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Abstract

This thesis details two types of deterministic solid-state quantum emitters, an optically-

driven quantum dot source in a tapered nanowire waveguide, and an electrically-driven

source implemented by integrating a single-electron pump into a two-dimensional p-n

junction.

A finite-difference time-domain model of the optically-driven nanowire quantum dot

source yielded optimized architectural parameters required to obtain a high transmission

efficiency and a Gaussian far-field emission profile. An additional model of an electrically-

gated nanowire source examined the effect of the surrounding structures on the emission

properties of the source.

A successfully working prototype p-n junction device as a precursor to the electrically-

driven quantum emitter was implemented by simultaneously inducing positive and negative

two-dimensional carrier gases in an undoped semiconductor heterostructure. This device,

fabricated in-house, offers a path forward in the development of a new class of bright,

deterministic sources of single- and entangled-photons.
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Chapter 1

Introduction

The study of the quantum nature of light and matter served as the basis for pioneering

research by several scientists in the 20th century, yielding breakthroughs that completely

revised our understanding of the physical world we live in, in turn resulting in revolutionary

new technologies. Devices such as the transistor, photovoltaics and lasers arrived as part

of the first quantum revolution, that directly arose from attempts to theoretically explain

19th and 20th century discoveries such as the photoelectric effect and black-body radiation.

Since the start of the 21st century, a new class of technologies have been proposed and are

being developed, ushering in asecond quantum revolution[1]. These devices make use of

our understanding of quantum superposition, entanglement and sensing to engineer unique

quantum mechanical systems to possess favourable electronic and optical properties, and

promise to revolutionize the fields of communication, imaging, metrology, remote-sensing

and computing. However, there are many scientific and engineering challenges to overcome

before such devices can be made practical. The aim of this thesis is to provide solutions to

some of the challenges associated with the development of quantum light sources.

Section 1.1 offers some historical context to understand how these sources work and

why they are useful. Section 1.2 describes the properties of an ideal quantum emitter, and

evaluates the current state-of-the-art. Section 1.3 gives an overview of this thesis and a

quick breakdown of each chapter.
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1.1 Historical background

For a long time, it was believed that aclassical picture was sufficient to explain all

observable phenomena in nature. Max Planck was among the first scientists to challenge

this notion through his formulation of a semi-classical model of light in 1900 [2] based on

his analysis of black-body radiation. Black-body radiation is the thermal electromagnetic

radiation emitted by an object, and possesses a wavelength and intensity dependent on

the object's temperature [3]. Planck described this radiation as being emitted in discrete

`energy elements' whose value depended on the frequency of the emitting oscillator; this

model explained experimental observations better than established classical descriptions

of radiation. Until this discovery, it was assumed that light or in general electromagnetic

radiation was wave-like in nature, as established by Thomas Young's famous double-slit

experiment in 1801. Around the same time, Albert Einstein published his mathematical

description of the photoelectric effect, a phenomenon demonstrating the dependence of the

energy of light on its frequency as opposed to its intensity [4]. Einstein's formalism relied

on quantizing light itself into individual particles. Each particle is generated and detected

as a whole, and can propagate in free space independently; this model was consistent

with Planck's hypothesis. These ground-breaking results gave rise to the concept of the

elementary particle known as thephoton, and firmly established the dual wave-particle

nature of light.

It is now agreed that describing photons and other quantum objects in classical terms

such as `particle' or `wave' is misleading, since these objects reside in their own separate

category altogether. However, such descriptions offer a more intuitive understanding of

the properties exhibited by photons. Quantum field theory (QFT) attempts to find atrue

understanding of the nature of photons and their interaction with matter, and is an active

area of research. QFT formally defines a photon as an elementary excitation of a single

mode of the quantized electromagnetic field [5]. Given a modek with frequency � k of the

quantized electromagnetic field, a single photon in this mode possesses an energy� given by

� = h� k ; (1.1)

whereh is the Planck constant. An understanding of quantum light-matter interaction
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forms the basis for the construction of sources and detectors of single photon states, and

allow us to make use of the unique properties associated with these quantum objects.

In 1935, Einstein, Boris Podolsky and Nathan Rosen published a paper that outlined a

strange effect arising from quantum mechanics [6]. Quantum theory predicts that certain

quantum systems can becomestrongly correlated, such that their collective quantum state

cannot be factored into a product of individual states. A paradoxical consequence of this

is that when a measurement is conducted on a property of one system, it results in an

instantaneous collapse of the collective state; thus the other systems in the collective

`know' that a measurement has been conducted even if the systems are arbitrarily far

apart, implying that information can travel instantly. Erwin Schr•odinger referred to such

strong quantum correlations as quantum `entanglement', with the states being `entangled'.

This result, later dubbed the `EPR paradox', seemed to indicate that quantum theory at

the time was incomplete, and there were `hidden variables' at play that linked entangled

systems. The EPR paradox raised troubling philosophical questions regardinglocality

(the assumption that information cannot propagate instantly across an arbitrary distance)

and realism (the assumption that the results of quantum mechanical measurements on a

system arise from its real properties), and was the subject of several public debates between

Einstein and the Danish physicist Niels Bohr. However, the hidden variable theory was

disproved in 1964 by John Stewart Bell [7]. Bell's theorem essentially drew a clear line

between classical and quantum behaviour:quantum properties cannot be explained using

classical assumptions. Since Bell's startling discovery, entanglement has been successfully

demonstrated in various quantum mechanical systems, and several experimental `Bell

tests' have been conducted to verify that local realism is insufficient to explain quantum

mechanics [8]. Entangling photons via their polarization statesis especially suited to this

endeavour.

Quantum photonic devices are centred on the generation, manipulation and detection

of single- and entangled-photons, and arrived with the second quantum revolution. In

addition to pursuing answers to fundamental questions, these devices and their unique

properties promise the development of: secure communication viaquantum key distribution

protocols such as the BB84 [9] or E91 [10] protocols; high-resolutionimaging and metrology

[11]; remote-sensingvia quantum illumination [12]; linear optical quantum computing[13];
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and distributed quantum networks(or a `quantum internet') [14]. Three sub-categories of

technologies have arisen: single-photon detectors, linear and nonlinear optical circuits, and

single- (and entangled-) photon sources; the quantum light emitters described in this thesis

belong to the final sub-category of devices.

1.2 The ideal quantum emitter

A quantum light source should possess certain properties [15, 16, 17, 18] to be classified

as ideal, including:

-- deterministic or on-demand photon generation - single photons generated in a pre-

dictable manner with 100% probability,

-- single-photon purity - null probability of zero-photon or multi-photon emission,

-- indistinguishability - all emitted photons indisinguishable from each other,

-- high brightness - large number of photons emitted/collected per second,

-- large measuredentanglement fidelity - large degree of entanglement between two

photons in an entangled pair as measured by sensitive photodetectors,

-- position-controllability - the location of the source is possible to control, and

-- coherent and tunable emissions - emission waveforms from different sources made

identical.

Broadly, sources of single- and entangled-photon states can be divided into two categories:

probabilistic and deterministic [15]. Single-photon sources based on spontaneous parametric

down-conversion (SPDC) currently represent among the best and most widely-used sources,

possessing entanglement fidelities of� 97% and source efficiencies of� 5% [19]. While

their emissions have very high single-photon purity and indistinguishability, these sources

are inherently non-deterministic (or probabilistic). Probabilistic single-photon sources

rely on correlated photon pair emissions: the detection of one photon in the pair is used

to `herald' the emission of the other. This drastically reduces the number of `useful'

photons emitted. Additionally, since their purity and entanglement fidelity deteriorate

with increasing brightness due to multi-photon emission, their brightness must be limited.

These sources are thus restricted from certain applications such as remote sensing, which
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requires bright, on-demand sources. Deterministic single-emitter sources such as quantum

dots have therefore been the focus of intense research in the past decade.

Various material systems have been used to develop deterministic sources, including

single atoms/ions [20, 21], ensembles of atoms [22], colour centres in crystals [23], quantum

wells [24] and quantum dots [25, 26]. Of these, semiconductor quantum dots possess the

largest purities (in excess of 99% [26]) and very high indistinguishabilities (> 92% [18]).

Quantum dots are also capable of producing entangled photon pairs via a radiative cascade

process (section 2.1.1). While these sources are theoretically deterministic, losses in the

extraction of emitted photons (low brightness) and degradation of detected entanglement

(low fidelity) effectively result in probabilistic implementations. Current research on

deterministic sources aims to improve photon collection rates and detected entanglement

fidelities.

In this thesis, two kinds of on-demand sources are discussed: quantum dots embedded

in tapered nanowire waveguides (driven optically), and two-dimensional charge carrier

gases confined in mesoscopic quantum wells (driven electrically), both implemented in III-V

semiconductor systems.

1.3 Thesis overview

At the Quantum Photonic Devices (QPD) lab1 in the Institute for Quantum Computing

(IQC), our goal is to develop the next generation of solid-state quantum emitters and

detectors for the advancement of quantum information and quantum communication

technologies, while simultaneously seeking answers to fundamental questions in quantum

optics. The work described in this thesis aims to contribute to the body of collective

knowledge required to reach this goal.

Chapter 2 covers how deterministic single- and entangled-photon generation can be

achieved in two classes of sources: optically-driven quantum dots and electrically-driven

two-dimensional carrier gases in quantum wells. Techniques to engineer the environment

1https://uwaterloo.ca/institute-for-quantum-computing/research/groups/
quantum-photonic-devices-lab
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surrounding the sources in order to boost their efficiency, shape their emission profiles and

direct their emissions will also be discussed.

Chapter 3 examines the simulation results from a model to optimize the emission

parameters of a tapered nanowire quantum dot source. Different architectural parameters

are considered, with a suggestion of what best parameters to use when fabricating subsequent

devices. Related code is included in appendices A and B. All results in this section were

obtained by the author.

Finally, chapter 4 details the design and testing of a prototype device fabricated in-

house that aids in the development of a new class of electrically-driven quantum emitter.

The cleanroom fabrication steps for this device are given in appendix C. This project is

conducted in collaboration with the Coherent Spintronics group2 led by Prof. Jonathan

Baugh, also at the IQC, and the Molecular Beam Epitaxy research group3, led by Prof.

Zbigniew Wasilewski at the Waterloo Institute for Nanotechnology (WIN).

2https://uwaterloo.ca/institute-for-quantum-computing/research/groups/
coherent-spintronics-group

3https://uwaterloo.ca/molecular-beam-epitaxy
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Chapter 2

Bright, deterministic quantum light

generation

As detailed in the introduction, ideal sources of single- and entangled-photons are

deterministic (or on-demand), i.e. they predictably emit one photon at a time with a

probability of 100% for each emission event. In other words, the event of `pulling a trigger'

results in the emission ofexactly onephoton, not more, not less. SPDC sources are

inherently non-deterministic, and while they possess high purities and indistinguishabilities,

their brightness is limited, restricting their potential applications.

Sections 2.1 and 2.2 cover the theory behind the emission of photons from two types of

deterministic sources that can in theory be engineered to be very bright: optically driven

semiconductor quantum dots and electrically driven quantum light sources. Section 2.3

explains ways in which the environment surrounding the emitters can be engineered to

enhance the source brightness and collection efficiency, shape the profile of the emission in

the far-field, and funnel the emissions along a specific direction.
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2.1 Optically-driven semiconductor quantum dots

Quantum dots are a class of nanomaterial that possess unique optical and electronic

properties by virtue of their small sizes. Solid-state quantum dots are capable of strongly

confining electrons and holes, and are referred to as artificial atoms since they possess

discretized energy levels that charge carriers can move between through exchanges of energy.

The size and structure of quantum dots can be easily modified to reflect a change in their

properties, making them an attractive candidate for the development of optical sources for

quantum information and communication. They also possess the advantage of scalability

and integration since they are compatible with existing semiconductor technologies.

Solid-state quantum dots are fabricated using epitaxial growth techniques. A variety of

III-V semiconductor materials have been used to fabricate high-performing quantum dot

sources, such as InAs/GaAs [27] and InP/InAsP [ 28], the latter being the material system

of the sources used in the QPD group. Growth techniques that allow for the control of

quantum dot size, shape and positioning possess a competitive advantage.

Both single photons and entangled photon pairs can be emitted from quantum dot

sources through a radiative cascade process known as the biexciton-exciton cascade (section

2.1.1). The measured entanglement fidelity may be compromised due to strain in or around

the quantum dot or asymmetry in its shape or charge environment, but this is possible

to correct for (section 2.1.2). Because the photons from these sources propagate in all

directions, there is a need to engineer the environment surrounding the source to funnel

the emissions in one direction, as well as shape their mode while simultaneously enhancing

the spontaneous emission rate of the source (section 2.3).

2.1.1 The biexciton-exciton cascade

Due to the strong quantum confinement of both valence- and conduction-band car-

rier wavefunctions, quantum dots possess atom-like discretized energy levels. Multiple

excitations can occur across these energy states, resulting in unique emission properties.

In epitaxially grown solid-state dots, there normally exist two confined shells per band,

the n- and p-shell (figure 2.1). The wetting layer (the first atomic layer grown during

8



epitaxy) possesses a quasi-continuum of delocalized states that exist in the same energy

domain as the localized shells in the dot [29]. When the system is placed at extremely

low temperatures (< 5K) and excited off-resonantly (i.e. with an energy greater than

the bandgap of the quantum dot) by a pump laser, free carriers (electrons and holes) are

generated in the wetting layer that quickly relax into the lower energy shell states of the

dot. (Note: low temperatures are required to prevent re-excitations of electrons between

the energy levels).

Figure 2.1: Energy states in a semiconductor quantum dot. Two shells are confined in the

quantum harmonic potential of the dot. The quasi-continuum of states in the wetting layer are

represented by the blue regions

The electron-hole pairs generated through this population inversion are called excitons.

When the first electron-hole pair recombines, the resulting emission is called the biexciton

(XX) emission, while the subsequent recombination yields the exciton (X) emission. This

radiative recombination process is termed the biexciton-exciton cascade (figure 2.2), and

was first presented as a means to produce entangled photon pairs using solid-state quantum

dot emitters by Oliver Benson et. al. in 2000 [30].

The polarization states of the XX and X emissions depend on the spin states of the

9



Figure 2.2: The biexciton-exciton radiative cascade for an ideal quantum dot. The X levels for

the two recombination pathways are degenerate. Optical emission occurs whenj eh
z = � 1. The

entangled output state is given by equation 2.1.

electron and hole in the recombining electron-hole pair [31]. The z-projection (j z) of the total

angular momentum quantum number (j ) takes the values +1
2 (" ) and � 1

2 (#) for electrons

in the conduction band. In lens-shaped dots with strong z-confinement, mostly heavy holes

(and not light holes) are confined in the valence band, andj z can equal +3
2 (* ) or � 3

2

(+) [32]. Recombination can occur between any pair of electron and hole, but an optical

emission occurs only when the total angular momentum of the recombining electron-hole

pair is � 1; i.e. j e
z = � 1

2, j h
z = + 3

2 (j#*i ) or j e
z = + 1

2, j h
z = � 3

2 (j"+i ). A quantum dot

initialized to the XX state can thus emit photons in two possible ways depending on which

electron-hole pair recombines first: right circularly polarized XX emission (jRXX i ) followed

by left circularly polarized X emission (jLX i ), or vice-versa. Ideally, the two X levels

along each recombination pathway are degenerate, resulting in the maximally entangled

two-photon Bell state

j	 i =
1

p
2

(jRXX i j LX i + jLXX i j RX i ): (2.1)

j	 i is rewritten in the horizontal (H ) and vertical (V) polarization basis using the transfor-
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mations

jH i =
1

p
2

(jRi + jL i ); (2.2a)

jV i =
i

p
2

(jRi � j L i ); (2.2b)

yielding

j	 i =
1

p
2

(jHXX i j HX i + jVXX i j VX i ): (2.3)

The entanglement fidelity of the measured two-photon state is given by

f = T r[� 0:� 0]; (2.4)

where� 0 is the experimentally obtained density matrix reconstructed from cross-correlation

measurements between the XX and X photons and� 0 = j	 i h	 j is the density matrix of the

maximally entangled Bell state from equation 2.3.� 0 = � 0 for an ideal dot, and thusf = 1.

In practical implementations, there is an asymmetry in the recombination pathways of

the XX-X cascade due to an energy splitting� of the bright excitonic state, known as the

fine structure splitting (FSS) (figure 2.3). This break in X degeneracy is because of the

Coulombic exchange interaction coupling the electron and hole spins [33], which in turn

can be due to several reasons, including elongation in the quantum dot shape [31], random

alloying [34], or lattice strain [35]. The FSS causes a spin-orbit interaction that mixes the

excitonic states, resulting in the eigenfunctions1p
2
(j#*i � j"+i ) and 1p

2
(j#*i + j"+i ) [36].

During the cascade, the exciton precesses between these two states, modifying the output

state in the HV basis to become time-dependent:

j	( t; � )i =
1

p
2

(jHXX i j HX i + e� i �
~ t jVXX i j VX i ): (2.5)

If the timing resolution � of the measurement system is good enough (� � ~=� ), the

fidelity of the detected entanglement will not be degraded since precise energy detection

is no longer possible (by the uncertainty relation �E:� � ~=2) [37]. However, detection

systems are normally not fast enough to prevent this, causingf < 1. Section 2.1.2 discusses

ways to erase the FSS and improve the measured entanglement of the output state.
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Figure 2.3: The biexciton-exciton cascade for a dot with fine structure splitting � . The output

state is given by equation 2.5.

2.1.2 Erasure of fine structure splitting

Several methods have been developed to remove FSS from quantum dots and improve

the measured entanglement fidelity of the output state. Growth techniques producing

symmetric dots have shown some promise [38, 39, 40], but are material specific and do

not have a high yield. In addition, even dots with cylindrical symmetries have been found

to possess FSS [32]. Post-growth perturbation using external electric fields [41], magnetic

fields [42] and strain fields [43] can be applied to quantum dot sources regardless of the

semiconductor material system, and can correct for varying levels of FSS. While strain-based

tuning has proven to be quite versatile [25], it cannot be used on sources embedded in

collection structures since the applied strain relaxes over a length scale of� 100 nm [44].

Collection structures are necessary to improve the light extraction efficiency and near-unity

single mode fibre coupling of the emissions; the chosen FSS tuning technique must minimize

FSS without compromising on source brightness. In July 2018, Fognini et. al. proposed an

all-optical approach to eliminating FSS, preventing the need for additional fabrication [45];

this scheme requires specialized optical elements and electronics.
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