative description.

Figure 2.15(c) show a ‘stability diagram’ of a double quantum dot system measured

with a charge sensor. The current through the charge sensor is measured with a lock-in

referenced to a small oscillating voltage applied to dot gate 2. The signal is maximum at

charge transitions, an effective differentiation of a DC charge sensor measurement. This

stability diagram shows 5 different regions of the charge transition behavior. The relative

slopes of the charge transitions with respect to each dot gate gives insight into the relative

location of the dots.

Starting with the upper right of the figure, where both dot gate voltages are high, we

see roughly 45° lines. Here, the coupling between the two dots is very high (large Cm). We

effectively have one single large dot, positioned roughly between the two dot gates. As we

lower both gate voltages, these transition lines change and begin to form sets of horizontal

and vertical lines. In this regime, we now have two coupled but distinct quantum dots. At

very low voltages, no more transition lines are present, and both dots are empty. On the left

and bottom edges of the figure, we see transitions associated with only a single dot, as the

other dot has been fully emptied.

We now focus in on the double-dot region of this stability diagram. Figure 2.15(d) shows

a zoomed in look at a single transition of each dot. The relative occupation of each dot is

labeled as (N1 = n,N2 = m). As expected, increasing the voltage on each gate adds an

electron to that dot. However, because these dots are nearby and so are the gates which

control their occupation, there is a cross capacitance between gate 1 and dot 2, as well as

gate 2 and dot 1. This leads to the finite slope of these transitions, i.e., changing gate 1

affects the energy of dot 2 and vice versa. We also see that the addition of an electron in one

dot affects the charge transition of the other dot. Because these dots are capacitively coupled

together, the energy of one dot changes the energy of the other. This leads to a separation of
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the intersection between the charge transitions for each dot (labeled with red stars). These

points are called triple points, and the line between them is called the polarization line. The

stable regions of charge across the polarization line show an extra electron in either dot.

Therefore, changing the gate voltages to cross the polarization line corresponds to moving

an electron from one dot to the other. The presence of the polarization line shows that

electrons can be exchanged between the dots. As a final note, we comment that as the

inter-dot coupling increases, the curvature at the triple points increases, as can be seen in

higher voltage ranges in Fig. 2.15(c).

Creating multi-dot systems is crucial for most quantum dot computing schemes. Double

quantum dots are necessary for systems such as the charge qubit, singlet-triplet qubit, or

quantum-dot-hybrid qubit [34,37,77]. Triple quantum dots, in which there are three coupled

dots, are used for the exchange-only qubit and the charge quadrupole qubit [78,79]. For single

spin qubits which only need a single dot, two qubit gates based on the exchange coupling

between the electrons requires a double dot system [80]. Thus, as shown in Sec. 2.2.2, most

quantum dot devices are designed to host multiple dots.

2.3.8 Magnetospectroscopy

As discussed previously in Sec. 2.1.2-2.1.3, electrons in a quantum dot occupy discrete energy

levels. With a single electron in a quantum dot, the atomic-orbital-like energy levels are

further split by the valley splitting. At zero-magnetic-field, each level is doubly-degenerate

due to the two possible spin states. As additional electrons are added, the charge repulsion

of the electrons modifies the energy separation between these levels. These electron-electron

interactions can cause significant deviations from the single-particle energy splittings, as

shown in Ref. [81]. When measuring the energy splittings of multi-electron quantum dots,

it is important to keep the influence of electron-electron interactions in mind.

One method of measuring the energy spectrum of a multi-electron quantum dot is magne-

tospectroscopy [21,82–84]. By introducing an in-plane magnetic field, the ground spin state
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Figure 2.16: (a) Spin states of a single electron quantum dot as a function of magnetic field.
At increasing magnetic field, the spin down state lowers in energy while the spin up state
increases. (b) Spin states of a two electron quantum dot. At low magnetic field, the singlet
state is the lowest energy state. As the field increases, the T− state becomes the lowest energy
state at a field determined by the singlet-triplet splitting. (c-f) Magnetospectroscopy curves
for the 0-1, 1-2, 2-3, and 3-4 electron transitions, respectively. The blue curves show the
result for simply subtracting the lowest energy spin state of the lesser electron occupation
from the lowest energy spin state of the greater electron occupation. The orange curves
show a more accurate model, allowing for excited state occupation due to a finite electron
temperature (100 mK) and taking into account the multiplicity of each spin state. (g)
Example magnetospectroscopy curve of a 3-4 electron transition, showing the characteristic
‘M’ shape of the curve. The charge sensor (CS) is measured via a lock-in, so that the
peak signal corresponds to the electron transition. The data at each magnetic field step is
normalized for visibility.

of the quantum dot can be changed. The changes in the ground state are detected through

the changing energy, and therefore gate voltage, of an electron transition as the magnetic

field is swept.

We first consider the case of a single electron in a quantum dot. At zero-magnetic-field,

the electron occupies the lowest possible valley-orbit state and either spin state. As the

magnetic field B increases, the spin states are split by the Zeeman energy, EZ = msgµBB,

where ms is the spin projection along the magnetic field, g is the electron g-factor (≈ 2 for

silicon), and µB is the Bohr magneton. Thus, at finite magnetic field, the spin down state

becomes the lowest energy state available. This is shown schematically in Fig. 2.16(a). At

increasing magnetic field, the energy of down state continues to decrease. Therefore, if the

electron transition between 0 and 1 electrons is swept, the voltage at which the electron is
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added decreases as the magnetic field increases. The rate at which this occurs (the slope of

energy/field) is determined by the difference in Zeeman energy between the two occupations.

This is shown in Fig. 2.16(c) as the blue line.

We now consider the electron transition from 1 to 2 electrons. The spin states of a

two electron system are shown in Fig. 2.16(b), labeled by the total spin and projection,

|S,ms〉. At zero-magnetic-field, the singlet state |0, 0〉 = 1√
2
(|↑↓〉− |↓↑〉) is the lowest energy

state. Due to the asymmetry of the spin state, both electrons can occupy the lowest energy

valley-orbit state. For the triplet states where S = 1, one electron must occupy a higher

valley-orbit state, increasing the total energy of the dot. As shown in Fig. 2.16(b), the triplet

states are offset from the singlet state by the singlet-triplet splitting. In silicon quantum dots,

the lowest excited state to occupy is often the first excited valley state, so the singlet-triplet

splitting is approximately equal to the valley splitting (electron-electron interactions result in

ES−T < Evalley). At sufficient magnetic field, the T− state, |1,−1〉, becomes the lowest lying

spin state. As previously stated, the slope of the electron transition with magnetic field

is determined by the difference in Zeeman energies between the two electron occupations

ms(N + 1)−ms(N). At low field, the ground state of the 2 electron system does not change

with magnetic field, but the 1 electron state decreases. This results in an increasing slope

of the charge transition. However, once the T− state becomes the ground spin state for 2

electrons, the transition slopes downwards in energy. This ‘kink’ in the magnetospectroscopy

slope for the 1-2 electron transition is shown in blue in Fig. 2.16(d). Given the known charge

occupation and Zeeman energy of each spin state, the singlet-triplet splitting can be extracted

from the magnetic field of the magnetospectroscopy kink. This process can be repeated at

higher electron transitions, with an increasing number of kinks associated with additional

changes to the spin states of each electron occupation across the transition. Figure 2.16(e-f)

show these magnetospectroscopy curves for the 2-3 and 3-4 electron transitions.

This discussion holds true at zero temperature. However, finite temperatures allow for

thermal excitations into higher spin or valley-orbit states, which modifies these magnetospec-
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troscopy curves. A grand canonical ensemble approach, in which both energy and electrons

can be exchanged between a quantum dot and a finite-temperature reservoir, can be used

to more accurately determine the zero-magnetic-field excited spin states of any electron oc-

cupation. This approach is described in detail in Sec. 3.2.8. The consequences of thermal

excitations are shown in Fig. 2.16(c-f) by the orange lines. Setting the electron temperature

to 100 mK results in curvature at the kinks and displacement of their magnetic field location.

An experimental example of magnetospectroscopy at the 3-4 electron transition is shown

in Fig. 2.16(g). The ‘M’ shape, as shown in Fig. 2.16(f), is clearly visible. Magnetospec-

troscopy can be used as an effective tool for obtaining the zero-magnetic-field excited spin

states, such as the singlet triplet splitting. For negligible electron-electron interactions, these

excited spin states can be interpreted as the single-particle valley-orbit states. This limit can

be achieved in very tightly confined quantum dots, but generally the results extrapolated

are only lower bounds due to e-e interactions [29]. The magnetospectroscopy slope far away

from spin flips can also be used as a method to extract the gate-to-dot lever arm, if the

g-factor is already known. Magnetospectroscopy is used here in Sec. 3.2.

2.3.9 Pulsed-Gate Spectroscopy

Pulsed-gate spectroscopy is another method of measuring the excited states of a quantum

dot which does not require a magnetic field [21,29,52,85–89]. In pulsed-gate spectroscopy, a

square wave voltage is applied to the quantum dot gate. The frequency of the square wave is

chosen to be similar to the tunnel rate of the resonant electron transition. With this applied

pulse train, the electron is loaded on and off the dot repeatedly. Figure 2.17(a) shows a

single energy level split by the energy of the pulse, Epulse. The electron loads into the dot

with loading rate Γg when the loading side of the pulse (solid line) dips below the fermi level

of the reservoir. The electron unloads from the dot when the unloading side of the pulse

(dotted line) rises above the fermi level (see Fig. 2.17(c)). If the amplitude of the pulse is

sufficiently large, the electron can also be loaded into excited states of the quantum dot with
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Figure 2.17: (a-c) Schematics of the loading and unloading of an electron into a quantum
dot from an electron reservoir with an applied square pulse Epulse. The solid lines represent
the ‘loading’ energy of the pulse while the dotted lines represent the ‘unloading’ energy of
the pulse. In (a), when the loading energy matches the fermi level of the reservoir, the dot
is loaded at a tunnel rate Γg. In (b), at a lower dot energy, an additional excited state
can be loaded in with tunnel rate Γe while the ground state loading rate is modified due to
energy dependent tunneling effects. In (c), the electron unloads when the unloading energy
matches the fermi level of the reservoir. (d) Schematic of the tunnel rate for a dot with two
accessible energy states. The colored markers are associated with those in (a-c). (e) Example
pulsed gate spectroscopy as a function of dot gate voltage and pulse amplitude. As the pulse
amplitude is increased, additional excited states are visible as downward sloping lines. (f-g)
Highly averaged vertical line-cuts (blue) of (e) at 8 mV and 16 mV, respectively. The green
curves show a numerical differentiation of these curves, resulting in peaks at the loading
energies for each state.

loading rate Γe, shown in Fig. 2.17(b). The off-resonant loading rate into the ground state

is generally reduced due to energy depending tunneling effects. The addition of the excited

state results in an abrupt change in the total tunnel rate into the dot. Figure 2.17(d) shows

a schematic of the changing tunnel rate between a dot and a reservoir for a dot with two

energy states separated in voltage space by 1.5 mV and a pulse amplitude of 3 mV. The

abrupt changes in tunnel rate are thermally broadened and referenced back to Fig. 2.17(a-c)

by the colored shapes. The energy separation between these changes in the loading rate is

the energy splitting between those states.

To measure the effect of pulsed-gate spectroscopy, there are several approaches. The DC

(long time averaged) current of a nearby charge sensor can be used to detect the fractional

change in average electron occupation as additional energy states become accessible. Alter-

natively, an AC lock-in measurement can be performed. Here, we present a ‘low-frequency’
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AC lock-in measurement, in which the charge sensor current is measured by a lock-in that

is referenced to the fundamental frequency of the square wave. When measured in this way,

a large lock-in response is measured when the charge sensor, which is sensitive to the dot,

oscillates with the same frequency as the applied pulse. In the limit that the tunnel rate of

the ground state Γg is much larger than the pulse frequency, the electron will load into the

dot during every pulse cycle. Adding additional loading states at higher pulse amplitude will

not change the charge sensor response, as the electron is already loaded 100% of the time.

However, if Γg is similar to or somewhat lower than the pulse frequency, the electron will

load during the loading pulse time for only a fraction of the pulse cycles. Adding additional

excited states by increasing the pulse amplitude or changing the DC voltage will increase

the total tunnel rate into the dot and change the lock-in response. With this measurement

technique, the lock-in response maps out the changing tunnel rate of the electron into the

dot. This is the fundamental process for any pulsed-gate spectroscopy method. The tun-

nel rates into the dot should be similar to the pulse frequency such that adding additional

loading states significantly alters the measured response.

Figure 2.17(e) shows a pulsed-gate spectroscopy scan of the 0-1 electron transition as a

function of both pulse amplitude and DC voltage on the dot gate. We see a ‘V’ shape opening

up from the resonant tunneling voltage at zero pulse amplitude. The bottom of this V is the

ground state loading line and the top of the V is the unloading line. Within the V shape, the

electron spends a fraction of the time in the quantum dot, on average. Below, the electron

is always unloaded. Above, the electron is always loaded. As the pulse amplitude increases,

additional loading lines appear and trend downwards with the ground state loading line.

For the 0-1 electron transition, the first excited loading line is the valley splitting and the

second excited loading line, at much higher amplitude, is the orbital splitting. On this plot,

the vertical separation between these excited loading lines and the ground loading line is

the energy splitting in gate voltage space. Multiplying by the gate-to-dot lever arm converts

this into an energy splitting.
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Figures 2.17(f) and (g) show vertical line-cuts of Fig. 2.17(e) at 8 and 16 mV, respectively.

The blue curves show the raw lock-in response of this low-frequency pulsed-gate spectroscopy

method. Large changes in the lock-in response correspond to large changes in the tunnel rate,

or average electron occupation. Taking a numerical derivative, shown in green, these abrupt

changes become peaks. This can then be fit to extract the separation between the peaks,

and therefore the energy splittings of the dot. The fits are based on a phenomenological

estimation for the average occupation of the dot, 〈n〉, described in Ref. [29] as

〈n〉 =
∑
i

Γi
e(Ei−EF )/E0i

e(Ei−EF )/kBT + 1
, (2.24)

where the sum is over the available energy states, Ei is the energy of the ith state, EF is

the fermi energy of the reservoir, kBT is the temperature of the system, and E0i and Γi

are fitting parameters for each state. The differentiated signal of the low-frequency pulsed-

gate spectroscopy measurement can be considered a derivative of the average occupation:

d〈n〉/dV . Substituting αVi for Ei and αV for EF , where α is the lever arm and V is the

gate voltage, we can take the voltage derivative of Eq. (2.24) to arrive at a fitting function

for multiple peaks in the pulse-spec data. The extracted voltage splittings are then the

separation of the voltages Vi in the fit.

Pulsed-gate spectroscopy can be a powerful tool because it can be used to measure single

electron energy splittings, unlike magnetospectroscopy. This method is used extensively in

Sec. 3.4 to measure the valley and orbital splitting of a single-electron quantum dot. However,

the need to independently measure the lever arm of the gate can introduce additional error

to the fits. Pulsed-gate spectroscopy can also be used to measure the spin splitting in a

quantum dot if a magnetic field is applied. This is used in Sec. 3.2 to measure the electron g-

factor. Pulsed-gate spectroscopy and magnetospectroscopy can be used in concert to confirm

each others results, as done in Ref. [29].
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Chapter 3

Valley Splitting Control Through

Heterostructure Modifications

In this chapter, we explore modifications to the Si/SiGe heterostructure with the intent to

control and increase the valley splitting in quantum dots. As discussed in Sec. 2.1.3, the valley

splitting in a silicon quantum well is fundamentally a microscopic phenomenon, dependent

on the exact details of the heterostructure interfaces and the shape and position of the wave

function. Here, we present three separate approaches which modify the heterostructure

interface or germanium concentration within the well.

3.1 Intentional Mis-Cut of the Heterostructure for Val-

ley Splitting Enhancement

3.1.1 Introduction to Mis-Cut Heterostructures

Growth of a Si/SiGe heterostructure, whether through chemical vapor deposition (CVD)

or molecular beam epitaxy (MBE), typically starts with a silicon wafer. Silicon wafers

are usually sliced and polished so that the surface is normal to a high symmetry lattice

plane. For strained silicon wells, the surface is normal to the (001) plane. Realistically, the
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Figure 3.1: (a) Schematic of a mis-cut heterostructure. When the surface of a silicon sub-
strate is mis-aligned to the crystallographic axes, atomic steps will be present on the surface.
These atomic steps will transfer to the heterostructure grown on the substrate, resulting in
regular atomic steps at the quantum well interface. (b) Wave function densities of the valley
states in the SiGe barrier (interface at zero). The separation between mono-atomic-layers is
shown with dashed lines. Shifting the wave functions by one monolayer results in a nearly π
phase shift. (c) Scanning tunneling microscope (STM) image of a silicon surface miscut by
4° along the [110] axis, showing double-atomic steps [90]. (d) Optical image of an example
Hall bar fabricated on a mis-cut heterostructure, with a 100 µm scale bar.

surface will never be perfectly aligned to a lattice plane. This results in atomic steps on

the surface. These atomic steps will persist throughout the heterostructure growth, such

that each interface (like the quantum well interfaces) also exhibits atomic steps. This is

shown schematically in Fig. 3.1(a). The density of atomic steps is determined by the angle

and direction of the mis-cut, although additional steps and disorder are introduced during

heterostructure growth. Typically, a nominally flat silicon wafer will have a mis-cut angle

of 0.1 − 0.2°, introducing atomic steps every 40 − 80 nm in the direction of mis-cut. Alloy

disorder, the random placement of silicon and germanium atoms within a given layer, is also

important for Si/SiGe quantum wells, and is discussed later in Sec. 3.4.

Atomic steps at the quantum well interface have a significant impact on the valley split-

ting. From the valley splitting discussion in Sec. 2.1.3 and Ref. [32], the wave function den-

sities of the symmetric and antisymmetric valley states in a one-dimensional tight-binding

approximation are

|Ψ+(z)|2 = 2 cos2(k0z + φ)F 2(z) (3.1)

|Ψ−(z)|2 = 2 sin2(k0z + φ)F 2(z) (3.2)



51

where k0 is the conduction band minimum at 0.82(2π/a), φ is an overall phase, and F (z) is

an envelope function. The frequency of these wave function densities is 2k0. The system will

minimize the ground state valley energy through changes to φ. The ground state will have a

minimum at the quantum well interface, which causes the excited state to maximize at the

interface. These wave function densities within the SiGe barrier are shown in Fig. 3.1(b),

with the interface at zero on the x-axis. For a single atomic step a/4, the phase shift across

the step is then 2k0(a/4) = 0.82π. If the wave function extends laterally over a step, a

single valley state cannot be minimized in both regions. This can be viewed as destructive

interference of the valley states across the atomic step, resulting in a reduced valley splitting.

For this work, we propose that if the atomic steps could be engineered to stack in pairs,

such that each step is double in height, the phase of the valley states would be better

preserved across steps. A double atomic step is indeed possible, given the correct angle and

direction of mis-cut. The single-to-double-atomic step phase change is angle and temperature

dependent, but for a mis-cut along the [110] crystal direction and given the temperatures

required for heterostructure growth, the minimum angle for double-atomic steps is between

2° and 4° [91–93]. Figure 3.1(c) shows a scanning tunneling microscopy (STM) image of a

silicon surface, mis-cut by 4° along the [110] direction. The steps are bunching into double-

atomic steps to minimize strain energy at the surface.

Here, we fabricate Hall bar devices on three heterostructures: one with nominally no

mis-cut, one with a 2° mis-cut along the [010] direction, and one with a 4° mis-cut along the

[110] direction. The 2° sample should have single-atomic steps at the quantum well interfaces

while the 4° sample should have double-atomic steps. With these different heterostructures

and mis-cuts, we can investigate the role of step height on the valley splitting.

3.1.2 Methods

The valley splitting is estimated through measurements of the Shubnikov-de Haas minima

in the longitudinal resistance of Hall bars in the quantum Hall regime. Figure 3.1(d) shows
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Figure 3.2: Sourcing 1.5 nA, the longitudinal (red) and transverse (green) resistances are
measured on a 4° mis-cut Hall bar as a perpendicular magnetic field is swept. For this
measurement, the mobility is 230,000 cm2V−1s−1 at a carrier density of 4.0 × 1011 cm−2.
Both deep Shubnikov-de Haas oscillation minima and quantum Hall plateaus are clearly
visible, with select integer filling factors of the SdHO minima labeled.

an optical image of a Hall bar fabricated on the 4° mis-cut heterostructure. The top gates

on all devices are separated from the heterostructure by 15 nm of aluminum oxide grown by

atomic layer deposition at 150 °C. The gate and ohmic metal is a bi-layer of titanium and

gold. A single Hall bar from each of the three heterostructures were loaded together into a

dilution refrigerator with a base temperature < 100 mK.

Figure 3.2 shows a typical measurement of the transverse and longitudinal resistances

of a Hall bar. For this measurement of the 4° mis-cut sample, the transport mobility is

230,000 cm2V−1s−1 at a carrier density of 4.0 × 1011 cm−2. The mobilities of the flat and

the 2° samples at a similar carrier density are 250,000 cm2V−1s−1 and 160,000 cm2V−1s−1,

respectively. Quantum Hall effects, as described in Sec. 2.3.2, are clearly visible. The

Shubnikov-de Haas oscillations (SdHO) show deep minima which plateau at zero resistance

for several integer filling factors. As described in Eq. (2.14), the ‘orbital’ Landau energies

are separated by ~ωc = (~e/m∗)B where m∗ is the longitudinal effective mass in the silicon

quantum well, m∗ ≈ 0.2me. The Zeeman splitting of the spin-up and -down states is given

by gµBB = (~e/me)B for g = 2. Therefore, at any magnetic field, the spin splitting is

≈ 5× smaller than the Landau level orbital splitting. At large fields, both of these energy
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splittings are much larger than the typical 20− 200 µeV range for the valley splitting. The

hierarchy of Landau level splittings is therefore orbital > spin > valley. With this, we can

assign each integer filling factor ν to a specific splitting. Notably, the valley splitting is

responsible for the odd integer filling factor SdHO minima. Inspecting the depth and width

of these minima, we see that the odd minima are the shallowest and narrowest, which agrees

with the assumption that the valley splitting is smaller than the other splittings.

We can measure these splittings by manipulating the temperature of the system. At the

center of a Shubnikov-de Haas minima, the fermi energy of the conducting electrons in the

Hall bar is spaced equally between two Landau levels. Following the method described in

Ref. [94], the ‘activation’ of electrons into an excited level above the fermi energy through

thermal excitations results in the resistance of the SdHO minima following an Arrhenius

scaling

Rxx ∝ e
∆E

2kBT , (3.3)

where ∆E is energy gap between the Landau levels, kB is the Boltzmann constant, and T

is the temperature of the 2DEG. At minima which correspond to odd filling factors, the

level splitting is the valley splitting. Therefore, by measuring the longitudinal resistance at

the odd SdHO minima as a function of temperature, we can extract the valley splitting.

However, we note that this is a measure of the gap between levels. With large Landau level

broadening, the gap can be significantly reduced from the center-to-center splitting. For this

reason, the measured splittings are sometimes referred to as ‘mobility gaps’ [25].

3.1.3 Mis-Cut Results

Figure 3.3(a-c) shows thermal activation of the resistance of the ν = 3 SdHO minima for the

three heterostructures at n2D = 4.0 × 1011 cm−2. The SdHO minima at base temperature

are shown in the insets. The mixing chamber of the fridge in which the devices are loaded

is heated. Setting the magnetic field to the minimum of the ν = 3 SdHO, the longitudinal
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Figure 3.3: (a-c) Measurement of the resistance of the ν = 3 SdHO minimum as the tem-
perature is swept for the on-axis (a), 2° mis-cut (b), and 4° mis-cut (c) Hall bars. All three
measurements are performed at or very near n2D = 4.0 × 1011 cm−2. The insets in (a-c)
show the ν = 3 minimum for each measurement at base temperature TMC < 100 mK. (d)
Calculated ν = 3 valley splittings from the slope of the linear fits in (a-c). As shown, the
valley splitting is maximal for the on-axis sample and minimal for the 2° mis-cut. The double
atomic steps of the 4° mis-cut does improve the valley splitting over 2°, but falls short of an
enhancement over a flat sample.

resistance Rxx is measured as the fridge is slowly cooled. We plot the natural log of the

resistance as a function of inverse temperature of the fridge. Plotted in this manner, the

slope of a linear fit to the data will extract the approximate valley splitting (mobility gap). It

is important to note that the valley splitting is expected to increase with both magnetic field

and carrier density. At higher magnetic field, the magnetic length decreases and electrons

in the 2DEG interact with a smaller lateral area of disorder at the quantum well interface,

leading to an increased valley splitting. At higher carrier density, following Eq. (2.13), the

magnetic field for a given filling factor will be higher. Additionally, the carrier density is

controlled by the top gate voltage; increasing the top gate to increase the carrier density

should also increase the vertical electric field, which increases the valley splitting. For this

reason, the measurements were taken at the same carrier density (and therefore the same

magnetic field).

Figure 3.3(d) shows the extracted splittings from (a-c). As anticipated, the 2° mis-cut

sample shows the smallest valley splitting out of all three samples. The 4° sample shows

a doubling of the valley splitting over the 2° sample. However, the flat sample still shows

the largest valley splitting. This is likely due to the flat sample having drastically fewer
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atomic steps than either mis-cut samples. It is important to note that these results are only

single measurements of each heterostructure, and are in no way definitive. However, we can

infer that the valley splitting is affected by step density and that the type of atomic step –

single or double – further influences its value. For practical purposes of increasing the valley

splitting, the disorder caused by the severe mis-cut angle required may outweigh the benefits

of the double-atomic steps.

3.2 Valley Splittings in Si/SiGe Quantum Dots with a

Germanium Spike in the Silicon Well

This section is adapted from Ref. [30].

3.2.1 Introduction

Low-lying valleys in the silicon conduction band are a focal point in the pursuit of gate-

defined quantum dot qubits. For silicon quantum wells strained between layers of relaxed

silicon-germanium, there are only two low-lying valley states, separated in energy by the

valley splitting [14,32,95]. While defect-free Si/SiGe heterostructures are predicted to have >

1 meV valley splitting, interfacial disorder, growth on a substrate that is mis-cut with respect

to the crystal axes, and other imperfections lead to typical valley splittings in the range of

tens to hundreds of µeV [18]. For single-electron spin qubits, the valley splitting should be as

large as possible [39,96]. For other qubit implementations, such as the quantum-dot-hybrid

qubit, the valley splitting is integral to the logical state energies, and an intermediate valley

splitting of order 30 µeV is desirable [35,43,81,97].

The valley splitting in SiGe heterostructures can be tuned by controlling the vertical

electric field or lateral dot position [21,26,27,29,98,99]. In the first case, the applied electric

field affects the wave function overlap with the SiGe barrier and therefore affects the valley

splitting; however, the electric field is often bounded by material limits or control limits of
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the dot for qubit use. In the second case, the lateral position of the dot determines the

disorder profiles it experiences at the quantum well interface; however, this tuning method is

inherently unpredictable as the disorder itself is poorly controlled or characterized. Previous

work modifying the Si/SiGe heterostructure by inclusion of extra germanium at the quantum

well interface has highlighted the critical role of disorder in these heterostructures [25].

Here, we explore a new method for modifying the valley splitting by including an ultra-

thin layer of silicon-germanium within the silicon quantum well. This spike in germa-

nium concentration is placed near the upper interface of the quantum well where the two-

dimensional electron gas (2DEG) is formed [100]. It effectively splits the quantum well into

two regions, significantly affecting the shapes of the two valley wave functions and increas-

ing the energy splitting between them. We describe the growth of this heterostructure and

characterize it with scanning transmission electron microscopy (STEM). Hall bars and quan-

tum dot devices are fabricated on the heterostructure, and magnetospectroscopy is used to

measure the excited state energy spectrum of a few-electron quantum dot. These results

reveal a large and tunable valley splitting. Furthermore, they demonstrate that stable and

clean quantum device behavior is achievable in the presence of large modulations in Ge

concentration, even when it is positioned directly at the peak of the electron wave function

in the quantum well. In order to understand how the SiGe layer within the quantum well

contributes to the valley splitting, we perform one- and two-dimensional tight-binding sim-

ulations of a single-electron quantum dot in the presence of common interfacial disorder.

We present numerical calculations showing that the presence of the ultra-thin SiGe layer in

this sample increases the valley splitting by a factor of two compared to a heterostructure

without this layer. This doubling is robust against large changes in the Ge concentration of

the spike, its position in the quantum well, and the vertical electric field.

This paper is organized as follows. In Sec. 3.2.2 we describe the experimental growth

and measurement methods. In Sec. 3.2.3 we present magnetospectroscopy results at the

1-2, 2-3, and 3-4 electron charging transitions and tuning of the excited state spectrum at
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Figure 3.4: (a) High-angle annular dark-field (HAADF) images of the SiGe heterostructure
characterized, acquired with a scanning transmission electron microscope (STEM). Higher
brightness in the images corresponds to higher germanium concentration. The main image
focuses on the silicon quantum well, with a 5 nm scale bar. The inset shows the heterostruc-
ture from the surface to the well, with a 20 nm scale bar. (b) Carrier density and transport
mobility of a Hall bar fabricated on the heterostructure shown in (a), measured in a dilution
refrigerator at < 50 mK. The inset shows an optical image of the Hall bar, with a 200 µm
scale bar. Dimensions of the Hall bar are 200 µm long by 20 µm wide. (c) False-colored
scanning electron micrograph of the quantum dot device measured, with a 200 nm scale bar.
The different colors (blue, green, yellow) indicate different gate layers. (d) Stability diagram
of a double quantum dot formed using the left two quantum dot plunger gates (P1 and P2)
and charge sensing quantum dot (CS), as labeled in (c).

the 3-4 electron charging transition. In Sec. 3.2.4, we present both effective mass theory

and tight-binding theory of the Ge spike’s effect on the valley splitting. Section 3.2.5 is

a summary, and the Appendices present details of the magnetospectroscopy measurements

and tight binding calculations.

3.2.2 Experimental Methods

The heterostructure is grown by ultra-high vacuum chemical vapor deposition (UHV-CVD)

on a linearly graded SiGe alloy with a final 2 µm layer of Si0.705Ge0.295. Prior to heterostruc-

ture growth, the SiGe substrate is cleaned and prepared as described in Ref. [25]. The

heterostructure is grown at 600 °C with a mixture of silane and germane gases. A 550 nm,

29.5% Ge alloy layer is grown before the silicon quantum well. The main silicon well is

grown, then germane is re-introduced to grow the ultra-thin layer of SiGe. The germane

flow is stopped to grow the silicon layer in the quantum well above the SiGe layer, followed

by a 33 nm layer of 29.5% Ge alloy. The growth is capped with a 1 nm layer of silicon. The
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resulting heterostructure is shown in Fig. 3.4(a) in a high-angle annular dark-field (HAADF)

image acquired with a scanning transmission electron microscope (STEM). The lighter col-

ored SiGe layer within the darker colored Si quantum well is clearly visible. This spike in

Ge content is approximately 1 nm thick, creating a ∼ 1.5 nm secondary quantum well above

the ∼ 10 nm main quantum well. In the inset, a broader view of the heterostructure shows

that the location and thickness of the germanium spike is relatively constant across a wide

area.

Hall bar and quantum dot devices were fabricated simultaneously on this heterostructure.

A 20 nm layer of aluminum oxide grown by atomic layer deposition at 200 °C isolates the

various metallic gates from the surface of the heterostructure, followed by a 15 minute, 450 °C

forming gas anneal. All measurements were performed in a dilution refrigerator with a base

temperature below 50 mK. Measurements of the Hall bar device shown in Fig. 3.4(b) reveal

transport mobilities in the range of 1-8×104 cm2V−1s−1 across an electron density range of

2.5-5×1011 cm−2. Fabrication of the quantum dots follows the procedures of Ref. [46], using

a three-layer, overlapping aluminum gate design with each layer isolated by the self-oxidation

of the aluminum. This oxidation is enhanced by a 15 minute down-stream oxygen plasma ash.

A false-colored scanning electron micrograph of a quadruple quantum dot device nominally

identical to the one measured is shown in Fig. 3.4(c). The bottom half of the device shows

four linearly arranged quantum dots, opposing two charge sensing quantum dots on the top

half. For the work reported here, the left side of the device is used. Figure 3.4(d) shows

a double quantum dot stability diagram in the zero-to-few electron regime of the left two

dot plunger gates, P1 and P2, sensed by the charge sensor dot CS. For additional double

quantum dot measurements of this device, see Ref. [101].

In Sec. 3.2.3 below we report the results of magnetospectroscopy performed on a single

quantum dot, in order to characterize the valley splitting, by determining the value of the in-

plane magnetic field that causes a change in the ground state spin configuration [21,82–84].

To perform magnetospectroscopy, as a function of the in-plane magnetic field, we measure
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the voltage on gate P2 at which electron charging transitions occur. See Sec. 3.2.7 for

example raw data and Sec. 3.2.8 for the fitting procedures used in Fig. 3.5. We measure the

g-factor of electrons in this heterostructure to be g = 1.98± 0.03 (see Sec. 3.2.9), matching

the expected value for silicon [102].

3.2.3 Experimental Results

In this section, we first discuss how the relevant energy splittings are extracted from the

magnetospectroscopy measurements. Next, we report the energy splittings for different elec-

tron occupations in the dot. We then show how the splittings depend on the vertical electric

field and lateral confinement in the dot by tuning the gate voltages to maintain a constant

dot occupancy.

Figure 3.5(a) shows the 0-1 charge transition as a function of the in-plane magnetic field

B, which decreases the ground state energy by msgµBB, where ms is the spin projection

along the magnetic field, g is the electron g-factor, and µB is the Bohr magneton. The slope

of the transition line is determined by the combination of the Zeeman effect and the lever

arm α connecting the voltage on gate P2 to the chemical potential of the quantum dot. As

shown in the inset, and the corresponding fit to the data points, this data is consistent with

single-electron occupation of the quantum dot.

The singlet-triplet (ST) splitting can be extracted by performing the same measurement

at the 1-2 charge transition, as shown in Fig. 3.5(b). For small B, the transition line slopes

upward, because a spin of opposite sign is added to form a singlet ground state. A kink occurs

in the curve when the T− state is Zeeman shifted by an amount equal to the zero-magnetic-

field singlet-triplet splitting and becomes the ground state. Tracking the line labeled |1,−1〉

in the inset to zero magnetic field enables extraction of this splitting, and a value of 31.4 µeV

is reported in Table 3.1. This is a lower bound on the single-electron valley splitting, because

electron-electron interactions suppress the two-electron ST splitting from this value [29].

Magnetospectroscopy of the 2-3 electron charging transition (Fig. 3.5(c)) displays two
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Figure 3.5: (a-d) Dependence on magnetic field of the gate voltage at which an additional
electron enters the dot at the 0-1, 1-2, 2-3, and 3-4 electron charging transitions, respectively.
Green points show the location of the maximum of the differentiated charge sensor signal
of the electron charging transition. Dark blue lines show the computed fits to the data, as
described in Sec. 3.2.8. Zero-magnetic-field spin splittings extracted from the fits in (b-d)
are presented in Table 3.1. Insets to (a-d) schematically show the changing ground spin
states and resulting magnetospectroscopy curve. The colored lines show the energies of the
ground spin states |S,ms〉 of both electron occupations in the main figure as a function of
magnetic field. As the spin state energies of each electron occupation differs, the energy of the
electron charging transition changes with magnetic field. Subtracting the lower occupation
spin energy from the higher occupation spin energy, we obtain the magnetospectroscopy
curve, shown as the dashed black line. Thus, the magnetospectroscopy slope measured at
any electron charging transition n → n + 1 is proportional to ms(n + 1) − ms(n). (e)
Magnetospectroscopy results at the 3-4 electron charging transition as a function of P2 and
S1/S2 voltage tunings, as described in Sec. 3.2.3. The zero-magnetic-field excited state
energies of the polarized spin states for 3 and 4 electrons are shown, labeled by their spin
number, S.

kinks: the first reveals the 2-electron ST splitting, but in this case at gate voltages corre-

sponding to the 2-3 transition instead of the 1-2 transition. That is, the electric field pulling

the electrons onto the ultra-thin SiGe layer and against the interface is larger, and as a

result the extracted 2-electron ST splitting of 47.9 µeV is larger than at the 1-2 transition.

The second kink reveals the energy of the zero-magnetic-field excited state |3/2,−3/2〉, as

reported in Table 3.1.
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electron 2e− 3e− 4e− 4e− P2
charging S=1 S=3

2
S=1 S=2 α

transition (µeV) (µeV) (µeV) (µeV) (eV/V)
1→2 31.4(5) - - - 0.115(2)
2→3 47.9(7) 88.8(6) - - 0.126(2)
3→4 - 121(1) 64(1) 263(4) 0.17(1)

Table 3.1: Zero-magnetic-field excited spin state energies extracted from the magnetospec-
troscopy curves in Fig. 3.5(b-d). Each row corresponds to a different electron charging
transition, as indicated in the first column. The second column reports the two-electron
singlet-triplet splitting. The final column shows the lever arm, α, as calculated from the
magnetospectroscopy slope.

Figure 3.5(d) reports magnetospectroscopy for the 3-4 electron charging transition, re-

vealing a set of three kinks corresponding to the zero-magnetic-field energies of three excited

states, as reported in Table 3.1. These excited state energies again place a lower bound

on the valley splitting, in this case at yet larger electric field, corresponding to the 3-4

charge transition. With the larger number of electrons involved, and as shown in Sec. 3.2.8,

Eqs. (3.12-3.14), we can extract the valley splitting of both the ground and the first excited

orbital state, in the approximation that electron-electron interactions are negligible. We

find a ground state valley splitting of 57 ± 2 µeV and a valley splitting of the first orbital

excited state of 78 ± 4 µeV. The first excited orbital state energy is also extracted in this

approximation, which we find is 132± 2 µeV.

With these measurements at various electron charging transitions, we find that the val-

ley splitting increases with electric field, consistent with results on conventional Si/SiGe

heterostructures [26, 98, 99]. Furthermore, the 3-4 electron charging transition allows us to

characterize excitations primarily associated with valleys and orbitals.

To better understand the range of device tunings that are possible with electric fields, we

perform additional magnetospectroscopy measurements at the 3-4 transition as a function

of vertical electric field. Here, we simultaneously adjust the voltages on several gates, as

described below, to ensure that only the electric field changes (not the dot location), while
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keeping the charge occupation fixed. The quantum dot is beneath gate P2, which we make

more positive in order to increase the electric field, thus pulling the dot tighter against the

interface and the ultra-thin SiGe layer. Simultaneously, we make the voltages on gates S1 and

S2 more negative to increase the confinement energy and adjust the barrier gate voltages to

maintain reasonable tunnel rates. Section 3.2.10 shows the resulting magnetospectroscopy

curves and reports COMSOL simulations which confirm that this approach increases the

electric field while keeping the dot centered in the channel.

Figure 3.5(e) shows the three zero-magnetic-field excitation energies of the 3-4 electron

charging transition as a function of the voltage on gate P2. We note that larger P2 gate

voltage corresponds to stronger vertical electric field and stronger lateral confinement. Re-

markably, each of these excitation energies can be tuned by at least 60% through this tuning

approach. Using Eq. (3.12), we estimate a tuning range of 60 − 144 µeV for the valley

splitting, as we simultaneously adjust the electric field and confinement potential.

Previous results have shown valley splitting tunability of 15% with a maximum value of

213 µeV [27] as well as 140% tunability with a maximum value of 87 µeV [29]. Here, we show

140% tunability with a lower bound on the maximum valley splitting of 144 µeV. Hence, we

conclude that the presence of the ultra-thin SiGe layer inside the quantum well facilitates, or

is at least compatible with, a large and widely tunable valley splitting in few-electron dots.

3.2.4 Theory

In order to better understand the underlying physics of the Ge spike inside the quantum

well and its contribution to the valley splitting, we perform effective mass and tight-binding

calculations with and without this additional SiGe layer. These calculations are performed

in single-electron quantum dots.
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Effective Mass Theory

We first begin with an effective mass theory interpretation of the valley splitting due to a

single atom barrier within the quantum well. Valley splitting is determined by the inter-

actions between electronic wave functions and barrier interfaces in the quantum well. For

weak valley-orbit interactions, the two low-energy eigenfunctions ψ can be approximately

written as
√

2F (r) cos(k0z + ϕ) and
√

2F (r) sin(k0z + ϕ), where F (r) is the effective mass

envelope function, k0 is the position of the conduction-band valley minimum in reciprocal

space, z is the position coordinate in the [001] growth direction, and ϕ is a fixed phase

that maximizes the valley splitting [32]. For a single-atom barrier potential at z = zs, the

variable ϕ is determined such that the ground-state wave function has a node at the barrier,

cos(k0zs + ϕ) = 0, while the excited state wave function takes its maximum value, such

that sin(k0zs + ϕ) = 1. The resulting potential energy difference for these two eigenstates

is large, and can be further enhanced by positioning the barrier at the peak of the envelope

function, yielding a very large valley splitting. For a more complete description of how the

wave function envelopes differ, the valley-orbit coupling induced by the single-atom barrier

should be taken into account, as described in Sec. 3.2.11. The envelopes of the two valley

states are plotted in Fig. 3.6(a) and differ significantly, indicating an extraordinary level

of mixing between the orbital and valley degrees of freedom (valley-orbit coupling). Large

valley-orbit coupling occurs because the ground-state wave function has a node with ψ = 0 at

the position of the barrier (blue arrow and gray circle), while the excited-state wave function

is maximized at the same location (green arrow and gray circle).

Tight-Binding Theory

We investigate the effect of the germanium spike on the excited state spectrum using a

tight-binding model to calculate single-electron valley splittings [98, 103]. We first consider

the one-dimensional Ge spike geometry shown in Fig. 3.6(a). The resulting wave function

densities for the ground and excited valley states are plotted as discrete points in Fig. 3.6(a),
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Figure 3.6: Results of tight-binding calculations of the valley splitting in the presence of
a Ge spike, assuming realistic interfacial disorder with uniform atomic steps spaced 45 nm
apart. (a) One-dimensional tight-binding calculations of wave function densities (|ψ|2) for
the ground state (blue circles) and the first excited state (green circles) of an electron in a
12.9 nm quantum well and vertical electric field of 5.5 MV/m, with a single-atom barrier
positioned 19 monolayers below the top of the quantum well. Solid lines show the density
envelopes, computed as described in Sec. 3.2.11, while the data points are obtained using
a tight-binding theory, as described in Section 3.2.4. (b) The valley splitting of the lowest
orbital of a quantum dot, where the quantum dot is placed halfway between two steps (darker
lines) or centered at a step (lighter lines). The solid lines are calculated for a heterostructure
modeled after the experimental growth results shown in Fig. 3.4(a), while the dashed lines
are calculated for a standard heterostructure with no added germanium in the silicon well.
The addition of a germanium spike roughly doubles the valley splitting. (c) Tight-binding
calculations of the valley splitting in a quantum dot with a 3 MV/m vertical electric field,
centered halfway between two steps in a heterostructure with a monolayer (ML) spike in
germanium located 20 ML below the upper interface of the quantum well. The main figure
shows the valley splitting as a function of germanium content. The inset shows the same
for higher germanium content, with contents greater than 1 achieved by increasing the spike
thickness through additional mono-layers closer to the upper interface of the well. (d) Valley
splitting as a function of the location of the Ge spike and the applied electric field for a single
ML spike of 30% germanium. The location of the Ge spike is defined in terms of the width
of the ‘miniwell’ created between the Ge spike and the upper interface of the quantum well
(shown by the black arrow in (a), labeled with MW width). For the case of zero miniwell
width, the Ge spike contacts the Si0.7Ge0.3 capping layer, consistent with a heterostructure
with no added SiGe layer.

showing good agreement with the envelopes calculated in Sec. 3.2.11.

We then perform two-dimensional tight-binding simulations using the method described

in Ref. [104] to investigate how realistic disorder in the heterostructure affects the single-

electron valley splitting. The electric fields applied in the experiments are estimated using

COMSOL, as described in Sec. 3.2.10. We introduce atomistic disorder at the quantum

well interfaces by assuming a uniform step density of 45 nm/step, which allows us to ap-
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proximately match the valley splitting results in the simulations to the lower bounds of the

valley splittings calculated from Fig. 3.5(e). Similarly, the lower bound of the orbital split-

ting, calculated from Fig. 3.5(e), is adopted as the lateral parabolic confinement ~ω in the

tight-binding model. As noted above, this correspondence is not accurate in the presence

of strong electron-electron interactions; however, it allows us to establish an approximate

working regime for our simulations.

The simulations are performed for both a standard SiGe heterostructure and a het-

erostructure with an added realistic spike in germanium, whose shape profile is estimated

from the STEM results in Fig. 3.4(a). These results are presented in Fig. 3.6(b). Because

the location of the dot with respect to the background of atomic steps influences the valley-

orbit coupling, we perform two sets of simulations: the first with the dot centered halfway

between two steps, and the second with the dot centered directly on a step. For the lowest

orbital, the addition of the germanium spike within the quantum well results in a doubling

of the valley splitting compared to a standard heterostructure, as shown in Fig. 3.6(b). This

doubling is approximately independent of both the quantum dot position and the applied

electric field, indicating a rather robust effect. Additionally, the simulated increasing lat-

eral confinement with increasing electric field results in an increasing valley splitting for all

simulated interfaces.

To investigate further how a spike in germanium within the quantum well affects the

valley splitting, we also vary the germanium concentration, spike location, and electric field

in tight-binding simulations, for the case of a mono-atomic-layer spike. Figure 3.6(c) shows

the valley splitting dependence on germanium content within the spike. For a mono-atomic-

layer spike, we observe that the doubling of the valley splitting is already achieved with

less than 10% germanium. This remains true up to a thickness of 1.5 monolayers of pure

germanium, as shown in the inset. Figure 3.6(d) shows the valley splitting dependence on

both the vertical location of a 30% Ge spike and the applied electric field. Here, we define the

spike position in terms of the ‘mini-well’ width, referring to the number of atomic layers in
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the portion of the quantum well above the top of the spike and shown by the black arrow in

Fig. 3.6(a). We note that a mini-well of width zero corresponds to a typical heterostructure

without the Ge spike. Remarkably, the observed doubling in the valley splitting is fairly

resilient to both spike positioning and vertical electric field, over its entire range. For the

case of zero mini-well width, the valley splitting shows a strong dependence on vertical electric

field as more of the wave function is pulled into the alloy. Once the Ge spike is separated

by several monolayers from the interface, however, the valley splitting remains essentially

constant as a function of spike position and electric field. These results suggest an enhanced

valley splitting can be obtained without needing to carefully position the germanium spike.

3.2.5 Conclusions

We have studied a new heterostructure containing a spike in germanium concentration in the

quantum well at the approximate location of the 2DEG. Hall bars and quantum dots were

successfully fabricated and measured on this structure. Magnetospectroscopy measurements

were used to probe the few-electron energy splittings and explore how these splittings change

with gate voltage tunings. We showed large and widely tunable few-electron energy splittings,

arising from a large and tunable single-electron valley splitting. Tight-binding simulations in

a single-electron quantum dot showed that the valley splitting doubles in the presence of the

germanium spike, and that this effect should be robust against typical growth imperfections.

These results serve as an example that large changes to the standard Si/SiGe heterostructure

still allow for stable quantum dot formation while modifying its underlying properties.
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3.2.7 Appendix: Magnetospectroscopy Data Acquisition and Reg-

istration

The electron charging transition of the dot formed under P2 is sensed by the charge sensor

dot CS (labeled in Fig. 3.4(c)). A small ac voltage is applied to P2 and the current through

the charge sensor is measured by a lock-in amplifier, such that electron charging transitions

appear as peaks in the lock-in response, as shown in Fig. 3.7(a). To extract the peak location
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of the electron charging transition, we fit to each fixed-magnetic-field voltage scan. This fit,

based on conductance through a quantum dot [64], is

dIsensor
dV

= a+ b ∗ (cosh[
V − Vpeak

c
])−2, (3.4)

where Vpeak is the extracted peak location and a, b, and c are additional fit parameters not

used in this analysis.

Due to the length of time required for a magnetospectroscopy scan (∼hours) and the

relative instability of the nearby charge landscape, finite shifts in the electrostatic potential

of the quantum dot result in few mV shifts in the dot transition with respect to the P2

voltage during the measurement, as shown near 1 T in Fig. 3.7(a). These shifts occur

infrequently (∼once per hour), allowing for repeated magnetic field sweeps to fully measure

the magnetospectroscopy curve. After measurement, registration of the various scans is

performed to achieve a single magnetospectroscopy curve.

To perform this registration, multiple magnetospectroscopy scans are repeatedly col-

lected. The scan with the largest segment of data uninterrupted by a charge jump is de-

termined and used as the registration reference. Each additional scan is registered to this

reference in the magnetic field range in which they overlap (Fig. 3.7(b)). To calculate the

voltage shift required to register each scan or a portion of a scan, the sum of the squared

residuals between them is calculated, excluding the largest 10% of residuals. This sum is

then minimized by allowing for an overall voltage shift to the scan, resulting in overlapping

data sets like that shown in Fig. 3.7. This process is repeated for all additional scans. A

final data set is created (Fig. 3.7(d)) by calculating the weighted mean at each magnetic

field value, using the uncertainty in the fit for the peak location from the original scans as

the weights.
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3.2.8 Appendix: Magnetospectroscopy Fitting

In order to fit magnetospectroscopy data, we implement a model utilizing a grand canonical

ensemble, in which both the energy and the number of particles can be exchanged between

a quantum dot and a reservoir. The energy states Ei of the quantum dot with Ni electrons

can be written as a function of the charging energy, Ec, the Zeeman energy of the spins,

EZ = msgµBB, the zero-magnetic-field energy of the excited spin states, Eex, and the

electrostatic energy imparted by the gate voltage, V , using the lever-arm conversion factor

α [76]:

Ei =
1

2
Ni

2Ec + EZ + Eex −NiαV. (3.5)

To calculate the average number of particles, we use

〈N〉 =

∑
iNigi exp{(β(Niµ− Ei))}∑
i gi exp{(β(Niµ− Ei))}

, (3.6)

where gi is the multiplicity of the ith state, β is the Boltzmann factor 1/kbT and µ is

the chemical potential of the dot. To analyze the charging transition from N to N + 1

electrons, we note that the peak in conduction (or peak in differentiated charge sensor

signal) corresponds to an average electron occupation of N + 1/2. Therefore, by equating

Eq. (3.6) to N + 1/2 and solving for V , we obtain an equation for the electron charging

transition as a function of magnetic field. Setting Ec and µ to zero (as they only cause

an overall shift in V , which we define as V0), the remaining fitting parameters are now α,

the electron temperature, and the various excited state energies of the polarized spin states.

For the 1 electron to 2 electron charging transition, there are 2 and 4 possible spins states,

respectively. Defining the singlet-triplet splitting of the 2 electron system as EST , we can

now express the voltage where the 1-2 electron charging transition occurs as

V1→2(B) =
1

αβ
log

( (
eβgµBB + 1

)
eβ(

1
2
gµBB+EST )

eβ(gµBB+EST ) + e2βgµBB + eβgµBB + 1

)
+ V0. (3.7)
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To account for the magnetic field dependence of the transverse component of the electron

wave function in the dot and the chemical potential of the reservoir [105–107], a quadratic

term in magnetic field, γB2, is added to the 3-4 electron charging transition fitting function

to better fit the magnetospectroscopy curves at large magnetic field.

The gate voltage where the 0-1, 2-3, and 3-4 electron charging transitions occur are

V0→1(B) = −
βBgµB + 2 log

(
e−βgµBB + 1

)
2αβ

+ V0, (3.8)

V2→3(B) =
1

αβ
log

(
eβ(

1
2
gµBB−EST+ES=3/2)

(
eβ(gµBB+EST ) + eβgµBB + e2βgµBB + 1

)
(eβgµBB + 1)(2eβ(gµBB+ES=3/2) + e2βgµBB + 1)

)
+ V0,

(3.9)

V3→4(B) = γB2 + V0+

1

αβ
log

((
eβgµBB + 1

) (
2eβ(gµBB+ES=3/2) + e2βgµBB + 1

)
eβ(

1
2
gµBB−ES=3/2+ES=1+ES=2)

d

)
,

(3.10)

where the denominator is given by

d = 2eβ(2gµBB+ES=1+ES=2) +eβ(gµBB+ES=1) +eβ(2gµBB+ES=1) +eβ(3gµBB+ES=1) +eβ(4gµBB+ES=1)

+ eβES=1 + 3eβ(gµBB+ES=2) + 3eβ(2gµBB+ES=2) + 3eβ(3gµBB+ES=2), (3.11)

ES=3/2 is the 3-electron excitation energy, and ES=1 and ES=2 are the 4-electron excitation

energies.

As explained in the main text, the lower bounds of the valley and orbital splittings can be

estimated from the zero-magnetic-field excited spin energies. Measuring at the 3-4 electron

charging transition, the lowest lying valley splitting EV 1, orbital splitting EOrb, and valley
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splitting EV 2 of the first excited orbital are given by

EV 1 ≥ ES=3/2 − ES=1, (3.12)

EOrb ≥
1

2
ES=2, (3.13)

EV 2 ≥ ES=2 − ES=3/2 − ES=1. (3.14)

3.2.9 Appendix: g-factor Measurement

Measurements are performed to determine whether the electron g-factor is modified by the

Ge spike or changes with magnetic field, as has been previously reported [87]. Measuring

the g-factor is also important for confirming the accuracy of energy splittings measured with

magnetospectroscopy. Here, we employ a method similar to Ref. [87], where pulsed-gate

spectroscopy [83, 85, 108] was performed at various applied magnetic fields. Figure 3.8(a)

shows how the spin loading lines are split by the applied magnetic field. This spin splitting

is tracked as a function of applied magnetic field. Using a lever-arm calculated through

measurements of the thermal broadening of the detected charge sensor signal, this spin

splitting in voltage space is converted to an energy splitting. Fitting these results linearly,

as shown in Fig. 3.8(c), we see that the calculated g-factor falls within the uncertainty of

the expected value of g ≈ 2 [102].

3.2.10 Appendix: Electric Field Tuning of states in the Quantum

Dot

The gates S1 and S2, labeled in Fig. 3.4(c), are used to modify the vertical electric field at

the quantum dot. Relative lever arms of the S gates with respect to the plunger gate P2

are calculated from the slope of the electron charging transition in 2D plots of P2 and each

S gate. The S gates are then tuned according to these lever arms such that the change in
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Figure 3.8: (a) Pulsed-gate spectroscopy of the P2 quantum dot at the 0-1 electron charging
transition. A 100− 300 kHz square wave voltage tone is applied to the dot gate. A 2 Tesla
in-plane magnetic field is applied to split the spin-dependent loading lines (highlighted with
white dashed lines). The white arrow indicates the spin-splitting. (b) A highly averaged
voltage scan at a fixed pulse amplitude and a 1.8 Tesla magnetic field. The black arrow
indicates the spin-split loading lines. (c) The spin-splitting (Zeeman energy) is calculated
from the voltage splitting, multiplied by the dot-to-gate lever arm, and is plotted as a function
of applied magnetic field (green points). A linear fit (dashed line) through the data points
yields the extracted g-factor.

voltage of each of these gates affects the dot transition equally. Lowering the voltage on the S

gates necessarily results in an increased P2 voltage to maintain the same charge occupation.

Additionally, the barrier gates surrounding P2 are modified to maintain an adequate tunnel

rate. Figure 3.9(a) shows the lever arm at each tuning for the 4 gates with the largest

lever arms. The P2 lever arm is calculated from the magnetospectroscopy fit and the three

other lever arms are calculated from the relative lever arms measured during tuning. The

shaded area is ±5% around the weighted mean, showing that the lever arms, and therefore

dot positioning with respect to these gates, changes very little across the tuning range. The

voltages of the S gates at each tuning are shown in Fig. 3.9(b).

This tuning scheme is replicated with Thomas-Fermi calculations using COMSOL multi-

physics to estimate the electric field at the location of the dot and validate our interpretation
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Figure 3.9: (a) Lever arm (α) calculations of the four nearby gates with the largest action
on the quantum dot as a function of the experimental voltage tuning for Fig. 3.5(e). See Fig.
3.4(c) for gate labeling. The shaded area shows ±5% variations around the weighted mean.
(b) Experimental voltage tuning of the S1 and S2 gates, based on the relative lever arm
difference found in (a). Lines are linear fits through the data. (c) Voltage tuning of S1 and
S2 gates in a COMSOL simulation meant to extract the applied electric field at the location
of the quantum dot. Relative tuning of S gates is based on the relative mutual capacitance
between the S gate and the quantum dot. Lines are linear fits through the data. (d) Electric
field results from the COMSOL simulated tuning in (c), showing a linearly increasing electric
field as a function of P2 voltage. These electric field results are used for the tight-binding
calculations shown in Fig. 3.6(b).

of these voltage changes. The three aluminum gate layers are modeled using the intended

fabrication dimensions and a 2DEG is located 2 nm beneath the upper interface of a Si/SiGe

interface. With P2 set to 300 mV (lower end of experimental tunings), the nearest barrier

and screening gate voltages are adjusted to achieve 3.5 electrons confined within the quan-

tum dot. All other gate voltages are set to accumulate a charge density of 4 × 1011 cm−2.

Similar to the experimental tuning scheme, the mutual capacitances between the dot and

gates S1 and S2 are calculated. With the constraints of maintaining 3.5 electrons in the dot

and the experimental P2 voltage range, S1 and S2 are ‘symmetrically’ tuned according to

their capacitance values. This has the effect of preserving the simulated lateral dot position

to within 1 nm. The resulting tuned screening voltages are shown in Fig. 3.9(c). Lack of sim-

ulated trapped charge and possible fabrication imperfections causes different voltage ranges

to be obtained in the experimental and simulated screening voltage values. Figure 3.9(d)

shows the calculated COMSOL electric field results at the center of the quantum dot, which
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Figure 3.10: (a)-(h) Magnetospectroscopy results (green) across different gate tunings after
registration of individual scans. Dark blue lines are fits to these data. Zero-magnetic-field
spin splittings calculated from these scans are shown in Fig. 3.5(e).

are found to be linear and increasing with P2 gate voltage, as expected. These electric field

results are used to define the electric field range in Fig. 3.6(b).

Figure 3.10 shows the extracted magnetospectroscopy curve from each tuning in Fig. 3.9.

The zero-magnetic-field excited spin states calculated from the fits are shown in Fig. 3.5(e).

3.2.11 Appendix: Envelope functions for the tight-binding simu-

lations

In this Appendix, we compute the envelope functions for the two lowest valley states shown

in Fig. 3.6(a).

As noted in the main text and in Ref. [32], the wavefunction envelopes are modulated

by fast oscillations, embodied in the factors cos(k0z + ϕ) or sin(k0z + ϕ), where ±k0ẑ are

the positions of the conduction valley minima in reciprocal space and ϕ is the valley phase.

In the simplest case, both valley states have the same envelope. However, a single-atom

Ge spike causes strong hybridization of the quantum well subband orbitals, resulting in very

different envelopes for the two valley states. There is strong motivation for such hybridization
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because the ground state can significantly minimize its energy by choosing a phase ϕ such

that cos(k0z + ϕ) = 0 at the location of the Ge spike, thus minimizing its potential energy.

Consequently, the ground state does not “feel” the barrier, and its envelope takes the shape

of an electron in a quantum well with no spike. The opposite is true for the excited valley

state, since both valley states share the same ϕ; in this case, the fast oscillations of the

excited states are maximized at the location of the spike: sin(k0z + ϕ) = 1.

We can model the effect of valley-orbit coupling in this system as follows. The Hamil-

tonian for an electron in a quantum well, not including the Ge spike, is given by H0 =

−(~2/2m∗)∂2z − eEz + VQW(z), where m∗ is the longitudinal effective mass for Si, E is the

vertical electric field, and VQW(z) is the quantum well confinement potential. We also con-

sider a single-atom Ge spike potential, given by Vs(z) = vsδ(z−zs), where δ(z−zs) is a Dirac

delta function describing the spike, centered at z = zs. We must then solve the coupled set

of Schrödinger equations [32]

∑
j=±1

αje
ij(k0z+ϕ)(H0 + Vs − ε)Fj(z) = 0, (3.15)

where (α−, α+) is the energy eigenvector and ε is the energy eigenvalue. Normally, we would

expect VQW to be the source of the valley splitting; however, here, the effect of Vs is much

stronger than VQW, because it is located at a position where Fj(z) is a maximum. For an

approximate solution, we therefore adopt Vs as the valley-splitting potential.

Normally, α−, α+, and ϕ would be determined by explicitly diagonalizing Eq. (3.15).

However, to a very good approximation, we already know that the solution is given by

α± = 1/
√

2 for the ground state and α± = ±1/
√

2 for the excited state, with ϕ chosen such

that cos(k0zs + ϕ) = 0. Hence, we can write the (now) decoupled Schrödinger equations as

√
2 cos(k0z + ϕ)(H0 + Vs − ε)F+(z) = 0, (3.16)

√
2 sin(k0z + ϕ)(H0 + Vs − ε)F−(z) = 0. (3.17)
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Because of the great difference in characteristic length scales associated with the fast oscil-

lations in cos(k0z + ϕ) and the much slower variations of F+(z), we may treat them inde-

pendently. (This is one possible statement of the effective mass approximation [109].) We

therefore left-multiply the Schrödinger equations by
√

2 cos(k0z + ϕ) or
√

2 sin(k0z + ϕ) and

integrate over a unit cell, to remove the fast oscillations, obtaining

(H0 − ε)F+(z) = 0, (3.18)

(H0 + 2Vs − ε)F−(z) = 0. (3.19)

These results are consistent with our previous claim that the ground state (F+) does not feel

the spike, while the excited state (F−) feels a doubly tall barrier. Separately solving these two

equations yields the envelopes shown in Fig. 3.6(a). The full tight-binding solutions, which

are also shown in that figure, are very well described by these envelopes, demonstrating that

the approximations used here are very good.

3.3 Quantum Hall measurements of the Ge spike het-

erostructure

In the previous section, we focused on quantum dot measurements and simulations to inves-

tigate the role of a germanium spike in the quantum well on the valley splitting. As men-

tioned, Hall bars were fabricated on this heterostructure and measured at low (< 50 mK)

temperatures. This section focuses on anomalous behavior of a Hall bar fabricated on this

heterostructure in the quantum Hall regime.

3.3.1 Anomalous Behavior in Quantum Hall Data

Figure 3.11 shows a measurement of the longitudinal and Hall resistance of the Hall bar,

showing strong Shubnikov-de Haas oscillations (SdHO) and quantum Hall plateaus. Closer
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Figure 3.11: Sourcing 1 nA, the longitudinal and transverse resistances are measured on
a heterostructure with a spike in germanium concentration within the silicon quantum
well. For this measurement, the mobility is 40,000 cm2V−1s−1 at a carrier density of
4.25 × 1011 cm−2. Both Shubnikov-de Haas oscillations and quantum Hall plateaus are
clearly visible, but the SdHO do not trend towards lower resistance at larger magnetic field.
The inset shows an optical image of the measured Hall bar with a 200 µm scale bar.

inspection, however, reveals several atypical features. First, despite the early onset of SdHO

at low magnetic field, the minima at high magnetic field do not trend towards zero resistance.

Between 6.5−8 T, the Hall resistance shows a wide plateau at ν = 2, indicating quantization

of the conduction channels across the Hall bar, yet the longitudinal resistance shows erratic

behavior. Additionally, the Hall resistance shows significant ‘overshoot’ past the plateau

resistances at lower magnetic field values. Finally, there appear to be SdHO minima which

do not correspond to any integer filling factors.

To investigate this quantum Hall data, ‘fan diagrams’ of the Hall and longitudinal re-

sistances were measured, shown in Fig. 3.12(a-b). These fan diagrams are measurements of

the resistances as the carrier density and magnetic field are swept. The carrier density is

modified by changing the top gate voltage. The Hall slope at low magnetic field is used to

convert the changing top gate voltage into the carrier density axis as plotted in Fig. 3.12(a-

b). The mobility calculated from this carrier density and the zero-magnetic-field longitudinal

resistance is plotted in Fig. 3.12(c).

Fan diagrams, as their name suggests, show how the quantum Hall plateaus and SdHO

minima linearly fan out towards higher field and carrier density. In Fig. 3.12(a), the Hall
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Figure 3.12: Hall conductance Gxy = 1/Rxy (a) and normalized longitudinal resistance (b)
of the Ge spike heterostructure as a function of carrier density n2D and magnetic field.
Modifying the top gate changes the carrier density, shifting the magnetic field location of
quantum Hall plateaus and SdHO minima. The Hall conductance, in units of e2/h, should
show large plateaus at integer values. In (b), the longitudinal resistance at each carrier
density is normalized to the zero-magnetic-field value for better visibility of the oscillations.
(c) Transport mobility calculated from the low magnetic field regions of the fan diagrams in
(a) and (b). The calculated carrier density is used for the y-axes in (a) and (b).

conductance Gxy = 1/Rxy is plotted in units of e2/h so that plateaus occur at integer values.

In an ideal sample, the conductance should decrease from left to right in steps corresponding

to each integer quantum value. The overshoots are clearly visible in Fig. 3.12(a), as the

conductance oscillates up and down in the 1 − 4 T region. The longitudinal resistance fan

diagram in Fig. 3.12(b) shows SdHO minima at integer filling factors. However, at high

magnetic field, there are more ‘features’ of minima and plateaus than would be anticipated.

Clearly, the behavior of these fan diagrams requires more detailed investigation.

Figure 3.13 shows three horizontal line cuts of Fig. 3.12(b) plotted in inverse magnetic

field. Figure 3.13(a-c) correspond to n2D = 3.0 × 1011 cm−2, n2D = 4.0 × 1011 cm−2, and

n2D = 5.0×1011 cm−2, respectively. As described in Sec. 2.3.2, the SDHO minima are evenly

spaced in inverse magnetic field. Following Eq. (2.13), higher carrier density corresponds to

faster oscillations.

Select integer filling factors are plotted as vertical lines in Fig. 3.13. The red lines denote
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Figure 3.13: Longitudinal resistance plotted in inverse magnetic field for n2D = 3.0 ×
1011 cm−2 (a), n2D = 4.0 × 1011 cm−2 (b), and n2D = 5.0 × 1011 cm−2(c) in Fig. 3.12.
The vertical colored lines are placed at the expected SdHO minima given by the calculated
carrier densities. The red lines correspond to the orbital filling factors and the blue lines (la-
beled with the filling factor number ν) correspond to the spin filling factors. The periodicity
of the SdHO match the expectation from the calculated carrier densities but the deepest
minima, particularly at low magnetic field, correspond to the spin filling factors instead of
the orbital filling factors.

ν = 4n while the blue lines denote ν = 4n + 2, where n is an integer. Given the presence

of both spin and valley splitting in silicon quantum wells, the orbital Landau level splittings

correspond to every fourth integer filling factor (red lines). In Sec. 3.1.2, we described how

the spin splitting of the Landau levels is ∼ 5× smaller than the orbital Landau level splitting.

As these splittings increase with magnetic field, the oscillations present at small magnetic

field should correspond to the orbital Landau level splitting. However, as shown in Fig. 3.13,

the lowest magnetic field oscillations (towards the right) occur at ν = 4n+2, which should be

the spin splitting. The periodicity of the oscillations (and the colored filling factor lines) are

determined by the carrier density according to Eq. (2.13). The placement of the filling factor
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Figure 3.14: Using the data from Fig. 3.11, the filling factors ν are labeled for the transverse
and longitudinal resistances. The horizontal lines are placed at the expected resistance values
of the quantum Hall plateaus while the vertical lines are placed at the expected magnetic
field values for the SdHO minima given the calculated carrier density n2D = 4.25×1011 cm−2.
The red lines correspond to the orbital splitting filling factors, the blue lines correspond to
the spin splitting filling factors, and the green lines correspond to the valley splitting filling
factors. The quantum Hall plateaus match the expected values relatively well, especially at
high magnetic field. The SdHO minima match well for the valley filling factors (green) and
the spin filling factors (blue), but not for the orbital filling factors (red).

lines match the carrier density as calculated from the Hall resistance slope at low magnetic

field and the periodicity assuming ν = 4n+ 2 minima. The spacing of the filling factor lines

cannot be adjusted for the minima to properly correspond to ν = 4n orbital Landau level

splittings. This effect of the lowest magnetic field splittings corresponding to ν = 4n + 2

filling factors is independent of carrier density, as the three data sets in Fig. 3.13 show. The

ν = 4n orbital Landau level filling factors do not appear to align with any minima, even at

high magnetic field. At higher magnetic field, the odd filling factor minima appear, which

correspond to the valley splitting.

Focusing on higher magnetic field, we can confirm that our placement of the filling factor

lines is correct. Figure 3.14 shows both the longitudinal and the Hall resistance in the 1−4 T

range for n2D = 4.25×1011 cm−2. The vertical lines show where the orbital (red), spin (blue),



81

and valley (green) filling factor minima should be positioned. Additionally, the quantized

Hall resistance values h/(ne2) are plotted as horizontal lines, with the colors corresponding

to the same fillings as the vertical lines. The ν = 4 plateau in the Hall resistance is clearly

visible, and the resistance at the odd filling factors match well to the expected values. The

agreement between the longitudinal resistance minima and the Hall resistance plateaus,

especially at odd filling factors, supports the interpretation of the minima-to-filling factor

correspondence. At this higher magnetic field range, the ‘misalignment’ of the ν = 4 orbital

filling factors is apparent. For both ν = 4 and ν = 8, a deep SdHO minimum exists at a

magnetic field lower than expected for the orbital filling factor. Near ν = 4, a quantum Hall

plateau aligns with this minimum, and matches the expected resistance. Clearly, there is a

‘disagreement’ between the orbital filling factors and the spin and valley filling factors.

3.3.2 Possible Origins of Anomalous Behavior

The origins of these aberrant phenomena is not fully understood. We discuss several pos-

sible explanations of these effects. Frequency ‘beating’ of SdHO minima has been shown

in systems with strong spin-orbit coupling [110]. Multiple SdHO periodicities have been

measured in a sample with two populated electric subbands [111]. Destruction of certain

filling factor minima has been observed in a coupled double-well heterostructure [112]. In

this heterostructure, however, we do not have a large spin-orbit coupling, as evidenced by the

g ≈ 2 value of the electron g-factor measured in Sec. 3.2.9. Additionally, there is no reason

for multiple subbands to be populated in a silicon quantum well. Finally, while the Ge spike

heterostructure could be considered a double-well, the thickness of the silicon layer above

the Ge spike is too narrow for sufficient localization entirely within the mini-well. The effect

of filling factor minima destruction found in double-well heterostructures increased with well

separation and isolation. In this heterostructure, the spike in germanium concentration is

very thin, and the electron wave function is spread over both wells.

Some of the unexplained behavior of the longitudinal and Hall resistances appear as
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‘cross-talk’ between the two measurements. The SdHO minima do not trend towards zero at

high magnetic field, and the Hall resistance shows strong oscillations between the plateaus.

Here, we consider a secondary channel of classical conduction, either due to cap-filling of the

silicon at the surface of the heterostructure or the thin silicon layer above the germanium

spike. Although we earlier discussed that the electron wave function is shared between

the two silicon layers, we propose that conduction through the thinner layer may behave

differently. We treat this second channel of conduction classically, meaning that it does not

exhibit quantum Hall behavior.

The longitudinal resistivity of the main quantum channel of conduction is calculated using

the approach described in Sec. 2.3.2. For the Hall resistivity, we assume a linear Hall slope

in magnetic field between integer quantum Hall plateaus aligned to the SdHO minima of the

longitudinal resistivity. The conductivity matrix of the ‘main’ channel, σ1, is calculated as

the inverse of the resistivity matrix. A second classical conduction channel is calculated, in

which the Hall resistivity is linear in magnetic field and the longitudinal resistivity is flat.

The conductivity matrix of this secondary classical channel, σ2, is similarly calculated as

the inverse of its resistivity matrix. We then add these conductivity matrices together, and

calculate the inverse to achieve the resistivity matrix of the entire system: ρtotal = (σ1+σ2)
−1.

Adding the conductivities of these two channels together and calculating the total resistivity

will mix the longitudinal and transverse components. The results are shown as the gray lines

in Fig. 3.15. The main quantum channel has a carrier density n2D = 4.00 × 1011 cm−2 and

a transport mobility µ = 50, 000 cm2V−1s−1. The second classical channel has a 5× smaller

carrier density and mobility. The mixing between conduction channels results in the SdHO

minima trending towards a non-zero value, similar to the experimental data shown in blue.

The change in the Hall resistance is more subtle for the input parameters, but there are some

small oscillations present around 1 T. Additionally, the Hall slope at very low magnetic field

is mostly unaffected, reflecting the slope (and carrier density) for the quantum channel alone.

From this modeling, we show that some of the behavior we see experimentally, such as
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Figure 3.15: Using the Hall bar simulation method described previously in Sec. 2.3.2, a
secondary classical conduction channel is added to a main quantum conduction channel.
The conductance matrices of the two channels are added together and the total resistivity
is calculated. The gray curves show the transverse (a) and longitudinal (b) resistances of
this two-channel model. The main channel has a carrier density n2D = 4.00 × 1011 cm−2

and a mobility µ = 50, 000 cm2V−1s−1. The extra conduction channel has a 5× smaller
carrier density and mobility. Comparing this to a real dataset with the same calculated
carrier density (blue), we see that adding a second channel does reproduce the effect that
no minima reach zero resistance. We also see some cross-talk effects in each of the two
resistances. However, the unexpected depth and location of minima found experimentally
cannot be reproduced with a secondary classical channel.

the lack of deep SdHO minima and oscillations in the Hall resistance, could be explained by

a secondary channel of classical conduction. However, the location and relative strengths of

the SdHO cannot be explained by a second classical channel. An alternative origin of these

effects, which is difficult to justify or explore, could be disorder across the length or width

of the Hall bar. Pockets of varying carrier density could explain some of the strange minima

behavior. Reliable measurements were only acquired in a single Hall bar device. It is possible

that these phenomena would not be present in other measured Hall bars with different or

less disorder. Finally, we note that strong valley-orbit coupling, which may be present in this
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heterostructure due to the presence of the spike in germanium, could potentially produce

some of these phenomena. Due to the focus of this work on valley splitting, we did not

investigate this Hall bar behavior further.

3.4 The Wiggle Well: enhancing valley splitting by

oscillating the germanium concentration in silicon

quantum wells

3.4.1 Introduction

Quantum dots in silicon quantum wells of silicon-germanium heterostructures are a promising

candidate for quantum computing, but the near-degeneracy of the two low-lying valley states

in silicon can pose challenges to qubit formation [14, 32, 40–42, 95]. In Si/SiGe heterostruc-

tures, the valley splitting can vary widely due to heterostructure design and unintentional

defects, typically tens to a few hundred µeV [19–30]. The small size and intrinsic variability

of the valley splitting has motivated several approaches to modify or tune its value. The

valley splitting can be tuned after device fabrication through changes to the applied vertical

electric field [26,98,99] or by changing the lateral dot position [21,27,29]. The Si/SiGe het-

erostructure has also be modified in attempts to enhance the valley splitting. Introducing

additional germanium at the quantum well interface does not significantly modify the valley

splitting [25]. However, a single spike in germanium concentration within the quantum well

has been studied both theoretically and experimentally, showing that the valley splitting

should double due to the inclusion of the Ge spike [30].

Here, we report a novel Si/SiGe heterostructure, the Wiggle Well, with an oscillatory con-

centration of germanium in the quantum well to increase the valley splitting. The wavevector

defined by these oscillations couples the valleys in silicon. Depending on the magnitude of

this wavevector, valleys are either coupled within a single Brillouin zone or between different
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zones. We grow a Wiggle Well heterostructure by chemical vapor deposition (CVD) with an

oscillating Ge concentration in the quantum well between 0% and 9% and a wavelength of

1.8 nm. We find a low temperature transport mobility of this heterostructure in the range of

1-3×104 cm2V−1s−1. We fabricate quantum dot devices and present stable dot behavior. We

experimentally measure the valley splitting in a singly occupied quantum dot using pulsed-

gate spectroscopy and report a valley splitting that is both large and tunable in the range

of 54-239 µeV. We analyze both the role of the Ge oscillations and the random placement

of the Ge atoms within the quantum well.

3.4.2 Wiggle Well Theory

The Wiggle Well heterostructure design is shown schematically in Fig. 3.16(a). The typical

pure-silicon quantum well is replaced by an oscillating concentration of silicon and germa-

nium. These oscillations are sinusoidal, as shown in Fig. 3.16(b), between pure silicon and

SiGe alloy. The wavelength, λ, of this oscillation is shown and relates to the wavevector, q,

by q = 2π/λ.

For a standard Si/SiGe heterostructure, the valley states are split by interactions between

the electronic wave functions and barrier interfaces in the quantum well. For the Wiggle

Well, an additional contribution to the valley splitting arises from the oscillations of the Ge

concentration within the quantum well itself. These oscillations create a potential energy

term in the Hamiltonian of the form Vosc = V0 cos(qz), where z is the distance from the

barrier in the direction of growth. This acts as a perturbation on the wavefunctions φ±(~r)

for the valleys centered on the points ~k = ±(0, 0, k0) where k0 is 0.84(2π/a0) and a0 = 0.543

nm is the lattice constant. The unperturbed wavefunctions are

φ±(~r) = ψ(z)e±ik0z
∑
~K

c±( ~K)ei
~K·~r, (3.20)

separated into an envelope function ψ and the Bloch functions. The ~K are reciprocal lat-
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Figure 3.16: (a) Schematic of the Wiggle Well heterostructure, showing Ge oscillations
throughout the quantum well. The darker regions have higher Ge concentration. (b) Plot
of the sinusoidal Ge concentration for a heterostructure with an average of 10% Ge in the
quantum well. The oscillation wavelength, λ, is related to the wavevector by q = 2π/λ.
(c) The contribution to the valley splitting ∆Ev due to a sinusoidal Ge concentration in the
quantum well as a function of the wavevector q. The orange, green, red, and purple curves
correspond to average Ge concentrations in the well of 5%, 10%, 15%, and 20%, respectively.
The inset schematic shows two neighboring Brillouin zones in the silicon conduction band
with constant energy surfaces around the valley minima represented by blue ellipsoids. The
peaks at q ≈ 3.5 correspond to an Umklapp coupling between the z-valleys of neighboring
Brillouin zones. The peaks at q ≈ 20 correspond to the typical coupling between z-valleys
within a single zone. The tops of the peaks at this wavevector lie between 7-23 meV and are
shown in Fig. 3.19 in Sec. 3.4.8.

tice vectors and the c±( ~K) are expansion coefficients of the cell-periodic part of the Bloch

function. The valley splitting ∆EV S caused by the added Ge is then [113]

∆EV S = 2 |〈φ+|V (z)|φ−〉| = 2|
∑
~K, ~K′

c∗+( ~K)c−( ~K ′)δKx,K′
x
δKy ,K′

y
I(Kz −K ′z)|, (3.21)

where the last factor stands for the integral

I(Kz −K ′z) =

∫ 0

−∞
|ψ(z)|2eiQzV0 cos(qz)dz, (3.22)

with Q = Kz − K ′z − 2k0. |ψ(z)|2 is a smooth function with a single peak so its Fourier
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transform has a single peak at zero wavevector. Hence, I(Kz −K ′z) will peak strongly when

q = ±Q = ±(Kz −K ′z − 2k0). (3.23)

The sum over reciprocal lattice vectors in Eq. (3.21) means there are multiple peaks in

∆EV S(q), one every time the condition Kz −K ′z = ±(q ± 2k0) is satisfied.

Figure 3.16(c) shows the valley splitting due to Ge oscillations in the quantum well as

a function of wavevector q. Each curve corresponds to a different average Ge concentra-

tion within the well. This valley splitting is calculated through an estimation of the plane

wave expansion coefficients for this heterostructure, with the sum in Eq. (3.21) reduced to

six reciprocal lattice vectors [114]. A vertical electric field is applied with a magnitude of

0.1 V nm−1 to determine the envelope ψ.

The inset schematic in Fig. 3.16(c) shows two neighboring Brillouin zones for silicon.

The valley splitting enhancement at q ≈ 3.5 (λ = 1.8 nm) is due to a coupling across two

zones, as labeled by the arrows. A much larger enhancement can be achieved by creating

an oscillation with a much shorter 0.32 nm wavelength, as shown by the q ≈ 20 peak. This

is caused by the coupling between the z-valley states within a single Brillouin zone, as is

typical for sharp heterostructure interfaces. The smaller peak at q ≈ 10 is a harmonic that

may arise from finite-size effects in the calculation, while at small q there is noise due to

sensitivity to the details of the barrier interface.

3.4.3 Experimental Methods

Figure 3.17(a) shows a scanning transmission electron micrograph of a Wiggle Well het-

erostructure grown by chemical vapor deposition (CVD). In this growth, alternating layers

of silicon and silicon-germanium are grown on a silicon substrate, to fine-tune the oscillation

wavelength prior to real heterostructure growth. The wavelength shown in Fig. 3.17(a) is

λ ≈1.7 nm. Based on this result, the growth parameters are adjusted slightly to achieve the
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Figure 3.17: (a) High-angle annular dark-field (HAADF) image of a test structure grown on a
Si substrate, with a 10 nm scale bar. The brighter regions represent higher Ge concentration.
The oscillation wavelength for this test is ≈1.7 nm. (b) False-colored scanning electron
micrograph of a quantum dot device identical to the one measured, with a 500 nm scale
bar. The different colors (blue, green, yellow) indicate different gate layers. (c) Stability
diagram of a quantum dot formed under the leftmost plunger gate in the lower channel,
charge sensed by a quantum dot charge sensor in upper left channel. The gates used for
this figure are labeled in (b). Most measurements presented here are performed at the last
(leftmost) electron transition in this dot, near the magenta star. (d) Pulsed-gate spectroscopy
of a singly-occupied quantum dot. The 0-1 electron charging transition in P1 is swept as
the amplitude of a 2 kHz square wave is increased, revealing the characteristic V-shape in
a charge sensor lock-in measurement. (e) An averaged line-cut of (d) at a 16 mV pulse
amplitude. The blue curve is the lock-in response and the green curve is a differentiation,
showing peaks at the loading lines of the energy states. The valley and orbital splittings Ev
and Eorb are labeled with arrows. These voltage splittings are converted to energy splittings
with a thermally-measured lever arm.

desired 1.8 nm oscillation period. A new heterostructure is then grown on a linearly graded

SiGe alloy with a final concentration of Si0.705Ge0.295. After a 550 nm layer of ≈30% Ge

alloy, a quantum well with 5 periods of 0-9% Ge oscillations is grown, followed by another

60 nm of 30% Ge alloy and a 1 nm Si cap. Further growth details can be found in Sec 3.4.9.

This growth best matches the orange curve in Fig. 3.16(c) at the q ≈ 3.5 peak, where the
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valley splitting contribution due to the oscillations is ≈82 µeV.

Hall bar and quantum dot devices were fabricated simultaneously on this heterostructure.

A 20 nm layer of aluminum oxide grown by atomic layer deposition isolates the Hall bar

top gate from the surface of the heterostructure. Hall measurements performed at ∼2 K

show a mobility in the range of 1-3×104 cm2V−1s−1 across an electron density range of

2-6×1011 cm−2 (see Sec. 3.4.10). For the quantum dots, the gates are separated from the

heterostructure surface by a 5 nm layer of aluminum oxide in a 30 µm square around the

dot region and a 20 nm layer elsewhere. Following the procedures described in Ref. [46],

the gate design has three layers of overlapping aluminum isolated from one another by the

self-oxidation of the aluminum metal, enhanced by an oxygen plasma ash.

A false-colored scanning electron micrograph of a device identical to the one measured is

shown in Fig. 3.17(b). Each color: blue, green, and yellow, is a single layer of gates. For this

publication, the left half of the device is used. The upper left channel is used as a quantum

dot charge sensor for dots formed in the bottom channel.

Figure 3.17(c) shows a stability diagram of dots formed under or near the leftmost plunger

gate (green layer) in the main channel. The majority of the dot measurements presented

are performed using the last (leftmost) electron transition in this figure, near the magenta

star. All dot measurements are performed in a dilution refrigerator with a base temperature

below 50 mK.

The excited state spectrum of a singly occupied quantum dot is measured here by pulsed-

gate spectroscopy [29, 52, 85–88], shown in Fig. 3.17(d). A square wave voltage is applied

to the plunger gate of a dot at a frequency comparable to the tunnel rate to the electron

reservoir. The charge sensor current is measured with a lock-in amplifier referenced to the

fundamental frequency of the square wave. When the DC voltage of the gate is swept over

the dot transition, the electron is loaded and unloaded into the dot as the dot’s chemical

potential, split by the square wave, straddles the fermi level of the reservoir. As the amplitude

is increased, additional states such as the excited valley state and excited orbital state can
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be loaded during the high voltage period of the wave, modifying the tunnel rate into the

dot. These changes in tunnel rate lead to a changing lock-in response.

Figure 3.17(e) shows a highly-averaged line-cut of the data in Fig. 3.17(d) at a 16 mV

square wave amplitude. The green curve is a numerical differentiation of the raw data in

blue. The smaller valley splitting Ev and the larger orbital splitting Eorb are labeled with

arrows. These peaks in the differentiated signal are fit to extract the voltage splittings using

the methods described in Ref. [29]. The voltage splittings are then converted into energy

splittings using a thermally-measured lever arm (see Sec. 3.4.11).

3.4.4 Experimental Results

Valley and orbital splittings are measured using pulsed-gate spectroscopy in two separately

formed quantum dots, one under B2 and the other under P1 (labeled in the upper left inset

of Fig. 3.18(a)). In the B2 formed dot, at two different voltage tunings of the surrounding

gates, the valley splitting is tuned from 80 to 140 µeV and the orbital splitting is tuned from

810 to 890 µeV. For the P1 dot, more extensive measurements are performed and the dot is

tuned in two distinct ways.

In one tuning scheme, following the method outlined in Ref. [29], the dot’s lateral position

is intentionally moved by asymmetrically changing the screening gate voltages. These gates,

S1 and S2, shown schematically in the upper left inset to Fig. 3.18(a), are tuned in opposite

directions so that the dot moves closer to the more positive gate and further away from the

more negative gate. This has the added effect of changing the shape of the orbital in the

plane of the 2DEG. The purpose of this tuning scheme is to change how and where the dot’s

wave function interacts with alloy disorder within the well or steps at the quantum well

interface. The valley splitting results of this tuning scheme are shown in the filled diamond

points in Fig. 3.18(a) as a function of the asymmetry of the screening gate voltages. Across

these points, the plunger gate voltage is kept relatively constant between 905 and 915 mV.

The orbital splitting is represented by the color of the points and shown in the legend at the
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Figure 3.18: (a) Valley splitting Ev of the P1 quantum dot as a function of the screening gate
asymmetry S1−S2 (gate schematic shown in the upper left inset). By shifting the balance
between S1 and S2 (filled diamonds), the dot position is shifted between the two gates
and Ev is tuned by a factor of 4. Alternatively, the screening gates are tuned in the same
direction (open black circles), changing the lateral confinement and vertical electric field
while maintaining the dot position. The valley splitting tuning by this method is small. For
the filled diamonds, the orbital splitting Eorb is shown in the legend above. For the open black
circles, Eorb is shown as a function of P1 in the lower right inset. (b) Distribution of the valley
splitting change ∆Ev from dot tuning, calculated in 2000 one-dimensional tight-binding
simulations containing atomistic alloy disorder. To estimate the change due to shifting the
dot (green), Ev is calculated at two lateral positions separated by 20 nm, with a lateral
confinement ~ω = 1.3 meV. To estimate the change due to squeezing the dot (blue), Ev is
calculated with ~ω = 0.9 meV and again with ~ω = 1.7 meV. (c) Probability distribution
for the total valley splitting in a quantum well with a 1.8 nm period Ge oscillation, assuming
atomistic alloy disorder. The orange, green, red, and purple curves correspond to average
Ge concentrations in the well of 5%, 10%, 15%, and 20%. The inset shows the standard
deviation of the valley splitting contribution in the complex plane due to alloy disorder,
offset from zero by the valley splitting of the Ge oscillations calculated in Fig. 3.16(c). The
main figure in (c) shows Rician distributions of the inset.

top of the figure. Here, low to high orbital splitting corresponds with low to high voltage on

gate S1, from -180 to -135 mV (S2 is tuned from -120 to -165 mV). As shown, this tuning

scheme leads to a wide range in valley splitting.
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In the other tuning scheme, following the method outlined in Ref. [30], the dot’s lateral

position is kept constant while the confinement and vertical electric field are changed. This

is achieved by tuning the screening gates, S1 and S2, by a voltage depending on their lever

arm to the dot. The voltages are tuned ‘symmetrically’ such that the voltage change on

each gate affects the dot equally. Making both gate voltages increasingly negative forces

the electron transition to a more positive voltage on the plunger gate, P1. As shown in

Ref. [30], this has the effect of increasing the lateral confinement and the vertical electric

field at the quantum dot. The orbital splitting for this tuning method is shown in the inset of

Fig. 3.18(a), plotted as a function of P1. The orbital splitting is largely tunable and generally

tracks with increasing P1, as expected. As the screening gates have nearly identical lever

arms to the dot, the difference in voltage between S1 and S2 is small across all tunings. The

valley splitting results of this tuning scheme are shown by the open circles in Fig. 3.18(a) as

a function of the S1 - S2 difference. In this tuning scheme, the valley splitting is relatively

stable compared to the change from moving the dot.

3.4.5 Tight-Binding Simulations and Alloy Disorder

To validate our interpretation of the differences between these two tuning schemes, we repli-

cate them using one-dimensional (1D) tight-binding simulations [98]. A set of 2000 three-

dimensional heterostructures with atomistic alloy disorder are generated. Each heterostruc-

ture has a lateral size of 100 × 120 nm, and each lattice cite is populated by either Si or

Ge atoms, probabilistically chosen by the expected concentrations for each layer. The valley

splitting is calculated by averaging over a lateral area given by the orbital splitting and per-

forming a 1D tight-binding simulation on the resulting averaged alloy concentration along

the growth direction.

To replicate the lateral shift tuning, this calculation is performed at two averaged lo-

cations separated by 20 nm with a lateral confinement of ~ω = 1.3 meV. The size of the

lateral shift is chosen by adapting the lateral movement calculated in Ref. [29] to the change
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in screening gate voltages reported in Fig. 3.18(a). The valley splitting difference between

the two calculated points of these 2000 iterations is shown as a probability distribution in

Fig. 3.18(b) by the green bars. Naturally, this distribution is centered around ∆Ev = 0, but

has a wide distribution. This nicely matches the large changes in valley splitting we see in

the colored points in Fig. 3.18(a).

To replicate the change in lateral confinement, these 1D tight-binding calculations are

repeated, and the lateral confinement is changed from 0.9 to 1.7 meV while maintaining the

dot’s position. These results are shown in the blue bars in Fig. 3.18(b). For this tuning, the

increase in orbital confinement results in a high probability of a small increase in the valley

splitting. Similar to the open black circle points in Fig. 3.18(a), the expected valley splitting

change is much smaller than the change due to lateral movement.

Tuning the valley (or singlet-triplet) splitting of a Si/SiGe quantum dot through gate volt-

age changes has been reported several times [21,26,27,29,30]. Notably, these previous inves-

tigations have shown valley splitting tunability of 15% with a maximum EV S = 213 µeV [27]

or 140% tunability with a maximum EV S = 87 µeV [29]. Here, we show > 440% tuning of

the valley splitting with a maximum EV S = 239 µeV. The large maximum value of the valley

splitting is supported by the predicted ≈ 82 µeV contribution from the Ge oscillations.

As Fig. 3.18(b) shows, alloy disorder can significantly modify the valley splitting measured

in a quantum dot. The potential V (z) in Eq. (3.21), which couples the valley states and

creates the valley splitting, can be separated into a term due to the expected heterostructure

potential V1(z) and a term due to alloy disorder V2(z). The valley splitting can then be

separated into two components, EV S = 2
∣∣∆(1) + ∆(2)

∣∣. We can write the term due to alloy

disorder as

∆(2) =
a0
4

∆Ec
1− xb

nl∑
l=1

e2ik0zl(xl − x̄l)|Ψ(zl)|2 (3.24)

where ∆Ec is the conduction band offset of the SiGe barrier, xb is the Si concentration of the

barrier, the sum is over the layers in the well, xl is the Si concentration in layer l, and x̄l is

the expected Si concentration in that layer. Given an expected Si concentration throughout
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the well, we can estimate the variance within a layer, assuming a binomial distribution. The

valley splitting due to the expected potential, ∆(1), is fixed, so the variance in the valley

splitting is purely due to the alloy disorder. For a lateral dot size A, the valley splitting

variance is

V[EV S] =

(
a0
4

∆Ec
1− xb

)2
a20
2A

nl∑
l=1

x̄l(xl − x̄l)|Ψ(zl)|4. (3.25)

The inset to Fig. 3.18(c) shows the standard deviations of the calculated valley splitting

distributions due to alloy disorder in the complex plane. These Gaussian distributions are

offset from zero by the contribution to the valley splitting of the oscillations, calculated from

the q ≈ 3.5 results shown in Fig. 3.16(c). The probability curves shown in the main figure

of Fig. 3.18(c) are Rician distributions of the results in the inset. As the concentration of

germanium within the well increases, the average valley splitting increases, as does the prob-

abilistic spread. The higher valley splitting results within each distribution can be considered

alloy disorder which matches the q ≈ 20 wavevector. The orange curve in Fig. 3.18(c) is

most similar to the heterostructure measured, showing an expected mean valley splitting of

Ev ≈ 230 µeV.

3.4.6 Conclusions

In conclusion, we have presented a new heterostructure with an oscillatory concentration of

germanium within the quantum well. We presented a theoretical basis for how the Wiggle

Well strongly couples the z-valley states in neighboring Brillouin zones or within a zone to

increase the valley splitting. We reported experimental growth of a heterostructure with a

1.8 nm period Ge oscillation within the quantum well and presented Hall and quantum dot

measurements in this heterostructure. We presented pulsed-gate spectroscopy of the excited

state spectrum of a single-electron quantum dot and showed a large and widely tunable

valley splitting through simple gate voltage changes. We supported this tunability with

one-dimensional tight-binding calculations. We combined these calculated valley splitting
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enhancements with an estimation of the alloy disorder to describe an expected distribution

of the valley splittings in disordered heterostructures. The Wiggle Well is shown to be a

viable strategy for valley splitting enhancement of Si/SiGe quantum dots.
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3.4.8 Appendix: Additional WW theory

Figure 3.19 shows the same results for the valley splitting contribution of the germanium

oscillations as Fig. 3.16(c), but with a larger scale to show the top of the peaks near q ≈ 20.

3.4.9 Appendix: Heterostructure Growth

The measured heterostructure is grown on a linearly graded SiGe alloy with a final 2 µm

layer of Si0.705Ge0.295. Prior to heterostructure growth, the SiGe substrate is cleaned and

prepared as described in Ref. [25]. The substrate is loaded into the growth chamber and
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Figure 3.19: The contribution to the valley splitting ∆Ev due to a sinusoidal Ge concentration
in the quantum well as a function of the wavevector q. This is the same figure as Fig. 3.16(c),
with a larger scale to show the top of the peaks at q ≈ 20.

flash heated to 825 °C while silane and germane are flowing. The temperature is lowered to

600 °C, at which point a 550 nm 29.5% Ge alloy layer is grown. For the quantum well, the

growth begins with a 10 second pulse of pure silane gas at 90 sccm. Then, 90 sccm of silane

and 4.88 sccm of germane are introduced for 10.63 seconds followed by 10 seconds of pure

silane. This SiGe–Si pulse sequence is repeated a total of 5 times. The pulse times are tuned

to achieve a period of 1.8 nm and a peak Ge concentration of 9%. After the quantum well,

a 60 nm Si0.705Ge0.295 spacer is grown and the heterostructure is capped with a thin 1 nm

layer of pure silicon.

3.4.10 Appendix: Fabrication Details and Hall Measurement

Hall bars and quantum dot devices were fabricated simultaneously on the same ∼10 mm

chip. 15 nm aluminum oxide gate dielectric is grown by atomic layer deposition (ALD) at

200 °C. This oxide is etched by dilute HF in a 30 µm square region centered around the

dot region. Another 5 nm of aluminum oxide is then deposited. This results in 5 nm of

deposited oxide over the dot region and 20 nm over the Hall bars. The chip then undergoes

a 15 min, 450 °C forming gas anneal. The Hall bar gate metal is a bi-layer of titanium and

palladium, patterned by photo-lithography. The quantum dot gate design has three layers
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Figure 3.20: (a) Optical image of Hall bar devices measured. The length of the Hall bar
between the central ohmics is 200 µm. The Hall bar top gate is isolated from the heterostruc-
ture by 20 nm of ALD-grown aluminum oxide. All deposited metal is a Ti/Pd stack. (b)
Transport mobility results of two Hall bar devices highlighted in (a), performed at ∼2 K.

of aluminum patterned by electron-beam-lithography. Each gate layer is isolated by the self

oxidation of the aluminum, enhanced by a 15 min downstream oxygen plasma ash. Fig. 3.20

shows an optical image of the Hall bars measured and the transport mobility results of the

measurements as a function of carrier density, measured at ∼2 K.

3.4.11 Appendix: Gate Lever Arms for Dot Tuning

The lever arm of the plunger gate P1 to the dot used for pulsed-gate spectroscopy is mea-

sured by thermally broadening the charge-sensed transition line. The charge-sensed electron

charging transition is swept as the mixing chamber temperature is increased, and the current

through the charge sensor is fit to [64]

ICS(V ) = A tanh

(
α(V − V0)

2kBTe

)
+ b ∗ V + I0, (3.26)

where kB is Boltzmann’s constant, Te is the electron temperature, α is the lever arm, and

A, b, V0 and I0 are additional fitting parameters. A term, Te/α, is extracted from each fit

as a function of mixing chamber temperature, TMC . This is fit to the phenomenological

expression

Te
α

=
1

α

√
T 2
MC + T 2

e0
, (3.27)
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Figure 3.21: (a) Lever arms for S1 (yellow), S2 (green), and P1 (blue) of the ‘symmetric’
voltage tuning method described in the main text. (b) Lever arms for S1 (yellow), S2 (green),
and P1 (blue) of the ‘asymmetric’ voltage tuning method described in the main text. In both
plots, the shaded regions are ±5% around the average.

and we extract a lever arm and a base electron temperature Te0 given TMC = 0.

For the ‘symmetric’ tuning method where both screening gates S1 and S2 are changed

in the same voltage direction, the lever arm is measured at every other voltage tuning. For

voltage tunings where the P1 lever arm is not explicitly measured, the average of the two

nearest tunings is used. For the ‘asymmetric’ tuning method where S1 and S2 are changed in

opposite directions, the lever arm is measured at every tuning. Relative lever arms between

a screening gate and P1 are determined by measuring the slope of a transition line as both

gate voltages are changed. Using the absolute lever arm of P1 and the relative lever arms

for the screening gates, their absolute lever arms to the dot are calculated.

Figure 3.21 shows these lever arms for both the ‘symmetric’ and ‘asymmetric’ tuning

methods. As shown, the lever arms for all three gates stays within 5% of the average value

for most tunings. There is no noticeable difference in the lever arms between the tuning

methods, despite the significant difference in valley splitting tuning. This may indicate that

this method of tracking the lever arms is not a sensitive enough technique to measure the

lateral movement expected in the ‘asymmetric’ tuning scheme.
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Chapter 4

Improvements and Alternatives to

Quantum Dot Fabrication

In this chapter, we explore improvements and modifications to the fabrication of silicon

quantum dot gate structures. The designs, material choices, and processing details of silicon

quantum dots are constantly evolving. The motivators for this evolution are the desire for

better control of quantum dot and qubit parameters, newer qubit designs, and lower charge

noise. In silicon quantum devices, charge noise is a major limitation to better performing

qubits. In single spin qubits with isotopically purified silicon quantum wells, charge noise

can be the limiting factor to higher fidelities [42, 72]. At very low frequencies, charge drift

can also affect the long term stability of qubits [71]. In Sec. 2.2.2, we presented an older

‘open’ quantum dot gate design and a newer overlapping aluminum gate design that has

become the standard in the Eriksson group. In this chapter, we present three investigations

into modifications to the gate fabrication. We begin with modifications to the material

stack and processing of Hall bars to investigate the influence of oxide thickness, treatment,

and distance to the 2DEG on the transport mobility. We then present the fabrication

and measurement of a ‘donor-dot’ system, in which phosphorus ions are implanted into the

2DEG to create a hybrid system of donor and gate-defined quantum dots. We end this
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chapter with a discussion of the progress towards SPARTA, a novel fabrication process to

replace the overlapping aluminum gate design with etch-defined palladium gates.

4.1 Fabrication Changes for 2DEG Transport Mobility

Improvements

4.1.1 Introduction to Mobility-Limiting Charge Defects

The quantum dot charge noise measurement described in Sec. 2.3.6 is a relatively simple

procedure but requires a fabricated and tuned quantum dot device. Measurements of the

mobility in Hall bars can give insight into the disorder which affects the 2DEG and scatters

electrons, while requiring much less fabrication overhead [59]. By varying fabrication pro-

cesses and measuring the resulting mobilities, the influence of these processes on the disorder

can be inferred.

Scattering of electrons in a 2DEG can occur from impurities and roughness at the quan-

tum well interface where the 2DEG forms but also from remote charge impurities which create

an uneven potential in the 2DEG. Gate fabrication on the surface of the SiGe heterostructure

is a potential source of charge impurities, through the use of amorphous (non-crystalline)

oxides, material interfaces, and high-energy lithography processes. Remote impurity scatter-

ing at the surface is thought to come primarily from the interface between deposited oxides

such as aluminum oxide and the silicon surface, as well as bulk impurities within the ox-

ides themselves. Oxide deposition for Si/SiGe quantum dots is typically achieved through

atomic layer deposition [115]. The precursor chemicals used to grow the oxide, such as

trimethyl-aluminum (TMA) for aluminum oxide, can lead to unintended carbon impurities

and oxygen vacancies [116]. These defects and impurities can lead to interface traps and two-

level-systems (TLS) within the oxide [69,70,117]. High-energy electrons from electron-beam

lithography as well as radiation from electron-beam metal evaporation have been shown to
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increase oxide-silicon interface trap densities [118,119].

Simply by increasing the distance between the 2DEG and the heterostructure surface,

the influence of these remote impurities can be reduced. This is achieved by increasing the

thickness of the SiGe spacer that separates the silicon quantum well from the surface. Mul-

tiple studies have shown that increasing the SiGe spacer thickness can increase the mobility

of Hall bars [120, 121]. Decreasing the spacer thickness, however, can help with quantum

dot control, as the surface gates are closer to the 2DEG and its electrostatic potential can

be shaped with greater precision. Reducing the thickness of these amorphous oxide layers

can also lead to better device performance and lowered charge noise, as there will simply be

fewer bulk defects present in a thinner oxide layer [69]. Additionally, thermal treatments of

oxide layers after deposition or growth has been shown to reduce the interface trap density

and passivate dangling bonds. Low temperature (300 − 500 °C) anneals in the presence of

forming gas (H2 + N2) have been shown to increase mobilities and decrease measured charge

noise in silicon quantum devices [70,89,122–124].

4.1.2 Fabrication Modifications

Here, we modify three fabrication parameters and explore their effects on the transport

mobility of a Hall bar: thickness of the SiGe offset between the silicon quantum well and the

surface, electron beam dose for the top gate lithography, and the presence of a forming gas

anneal after oxide deposition. Although these modifications have been explored previously

in the literature, differences in fabrication tools can lead to different results. We investigate

these fabrication changes to qualitatively understand how they affect the performance of our

devices specifically with the tools available to us.

Hall bars are fabricated on Si/SiGe heterostructures with three different offset thicknesses:

10.8, 21.6, and 38 nm. We define a ‘standard process’ fabrication, in which all lithography

is achieved through electron-beam lithography at an exposure dose of 500 µC cm−2 with a

30 kV e-beam source. The dielectric isolating the Hall bar top gate from the heterostructure
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Figure 4.1: (a) Transport mobility at 4 × 1011cm−2 for differently processed Hall bars at
varying SiGe offset thicknesses. Deeper quantum wells tend to have higher mobility, due to
their increasing distance from defects above the heterostructure. Lowering the electron-beam
dose for the top gate lithography by 40% results in increased mobility. Adding an additional
15 min, 450 °C forming gas anneal after oxide deposition further increases the mobility. (b)
Same data as in (a), but normalized to the performance of the standard process to better
show the size of improvement for each fabrication change. Offset thicknesses are shifted from
true values of 10.8 nm and 21.6 nm for visibility.

surface is 15 nm of aluminum oxide grown by atomic layer deposition at 150 °C in an ALD

tool manufactured by Cambridge Nanotech. For a ‘low dose’ fabrication process, the electron-

beam lithography dose for the top gate is lowered to 300 µC cm−2, a 40% reduction. This

dose reduction is possible due to the wide clearing dose range for the PMMA (polymethyl

methacrylate) resist used. Finally, the anneal is defined as a 15 min, 450 °C forming gas (5%

H2) anneal after the oxide deposition. The forming gas anneal is performed in a Heatpulse

610 Rapid Thermal Annealer (RTA).

4.1.3 Results

Figure 4.1(a) shows the results of these modifications, as a measurement of the transport

mobility of the Hall bar at a carrier density n2D = 4×1011cm−2. The blue circles correspond

to the standard process fabrication, the orange squares correspond to fabrication at the lower

dose, and the green diamonds correspond to a lower dose in addition to a forming gas anneal.

The mobility increases with increasing offset thickness for the standard process, as expected.
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This order-of-magnitude increase in the mobility is in agreement with previously published

results [120]. The low dose and low dose + anneal fabrication processes are performed on

heterostructures with the two thinner offsets. Reducing the dose and performing a forming

gas anneal after oxide deposition results in a higher mobility for an offset thickness of 21.6 nm

than the standard processed 38 nm heterostructure. Figure 4.1(b) presents the results for the

two thinner offset heterostructures as fractional improvements in mobility over the standard

heterostructure. Presented in this way, the standard process data points have a value of

1. This allows for better comparison between the two offset thicknesses, showing that the

fractional improvement from lowering the dose and adding the post-oxide anneal is similar

for each offset thickness.

These results serve to demonstrate how simple changes to fabrication processes can affect

and improve the performance of Si/SiGe 2DEGs. After these measurements were completed,

the standard fabrication procedure for quantum dots in the Eriksson group was modified

to include forming gas anneals after oxide deposition. Additionally, use of electron-beam

lithography was reduced whenever possible to avoid unnecessary damage. The improvements

of these fabrication modifications, and their limits, serve as motivation for further innovation

in device design and fabrication.

4.2 Localized Implantation of Phosphorus Atoms for

Donor-Dot Qubits

4.2.1 Introduction to Donor Atom Quantum Dots

In this work, we have almost exclusively focused on gate-defined quantum dots, in which

charge is confined into quantum dots via externally applied voltages on gates and quantum

wells formed by a heterostructure. However, dopant atoms such as a phosphorus atom in sili-

con provide a steep electrostatic potential for one or two ‘donor’ electrons to be confined [10].
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The electronic states of these dopants can then be controlled through gate voltages. Addi-

tionally, the nuclear spin of these dopants could be used for quantum computing, as originally

proposed in Ref. [125]. A two-qubit gate between precisely placed phosphorus donor elec-

trons within silicon has recently been achieved [126]. While these dopants provide excellent

electrostatic confinement and often extremely long coherence of electron spin states, posi-

tioning and coupling the spins of multiple dopants is difficult due to their small size. For

this reason, it has been proposed to use gate-defined quantum dots as an intermediary be-

tween dopant qubits [127]. When positioned near a heterostructure interface, electrons can

be pulled off the dopant ion and into a gate-defined quantum dot, then moved or coupled

to other quantum dots. These hybrid ‘donor-dot’ systems in which both dopants and gate-

defined quantum dots are used can leverage both the long-coherence times of dopant qubits

and the versatility and ease of control of gate-defined quantum dot qubits [128]. Coherent

interaction between a phosphorus donor electron and a Si-MOS quantum dot electron has

been shown, with a clear path forward towards control of dopant nuclear spins [129].

The positioning of dopants can be achieved via a scanning tunneling microscope (STM)

during silicon growth or via ion implantation, where the dopants are ionized and accelerated

towards the heterostructure. Using STM placement, the position of the dopant is very

well controlled, with near atomic precision [130]. Using implantation, dopant placement in

inherently more imprecise, due to the Poissonian distribution of the number of implanted

dopants and the lateral straggle of dopants as they travel through the implanted material.

There are several approaches to improve the lateral spread of dopants, such as the use

of higher mass dopants or by implanting through resist, gate metal, or AFM cantilever

nanostencils [131–134]. The exact number of dopants implanted can be measured in a number

of ways, notably through transient current in an on-chip transistor or detection of secondary

electron emission [135,136].

Here, we present work towards coupling phosphorus dopants to gate-defined quantum

dots in a Si/SiGe heterostructure. We present a fabrication method for implantation of
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Figure 4.2: (a) Schematic representation of the implantation process. Phosphorus ions are
implanted at 20 keV at a 7° angle. Electron-beam resist is used to mask the heterostructure
and allow implantation only in a small area. (b) Implant window test. The 120 nm square
shows a test of the implantation window aligned to the first layer of gates. Metal (titanium
and gold) is deposited in both the implant window and the first layer gate pattern for this
test. (c) Probability of the number of ions implanted within the quantum well for a 120 nm
square window and an implantation dose of 1011 ions cm−2.

a small number of phosphorus ions and present evidence of dopant-like states coupled to

gate-defined quantum dots.

4.2.2 Fabrication Methods of the Donor-Dot Device

The phosphorus dopants are placed into a Si/SiGe heterostructure through ion implantation.

The area in which dopants are implanted is defined by a resist mask made with electron-

beam lithography. Figure 4.2(a) shows a schematic of how the resist masks the Si/SiGe

heterostructure. Phosphorus ions are accelerated to 20 keV and implanted at a 7° angle.

This angle ensures that the ions interact and collide with the Si/SiGe lattice, reducing the

chance of unintentionally deep implantation. The acceleration voltage is chosen based on

the angle of incidence and the thickness of the SiGe spacer above the silicon quantum well

to maximize the probability that the donors are stopped within the quantum well. The

implantation depth is determined by a Monte-Carlo simulator called SRIM: Stopping and

Range of Ions in Matter [137]. The SiGe spacer is thin, only 20 nm, to reduce the accelerating

voltage necessary, reducing the statistical spread of the implantation depth. The resist mask
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is ∼150 nm of PMMA, which is thick enough to avoid accidental implantation into regions

outside of the implant window.

The implantation window is a 120×120 nm square and the phosphorus ions are implanted

prior to gate fabrication. To ensure alignment between the implant window and the quantum

dots, palladium alignment markers are fabricated on the heterostructure prior to the implant

window lithography. The implant window is aligned to these marks, which are later used

again for gate alignment. Figure 4.2(b) shows a scanning electron microscope (SEM) image

of a test of the implant window and the first layer of gates. Gold is deposited in the implant

window for this test instead of phosphorus ions, showing the 120 nm size of the window and

its alignment to the gates.

Using the distribution of implantation depths calculated with SRIM and the square area

of the implant window, a implantation dose of 1011 ions/cm2 is chosen to achieve 3 ± 1

phosphorus ions in the quantum well with 12 ions implanted in total. The probability of the

number of phosphorus ions in the well is shown in Fig. 4.2(c). Although we only want to

couple the quantum dot to a single dopant, this higher average probability is chosen to ensure

successful implantation within the quantum well. After implantation, the implant window

mask is stripped and the device is briefly annealed at 700 °C for 15 seconds to activate the

dopants.

The quantum dot gate design is an ‘open’ design, as described in Sec. 2.2.2, consisting

of a double quantum dot with quantum point contact (QPC) charge sensors on either side.

Figure 4.3(a) shows the first layer depletion gates, with relevant gates and ohmic sources

labeled. The gate metal is a bi-layer of titanium and gold and the gates are separated

from the heterostructure surface by 15 nm of ALD grown aluminum oxide. The two central

pockets between the tips of these first layer gates are the intended locations of the quantum

dots. The left quantum dot pocket is the location of the implanted phosphorus, as shown in

Fig. 4.2(b). The second layer of accumulation gates is shown in Fig. 4.3(b) and is isolated

from the first layer by 80 nm of ALD grown aluminum oxide. The large gates on the left,
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Figure 4.3: (a) SEM image of the first layer of depletion gates with ohmic sources and select
gates labeled. The gates are isolated from the heterostructure by 15 nm of aluminum oxide.
(b) SEM image of the second layer of accumulation gates. (c) Colorized SEM of both layers
of gates. An 80 nm layer of aluminum oxide isolates the two layers of gates. The dots form
under the two paddle-shapes of the second layer gates. (d) Optical image of active region of
a fully fabricated device. All gate metal is a bi-layer of titanium and gold.

right, and top create electron reservoirs for the QPCs and the dots. The central two paddle-

shaped gates accumulate electrons into the dots. Figure 4.3(c) shows a colorized SEM image

of an aligned and completed device. Figure 4.3(d) shows an optical image of of the active

mesa region. The blue hue is caused by the thick ∼100 nm aluminum oxide. The quantum

dots form at the very center of this image.

4.2.3 Quantum Dot Measurements of the Donor-Dot Device

A device with implanted dopants was measured in a dilution refrigerator with a base tem-

perature below 100 mK. Quantum dots are formed in the central dot region to search for

evidence of implanted dopants. Electrons coupled to dopants can be distinguished from

electrons in a gate defined quantum dot in a few ways. First, dopants such as phospho-

urs only have three possible charge states, the ionized state D+, the one-electron neutral

state D0, and two-electron state D− [10]. Additionally, the strong confining potential results

in a much larger charging energy (electrostatic energy required to add an additional elec-

tron) compared to gate-defined quantum dots. Finally, depending on the exact placement

of the dopant, current transport through the dopant itself may be impossible as it may not

have sufficient tunnel coupling to a source and a drain reservoir. We use these concepts to
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Figure 4.4: (a) Transport current of a centrally formed dot. Current flows from O1 to O4,
labeled in Fig. 4.3(a). Sharp near-vertical transitions strongly coupled to the left dot gate
show evidence for impurity states, possibly the implanted donors, near the dot. (c) Coulomb
diamonds of a quantum dot formed in the left dot region, flowing current from O1 to O4. A
191 Hz ac voltage bias is applied to O1 and the output current from O4 is measured with a
lock-in amplifier referenced to this frequency. A sharper diamond scoring through the center
is potential evidence of an implanted phosphorus donor.

investigate the behavior of the donor-dot device.

Figure 4.4 shows two measurements of the donor-dot device investigated. In Fig. 4.4(a), a

dot is formed centrally between gates LD and RD (labeled in Fig. 4.3(a)) and the Coulomb

blockade oscillations of the current through the dot is measured. There are several near-

vertical features which cause finite shifts in the Coulomb blockade peaks. These features show

slightly different slopes and affect the central dot peak locations by different magnitudes,

indicating they each originate from different locations. The overall slopes of these features

indicate that they are closer to LD than RD, which is where the phosphorus dopants are

implanted. There do not appear to be multiple transitions for each of these features in

this voltage range, indicating a large charging energy or limited number of available states.

Features such as this are sometimes described as ‘impurity’ states and could be formed by

phosphorus dopants or other unintentional impurities within the heterostructure [48].

With this preliminary evidence of electronic dopant states towards the left side of the

device, a single quantum dot is formed near gate LD. Figure 4.4(b) shows Coulomb diamonds

of the current flowing through this quantum dot. At the center of this figure, a much narrower
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diamond scores through the evenly spaced diamonds. As previously mentioned, the strong

confinement of a dopant ion results in a large charging energy. Described in Sec. 2.3.3, the

charging energy of a dot can be determined by the source-drain bias at which the finite-

current diamonds intersect. Phosphorus donors in silicon should have a charging energy of

order 40 meV [138]. Although the data here is insufficient for an accurate measurement of

the charging energy of this central feature, it is certainly indicative of a much larger charging

energy than the surrounding electron transitions (EC ≈ 0.5 meV).

Further measurements of this device were hindered by sub-optimal design of the charge

sensor QPCs. Simultaneous isolation of the quantum dots and formation of a sensitive QPC

path proved to be incompatible, because the QPC gates were too narrow and too close

to the barrier gates. A newer design, with wider QPC gates further separated from the

nearby barrier gates, was designed to solve this issue. However, this newer design was never

experimentally tested, as we moved on to focus on other projects.

4.2.4 Outlook

The successful fabrication of an aligned implantation window and subsequent aligned gate

fabrication is a crucial step towards the realization of a well controlled Si/SiGe donor-dot

system. In future iterations, the gate design could be modernized (such as the overlapping

aluminum gate design), and the fabrication window could be shrunk even more, if desired.

Increasing the number of implanted dopants would improve the chances of a well-positioned

donor, although it may reduce the coherence of the potential qubit system. Switching to a

heavier dopant, such as antimony, would decrease the probabilistic spread of the implantation

depth and lateral straggle. Finally, deterministic implantation of single donors through some

in-situ detection method would improve the scalability of this approach. At present, this

work aims to present a strategy for donor-dot integration into a standard Si/SiGe quantum

dot fabrication process.
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4.3 SPARTA: Subtractive Palladium Anneal-Ready

Two-layer Architecture

4.3.1 Introduction

The gate design and fabrication of silicon quantum dot devices is constantly evolving. Al-

though the overlapping aluminum gate design has been successfully implemented across the

quantum dot community, the desire for lower charge noise and higher device yield has spurred

investigations into alternative materials and fabrication processes. Palladium has been pro-

posed and utilized as a replacement for aluminum as the gate metal by multiple research

groups [139, 140]. Palladium, unlike aluminum, does not oxidize in atmospheric conditions,

and so requires deposited dielectrics to isolate each layer. Titanium nitride, deposited via

atomic layer deposition has also been explored as a replacement gate metal [141,142]. With

TiN, the gates are defined through a negative etch process, instead of an additive lift-off pro-

cess. As the field of quantum dot based qubits grows, industrial manufacturing of all-optical

lithography finFET-based quantum dot devices has recently been published, although these

methods are typically out-of-reach for academic work [143]. These changes aim to reduce

the use of noisy dielectrics, increase the precision and yield of the fabrication processes, and

improve quantum dot control.

Here, we present a novel fabrication process named SPARTA: Subtractive Palladium

Anneal-Ready Two-layer Architecture. As its name suggests, SPARTA consists of two layers

of etch-defined Pd gates. The gate design is nearly identical to the overlapping aluminum

design presented in Sec. 2.2.2. We explain the SPARTA process, explore the proposed

benefits of SPARTA over the current standard of overlapping aluminum gates, and present

the current progress towards the implementation of SPARTA in quantum dot fabrication.

We include key fabrication insights and advances which make SPARTA a feasible process,

as well as past and current challenges to successful implementation. We end with detailed

guides to the unique fabrication processes involved for SPARTA.
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4.3.2 SPARTA Fabrication

We begin with a discussion of the ‘S’ in SPARTA: subtractive. When gates are fabricated by

subtraction, a blanket layer of gate metal is deposited across the device, followed by resist

deposition and patterning. The gate metal is then etched away in the regions where the

resist does not cover the surface, revealing the gate design. This is in contrast to typical

additive gate fabrication, where the metal is deposited after resist patterning, followed by

a lift-off process which removes the resist and any metal deposited on top, leaving only

metal in the gaps between the patterned resist. Additive fabrication is typically achieved

through positive-tone lithography and subtractive fabrication is achieved through negative-

tone lithography.

Figure 4.5 shows a schematic comparison between positive and negative tone lithography.

A mock design of a layer of quantum dot gates shows tightly packed finger gates and reservoir

gates, similar to the overlapping aluminum gate design. Figure 4.5(a) presents a top-view

of the patterned resist for positive-tone lithography, showing that the developed resist is

everywhere except the desired gate locations. Figure 4.5(b) presents a similar view of the

patterned resist for negative-tone lithography, showing that the resist covers only where

gates should be patterned, exactly opposite to positive-tone lithography. Figure 4.5(c-d)

shows a side view of these two approaches at the dotted lines in Fig. 4.5(a-b), respectively.

When the desired gaps between gates are very narrow, the patterned resist for positive-tone

lithography becomes very thin, i.e., the resist is much taller than it is wide. These thin resist

structures are prone to ‘sidewall collapse’, where the resist leans or falls over, impacting the

gate patterning, as shown in Fig. 4.5(c) [144]. In contrast, narrowly spaced patterns with

negative-tone lithography result in wide resist structures, as shown in Fig. 4.5(d). Therefore,

when attempting to fabricate very tightly packed gates, a subtractive process which utilizes

negative-tone lithography is superior to an additive one. In the SPARTA process, the three-

layer overlapping aluminum gate design is replicated with only two layers by combining the

second and third layer gates which define the reservoir, plunger, and barrier gates, into a
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Figure 4.5: (a) Schematic representation of a positive-tone lithography process for a QD gate
design (top view). (b) Schematic representation of a negative-tone lithography process for a
QD gate design (top view). (c) Side view of the positive-tone lithography in (a) along the
dotted line. The narrow resist columns between finger gates are prone to ‘sidewall collapse’,
as shown by the tilted resist lines. (d) Side view of the negative-tone lithography in (b) along
the dotted line. When defining wide gates with narrow gaps, the negative-tone process results
in wide, stable resist columns.

single layer. The tight gate spacing is achieved through subtractive processing.

The chosen negative-tone resist for SPARTA gate fabrication is hydrogen silsesquioxane

(HSQ). Unlike the polymer-based PMMA resists typically used for EBL, HSQ is an inor-

ganic compound, consisting of silicon, oxygen, and hydrogen. When exposed to high energy

electrons or photons, HSQ crosslinks into a glass-like structure [145]. Its small chemical

structure allows for very small patterned features, with a resolution of about 5 nm [146].

The silicon oxide-like structure after exposure makes HSQ very resistant to etching and there-

fore a good candidate for subtractive processing. However, this also leads to the need for a

hydrogen fluoride (HF) process to remove exposed and cross-linked HSQ. In addition, HSQ

requires cold-storage (< 10 °C) to maintain an acceptable shelf life. It has been reported

that storage at liquid nitrogen temperatures may extend the nominal performance lifetime

of HSQ indefinitely [147]. HSQ is also very process dependent; the time between spinning

the resist (HSQ is suspended in methyl isobutyl ketone) and exposure can significantly affect

the resulting pattern. Machine learning techniques have even been used on dose test images
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to quantify failure modes and improve proximity dose corrections for HSQ lithography of

quantum dots [148]. Despite these process complications, its excellent resolution and etch

resistance outweigh the costs.

We now consider the choice of Pd for the gate material, and contrast it to aluminum.

Palladium is a noble metal, so under ambient conditions, no appreciable oxide forms on the

Pd surface. In addition to the oxide that forms at the Al-air interface, Al has been shown to

pull oxygen from oxide surfaces it is deposited onto. This can result in additional unintended

oxide layers and interfaces, increasing strain and charged defects [139]. When deposited via

electron-beam evaporation, Pd has a much smaller grain size than Al, below 10 nm. In

comparison, the Al grain size, depending on growth conditions, is typically 20-40 nm. This

smaller grain size aids in the fabrication of tightly packed gates, where the gaps between gates

are intended to be as narrow as possible. Additionally, Pd has a relatively high melting point

compared to Al. Anneals in forming gas, previously discussed in Sec. 4.1, can help to repair

damage to oxide layers and interfaces after electron-beam lithography and metal deposition.

With Pd gates, higher temperature anneals should be possible after gate fabrication. The

‘Anneal-Ready’ portion of SPARTA is in reference to this higher temperature tolerance.

Critically, Pd metal has a large work-function and when contacted with silicon, forms a

Schottky barrier [149]. When applying a negative voltage to a Pd gate, no current will flow

to the silicon. This property has been previously utilized in delta-doped Si/SiGe heterostruc-

tures with a single layer of Pd gates directly contacting the heterostructure surface [150].

Since only negative voltages are used in this device design, no dielectric layer is needed. In

the SPARTA (or overlapping aluminum) design, the first layer of gates, previously referred

to as the screening gates in this work, locally deplete the electrons to create one-dimensional

channels where dots can form. These screening gates are typically operated at negative

voltages. Without an aluminum oxide layer beneath these gates, which typically contain

negatively charged defects [151], we argue that these screening gates could be operated ex-

clusively at zero or negative voltages. Therefore, with SPARTA, we can remove the base
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Figure 4.6: (a) Side view of the overlapping aluminum design. There are several layers and
interfaces between the surface of the substrate and any gate layer. (b) Side view of the
SPARTA layers. Leveraging the benefits of subtractive processing, gate layout, and gate
material, there are fewer layers and interfaces between the substrate and either gate layer.

gate dielectric layer from the fabrication process. The first layer screening gates, made from

Pd, are deposited directly on the heterostructure surface.

Figure 4.6 shows side view schematics comparing the three-layer overlapping aluminum

process to SPARTA. In the Al process shown in Fig. 4.6(a), a deposited oxide is required

below the first layer of gates and each gate layer is self-oxidized. In addition to the aluminum

and oxide layers, a ‘contamination’ layer between all gates is added to the schematic. In an

additive process, there is patterned resist on the substrate surface during metal evaporation

to define where metal is deposited. This can lead to contaminants, such as underdeveloped

resist, development solution, or otherwise, to be buried underneath the depositing metal.

In contrast, in subtractive processing, surfaces can be aggressively cleaned prior to metal

deposition, as there is no resist pattern present during deposition. Independent of the reduced

number of fabrication layers, a subtractive process may be advantageous compared to an

additive process due to the increased cleanliness of deposited layers alone.

Figure 4.6(b) shows a side view schematic of the SPARTA process. The first layer of

gates is deposited directly onto the substrate, without any isolating dielectric. Following
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500 nm

Figure 4.7: (a) SEM image of the first layer of SPARTA gates written with HSQ (dark) on
palladium (light). (b) SEM image of the second layer of SPARTA gates written with HSQ
(dark) on palladium (light). (c) SEM image of the second layer of SPARTA gates written
with HSQ, aligned to the first layer of etched palladium gates. All scale bars are 500 nm.

the first layer etch (and strip of the HSQ by HF), an inter-layer dielectric is deposited, such

as aluminum oxide. After oxide deposition, the sample can again be aggressively cleaned

with solvents, an oxygen plasma, or otherwise, followed by the second layer gate deposition,

patterning, and etch. Comparing the two fabrication processes in Fig. 4.6, SPARTA has

many fewer layers. Critically, the number of interfaces is also drastically reduced. Charge

noise is thought to be primarily due to charge traps at oxide interfaces, so reducing the

number of interfaces here should reduce the charge noise in these devices.

Figure 4.7(a-c) show scanning electron microscope (SEM) images of the patterned first

layer, second layer, and aligned layers of SPARTA, respectively. In Fig. 4.7(a), it is clear

that the first layer of SPARTA is identical to the first layer of the overlapping aluminum

design (see Fig. 2.7(c)). In this SEM image, HSQ (darker regions) is patterned on top

of Pd. Figure 4.7(b) shows how the second layer of SPARTA incorporates the reservoir,

plunger, and barrier gates into a single layer. The center-to-center pitch of the finger gates

is 60 nm. Ideally, the gap between gates is as narrow as possible. Here, the gaps range

between 10 − 20 nm. In Fig. 4.7(c), the device has been processed through the patterning

of the second layer of gates. Although difficult to discern from this image, the first layer of

gates is etched and the inter-layer oxide and second blanket layer of Pd are deposited. The
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alignment between the two layers is apparent. The only remaining step is the etch of the

second layer of gates.

There are several etch processes that could be utilized to define the Pd gates for SPARTA,

none of which are yet fully optimized. An ideal etch for these gates would be a process which

solely etches the gate metal while leaving the HSQ mask and underlying surface unaffected.

The inertness of Pd results in very few possible etch chemistries.

One famous etchant of noble metals such as Pd is ‘aqua regia’, which is a solution of nitric

acid and hydrochloric acid in a 1:3 ratio [152]. This etchant is extremely selective against

silicon, silicon oxide, and aluminum oxide. However, wet etches (etches in liquid solution)

are isotropic, meaning as they etch downward through a material, they also begin to etch

sideways underneath the etch mask, which can result in the widening of etched regions. The

first layer of gates, though, is quite simple and the patterning could be compensated to

account for widening of the etched regions.

Another category of etches, plasma etching, ionizes liquid or gaseous chemical sources

and directs a stream of the plasma towards the etch surface. Plasma etches are often more

directional, meaning the etched features will not be widened beyond the etch mask. However,

depending on etch parameters, plasma etches can cause damage to the etched devices or

implant etchant atoms [153]. For Pd, there are a limited number of possible plasma etch

chemistries that do not also etch silicon oxide, which would destroy the HSQ mask. One

possible etch recipe that may be particularly selective against HSQ or aluminum oxide is an

organic, methane-based etch [154]. Another possible etch is a chlorine or boron trichloride

etch, although these etches tend to be a more physical than chemical etch process [155].

Finally, most materials can be etched well by an ion mill. Ion milling involves the

acceleration of an inert ionized gas (typically argon) towards the etch target, resulting in the

sputtering (etching) of the target. However, ion milling can result in significant damage to

the substrate in the form of interface trap states [156]. Additionally, the etch selectivity of

Pd over silicon oxide, when performed with the ion mill tool in the Wisconsin NFC, is only
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Figure 4.8: (a) SEM image of adhesion issues between HSQ and palladium, with a 1 µm
scale bar. This issue was solved with a polymer treatment to the palladium surface prior to
HSQ deposition. (b) SEM image of etch issues with aqua regia and HF, with a 1 µm scale
bar. The first layer gate pattern is written in HSQ on a palladium surface and then etch
transferred to the palladium with a dilute aqua regia etch. After a brief 10 second dip in
dilute HF, the palladium metal appears to shed. (c) SEM image of a completed (but poorly
etched) SPARTA device, with a 500 nm scale bar. Due to the thinness of the HSQ resist
(∼40 nm), the resist coverage over the first layer of gates is insufficient, resulting in complete
removal of the second layer gate metal in those regions. A thicker HSQ layer or different
etch process is needed for the second layer processing.

about a factor of 2. Despite this, ion mill etching was primarily used for the results shown

here, including the etched first layer of gates shown in Fig. 2.7(c).

4.3.3 SPARTA Challenges

During the process development of SPARTA, several issues have surfaced, some of which have

yet to be resolved. The first and most fundamental issue that arose is the adhesion of the

HSQ to the Pd surface. HSQ fails to adhere well to Pd, and during development of the resist

in solution, the exposed and cross-linked HSQ is prone to ‘float’ and reattach elsewhere.

Figure 4.8(a) shows this adhesion issue on a test of the second layer of gates. The EBL

dose is approximately correct, but the exposed HSQ has lifted off and shifted around the Pd

surface. Fortunately, the adhesion of HSQ to various metallic surfaces has been investigated

previously in Ref. [157]. In this report, a pre-treatment of a gold surface with select polymers

improved the adhesion of HSQ. Here, we use poly (dallyldimethylammounium) chloride
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(PDDA) to improve adhesion by submerging the Pd-coated substrate in an aqueous solution

of this polymer prior to resist deposition. The successful patterning results in Fig. 4.7 were

achieved with this surface pre-treatment method.

Although etching the first layer gates through a wet aqua regia process is promising, there

have been unexpected chemical side-effects. Testing the aqua regia etch has been performed

with a highly diluted solution (1:15 in water) and shown to successfully etch through the

Pd at an acceptable rate (1 − 10 nm/min). However, when the HSQ mask is stripped in

dilute HF (1:20), the patterned Pd appears to shed. This is shown in Fig. 4.8(b). The

first layer gate pattern is clearly visible, but bits of Pd (light gray) have separated from the

structure. The degree to which this occurs appears to be a function of time spent in the HF.

It is possible that the aqua regia has penetrated the HSQ mask or the Pd, altering the etch

resistance of the Pd in HF. Extended cleaning and rinsing of the sample between the Pd

etch and the HSQ strip does not appear to improve the results. This phenomenon remains

an open question.

With aqua regia causing unexplained issues, we rely exclusively on dry etches. As previ-

ously stated, ion milling was used for etch testing thus-far. While this was sufficient for the

first layer etch, as shown in Fig 4.7(c), the thickness of the patterned HSQ is currently too

thin for the second layer etch. Figure 4.8(c) shows a test device with the first and second

layer gates fully etched. The second layer gate metal is nearly fully removed in the regions

that overlap the screening gate layer. This is likely due to the HSQ resist thinning over the

first layer gates during resist spinning due to the increased surface height. This effect could

be mitigated by using a thicker film of HSQ, which is currently only ∼40 nm. In addition,

switching to an etch process with greater selectivity against HSQ would reduce the chances

of etching entirely through the resist layer.

SPARTA is a drastic departure from the standard fabrication processes currently used in

the Eriksson group. Some fabrication issues are to be expected, and none of these presented

limit the potential of SPARTA. Further process development with new designs, new materi-
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als, or new processes could realize a fully fabricated and operational SPARTA quantum dot

device. In particular, there may be a benefit to swapping the second layer of Pd gates with

TiN gates deposited by atomic layer deposition. In this way, the second layer of gates could

be deposited immediately following the ALD grown inter-layer dielectric without breaking

vacuum. We hope that this work serves as motivation for future fabricators.

4.3.4 Fabrication Recipes for SPARTA

In this section, we present various fabrication recipes used during SPARTA testing.

Electron-beam lithography with HSQ

There are many different recipes for HSQ which have been proven to work using different

bake temperatures and times, different electron-beam accelerating voltages and doses, and

different development solutions, temperatures, and times. The recipe we present here was

tested in the NFC cleanroom facility at UW-Madison and reflects the tools and processes

available there. The HSQ used is a DOW Corning product named XR-1541, and is a 2%

solution of HSQ in methyl isobutyl ketone (MIBK). The intended film thickness for this

concentration is 30-60 nm and this recipe results in a ∼40 nm thick layer after development.

HSQ is very temperature sensitive, and should be kept refrigerated at all times.

1. Thoroughly clean the surface that the HSQ will be deposited on. This typically involves

solvent cleans and oxygen plasma ashes. The surface should be completely dry before

HSQ deposition.

2. If depositing HSQ on a noble metal surface such as palladium, perform the surface

pre-treatment described in the next recipe.

3. Working quickly but carefully, remove the HSQ resist from the fridge and apply drops

of the solution to the sample mounted in a centrifugal resist spinner. Immediately spin
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the sample at 5500 RPM and return the HSQ bottle to the fridge. Spin the sample for

30 seconds to create a thin film.

4. Bake the sample on a hot plate at 150 °C for 2 min, followed by another bake at 220 °C

for 2 min.

5. As the time between resist spinning and electron-beam exposure can affect the dose,

plan ahead and load into the electron-beam-lithography tool immediately.

6. Using a 100 keV EBL, the best dose for this HSQ process is around 2000 µC cm−2.

Using proximity effect correction (PEC) software can improve dosing for patterns with

tightly-packed large and small features. Expose the sample in the pattern desired.

7. The exposed HSQ is developed in a tetramethylammonium hydroxide (TMAH) solu-

tion. The chosen developer is Microposit CD-26, which is a 5% solution of TMAH

with a 0.26N normality. Agitate the sample in CD-26 for 3 min, followed by a 3 min

rinse in DI water with agitation. Blow dry with a nitrogen gun, but avoid acute angles

with the sample (keep air flow perpendicular to sample surface). This is the step when

adhesion issues may arise.

8. To increase etch resistance of the HSQ, the sample can be placed in a downstream

plasma asher. Plasma ash at 250 W with 80 sccm O2 for 10 min.

9. To strip the exposed and developed HSQ resist, dip in dilute 20:1 buffered-oxide-etch

hydrogen fluoride for ∼15 seconds, followed by a thorough DI water rinse and N2 dry.

Pre-treatment of a palladium surface for improved HSQ adhesion

A polymer treatment of the palladium surface is performed prior to HSQ resist spinning to

improve adhesion. The polymer used is PDDA: poly(diallyldimethylammonium chloride) in

a water solution. For this work, PDDA was purchased from Sigma Aldrich at a concentration
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of 20% PDDA in water by weight. The recipe for PDDA coating of a palladium surface is

as follows.

1. Dilute the PDDA solution to ∼2% with DI water (15 mL PDDA solution + 150 mL

H2O). Agitate the mixture and wait 5 min.

2. Briefly agitate the PDDA solution again. Gently submerge the palladium-coated sam-

ple into the solution and let soak for 15 min.

3. Remove the PDDA coated sample and briefly agitate in DI water. Too little agitation

can leave too much PDDA on the surface, too much agitation can remove too much

PDDA. Six ‘shakes’ in water seemed to yield good results.

4. Upon removal from rinse water, immediately dry with a strong blast of air from a

nitrogen gun. It is critical that the excess PDDA is blown off the sample and does not

leave dried water spots.

5. Bake the sample on a hot plate at 80 °C for 10 min.

6. Proceed with HSQ lithography (spin an HSQ film on the surface).

Ion-milling of palladium

The ion mill available for this work uses an accelerated flow of argon atoms to sputter the

sample and etch material from the surface. The sample mount is water cooled to avoid

overheating of the sample. As mentioned in the HSQ recipe, a plasma ash prior to etching

can improve the etch resistance of HSQ to the mill.

1. Load the sample into the ion mill chamber and pump the chamber below 1×10−6 torr.

2. Turn on the argon flow, at 2 sccm, resulting in a chamber pressure of ∼ 5× 10−5 torr.

3. Follow the warm-up procedure of the tool to ensure good health of the filament. The

milling parameters of the tool used for this work are as follows.
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• Cathode filament current: 2.45 A

• Discharge current/voltage: 0.13 A/38.0 V

• Beam current/voltage: 15 mA/800 V

• Accelerator current/voltage: 1 mA/160 V

• Neutralizer emission current: 19 mA

• Filament current: 5.14 A

4. Move the beam shutter and mill the sample for the appropriate amount of time. Pal-

ladium etches at about 5 nm/min.

5. Vent the ion mill and remove the sample for further processing.
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Chapter 5

Automation of Quantum Dot

Measurements

As the complexity and utility of quantum dot devices increases, so does the challenge to

control them. Even in the simplest designs, gate-defined quantum dot systems typically

require at least three electrostatic gates per dot to control the dot’s energy and coupling

to other dots or reservoirs. Naturally, as the number of dots in a quantum dot system in-

creases, the number of gate voltages to tune quickly becomes intractable for manual control.

Thousands or millions of qubits are needed for the most exciting applications of quantum

computers, [158–162]. In classical transistor integrated circuits, fabrication uniformity com-

bined with intricate multiplexing allows for the drastic reduction of the number of control

lines. For quantum dot devices in the near term, however, each gate voltage needs to be set

and controlled individually.

Automation of initial device tuning and qubit control is a wide-ranging and growing field

within quantum dot research. In this chapter in Sec. 5.1, we briefly present various automated

tuning methods, including some which the Eriksson group is involved in advancing. The main

topic of this chapter is the initial tuning of quantum dot devices into a regime in which other

previously developed automation schemes can take over. We call this initial tuning ‘cold-
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start tuning’, describing the process from the very first voltages set to the point at which

charge-sensed quantum dots are formed. In Sec. 5.2, we present a detailed instruction set of

the steps required for cold-start tuning. This is presented in a manner to aid in the scripting

of these steps into an automated routine.

5.1 Auto-Tuning Methods

The tuning and control of quantum dot qubits is a large and complex task. Quantum dots

are formed by precise control of electrostatic gates. The charge sensors are often quantum

dots themselves. Qubits and multi-qubit gates are formed through control of the coupling,

location, and occupation of these quantum dots. Each of these tasks requires dozen of

decisions and voltage changes to control the gates. Presently, this is nearly always done

heuristically, meaning a highly-trained researcher is responsible for these decisions. In the

last several years, many different automation techniques have been developed to ease the

burden of this wide-ranging set of tasks for control of quantum dot qubits.

5.1.1 Review of Automated Tuning Approaches

Published results on automated tuning methods have focused on different portions of the tun-

ing requirements for quantum dots qubits. Some have focused on tuning ab initio, achieving

a multi-dot system from initial voltage settings [163–165]. Others concentrate on the task of

achieving a specific number of electrons in a quantum dot by identifying and counting transi-

tion lines [166,167]. Creating a well-coupled double quantum dot system has been the target

of work performed in collaboration between researchers at NIST and UW-Madison [101,168].

With a double quantum dot system, there have been varying approaches to identifying and

tuning the tunnel coupling between the dots and to the reservoirs [169–172]. Additionally,

automated formulation of ‘virtual gates’ to ease qubit control has been demonstrated [173].

Finally, with well-formed and controlled qubits, there have been strategies presented for auto-
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mated detection of single-shot readout and development of ideal multi-qubit gates [174,175].

The tools used for these automated tuning schemes vary. Some have relied exclusively

on simple fittings, traditional computer vision techniques, and heuristically defined algo-

rithms [163, 167, 169–171, 173]. Alternatively, a host of machine learning based techniques

have been utilized. Variational autoencoders (VAE), a type of deep generative modeling,

have been used to characterize multi-dimensional voltage scans from sparse measurement

to determine where next to measure or how to modify gate voltages for the desired tuning

parameters [165, 172, 176]. Machine learning binary classifiers, in combination with tradi-

tional algorithms, have been used to separate well-performing and dysfunctional quantum

dot devices [164]. Convolutional neural networks, which can be used to classify images, have

been used to identify electron transitions in a quantum dot and classify the state of the

system [166, 177, 178]. Smaller neural networks, such as deep neural networks with only a

few fully-connected layers or feedforward neural networks, have also been used for quantum

dot classification and electron transition identification, with the aim of ‘miniaturizing’ the

required system for potential ‘on-chip’ implementation [168,179].

5.1.2 Automated Tuning Using Neural Network Classification of

Quantum Dot States

The auto-tuning that we at UW–Madison have investigated and advanced, in collaboration

with researchers at NIST, has focused on neural network approaches. One study utilizes a

convolutional neural network (CNN), the other uses a smaller, fully-connected deep neural

network (DNN). These are used to classify the state of a quantum dot system and tune to

a desired state. The states are defined as the presence and location of dots in a double

quantum dot system, i.e. electrons in a coupled double quantum dot, electrons confined to

a single quantum dot, or no confined electrons at all.

The CNN approach uses two-dimensional scans of the two plunger gates in a double

quantum dot device and classifies a small voltage scan (< 100 mV ×100 mV) as a double
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dot, central single dot, single dot primarily coupled to a single plunger, or no dot (no

transitions). The CNN is trained using data generated from a Thomas-Fermi calculation

of typical quantum dot devices, which allows for a virtually unlimited amount of training

data [178]. This state classification is used in tandem with a optimization routine to tune the

gate voltages and move from one state to another (e.g. from a single dot to a double dot).

This was used successfully in a live tuning session of a silicon quantum dot device [101]. This

technique is limited by the differences between training data and real data, in particular, by

the lack of noise in the training set. Adding various noise sources to the training data is

currently under investigation, and shows improvement to the classification accuracy [180].

Another limitation to this approach is that collecting two-dimensional data is inherently

more time consuming than one-dimensional scans.

The DNN approach aims to reduce the demands of data collection by collecting sparse

one-dimensional voltage scans in higher dimensional gate space [168]. We call these voltage

scans which emanate from a central point ‘rays’ and identify locations of charge transitions

in the direction of the rays. The closest transition to the starting point of each ray is fed

into a simple DNN with three hidden layers. The DNN is trained on rays generated from

the same simulated data as the CNN approach. The output similarly describes the quantum

dot state at the voltage point of the rays’ origin. Using the ray-based approach, the data

collection can be reduced by ≈ 70% compared to the CNN approach while maintaining a high

classification accuracy of ≈ 90%. This tuning method again uses an optimization routine to

tune the voltages to the desired state. In addition to the reduction in required data collection,

the ray-based approach more naturally extends to higher dimensions to include the tuning

of barrier voltages or additional quantum dot gates. Theoretical bounds on the number of

rays needed to classify a system in arbitrary higher dimensions have been devised [181].

Both of these neural-network tuning methods require a tuned charge sensor that is sen-

sitive to the dots. Additionally, they require that the dot gate voltages are preliminarily

tuned such that simple changes result in visible quantum dot transitions. The quantum dot
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device must then already be determined to have well-functioning gates, tuned quantum dots,

and tuned sensors. The next section focuses on the early tuning steps required to bridge the

gap between the initial device turn-on and a voltage configuration which is ready for these

neural network approaches.

5.2 Bridging the Gap Between Device Turn-On and

Dot Manipulation: Cold-Start Tuning

In this section, we present the cold-start tuning procedure for a triple quantum dot device

with the overlapping aluminum gate architecture. The end result of this tuning should

provide a sufficient starting point for the neural-network based classification and tuning

algorithms previously described. This device design, shown in Fig. 5.1, has two main dot

channels, one for a charge sensor and the other for the triple dot system. Some of these steps

are specific to the gate design and may require adaptation for use in other designs. The

data presented here is acquired in the device described in Sec. 3.4. This section is designed

as a tuning guide, but also as an instruction set that could be coded into an automated

routine. For this reason, each step includes a discussion of fitting procedures or analysis

scripts required to advance to the next step. Scripting these tuning steps obviously requires

adequate measurement and scripting tools. A suggested software solution is Labber, which

has python APIs for measurement scripting and is currently used in the Eriksson group [182].

Throughout these measurements, information about the functionality of the device such

as turn-on voltages, amplifier biases, and gate tunings should be collected. It may be ben-

eficial to store a library of meta-information containing gate names, the function of gates,

and various information learned about each gate as tuning progresses. The results of early

measurements are used to inform later measurements.
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Figure 5.1: Example gate design for a triple dot device. This gate architecture is used as
an example for cold-start tuning. All gates and voltage sources are labeled with standard
names: screening (S), reservoir (R), plunger (P), barrier (B), and ohmic (O). The upper
channel of this device is used as a charge sensor for the lower channel dots. The two ohmics
on the left are used to source a voltage bias. The two ohmics on the right are used to measure
the current with current pre-amplifiers.

5.2.1 Initialization

For this cold-start tuning routine, we aim to require as little prior knowledge of the device

as possible. However, we make a few early assumptions. First, we assume the quantum dot

device is loaded and cooled in a cryostat, with each gate and ohmic connected to dedicated

voltage sources or current amplifiers. Using the triple dot device shown in Fig. 5.1 as an

example, we assume ohmics O2 and O4 are connected to current pre-amplifiers and ohmics

O1 and O3 are connected to voltage bias sources. The voltage sources for each gate should

be selected with care; some gates, such as the plunger gate for a charge sensor, should be

capable of very small voltages steps, useful for compensation of the charge sensor tuning.

We also assume that preliminary gate leakage tests have been performed, such that we do

not anticipate any gate-to-gate or gate-to-2DEG current flow. All gate voltages and ohmic

biases are initially set to zero. For scripting, we assume that information about the function

and location of each gate is passed to the auto-tuner.
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Figure 5.2: For global turn-on, all gate voltages are swept from 0 V to positive voltage
while the current through O2 and O4 are measured (blue and orange points). For this
measurement, the turn-on voltage is approximately 50 mV. The measurement is terminated
when either current passes the set threshold, here set to 1 nA. With 100 µV biases on each
source ohmic (O1 and O3), this corresponds to ≈ 100 kΩ of resistance in the current paths.

5.2.2 Global Turn-On

The very first measurement of cold-start tuning is a ‘global’ turn-on of the entire device to

uniformly accumulate a 2DEG underneath all gates. A small (∼ 100 µV) voltage bias is

applied to both O1 and O3. All gate voltages, initially set to zero, are swept together to

positive voltages while measuring the current flow into both O2 and O4. As the voltages are

increased, a 2DEG should form in the device and current will flow between ohmics. This

measurement can be terminated when the current in either amplifier reaches a threshold

value. Terminating a measurement sweep upon crossing a measured threshold is a built-in

feature within Labber.

An example global turn-on curve is shown in Fig. 5.2. For this measurement, the turn-on

voltage is quite low, around or below 50 mV. The current through both measured ohmics, O2

and O4, is very similar, which indicates that 2DEG formation across the device is relatively

uniform. The measurement is terminated at 200 mV, when the current through either ohmic

surpasses 1 nA. For a 100 µV bias, terminating the measurement at 1 nA would correspond

to a resistance of 100 kΩ. If the current through each measured ohmic were very different,

a new measurement could be run to continue increasing all gate voltages until all measured
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currents reach a sufficient threshold. The turn-on voltage can be determined as the global

gate voltage at which a sufficient current flows, e.g., 50 pA. The separation in voltage

between the turn-on current threshold and the measurement termination current threshold

(50 → 200 mV) will be used for determining the voltage range of later measurements. We

call this the ‘global turn-on distance’, equal to 150 mV for Fig. 5.2.

5.2.3 Center Screening Gate Pinch-Off

In the standard overlapping aluminum gate design, there are two main channels for quantum

dots, one for qubits and the other for charge sensors. A screening gate, labeled S2 in Fig. 5.1,

is used to divide these channels. We want to isolate these two channels, so that we can

determine individual turn-on voltages of reservoirs and finger gates, as well as bias offsets in

the current pre-amplifiers.

To do so, the S2 gate voltage is swept to negative voltages while all other gate voltages

remain at the final positive value of the global turn-on measurement. The voltage range

to sweep S2 can be determined from the earlier measured global turn-on. Sweeping over a

voltage range 3− 4× larger than the global turn-on distance is likely sufficient. At some low

or negative voltage, the 2DEG underneath S2 will be depleted, leading to an increase in the

resistance between the two sides of the device. This is effectively a turn-on curve for S2, but

in reverse, leading to the name ‘pinch-off’. As the resistance between the two current paths

rapidly increases, the overall current flow into each measured ohmic will change. This S2

pinch-off is shown in Fig. 5.3(a). Above pinch-off voltages, the two measured currents may

slowly change with changing S2. Below pinch-off, −100 mV in this figure, the current on

either side is mostly unaffected by any further change to S2, as the accumulated S1 and S3

gates provide sufficiently wide low-resistance current paths.

Figure 5.3(b) shows numerical derivatives of the S2 pinch-off curves (smoothed with

a moving average) in Fig. 5.3(a). At the pinch-off voltage, there is a large maximum (or

minimum) as the resistance of each current path rapidly changes. These features can be used
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Figure 5.3: (a) Pinch-off of the central screening gate S2. Current through both sides of the
quantum dot system (qubit and sensor sides) is measured as S2 is swept to negative voltages.
At sufficiently low voltage, the resistance between each current path rapidly approaches
infinity, isolating the two sides. The resistances of each current path changes, resulting in an
abrupt and related change in the current through each measured path. This occurs here in
the −50 to −100 mV range. Below pinch-off, the current through either side of the device is
relatively independent of the S2 voltage. (b) Numerical derivative of the measurement in (a).
The data is first smoothed with a 10 point moving average. Pinch-off of S2 occurs when the
rapid changes in current flow on either side are correlated and opposite. (c) Fits (lines) to
the differentiated data (points) around the point of maximum current change (black points).
The fitting function is shown in the lower right.

to determine the pinch-off voltage for the central screening gate. Each current path should

show large and opposite signed peaks in the differentiated signal at the pinch-off voltage.

This can be determined automatically by selecting the point at which the sum of the squared

dI/dV values of the two currents is maximum, shown in Fig. 5.3(c) by the black points. The

differentiated pinch-off curve can be fit around these points using a cosh−2 function, shown

by the solid lines in Fig. 5.3(c). After this measurement, the S2 voltage can be set to a value

sufficiently lower than pinch-off, determined by the width of the fits.

5.2.4 Ohmic Sweeps and Bias Compensation

DC current measurement in the Eriksson group is often achieved with the use of a current-

to-voltage pre-amplifier, specifically the DL/Ithaco 1211 current pre-amplifier. These pre-

amplifiers, as with most ammeters, are intended to have a low input resistance and are
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Figure 5.4: (a) O2 current as a function of O1 voltage bias for two different voltages on all
gates except S2, which is pinched-off. The darker points are measurements at higher gate
voltages. The slopes of these lines correspond to the resistance of the path. The intersection
of the two curves, indicated with dashed lines, determines the voltage and current offset of
the current pre-amplifier used to measure the O2 current. (b) O4 current as a function of
O1 voltage bias for the same two sets of voltages on all gates in (a). The darker points are
measurements at higher gate voltages. As S2 is fully pinched-off, the current through O4 is
independent of the voltage bias on O1.

set to have zero voltage bias across the input such that the input is an effective ground.

In practice, these current pre-amplifiers often have a small, but non-negligible voltage bias

across the input. For accurate measurements of the resistance of a current path, we need to

know and compensate for this unintended voltage bias.

With the central screening gate pinched off, each side of the device (qubit and sensor) is

isolated so that each current path has a single source ohmic (O1 or O3) and a single drain

ohmic (O2 or O4) where the current is measured. By independently varying the source bias

and the resistance of the current path, we can determine the input voltage bias of the current

pre-amplifier. This process is shown in Fig. 5.4. For the qubit side (bottom of Fig. 5.1),

the source ohmic bias, O1, is swept, resulting in a linear slope of the current through O2

corresponding to the resistance of the path. The voltages on all gates (except S2) during

this sweep are set to the terminating voltage of the global turn-on measurement. Reducing

the voltages on these gates will increase the resistance of the device. Sweeping the bias on

O1 again results in a different slope. These two measurements, before and after a change
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to the gate voltages, are shown in Fig. 5.4(a). Ideally, these two curves should intersect at

the origin. However, since the pre-amplifier reading the current through O2 has an intrinsic

voltage bias, this intersection is shifted horizontally. This horizontal shift represents the

amount the O1 bias must be adjusted to cancel out the bias from the pre-amplifier. Thus,

the pre-amplifier voltage bias is the negative of this horizontal shift, approximately −10 µV

for the data in Fig. 5.4(a). In addition to the voltage offset, there is typically a small current

offset as well. This results in the intersection not occurring exactly at zero current.

These ohmic bias sweeps serve a second purpose as well. As the two sides of the device

should be isolated after pinch-off of the central screening gate, the current through one side

should be unaffected by changes in voltage bias of the other side. Figure 5.4(b) shows the

current through the sensor side of the device as O1 is swept. The slopes are very flat, and

so the resistance between the two sides is extremely high, as expected and desired.

For scripting of this tuning step, simple linear fits to the ohmic bias sweeps will suffice

to determine voltage and current offsets of the current pre-amplifiers. The resistance of the

S2 pinch-off can be calculated from the slopes of the current in the opposite channel. If a

measurement fails to meet a set threshold, the voltage on S2 could be lowered and this step

could be repeated.

5.2.5 Individual Channel Turn-On

With each channel isolated and the voltage offsets known, better estimations of the resis-

tances of the current paths are possible. To ensure sufficient 2DEG accumulation in each

channel, it is best to raise all voltages until a low resistance is achieved. This step is nearly

identical to the global turn-on step, but only gates for a single channel are swept. For ex-

ample, for the charge sensor channel, gates R3, R4, B5, B6, P4, and S3 would be swept.

All other gates, including S2, would remain at their previous values. With the voltage offset

measured in the previous step, the ohmic bias, in this case O3, would be set so as to achieve

a known total voltage bias. Then, the resistance of the current path simply follows Ohm’s
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Figure 5.5: (a) Pinch-off curve for the reservoir gate R1, with a logarithmic fit to the non-zero
data. (b) Same pinch-off curve as in (a), with an exponential fit.

law. The voltages in each channel are raised until a current threshold is reached. Although

expected resistances will vary between devices and gate designs, increasing accumulation

until the channel resistance is < 50 kΩ has been adequate in previous tests.

As the end result of this step may be increased voltages on many gates, it is prudent to

re-measure the central screening gate pinch-off value. The procedure in Sec. 5.2.3 would be

repeated again, to account for the possibility that the increased nearby voltages caused a

change in the pinch-off behavior.

5.2.6 Individual Reservoir Turn-On / Pinch-Off

As tuning progresses, we move closer to understanding the behavior of individual gates.

Under- or over- accumulated gates can affect the performance of nearby gates. For example,

if a reservoir gate voltage is set too high, the barrier gate directly next to it may struggle to

pinch off. Knowing this, we want to individually test the pinch-off of the reservoir gates. This

is a simple process. The voltage on a reservoir gate is individually lowered until the current

in the channel containing that reservoir drops below a specific threshold. The voltages on

the reservoirs are then returned to the initial higher value determined in the previous step

and the process is repeated for each additional reservoir gate. The pinch-off voltage could

determined simply from this current threshold.
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This process is shown in Fig. 5.5 for the R1 reservoir gate. Both sub-figures show the

same data but with different fits to the data in the region with non-zero current. Because

the reservoir gates are large and taper significantly from the ohmic contacts to the dot

region, the pinch-off is gradual. Both the logarithmic and exponential fits adequately match

the curvature of the data. These fits may be useful to extract a better pinch-off voltage

or determine the voltage to set for a specific resistance. In the high-voltage limit, these fits

behave very differently, as the exponential fit will asymptote while the logarithmic fit will not.

If the extrapolation to a saturation current is desired, the exponential fit is advantageous.

5.2.7 Triangle Plots

At this stage of the tuning process, each side of the device is fully accumulated, including

the large screening gates S1 and S3. The function of the screening gates in this design is to

locally deplete the 2DEG, such that only a narrow channel of conduction exists where the

dots will form. The tuning steps in this subsection create these narrow current channels.

The best way to visualize the formation of this narrow accumulation between the depleted

screening gates is with a ‘triangle plot’. A triangle plot is a two-dimensional scan of both

screening gates that define a channel, shown schematically in Fig. 5.6. Both gates naturally

have a pinch-off voltage such that no current flows underneath the gate below that value.

If current can flow in-between the gates, that current will be approximately evenly affected

by the voltages on either gate. Thus, this region of current corresponding to conduction

through the dot channel has a triangular shape, as shown in Fig. 5.6(b). We now describe

an efficient method of choosing screening and finger gate voltages to achieve this narrow

conduction channel which requires only three one-dimensional voltage sweeps.

Screening Gate Pinch-Offs

First, the pinch-off voltages for each screening gate must be determined. The pinch-off

voltage for the central screening gate, S2, has previously been determined in Sec. 5.2.3, but
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Figure 5.6: (a) Schematic of a typical triangle plot in the limit of no conduction through the
narrow dot channel below screening gate pinch-off. The green regions represent current flow,
with more current above the pinch-off values for the two screening gates. To achieve current
flow only through the narrow channel between the screening gates, three one-dimensional
scans are taken. The first two measurements (labeled with 1○ and 2○) are scans of the
pinch-off curves for each screening gate. Once the pinch-off voltages are determined, the
screening gate voltages are set to values significantly below pinch-off, labeled with the star.
The third measurement, labeled with 3○, increases the voltages of all finger gates in the
channel until current flows. (b) Schematic of the triangle plot after measurement 3○. The
dashed triangular region represents current through the narrow channel while both screening
gates are pinched off. The star now represents an appropriate operating voltage point for
dot formation.

could be repeated. For each pinch-off curve, the voltage on the other screening gate should

be placed well below pinch-off. This is shown schematically in Fig. 5.6(a) with the two

dotted lines. An example pinch-off curve of the S1 screening gate is shown in Fig. 5.7(a).

The pinch-off voltage could be determined simply by a threshold current value. A more

advanced method is to fit this curve. The dotted line in Fig. 5.7(a) shows a logistic fit to the

data. A sigmoid-shaped fitting function is appropriate for sharp pinch-offs of screening and

finger gates. This fitting procedure could be advantageous to determine the ‘width’ of the

pinch-off curve. The voltages on the screening gates are then positioned in the pinched off

region (starred point in Fig. 5.6). The voltage placement can be determined by the pinch-off

width. For example, an appropriate pinched off screening gate voltage would be below pinch-

off, 1 − 2× the width of the pinch-off curve. Following this tuning procedure, this voltage

configuration will likely not allow any current flow through the narrow channel, as shown in
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Figure 5.7: (a) Example pinch-off curve for the large screening gate of the qubit channel, S1.
The dotted line is a logistic fit to the data using the function shown. (b) Example turn-on
curve for conduction through the dot channel with both screening gates pinched off. The
gray line connects the data points. This turn-on curve shows evidence of Coulomb blockade
oscillations, as the channel is very narrow. (c) Example triangle plot of the qubit dot channel.
The large rectangular regions to the right and top represent current flow underneath S1 and
S2, respectively. At voltages below these regions, current flows through the narrow channel,
as evidenced by the diagonal features. At very low voltages, no current flows.

Fig. 5.6(a). These screening gate voltages are the operating points for dot formation.

Narrow Channel Turn-On

With no current flowing underneath either screening gate, we now need to accumulate a

2DEG in the narrow channel between them. This is achieved by increasing the voltage on

all finger gates in the channel until current flows. For this gate design, the screening gate

layer is the first deposited, closest to the heterostructure surface. Therefore, increasing the

finger gate voltages should not affect the electric field underneath the screening gates, as they

‘screen’ any voltages that are applied above them. Figure 5.7(b) shows an example turn-on

curve for the narrow channel. This turn-on curve is not as smooth as previous scans, as the

narrow channel is prone to quantum behavior (quantized conductance plateaus or Coulomb

blockade oscillations). The terminating voltage for this scan can be determined by a simple
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current threshold.

Full Triangle Plot

With both screening gates pinched off and current flowing through the narrow channel, we

have achieved the desired current path. Figure 5.7(c) shows an example triangle plot with

the desired conduction behavior. The diagonal features below pinch-off of each screening

gate is current through the narrow channel. The striped nature of this current is evidence

of Coulomb blockade oscillations. The slope of these features indicates that each screening

gate equally affects the current through the channel, as expected. An appropriate operating

point is centered in this triangular region. For scripting purposes, this two-dimensional scan

is not necessary, as the terminating voltages of the previous step is the desired operating

point, but can be useful as an audit of the performance of this channel tune-up process. We

note that this channel accumulation procedure needs to be performed for both channels.

5.2.8 Finger Gate Pinch-Offs

With the narrow channel accumulated by the finger gate voltages, we now determine the

individual pinch-off voltages for each gate. This is useful for setting up the approximate

voltages needed for dot formation. Additionally, the finger gates are the most susceptible

to ESD damage, poor alignment, or insufficient step coverage during fabrication which can

affect gate performance. If gates show no pinch-off of the current, it may be due to these

fabrication defects and grounds for rejection of the device.

The finger gate pinch-off is identical to earlier pinch-off measurements. Each finger gate

is individually swept to lower or negative voltages until no current flows through the device.

These pinch-off curves can look very different, due to their location (proximity to a reservoir)

or fabrication discrepancies. Figure 5.8 shows pinch-off curves for four different finger gates.

In Fig. 5.8(a-c), all three finger gates pinch-off, but with very different behavior. Figure 5.8(d)

shows an example of a finger gate which fails to pinch-off, likely due to a break in the gate
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Figure 5.8: (a) Pinch-off curve for finger gate B1, showing some Coulomb blockade oscilla-
tions. (b) Pinch-off curve for finger gate P1, showing Coulomb blockade oscillations with
likely a small lever arm between the gate and the dot. (c) Pinch-off curve for finger gate
B2, with rapid Coulomb blockade oscillations, indicating a large lever arm between the gate
and the dot. (d) Failure to pinch-off current with P3, likely due to a disconnected or poorly
fabricated gate.

because of ESD damage or some fabrication error.

Automated analysis of these pinch-off curves is significantly more difficult than earlier

steps. A simple threshold current to determine pinch-off may be acceptable for future mea-

surements. For example, setting all finger gate voltages near, but above the pinch-off voltages

should allow for quantum confinement with any particular pair of gates. However, more ad-

vanced detection of Coulomb blockade oscillations may be beneficial.

5.2.9 Wall-Wall Plots

Tuning up individual dots can be easily achieved through a ‘wall-wall plot’ (name originating

in the Charlie Marcus research group). This is a two-dimensional plot of the barrier gates

on either side of a plunger gate. With just the narrow channel accumulated and all finger

gates set near to the pinch-off values, Coulomb blockade oscillations should be possible by

reducing these barrier gate voltages to lower the tunnel rates into the dot and laterally

define its extent. This is shown in Fig. 5.9(a) for the charge sensor side of the device. At

high barrier voltages, the current flows through the dot freely. As the voltages are lowered,

Coulomb blockade oscillations appear, and eventually current through the dot is blocked.
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Figure 5.9: (a) ‘Wall-wall’ plot of the charge sensor dot barrier gates. The current through
the dot is large at high voltages with large tunnel rates. At lower voltages, Coulomb blockade
oscillations become more apparent as the tunnel rates lower. At sufficiently low voltages,
the current through the dot is cut off. (b) Voltage sweep of the charge sensor plunger gate,
with the barriers B5 and B6 operated at the starred point in (a). Strong Coulomb blockade
oscillations are present, indicating this tuning is sufficient for operation as a charge sensor.

The range of voltages to sweep can be determined by the pinch-off locations and widths

determined in the previous step.

The intent of this wall-wall plot is to determine suitable voltages for the barriers such that

tunneling through the dot is finite. Advanced image analysis tools such as a linear Hough

transformation (available in scikit-image python library [183]) may be able to identify the

characteristic diagonal lines of the Coulomb blockade oscillations which occur under the

plunger gate. This method would also allow for analysis of the slope of the oscillations with

respect to the barrier gates, which can give insight into the lateral location of the dot. A

simple current threshold may give an approximate location for dot operation.

Once the barrier voltage points are selected, a one-dimensional plunger sweep should

reveal Coulomb blockade oscillations. Figure 5.9(b) shows this measurement for P4, with

the barrier voltages set to the point shown by the star in Fig. 5.9(a). This process can be

repeated for each plunger gate. If multiple plunger gates lie in the same channel, as on the

qubit side of this device, the finger gate voltages should be returned to the values set in the
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previous step after each dot formation because multi-dot formation will only allow current

at triple points (see Sec. 2.3.7).

5.2.10 Transition to a Charge-Sensed Quantum Dot System

The end goal of this cold-start tuning is to achieve a system in which a more complex auto-

tuner can take control, such as the deep-neural-network schemes described in Sec. 5.1.2. For

these auto-tuners, the qubit dot channel must be charge sensed and in a voltage regime

where dots can form. The end result of the previous tuning steps should be a charge sensing

dot with strong Coulomb blockade oscillations and a dot channel with known barrier and

plunger voltages to form individual dots. An operating voltage of the charge sensor plunger

is easily achieved by selecting the highest sloped point. As described in Sec. 2.3.4, changes to

qubit gate voltages affects the charge sensor due to the cross capacitance between all gates

and dots. Measurements of the cross capacitance between qubit gates and the charge sensor

dot allow for determination of a compensating voltage change of the charge sensor plunger

to maintain adequate sensitivity.

Therefore, following this cold-start procedure should prepare the system for advanced

auto-tuners. This can also be used as a device-screening process to determine which devices

should be used for qubit formation and which devices should be discarded. In this interme-

diary stage of quantum dot device complexity and reproducibilty, many devices may need

to be fabricated and measured for viability before a fully functioning device is found. This

initial tuning procedure, which only needs DC voltages and DC current measurements, may

be suitable for a cryoprober system which can measure many quantum dot devices in a single

cooldown [184]. We hope that this section can be used as a guide to create an automated

tuning procedure as well as helpful to those learning about tuning quantum dots.
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L Yu, D M Zumbühl, G A D Briggs, D Sejdinovic, and N Ares. Quantum device fine-
tuning using unsupervised embedding learning. New Journal of Physics, 22(9):095003,
Sep 2020.

[173] Giovanni A. Oakes, Jingyu Duan, John J. L. Morton, Alpha Lee, Charles G. Smith,
and M. Fernando Gonzalez Zalba. Automatic virtual voltage extraction of a 2xN array
of quantum dots with machine learning, 2020. arXiv:2012.03685.

[174] Yuta Matsumoto, Takafumi Fujita, Arne Ludwig, Andreas D. Wieck, Kazunori Ko-
matani, and Akira Oiwa. Noise-robust classification of single-shot electron spin read-
outs using a deep neural network, 2020. arXiv:2012.10841.

[175] Sahar Daraeizadeh, Shavindra P. Premaratne, and A. Y. Matsuura. Designing high-
fidelity multi-qubit gates for semiconductor quantum dots through deep reinforcement
learning. 2020. arXiv:2006.08813.

[176] D. T. Lennon, H. Moon, L. C. Camenzind, Liuqi Yu, D. M. Zumbühl, G. A. . D.
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L. Yu, D. M. Zumbühl, G. A. D. Briggs, M. A. Osborne, D. Sejdinovic, and N. Ares.
Deep reinforcement learning for efficient measurement of quantum devices, 2020.
arXiv:2009.14825.

[178] Sandesh S. Kalantre, Justyna P. Zwolak, Stephen Ragole, Xingyao Wu, Neil M. Zim-
merman, M. D. Stewart, and Jacob M. Taylor. Machine learning techniques for state
recognition and auto-tuning in quantum dots. npj Quantum Information, 5(1):6, 2019.



158

[179] Stefanie Czischek, Victor Yon, Marc-Antoine Genest, Marc-Antoine Roux, Sophie Ro-
chette, Julien Camirand Lemyre, Mathieu Moras, Michel Pioro-Ladrière, Dominique
Drouin, Yann Beilliard, and Roger G. Melko. Miniaturizing neural networks for charge
state autotuning in quantum dots, 2021. arXiv:2101.03181.

[180] Josh Zigler, Sandesh S Kalantre, Thomas McJunkin, Mark Eriksson, Jacob Taylor,
and Justyna Zwolak. Towards autonomous tuning of noisy quantum dots. In APS
March Meeting 2021.

[181] Brian J. Weber, Sandesh S. Kalantre, Thomas McJunkin, Jacob M. Taylor, and
Justyna P. Zwolak. Theoretical bounds on data requirements for the ray-based classi-
fication, 2021.

[182] http://www.labber.org/.

[183] https://scikit-image.org/.

[184] Intel drives development of quantum cryoprober with bluefors and afore to accelerate
quantum computing. Intel Newsroom, Feb 2019.

http://www.labber.org/
https://scikit-image.org/

	Introduction
	Motivation for this Work
	Thesis Outline

	Basics of Silicon Quantum Dots for Quantum Computation
	Silicon Quantum Dots: An Overview
	Quantum Confinement
	Energy Landscape of Quantum Dots
	Valley States in Si Quantum Dots
	Quantum Computing with Si Quantum Dots

	Standard Fabrication for Si/SiGe Devices
	Lithography
	Standard Process Flow

	Standard Heterostructure and Quantum Dot Measurements
	Classical Hall Effect
	Quantum Hall Effect
	Coulomb Blockade
	Charge Sensing
	Lever Arm Measurement
	Low-frequency Noise Characterization
	The Charge Stability Diagram
	Magnetospectroscopy
	Pulsed-Gate Spectroscopy


	Valley Splitting Control Through Heterostructure Modifications
	Intentional Mis-Cut of the Heterostructure for Valley Splitting Enhancement
	Introduction to Mis-Cut Heterostructures
	Methods
	Mis-Cut Results

	Valley Splittings in Si/SiGe Quantum Dots with a Germanium Spike in the Silicon Well
	Introduction
	Experimental Methods
	Experimental Results
	Theory
	Conclusions
	Acknowledgments
	Appendix: Magnetospectroscopy Data Acquisition and Registration
	Appendix: Magnetospectroscopy Fitting
	Appendix: g-factor Measurement
	Appendix: Electric Field Tuning of states in the Quantum Dot
	Appendix: Envelope functions for the tight-binding simulations

	Quantum Hall measurements of the Ge spike heterostructure
	Anomalous Behavior in Quantum Hall Data
	Possible Origins of Anomalous Behavior

	The Wiggle Well: enhancing valley splitting by oscillating the germanium concentration in silicon quantum wells
	Introduction
	Wiggle Well Theory
	Experimental Methods
	Experimental Results
	Tight-Binding Simulations and Alloy Disorder
	Conclusions
	Acknowledgments
	Appendix: Additional WW theory
	Appendix: Heterostructure Growth
	Appendix: Fabrication Details and Hall Measurement
	Appendix: Gate Lever Arms for Dot Tuning


	Improvements and Alternatives to Quantum Dot Fabrication
	Fabrication Changes for 2DEG Transport Mobility Improvements
	Introduction to Mobility-Limiting Charge Defects
	Fabrication Modifications
	Results

	Localized Implantation of Phosphorus Atoms for Donor-Dot Qubits
	Introduction to Donor Atom Quantum Dots
	Fabrication Methods of the Donor-Dot Device
	Quantum Dot Measurements of the Donor-Dot Device
	Outlook

	SPARTA: Subtractive Palladium Anneal-Ready  Two-layer Architecture
	Introduction
	SPARTA Fabrication
	SPARTA Challenges
	Fabrication Recipes for SPARTA


	Automation of Quantum Dot Measurements
	Auto-Tuning Methods
	Review of Automated Tuning Approaches
	Automated Tuning Using Neural Network Classification of Quantum Dot States

	Bridging the Gap Between Device Turn-On and Dot Manipulation: Cold-Start Tuning
	Initialization
	Global Turn-On
	Center Screening Gate Pinch-Off
	Ohmic Sweeps and Bias Compensation
	Individual Channel Turn-On
	Individual Reservoir Turn-On / Pinch-Off
	Triangle Plots
	Finger Gate Pinch-Offs
	Wall-Wall Plots
	Transition to a Charge-Sensed Quantum Dot System



