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Abstract

The demand for entangled photon sources has been growing in all areas of quantum
information technologies. However, many modern single-photon sources suffer from fun-
damental limitations which limit their ability to produce these single-photons, as many of
the “high quality” sources are probabilistic in nature. This probabilistic emission limits
the “on-demand” requirement needed for many quantum information technologies. As a
result, other types of single photon sources have been the topic of research for the past
two decades, in which quantum dots are a promising candidate. Quantum dots are regions
in space which electron-hole pairs can be confined and, using a phenomenon called ”spon-
taneous emission,” can emit single photons on demand. This is because the creation of
electron-hole pairs is a deterministic process, which is a major topic of study in this thesis.
In addition, the quantum dot which is the focus of this thesis is capable of emitting pairs
of entangled photons on-demand, which have a wide array of applications in the quantum
computing community. Our quantum dot is also embedded inside a nanowire, which this
thesis will show, improves its performance in the areas which are considered important to
the quantum dot, quantum computing, quantum networking, and quantum communication
communities.

The nanowire quantum dots, comprised of an InAsP quantum dot embedded in an InP
nanowire studied in this thesis show improvements over other quantum dot sources in key
areas: photon purity, with a ¢'ck (0) = 0.0055 & 0.0003 and ¢{(0) = 0.0028 = 0.0003, and
entanglement, with peak concurrence (fidelity) values of C= 95.6 +0.7% (F= 97.7+0.4%)
and lifetime weighted concurrence (fidelity) of C= 90.2 + 0.2% (F= 94.0 + 0.1%). These
results are an improvement from previous results on the same nanowire quantum dot,
with peak concurrence of C= 87 + 4% and lifetime weighted concurrence of C= 52 + 3%.
The reason for the improvements on the same dot is because of the detection systems,
superconducting nanowire single photon detectors. These detectors have far less timing
jitter, dark counts, and higher efficiency than their counterparts, single photon avalanche
diodes, which suggests these quantum dots are far better than previously thought. This
thesis explores the effects of the detection systems in resolving a time-dependent oscillating
quantum state, which occurs when a quantum dot has a fine-structure splitting. The
fine-structure splitting is present in quantum dots that have strain, random alloying, or
an asymmetric confining potential, causing asymmetry in the physical dimensions of the
quantum dot. This asymmetry causes a lifting in the degeneracy of the exciton state,
which causes the exciton state to precess. This oscillation happens on a timescale similar
to the single photon avalanche diodes timing jitter, causing a “blurring” of the oscillating
quantum state. This is mediated by using faster detectors, which this thesis will explore.
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In addition to single photon sources, this thesis also focuses on the creation of photonic
integrated circuits capable of supporting the photons emitted from our quantum dot. This
is important because our quantum dot emits at wavelengths ~ 894 nm, which is not
supported by the silicon platform typically offered for photonic integrated circuits. This
thesis will focus on a new platform, silicon nitride, which is capable of supporting light at
our wavelengths. The results of this thesis demonstrate the simulated performance of the
silicon nitride photonic integrated circuits at our wavelengths and lay the groundwork for
a path forward to testing them with our source.
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Chapter 1

Introduction

Since its inception, the field of quantum information processing (QIP) has been devel-
oping at an unprecedented rate. Well-known quantum algorithms exist today that can
solve problems which are un-computable for classical computers. Harnessing these algo-
rithms through a quantum computer will revolutionize computing. However, there exists
no current platform which can perform these algorithms on a meaningful scale. Despite
this, the field of QIP has continued to evolve and make promising steps toward a potential
platform capable of performing quantum algorithms and portraying a real advantage over
their classical counterparts.

Some of the current platforms which show promise in a future of QIP include nuclear
magnetic resonance (NMR) [5], trapped ions [0], semiconductor qubits [7], and nitrogen va-
cancies in diamond [8]. Each of these platforms have their own advantages and drawbacks,
but due to the field of QIP still being in its infancy, it is unclear which platform will rise
above the rest. These platforms are typically bulky (resource intensive with large spacial
footprints) and lack universality; rudimentary quantum computers are limited in the types
of operations they can perform. In contrast, classical computers are highly universal with
a relatively small footprint. However, classical computers have limitations in areas of cryp-
tography and database querying, which often rely on brute force algorithms dependent on
the processing speed. Quantum computers harness quantum mechanical properties such
as superposition and entanglement to surpass classical computers in these areas.

Like classical computers, quantum computers are comprised of simple components that,
when combined, perform increasingly complex operations. The smallest building block in
a classical computer is the transistor, which store information in a binary 0 or 1. Quantum
computers emulate this information storage by using a “qubit,” which refers to the state of



a quantum system. The qubit is represented as |0) and |1), and will be further explained
in this thesis. One of the platforms which has been explored to represent the qubit is
the photon. Photons are discrete “packets” of light which arise from the consequences
of quantum mechanics; where confined particles have discrete energies. Photons are also
“flying qubits,” meaning they travel. This can make storing information difficult, but not
impossible, as some solid state platforms attempt to store the information in cesium clouds
[9], making photons a promising platform for QIP.

The optimal production of photons are debated in the quantum computing community.
All platforms have their advantages and disadvantages, but there are efforts to improve
in those areas. For example, spontaneous parametric down conversion sources emit “high
quality” photons, but due to the process being probabilistic, do not emit photons on
demand. The on-demand aspect of single photon emission is extremely important for
quantum information and quantum computing applications, which makes the search for
such a source important. Quantum dots, however, are great candidates for on demand
emission, but suffer their own drawbacks as well. However, it can be shown that by
manipulating the environment around the quantum dot by embedding it inside a nanowire
can mitigate these issues. Quantum dots can also be utilized to emit entangled pairs
of photons through the biexciton-exciton cascade, which is another highly sought after
property. It is for these reasons that quantum dots have made their way to the forefront
of quantum computing for their promise of high-quality, on-demand photons. To measure
the quality of emitted photons, various experiments were performed, such as the Hanbury-
Brown-Twiss and tomography experiments. It will become evident that the method of
excitation used to produce these photons, along with the measurement systems used to
detect them, directly affects the quality of emitted photons.

These experiments typically require many resources. Passive optics such as mirrors,
beamsplitters, quarter and half waveplates, etc., require a large footprint and expensive
detection equipment. A major goal of the QIP community is to reduce the footprint for
commercial and personal purposes in the future. One way which is explored is by using
photonic integrated circuits. These circuits confine light on a photonic chip, in which
by creating simple elements of dielectric media, one can perform simple operations which
emulate that of free space optics. Devices such as beamsplitters, waveplates, and filters
can be made on these photonic integrated circuits. Photonic integrated circuits are also
commercially available because they are CMOS compatible, capable of being fabricated
using the same process as transistors in a classical computer.

This thesis will be organized as follows. Chapter 1 will establish the mathematics and
physics required to describe the quantum systems, and establish photons as a viable plat-
form to use in a quantum computer. Chapter 2 will establish quantum dots as a source of



entangled photons, while diving into the intricacies of their operation. It is in this chapter
that the issue of fine-structure splitting is introduced. Fine-structure splitting occurs when
there is an asymmetry in the confining potential inside our quantum dot, causing a degra-
dation in entanglement. However, in addition to chapter 3 exploring how to determine
the quality of the emitted photons, it also addresses how improvements in detection equip-
ment, along with using a two-photon resonant excitation scheme, the issue of fine-structure
splitting can be mitigated. Chapter 4 will explain in detail how photonic integrated cir-
cuits work, as well as components we designed specifically for the quantum dot. Finally,
Chapter 5 will describe the results and lay the groundwork for future experiments.

1.1 Quantum Information

Quantum information processing refers to the study and manipulation of information
through quantum mechanical principles and systems. It explores how these principles
and systems can be used to store, process, and transmit data differently than classical
computers. Through this review of classical computation, I will build a more comprehen-
sive and intuitive understanding of the theory of QIP in a way which can be understood
by a reader who has previous knowledge of classical computation.

As mentioned before, computation theory is the study of how systems store, process,
and transmit data. To understand classical computation theory, we first need to establish
what “data” is and how it is classically stored. In classical computation theory, data is
raw information which has yet to be processed into something that can be interpreted. For
example, data can be considered the ingredients in a recipe which has yet to be cooked.
In classical computation theory, data comprises bits, or binary digits, which represent the
smallest amount of information that can be represented in a classical computer. Bits can
come in many forms, but always takes on one of two values: 0 or 1. In classical analogue
systems, the bit can be implemented as a high or low voltage. For example, measuring
5 V corresponds to a logic 1 and measuring 0 V corresponds to a logic 0. There are
also digital analogues to these systems, which use a metal-oxide-semiconductor field-effect
transistor (MOSFET) to represent the bit. These MOSFETSs either allow or inhibit the
flow of current to represent the logical 1 or 0. Information stored in bits are processed by
logic gates which take in multiple inputs to perform a calculation and produce an output.
Measurement of the output will determine the answer to the calculation, and can consist
of one or more bits stored in an array of bits as memory. This memory can be accessed
later for further calculations.

In quantum information theory, the basic unit of information is called the qubit, or



quantum bit. Qubits are represented using “ket notation”, |¢)), where 1 represents a
quantum state and the brackets establish a “vector space” in which the state i resides.
This vector space consists of orthogonal eigenvectors called state vectors, and any state
within this vector space can be represented as a linear combination of these state vectors.
Typically, these state vectors are represented as either |0) or |1)

o=|o].  m=]i] (L)

and, when measured, yield a result of either 0 or 1 with some probability for each out-
come. Not knowing the outcome before measuring means there must be some distribution
of probabilities between each state vector which describe |¢)). Because of this, |1) is rep-
resented as a linear superposition of |0) or |1). Because the probability of measuring |0)
or |1) must be less than or equal to 1, the probability of measuring either |0) or |1) must
be normalized to 1. As a result, |¢) is represented as a sum of probability amplitudes, «
and (3, where a and 8 can be complex numbers and |a|? + |3]? = 1.

To illustrate how we can represent states as a superposition, suppose we had a state
|1)) with the following outcome probabilities:

{0 with probability of }l (12)

1 with probability of %

if we follow the convention established earlier, we can represent the state as

=10+ 21 (13

Where o and  can be complex states with the same outcome probability and can have
a phase difference. For example, a state with the same outcome probabilities as equation
1.3 but with a phase difference may look like:

0 =y oy iy 2 (1.4

These quantum states can be represented up to a global phase, [¢) = € |[¢) for 0 < ¢ < 2.
This phase difference does not have any physical meaning, but enables quantum algorithms
to have advantages over classical algorithms. Quantum algorithms can use this phase
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difference to constructively (or destructively) interfere the state of the output to make
outcomes more (or less) likely to distinguish between these input states, which is a uniquely
quantum effect, which is used in quantum search algorithm’s such as Shor’s factoring
algorithm [10] and Grover’s search algorithm [11].

With quantum phenomena like superposition and interference at the disposal, one might
be wondering what physical system we can use to implement the algorithms to take advan-
tage of these effects. One such system proposes we use photons as qubits. The proceeding
sections of this thesis will expand on this proposal.

1.2 Photons and Photonic Qubits

Electromagnetic (EM) radiation has long been known to have wave-like properties. Maxwell
proposed that all EM radiation consists of a time-varying electric and magnetic field,
E(r,t)! and B(r,t), respectively, which satisfy his four equations:

V X B(r,t) = pod(r,t) + é%E(r, t) (1.5)
vXEmo:—%Bmw (1.6)
V-B(rt) =0 (1.7)
V-E(rt) = %pv(r, ) (1.8)

where 1o is the permeability of free space, ¢ is the speed of light, J(r,t) is the current
density, € is the permittivity of free space, and py is the volume charge density. The
solution to these equations for a source free region (J= py = 0) i.e. no electric charge
densities or currents present in the region of interest, are:

E(r,t) = Re{Eye'*r==t} (1.9)
Ey .
B(r,t) = Re{k X n—‘]e“k'r*wﬂ} (1.10)
0

1Bolded variable represents a vector.



where 1y = ’6‘—3 = 1207. This term is called the free-space characteristic impedance, which

describes the impedance EM waves experience when travelling in a vacuum. k represents
the wave vector number, which has the value of k = ZT“, and k - r denotes the direction of
propagation of the EM wave. w represents the angular frequency of the EM wave.

The solutions to Maxwell’s equations are sinusoidal functions dependent on the angular

frequency, w and follow the dispersion equation:

w = c|k] (1.11)

and particles can be described by their own dispersion relation:

2
1
E = ’;;’ = 5mv2 (1.12)
m

where E is the energy, p is the momentum, m is the mass, and v is the velocity of a
particle. 'When comparing the two, we notice that for an EM wave, w o k and for a
particle, £ o |p|?>. Through Maxwell’s equations, a relationship between energy and
momentum has been obtained for a plane-wave described in terms of w and k.

Einstein proposed that in certain instances EM radiation consists of discrete quanta of
energy [12] which take the form of:

E = hw (1.13)

where h is the modified Plank’s constant, h = 2£ Assuming a photon is a particle of 0

s

mass, the total energy of a particle can be written as:

E = \/(moc?)? + |p|?c (1.14)

where my is the resting mass. By inserting the mass of the photon and equating it to
equation 1.13 we get:

lw = |p| - (1.15)

rearranging and inserting equation 1.11 we get:

p = hik (1.16)



Polarization Basis

T

~

|H) Horizontal
|[V)  Vertical
|D) Diagonal

|A
|R
|L

Anti-diagonal
Right-circular
Left-circular

S~~~ ~—

Table 1.1: Complete set of polarization bases for photons.

We now have a direct relationship between the momentum of the photon and it’s angular
frequency.

From Maxwell’s equations and Einstein’s proposal of discrete energy levels from pho-
tons, we have established that photons behave as both particles and waves. By extension,
we can use the Schrodinger equation to solve for the energy solutions for a given photon
wave-function. Solutions to the Schrédinger equation are quantum in nature, therefore
making photons prime candidates for the information carriers for quantum computation.

1.2.1 Polarization

With photons established as a platform for quantum information in the form of a qubit,
it’s useful to explore how this can be represented in a physical system. To establish a basis
for qubits, there has to be some degrees of freedom in which we can encode information.
For the purpose of this thesis, we will explore a photon’s ability to encode information in
its polarization degree of freedom, which will tie into the experiments explained in this
thesis.

Polarization of a photon is described by the direction of oscillation of the electric field as
it propagates through space, where the oscillation direction is perpendicular to its propaga-
tion direction. For a visualization, see figure 1.1. We must choose a convention to establish
the qubits, meaning we must choose a direction of the oscillating field to encode |0) and |1)
qubits to. It’s useful to name polarization in terms of a horizontal and vertical basis, as it
allows for easy visualization of the oscillating field. A field which is horizontally polarized
will oscillate from side to side, a vertically polarized field will oscillate. Other polarization
states include diagonal, anti-diagonal, right circularly, and left circularly polarized light.
For brevity, we will refer to their ket notations:



By establishing |H) and |V') as |0) and |1) qubits respectively, we have established a basis
set capable of encoding information to the photon polarization states.

m)

Figure 1.1: Representation of an oscillating electromagnetic field. The blue vectors rep-
resent the electric field oscillation, the red vector represents the magnetic field oscillation,
and the black vector represents the direction of propagation. Figure by SuperManu, li-
censed under CC BY 4.0.

m=lg|. m=] (1.17)

Using this basis as a starting point, it is possible to describe other polarization states in
terms of these states. To do this, we will establish |D), |A), |L), and |R) in terms of their
quantum information counterparts, i.e. |D) — |+), |[A) — |-), |L) — |i), and |R) — |—1).
Each of these bases can be represented by the following vector notation:

1+ =10y === [1] =5 ([o] + [1]) = 7500+ W (113)
[)=5tm-1wn. )

i)

1
)—70 ) +ilV)), (1.20)

=5 E) - -avn. az

Bra-ket notation is a compact representation of vector algebra. For example, the inner
product, (alb) represents the dot product between two vectors |a) and |b). The outer
product, |a) (b], represents a matrix formed out of the elements of |a) and the complex
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transpose of |b), i.e. [b)! = (b]. Using this, it can be shown that pairs of these basis states
can form their own orthogonal basis set capable of encoding information. By using the
definitions established, we can see that | D) and |A) form an orthonormal basis set and |L)
and |R) also do.

(o1) = | et + | | =m0 - W)
= & [eamery ooy ? g et
= -1
=0
(LIR) = | S5 (GH =i VD] | S5 +i1v)
= 5 [eaerrt igrmeyC gty !
T
2
=0

With an understanding of how to mathematically represent polarization by using bra-
ket notation and linear algebra, it may not be obvious how we can extract this information
in an experiment. In the next section, we will discuss what it means to measure photons,
and the statistics that arise from them being treated as quantum objects.

1.2.2 Measurement

Measurement is often a difficult concept to conceive when talking about quantum objects
such as photons. What does it mean to measure a photon? How can we measure a photon?
What does that measurement tell us about the photon and, just as importantly, about the
source from which the photon was produced? In this section we will establish a formal
definition of measurement, answer some of the previously raised questions, and explore
how we can perform these measurements in an experimental setting.

Photon measurement is a destructive measurement process, both physically and math-
ematically. Physically, when a photon is measured it is absorbed by a device that converts



its energy into an electrical signal which can be measured by sensitive electrical equipment.
Mathematically, a photon that can be described by a quantum state |¢)) = «|0) + 3 |1)
will, when measured, appear in either |0) or |1) state. The probability amplitudes « and
[ describe the probability of |1) being measured in either |0) or |1) state after repeated
measurements. When [¢) is measured in either |0) or |1) state, we say [¢) is collapsing
to one of the two states. In other words, |¢) = a/|0) + (1) is a description of the full
state but a measurement outcome of |0) or |1) represents the collapse of |i)) onto one of
the measurement basis states, [0) or |1), with probabilities of |a|? and |3]? respectively.
Repeated measurements are needed to determine v and f and fully reconstruct |¢). This
repeated measurement technique will be explored further in chapter 3.

To explore a mathematical definition of HOW to perform measurements, we first need
to discuss operators and observables. Operators are mapping functions which “operate”
on elements in a vector space. Observables are physical properties which can be measured,
or physically “observed,” and are represented by a Hermitian matrix. A Hermitian matrix,
H, has the following properties:

H=H' where H' = (H")"
HH'=H'H

99 %99

where represents the complex conjugate and the “T” represents the transpose.

Some examples of observables include position (Z, ¢, 2), momentum (p), and energy
(E). The “hats” on each observable denote linear operators, which have the property of
preserving the linear structure of the space and obey the following properties:

¢)) = M |y) + M |¢)
M(c|ib)) = M [)

=
=
_|_

where M is the linear operator, |¢) and |¢) are states, and ¢ is some scalar constant.
Because quantum mechanics has no standard basis, it is useful to work with abstract
operators themselves, as we can freely change the basis in which we are working. To
see how we can use operators to measure an observable, we can look at an example of a
measurable quantity and see how these operators can be used to extract a measurement
value. For example, let’s start with energy?, E.

2Typically, the energy operator is denoted by H, known as the Hamiltonian.
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Suppose we construct an apparatus to measure the energy of the quantum particle,
|1}, as shown in figure 1.2. If the result of the measurement was such that the energy of
|t) is 1 eV, then we know that |¢)) must have been in the state which would result in the
measured outcome. If the measurement apparatus were to measure |¢)) to have an energy
of 2 eV, then |¢) must have been in the state which would result in the measured outcome,
and so on. If we were to list the energies of |¢)) and associate the different energies to a
particular state of ¥, we would get:

E, — [n)

Each state |1,) is known as a definite state, where [¢,) has a 100% certain value for
its energy, F,. The definite states are known as eigenstates, and the associated values
obtained from the observable acting on them are the eigenvalues. Formally, we represent
an observable acting on a state by E |i,) = E, [t,).

11



Figure 1.2: A physical measurement apparatus for measuring the energy of light. White
light enters the setup, strikes a mirror, and is directed onto a reflective grating. The
gratings’ function is to separate the white light into its colour spectrum, such that light
of different wavelengths reflect at different angles. The lens then collimates the light
before entering the measurement device, where the intensity of each colour of light can be
measured.

For a complete representation of 1)), we must denote it as a superposition of all possible
states.

V) = altho) + B 1) + 0 |th2) + .. 47 [¥n)

where «, (8, 0, and ~y are the probability amplitudes mentioned in section 1.1 and all possible
states up to [¢,) are the eigenvectors of [i)). By repeatedly measuring observables, we can
determine each of the eigenstates of |¢). It’s important to note that only one eigenvalue
and eigenstate can be obtained per measurement, so multiple measurements are needed
to determine the full representation of [¢))3. To summarize, every physical observable is
represented by some linear operator in a vector space.

3This measurement process can be done with any observable associated with [}, not just energy.
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Any observable of a physical system must adhere to the following rules:

1. Observables must have real* eigenvalues.
2. Observables’ eigenstates must span the entire vector space.

3. Eigenstates must be mutually orthogonal.

Physical quantities are inherently real, and their eigenvalues must reflect that. Next, it
may be difficult to understand why an observables’ eigenstates must span the entire vector
space. By recalling that any quantum state can be written as a linear combination of its
eigenstates, i.e.

W> = Z E; |¢z>

If we take the observable to be energy, then we can write [¢)) as a linear combination
of all possible eigenstates associated with the energy observable. If there was some state
|¢) which could not be expressed in this way, |¢) would not have any possible energy
outcomes, since eigenstates represent the definite states obtained from a measurement.
This is impossible since |¢) MUST have some energy value when it is measured due to it
being a physical system. This means that it can be written in a superposition of its energy
eigenstates, thus we have reached a contradiction. Finally, it can be shown that these
eigenstates must be mutually orthogonal. If we start with two non-orthogonal states, |Ey)
and |E}), shown in figure 1.3. Notice that we can decompose | Ey) into two components, |E;)
and |Ey, ). Now, if we write |Ep) in terms of its components, we get |Eo) = o |E1)+ 5 |Ep. ).
If we measure |Ey), there is some possibility of obtaining an eigenvalue of Ej, which does
not correlate with how we defined these definite states. Remember, when measuring | Ej),
there should be a 100% chance of obtaining Ejy. Therefor, enforcing the orthogonality of
the eigenstates |Ep) and |Ey).

4Real refers to the set of real numbers in mathematics.
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|E1)

Figure 1.3: Non-orthogonal representation of two states, |F;) and |Ep).

Now that we have established how we can represent measured physical quantities using
operators and observables, we will delve into a mathematical procedure used in QIP to
describe measurement of |¢) in the “computational basis states”, i.e. |0) and |1). Although
quantum systems are physical systems and therefore have physical observables, for a purely
informational point of view it is useful to describe measurements in terms of these basis
states.

To begin, we must first establish the observables. These observables stem from the pre-

viously mentioned states in section 1.2.1 on polarization. In this instance, the eigenstates
are |0), [1), |+), |—), |+%), and |—i) with observables X, Y, and Z where

o B P
and

X+ =1+),

X|=y ==,

Y [+i) = |[+4),

Y|=i) = —[=1),

Z10) =10y,

Z|1y=—|1).



Notice we can represent each of the observables in bra-ket notation, X = |+) (+] +
=) (=1, Y = |44) (+i] = |=4) (=], and Z = [0) (O] — [1) (1],

Because quantum mechanics is probabilistic, it’s useful to talk about measurement
outcomes in terms of probabilities. For example, if I begin with some state |1}, which I can
represent in any of the aforementioned basis states, what is the probability of measuring a
particular outcome? To answer this question, we need to introduce projectors. Projectors
are a tool which allow us to determine the probability of measuring |¢) in any of the
eigenstates. If we wanted to know the probability of |¢)) being in the |0) or |+) state,
the projector will be Py = |0) (0] and P, = |+) (+] respectively, and so on for all other
eigenstates. Suppose we want to determine the probability of measuring [¢) in the |+i)
state. We first establish the projector, P; = |+1) (41|, then we measure the associated
probability by obtaining an “expectation value”. The expectation value is the average
outcome after many repeated measurements. Continuing with the example, the expected
outcome for the state is (| Py; [¢) = (|+i) (+i[¢)). The outcome of (1)|+i) denotes the
amount of overlap (see figure 1.4) between [¢)) and |+7), thus giving us a probability of |¢)
being in state |+4).

1Y) |$)

Wlo)

Figure 1.4: Visual representation of how two different states, |¢)) and |¢) overlap. The
region where they overlap is denoted as the inner product (dot product) of the two states,

{¥]).
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1.3 Multi-qubit Systems and Entanglement

So far, we have been under the assumption that we are working with single qubit systems.
However, single qubit systems are not sufficient for a proper quantum computation scheme,
similar to how one bit is not sufficient for a classical computation scheme. We need more
qubits to store, process, and transmit data for quantum computational schemes on a scale
which matches or surpass their classical counterparts. However, there are some interesting
mathematical consequences arise from when introducing additional qubits to the system,
which we will explore in this section.

Before we delve into introducing additional qubits, we must first establish the rules of
tensor products. Tensor products allow us to combine elements from two vector spaces into
a new vector space. Let’s look at an example. Suppose we want to create a new vector
space from vectors U and V. We can do this by taking the tensor product of the two
vectors, U ® V. Elements of U and V' (u € U, v € V) are individually tensored with one
another to form a new space. To illustrate this, let’s assume U and V' are 2x2 matrices.

Uogo Uo1 Voo Vo1
U = y V =
U Uil V10 V11
Now if we take U ® V' we get:
Voo Vo1 Voo Vo1
oo V10 V11 tot V10 V11
1 1
UV =
u Voo Vo1 u Voo Vo1
10 11
| Y10 Un Y10 Un
UooVoo UpoVo1 Up1Too Uo1V01
UooV10 UpoV11 Up1V10 U01V11
UV =
U10Vo0 U10Vo1 U11Voo U11V01
| U10V10  U10V11 U110 U11V11

The result is an entirely new space constructed from the elements of the old, individual

spaces. We will use this property to build the multi-qubit system. Let’s start with the
computational basis states, |0) and |1). If we want to create a new space using these states,
we again use the tensor product operation.
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'
o= {4 -
'l
To simplify the notation, we can use a well known shorthand notation to refer to a tensor
product of two kets, which is |a) ® |b) = |ab). Using this shorthand notation, we can

simplify the above to |0) ® [1) = |01). Notice that the tensor product does not commute,
i.e. |01) # |10) because

1
0
0
0

hew=| I -
i

In general, the properties of tensor products are:

o= OO

1. Linearity
Any scalar a and b can be factored outside a tensor product:
(au) @ (bv) = (ab)(u ® v)

2. Distributive
The tensor product can be distributed over addition:
u® V+w)=uRvt+uw

3. Associativity
Brackets can permeate through the tensor product:
U@ Rw)=(uv)@w

4. Dual Spaces
Conjugate transpose of tensor products are the same as the tensor product of conju-
gate transpose:
(uv) =uf @

Physically, multiple qubits consist of multiple photons, where each photon represents a
single qubit.
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So far we have only been working with separable states, where the multi-qubit state
was constructed via two independent states. In other words, we can represent the multi-
qubit state as a tensor product of those independent states, i.e. [01) = |0) ® |1) or |o) =
a]0) + B]1). We can also introduce multi-qubit states, such as |¢) = «|00) + 3|01). By
using the distributive property, we can deconstruct this state into |¢) = [0) @ (« |0) 43 |1)).
These two representations are equivalent and is a helpful representation when performing
single qubit operations, i.e. manipulating qubit 1 or qubit 2.

However, how do we interpret the state |®) = \%(|00> +|11))? This state is known as
a “Bell State” and there is no way to deconstruct it into a tensor product of two smaller
states like we just did with |¢). Because of this, the state is known to be “entangled”, which
is one of the most important properties in enabling quantum computation. We will explore
how we can quantify entanglement in section 1.3.2, but first we will need to introduce the
“density matrix” and explore how it can be used to give a complete description of the
quantum state.

1.3.1 The Density Matrix

The density matrix, also known as the density operator, is a mathematical tool which
we can construct from the quantum states that hosts all the information in the quantum
system. It is a fundamental concept of quantum mechanics for this reason. The symbol
typically used to represent the density matrix is p.

Now that we have established why the density matrix is important in broad terms, we
will explore how we can construct it and establish a general form which we can extrapolate
to specific quantum states. First, we will construct a density matrix from a single qubit
state |) = « ]02 + G |1). From this state, the density matrix is defined as p = [¢) (¢,
where (Y| = |[¢)' = o* (0] + 5* (1|. We can see how the density matrix is formed through
the following example:

p=[¥) (|
p = (a]0) + B 1)(a (O] + 57 (1])
p = aa”|0) (0] + af* |0) (1] + Sa” [1) (0] + 55" [1) (1]

p=laf H [1 0] +ap* H [0 1] + g m (1 0] + |8/ m [0 1]
_ [laf* ap”
g [m* W}'
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At first glance, the density matrix does not seem that impressive. However, this simple
representation of a state is extremely useful due to its plethora of properties when describing
PHYSICAL states, i.e. quantum states which we can physically observe. When taking this
into account, the properties of the density matrix are as follows:

1. Density matrices are Hermitian:
— i
p=p-.

2. Density matrices are positive semi-definite:
The eigenvalues of density matrices are positive to ensure the probabilities of mea-
suring quantum states remains positive.

3. The trace of a density matrix is ALWAYS equal to 1:
Tr(p) =1
Remember, taking the trace of a matrix involves taking the sum of the diagonals.

2 *
e |l ] ) =+ 1o

4. Determining whether a state is pure or mixed:
Tr(p?) allows us to tell whether a state is pure or mixed.
Tr(p*) = 1 corresponds to a pure state
Tr(p*) < 1 corresponds to a mixed state. Mixed state density matrices can be
represented as a probabilistic sum of pure state density matrices, p = > P; [¥;) (¢4
where P; is the probability of measuring some pure state [1;).

5. Expectation values of observables can be found using density matrices:
Tr(pA) = (| Alp) =< A >5 where A is some observable.

There is also the concept of a “reduced density matrix”. So far we’ve only been de-
scribing a density matrix which represents an entire system. However, if we have a system
represented by a density matrix p,, consisting of systems p, and p,, where pup = po & pp,
there should be a method of retrieving the individual density matrices associated with each
system. This method is known as a “partial trace”. This involves “tracing out” one of the
systems, leaving the desired system intact. Suppose we want to retrieve the density matrix
pa from the composite system py,. To do this, we perform a partial trace over the degrees
of freedom of subsystem B. The notation for this operation is p, = Try(pay). Let’s look at
the following example, where the initial state is [1),) = \%(|01) +110)).

5< A > is a shorthand notation for the expectation value, (1| A [1)).
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First, we construct the density matrix using the method established earlier.

Pab = ‘wab> <wab‘
par = 31(01) + [10)) (01] + (10])

1
pav = 5(|01) (01] +01) {10] + [10) (01| +[10) (10])
It’s useful to leave p,; in this form. Next, using the formal definition for the partial trace:

Pa = Trb(pab) = Z(]a ® <i|b)pab(]a & |Z>b) (122)

(2

Where [i), represents the basis state of subsystem b, and I, represents the identity matrix
for subsystem a, which can also be represented in bra-ket notation, I = |0) (0] + |1) (1].
Now, using equation 1.22, the partial trace becomes:

pa = —=[((01]01) + (01]10)) |0) (O] + ({10]01) + (10]01)) 1) (1]

Hg|H
(\&]

Pa = E[(O +1)10) (0] + (0 +0) [1) (1]]

1
Pa = ﬁ |0> <0|

The result is a density matrix which describes the quantum state |1),), obtained by tracing
out the subsystem corresponding to the quantum state [i,). Now that we’ve established
the density matrix and its properties, we can use it in the quest to quantify entanglement.

1.3.2 Quantifying Entanglement

Entanglement up to this point has been described mathematically as a state which cannot
be deconstructed into a tensor product of two smaller, pure states. However, this does not
give us an intuitive description of WHAT entanglement is. Entanglement is nuanced in the
sense that there are many levels of entanglement. There are “maximally entangled” states,
such as the Bell state mentioned in section 1.3, and there are “unentangled/separable”
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states. These are the two extreme cases, but, in reality, entanglement lies on a spectrum.
In this section, we will explore the meaning of entanglement and how we can quantify the
“amount” of entanglement in the state.

Remember, when we talk about qubits, we are talking about information. Entangle-
ment is just another outcome of how information in quantum mechanics can be arranged.
Entanglement tells us that the outcomes from the measurement of one qubit automatically
implies the state of the other. To see this, let’s look at a maximally entangled state, the
Bell state mentioned in section 1.3, |®) = \%(|OO> + |11)). The measurement outcomes for
qubit 1 are as follows:

0 with probability of %
1 with probability of %

However, due to the entanglement, the outcomes for qubit 2 are already known based on
the measurement outcome of qubit 1.

Qubit 1 = 0, Qubit 2 = 0, with probability of 100%

Qubit 1 = 1, Qubit 2 = 1, with probability of 100%
We can see why this is the case because if we measure the first qubit to be in |0), we know
that the second qubit must be in state |0) as well because of how the state is prepared.
The information within the state allows us to efficiently measure one qubit and, with a
100% probability, know the outcome of the other qubit.

So far we have assumed that the Bell state is maximally entangled, which allows us to
make the assumption of knowing the outcome of qubit 2 given the measured outcome of
qubit 1. But how do we know? The next step to quantifying entanglement (i.e. determining
how entangled the state is) is examining the entanglement of formation (EF) [13], which
is a quantitative measurement of the entanglement of a bipartite quantum state. This is
calculated by finding the Von Neumann entropy of the reduced density matrix of one of
the qubits. The Von Neumann entropy tells us the amount of information contained in
the quantum state and can tell us how far the reduced density matrix is from being a pure
state.

The EF for a pure state is defined as

EF = =Tr[piln(p;)] (1.23)
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where [n is the natural matrix logarithm and p; is the reduced density matrix for qubit :.
The EF returns a value between 0 and 1 where 0 corresponds to a completely separable
state (unentangled) and 1 corresponds to a maximally entangled state [11]. We can also
represent the EF in terms of eigenvectors and eigenvalues, p = >, \; |7) (i,

EF ==Y X\in(\) (1.24)

where ); is the eigenvalues for the associated eigenvector, |i). For a two qubit pure state,
the EF can be rewritten in the form of a binary entropy function [13]:

EF = —zlogs(x) — (1 — x)loga(1 — ), (1.25)

le—i-\/l—C(p)Q (1.26)
5 :

where x is monotonically increasing and ranges from 0 to 1, and C(p) is known as the
“concurrence” of the two qubit state, which also ranges between 0 and 1 [13].

Concurrence is a function of the density matrix and is a monotonically increasing func-
tion® of entanglement, and allows us to quantify the entanglement present between two
qubits. Both EF and concurrence can be used to calculate entanglement, but concurrence
is often the most preferred method due to the relative ease of calculation. To calculate
concurrence, we will first explore how to calculate it for a pure state and then generalize
it for any mixed state. To start, we will take the set of Bell states, i.e.:

@) = —=(100) + 11)) (1.27)
@) = %(!0@ —[11)) (1.28)
[wr) = %(IUU +[10)) (1.29)
o) = %(|01> —[10)) (1.30)

6Monotonically increasing functions describes a function which is either increasing or “flat”. It does
not “dip down” for all values of x.



because we know that these states are maximally entangled, as asserted earlier in this
section, we can define the concurrence for a pure state using these Bell states. First, we
need to compact these states into an easy-to-use formula. Let [¢) = 317 a;le;), where
le;) represents one of the Bell states and «a; represents the probability amplitudes. Using

this representation, we can express the concurrence as [17]

(1.31)

In other words, the concurrence is the magnitude of the sum of probability amplitudes for
all pure states in the system.

Now that we’ve defined concurrence for a set of pure states, what about mixed states?
We know that concurrence can take on any value between 0 and 1, where a completely
separable (unentangled) state will give a value of C'(p) = 0, and a maximally entangled
state will give a value of C(p) = 1. But what about the values in between this range?
From ref [13], it is shown that the concurrence for any two qubit mixed state can be found
using the formula

C(p) = max()\l - )\2 - )\3 - /\4, 0) (132)

where A; are the eigenvalues of the matrix y/\/pp,/p, ordered from largest to smallest,
where p = (0, ® 0,)p*(0, ® 0,), and p* and o, are the complex conjugate of p and the
Pauli-y matrix respectively. The 0 in the formula is to ensure that the concurrence is never
negative, as those values are established to be impossible. This method of calculating
concurrence and, by extension, entanglement, is how we will experimentally determine
how entangled the pair of photons are. This is because calculating the concurrence of a
mixed state is significantly easier to do than calculating the EF for a mixed state, and we
do not know with certainty if the state generated in the experiments is truly a perfectly
entangled state.

Another quantity of interest is “Fidelity”. Fidelity tells us “how far” the measured
state is from another state rather than a pure measurement of how entangled the state is,
like concurrence. Fidelity is useful in the experiments because it can tell us how close we
are to the desired entangled state, i.e. how close the measured state is to a Bell state’.

The fidelity is defined as:

"It will be shown in chapter 3 why we want the measured state to be Bell a state.
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F(p) =Tr[ppo] (1.33)

and

F() = (¥lo) | (1.34)

where po ([tg)) is the density matrix (state) we are referencing, i.e. the Bell state. Given
some state p with a value of concurrence, C(p), the fidelity to the maximally entangled
state is bounded between [10]:

max(lzC,C’)SFSlzC (1.35)

meaning that the fidelity of a two-qubit system will always have values within the range
of 0.25 and 1, and C(p) < F(p). Both concurrence and fidelity are used in conjunction
to quantify how entangled the measured state is, and how closely the state resembles the
desired state. Throughout this thesis, we will focus on these two quantities when discussing
entanglement.
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Chapter 2

Entangled Photon Sources

2.1 Important Properties of Entangled Photon Sources

So far, we have discussed using photons as qubits by encoding information in their polar-
ization degree of freedom. We have also discussed entanglement and what it means for
QIP. However, we have not discussed HOW photons become entangled, which is directly
related to how the photons are created. In this section, we will discuss potential entangled
photon sources and weigh the benefits of each.

Entangled photon pairs can be generated in a variety of ways, such as radiative cascades
or optical processes in non-linear crystals. However, regardless of the process, we require
entangled photon sources to fit a list of criteria which determine the ideal photon source.
The list consists of five properties:

1. On-demand: Photons are only produced when triggered.

2. Bright: The rate of producing photon pairs is high.

3. No Multi-photon Emission Probability: One and only one pair of photons is
produced when desired.

4. Entangled: Each pair of photons emitted by the source is maximally entangled.

5. Indistinguishable: Each photon in the entangled pair have identical properties to
subsequent emitted pairs, such as frequency and spacial mode.
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An ideal photon pair source should satisfy all of these criteria. However, no source will
satisfy all criteria perfectly, and after an in depth exploration of each of these criteria it
will become clear.

2.1.1 On-Demand

To reiterate, a photon source is considered “on-demand” if and only if a photon is produced
when the source is triggered to do so. The term “triggered” is a term used as a placeholder
for any action which, when performed, the system in question will produce a photon. Some
classical analogies to a triggering system include pressing the button on a walkie-talkie to
allow yourself to communicate with the other device. There is no way to talk to the
other device unless the button is pressed. This is the philosophy behind the “on-demand”
property. For the purposes, we require a pair of entangled photons to be emitted when the
triggering event is activated.

To be considered on-demand, an entangled two photon source must exhibit the fol-
lowing qualities: high photon pair generation probability, and high source pair extraction
efficiency. Photon pair generation probability is the product of the probabilities of one
photon being emitted after another for one triggering event [17]. This step is crucial be-
cause for one triggering event we want exactly two entangled photons, no more and no less,
to ensure the protocol for encoding the information is implemented properly every time.
The other crucial component, pair extraction efficiency, can be defined as the probability
of collecting light at the output of the source [18]. The light is then collected into a fi-
bre or an objective where it can be used for future experiments. For a truly on-demand
source, having high pair generation probabilities and pair extraction efficiencies is crucial
for performing QIP protocols.

One can see why it is important for a single photon pair source to be on-demand. For
example, the Hong-Ou-Mandel experiment [19]. This experiment requires two photons
to meet at a beamsplitter where they will interfere with each other and destructively
interfere. The result is that there will be no coincidence! detection®?. This is just one
example of an experiment which can benefit from on-demand sources. Other experiments
include quantum key distribution (QKD) [20], entanglement swapping [21], and linear
optical quantum computing [22, 23].

! Coincidences are characterized by an on-off scheme where detectors are turned on by the first incoming
photon and turned off by the second. The time between detections can be used to determine the distance
between the photons, or when the photons were emitted.

2This is assuming the photons are indistinguishable. See section 2.1.5 for further context.
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2.1.2 Single Photon Generation Probability Rate or “Bright-
ness”

Brightness refers to the rate at which the source can generate entangled photon pairs.
Typically, this measurement is denoted in counts per second, which refers to the number of
photons which can be generated from the source. Because the QIP protocols require us to
encode information on photons, we want to create as many photons as possible to maximize
the amount of information we can encode. The more information we can encode, the more
powerful the protocols can become. An analogy can be drawn to the classical modern day
internet systems. Every internet service provider attempts to offer the “fastest” internet
possible. Right now, typical internet speeds for a consumer can range from megabits to
gigabits, meaning the amount of information flowing from the internet to your personal
computer falls within that range. The same idea would be applicable for the quantum
internet.

Every source has a theoretical limit to the number of photons it can generate. For
example, a QD which produces entangled photon pairs through a bi-exciton exciton (XX-
X) cascade is limited by the lifetimes of the XX and X [24]. If the lifetimes of the XX and X
are 800 ps and 400 ps respectively, then the number of entangled photon pairs that can be
produced, R, is less than the inverse of the sum of the lifetimes, i.e. R < (800++00)m = 833
MHz. This relationship between the intrinsic rate at which photons can be generated and
methods of increasing this is an important research field of its own. The results from such

research will likely be used to improve single photon sources [25].

Because photon loss is common, having a high photon flux®, and therefore a bright
source, is desirable. QIP protocols using photons are typically carried out in free space,
fibre optic networks, or photonic circuits*. Each of these methods involve photons travelling
from point A to point B. The longer the photon is travelling and the more components
it interacts with, the higher the probability that the photon will be absorbed and the
information it carried will be lost. This inherently limits the scale of the QIP protocol. To
counteract this, having a source that can transmit data at a high rate is desirable [26, 27].

2.1.3 No Multi-photon Emission Probability

Multi-photon emission probability refers to a source that emits only one pair of entangled
photon pairs per triggering mechanism. The difference between multi-photon emission

3Photon flux refers to the number of photons passing through a given area.
4For more information on this topic, see chapter 4.
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probability and on-demand photon sources is that on-demand refers only to an emission
event. It does not care about WHAT is emitted. For example, a source can be triggered
to emit a single photon but instead of emitting only one, it emitted multiple. This source
is considered to be on-demand, but with high multi-photon emission probability. A source
with no multi-photon emission probability would only emit the required number of photons
in a given triggering event. It may emit them for every triggering event, but only the
required number of photons is emitted per successful triggering event. Hence, why we
want the source to be both on-demand and no multi-photon emission probability.

A well known method of measuring multi-photon emission probability is through a
g (7). The ¢g¥(7) is a second order correlation function which measures the difference in
arrival time between two photons from the same emitter [28]. The ¢‘® () function can take
on values between 0 and 1 and tell us how periodic the source is emitting. The function
can be represented in the following equation:

() - <8 OFA0) > o)

< at(0)a(0) >2 '
where a' and (a) are the creation and annihilation operators® respectively [258]. The values
of T represent arrival time separation of the photons [29]. Ideally, we want ¢ (0) = 0,

which is connected to the probability of emitting two or more photons at the same time
[29, 28, 30].

For a single photon source, the ¢®(0) < 0.5. The ¢®(0) function can also tell you the
amount of background light present in the set-up. A source could be emitting in perfect
time intervals but stray light entering the system can be detected, thus skewing the result.
Thus, ¢ (0) can also be a metric of measuring the quality of the setup. Because the
QIP protocols require pairs of photons, we need a low multi-photon emission probability,
meaning we require the source emits two photons, one after another, in regular intervals.
This will require an extension of the ¢ (0) experiment to incorporate a pair of photons.
This experiment is known as the Hanbury-Brown-Twiss experiment and can be used to
correlate between photons in two beams of light [31]. Further exploration of this method
can be found in chapter 3.

%aTn) = vn+1|n+1) and a|n) = /n|n — 1) are often referred to as “ladder operators”, which
increment /decrement the number of photons in a particular mode, |n), respectively. Interestingly, a'a
returns the number of photons in mode |n), i.e. afa|n) = n|n).
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2.1.4 Entanglement

For a physical system where we want to encode the information in the polarization degree of
freedom on a pair of entangled photons. Experiments which require pairs of entangled pho-
tons require that the source can deterministically emit these entangled pairs. One example
of such a source are quantum dots, which are well known platforms for generating these
entangled pairs of photons [2, 32, 33, 34, 35, 36]. These quantum dot sources are capable
of generating entangled photon pairs with fidelity and concurrence values of 0.859+0.006
and 0.8040.02 respectively [2]. These sources are considered to be highly entangled in the
quantum dot community and it is proposed that the limiting factor for these measured
values of fidelity and concurrence lies in the measurement devices themselves® [37].

Entanglement is a key property which separate quantum algorithms from classical ones.
Using entanglement, linear optics, and post-selection” has been proven powerful enough
to solve bounded-error quantum polynomial time (BQP)® [33]. This makes it a powerful
tool in all areas of computation. If we forgo universality”, problems which are traditionally
hard for classical computers to solve can be solved by a quantum computer with ease.
An example of this was Xanadu’s cloud based quantum computer tailored to solving the
Gaussian Boson Sampling problem. This problem, which would take over 9000 years for a
classical computer to solve, was solved in only 36 us by their computer. More information
on their quantum computer can be found in Ref. [39]. Based on the previous work in QIP
protocols and experiments, there have been exciting results which show promise for the
future of quantum computers, thanks to the unique property of entanglement.

2.1.5 Indistinguishable

The last desirable property of entangled photon sources which we require the source to
have is for the photons to be indistinguishable. As mentioned before, indistinguishable is
a qualitative description of the level of “sameness” between subsequently emitted photons.
If two photons emitted have the same wavelength and spatial profile, they are considered
to be indistinguishable. Any deviation of these parameters, whether it be inhomogeneous

6See section 2.2 for more information.

"Post-selection is the act of continuing a quantum algorithm given the outcome of an intermediate
measurement.

8(BQP) is the class of decision problems solvable by a quantum computer in polynomial time, with an
error probability of at most £ for all instances [33].

9Universality in computational theory is the concepts that a computer can solve many types of problems.
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broadening from spin noise in the environment'?, or inconsistent temperatures causing the
addressed energy levels in a QD to fluctuate can lead to a degradation of indistinguisha-
bility. A source which can emit indistinguishable photons is highly desirable because QIP
protocols are implemented assuming all photons are the same.

Visibility of interference, or visibility for short, is a metric used to determine the level
of indistinguishability. If two photons are indistinguishable and enter a beam splitter, they
should both exit through the same port of the beamsplitter [19, 10, 11]. If this occurs,
then there should be no coincidences measured, and the source is considered to have high
visibility. Visibility is defined as

(2.2)

where g?(0) is the measured value and g\’ (0) is the measured value where the photons
have been purposefully distinguishable [41]. For example, ¢/®(0) would correspond to a
measurement of two horizontally polarized photons and g((JZ)(O) would correspond to a mea-
surement where one of the photons has their polarization rotated to vertically polarized.
This act of rotating one of the photons’ polarization ensures that there will be no interfer-
ence in the beamsplitter, eliminating the condition of photons exiting exclusively through
the same port. It is worth noting that visibility is typically taken over finite time windows.
This is because environmental factors which can cause dephasing (inhomogeneous broad-
ening) need time to influence subsequent photons. The result being the shorter the time
window, the higher the visibility.

Highly indistinguishable photons are a sought after metric when considering photon
sources. QIP protocols using linear optics are created assuming all the photons are the
same, because we want the photons to interact with the components in the same way
every time. QIP protocols using linear optics were first introduced in ref [22], where the
components used were phase shifters and beam splitters. These components are passive
optics, meaning we have no way of changing their properties as they act on individual
photons. This type of QIP is called linear optical quantum computing (LOQC) and is a
widely studied area in its own respect. We will explore more into this area in chapter 4
and delve into each of the passive optics components used in this scheme.

0Tnhomogeneous broadening refers to mechanisms which result in the inconsistent widening of different
emissions, which is wavelength dependent. For example, inhomogeneous broadening can cause the XX
emission line to broaden more than the X emission line.
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No Multi-photon Al
Emission —W W~ A
Probability B . il
Coherence --JW\,-. —W—- —r\/\A/\/-. -—J\N\,—. —\Wﬁ‘

Indistinguishability __J\N\,.. ...Mww.. _JW\,_ _.\,\/\N\/\N _JW,._.

Figure 2.1: Visual representation of an ideal source, juxtaposed with how photon packets
which deviate from the ideal will behave in different moments in time. Reused from [1],
copyright 2017 by Springer International Publishing (see Copyright Permission Forms 5).

2.2 Quantum Dots

Thus far, we've alluded to potential platforms for entangled pairs of single photons. We’ve
established the criteria and goals in which these sources should strive to achieve. In this
section we will explore QDs, which is the subject of my research, and delve into the physics
of how they work and how they create entangled pairs of single photons.

The methods used to grow the QDs are important. They determine the physical di-
mensions of the QD which in turn determine the electro-optical properties. There are a
variety of materials which are used to grow these quantum dots, some of which include
Gallium Arsenide (GaAs) [12, 13, 44, 15], Gallium Nitride (GaN) [16, 17, 18], and Indium
Arsenide Phosphide (InAsP) [19, 50, 51, 52, 53, 54, 55]. In this thesis, we will focus on
InAsP quantum dots embedded inside Indium Phosphide (InP) nanowires, as they are the
focus of the research carried out in the lab. Next, we will explore the electro-optical prop-
erties of these quantum dots to gain insight on how they generate entangled photon pairs,
some issues related to the growing techniques and how that relates to entanglement, and
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finally how the nanowire creates an environment which can increase collection efficiency.

2.2.1 Confinement

Confinement refers to the modification of the conduction band (CB) and the valence band
(VB) due to the confinement of the QD in space, and happens as materials of different
electrical properties are deposited in the growing process. The change in the CB and
VB result in local charge carriers being confined to the region. They exist in discrete
energy levels within the new energy environment, as opposed to the continuous energy
spectrum from the surrounding bulk environment. The reason this is desirable is that
we have confined a region in space where the electrical properties are different from the
surrounding areas, thus we can address this region directly.

Conduction Band

~1.38 ev |10.46 ev |[=1.49ev

InP InAs InP
Valence Band

Figure 2.2: This figure shows the band structure of the quantum dot. The band gap
is formed when an InAs material is deposited onto an InP material, modifying the bulk
energy structure. As the bands are modified, they confine electrons and holes inside the
CB and VB, whose wavefunctions are such that only electrons and holes of certain energies
are allowed to exist inside the QD. It was determined that the energy of the bandgap is
0.46 eV, the energy of the first allowable excitation is 1.38 eV, and the energy from the
VB to the CB is 1.49 eV.

To address this region in the context of this thesis means we need to “excite” it. Exciting
the QD refers to increasing the energy of an “electron” (e), so that it “jumps” from the
valence band to the conduction band, leaving behind a “hole” (h). These holes refer to
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an absence of an electron and are positively charged relative to their environment. They
also have a respective mass and spin as they move through their environment, similar to
an electron. This movement is simply the propagation of the gap the electron left as other
electrons move to fill it, which in turn leaves another gap.

The confinement that happens inside a QD has a similar structure to that of an atom.
As electron-hole pairs are excited inside the QD, they can also occupy higher energy levels.
These energy levels are similar to that of the electron shells inside an atom, where the first
excited level is the s-shell, the next is the p-shell, and so on. These levels are formed due
to the geometry of the QD, which can be modelled as a “hockey puck”, as seen in figure
2.3. The reason for the hockey puck shape is because of how it is grown; as a part of a
nanowire. This structure as a whole is known as a nanowire QD (NWQD) and will be
explored further in section 2.2.4.

z d =30nm

h=3-5nm

A 4

Figure 2.3: Simplified representation of the QD. The QD is about 3-5 nm in height with a
diameter of about 30nm.

The strong confinement from the QD comes from the z direction, i.e. the height of the
QD and the Bohr radius, ag. For QDs of the type shown in figure 2.3, ay ~ 25 nm [50],
the confinement only allows for one electron-hole pair inside the QD. This confinement has
vertical walls for the CB and VB (see figure 2.2), which are the hallmarks of a quantum
well. But, if we look at the QD in three dimensions, there is also confinement in the
radial direction. This allows for sublevels to form, which are the s, p, d shells and so on.

The confinement in this direction resembles that of a two-dimensional quantum harmonic
oscillator (QHO). The equation for a QHO looks like

1
V(r)= §m*w2r2 (2.3)

where m* is the effective mass of the electron or hole (depending on whether we are
looking at the CB or VB respectively), and r = (z,y), representing the x or y direction,
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corresponding to the two degrees of freedom mentioned previously [57]. The solutions to
the allowable energy states given these parameters are

Eni=2n+|l|+1)hw (2.4)

where n = 0,1,2,... and [ = 0,+1,+£2,... are the radial and orbital quantum numbers
respectively, and hw is the quantized energy of the electron or hole. These quantum
numbers give rise to these sublevels and the existence of degenerate states!!

For the purposes of the experiments, we will be focusing on just the s-shell of the QD,
which we can use to deterministically generate the entangled photons. In figure 2.2, we
point out that electrons and holes appear in pairs. Wherever there is a hole, there was an
electron that was excited to create it. This coupling of the two particles creates their own
quasi-particle known as an “exciton”. This exciton has its own electro-optical properties
which allows us to create photons. In the next section, we will explore how we can use the
exciton to create photons and how the process unfolds inside the QD system.

2.2.2 Photon Generation

Now that we’ve established how QDs can confine electrons and holes inside them in the
form of an exciton, next we will explore how we can use these states to generate photons,
and then expand on this to explain how we can generate entangled photons. To begin,
we first need to revisit photons from chapter 1. We know that photons have spin angular
momentum [58], which we will use in conjunction with electron-hole dynamics inside the
QD explained in section 2.2.1 to explain how to produce photons.

When the QD is excited, it creates an electron-hole pair as the electron jumps to the
CB. The electron will wait until it relaxes back to the VB and the electron and hole
recombines. This relaxation-combination sequence is a radiative process, meaning there is
a photon produced [59]. However, it is not obvious WHY a photon is produced during this
process. To explore why this is, we need to explore the optical selection rules.

HDegenerate states refer to solutions to the Schrédinger equation, where different states can have the

same energy eigenvalues. This can occur, for example, when an electron with spin % can be a solution and
an electron with spin —% can also be a solution. Both electrons have the same energy but opposite spins,

meaning two different states can have the same energy eigenvalue solutions, thus they are degenerate.
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Optical Selection Rules

Optical selection rules are a set of rules which govern optical transitions between energy
states inside physical systems, in this case a QD. These rules dictate that the total angular
momentum will be preserved during these transitions. To apply these rules to the system,
we need a description of the angular momentum of the states inside the QD. To do this, we
reintroduce operators, particularly the angular momentum operator, J , where J represents
the total angular momentum of the system. J can be represented as the sum of all angular
momentum and spin processes in the system:

j = fJband + i‘e,h + S (25)

where ﬁband represents the angular momentum of the internal band (CB or VB), IAJEJL
represents the angular momentum of the electron or hole, and S represents the spin angular
momentum. These operators return eigenvalues 7, lpana, le,n, and s. Another important
quantity to note is 7., which is the projection of the total angular momentum onto the z-
axis, and falls within a range of values between —j and j, i.e. j, € {—j,—j+1,...,5—1,7}.
For example, if j = 2, then j, = {—2,1,0,1,2}.

Electrons and holes are both spin 3 1 particles, ie. s = % In a QD, electrons in the
lowest energy state of the CB behaves hke an s-shell orbital in an atom. In this case, both
Le h = 0'2 and Lband = 0. Remember, we are only limiting ourselves to the lowest energy
state because, as mentioned in section 2.2.1 in ref [56], one electron-hole palr are allowed
inside the QD. In this lowest energy state, J = S and as a result j = s = and 1. = j:1
However, remember that in the QD we have a pair of electrons and holes When the
electron is excited into the CB, it leaves behind a hole. The electron will sit in the lowest
energy state in the CB, but to minimize the energy difference between them, the hole must
occupy a higher energy level in the VB. This results in the hole exhibiting p-orbital like
behaviour. Because of this, the total angular momentum of this state has to involve the

band momentum, resulting in the total angular momentum J= iband+é In this instance,

lbana = 1, s = %, J= {’lb(md + 8\ |lband - 8\} = {2, 2} and j, = {{——7 —§, éy 3} {—57 5}}
for holes and electrons respectlvely [60, 61]. Notlce that holes can take on two different
values of angular momentum: j = = and j = 35, which are referred to heavy holes (hh) and

(lh) respectively. If we analyze the band structure of the QD, we can see a separation of
these energy bands in the presence of uni-axial strain as a function of the wavevectors k

12This is true for electrons in the s-shell of the CB and holes in the p-shell of the VB because these are
the lowest energy states allowed.
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and k|, where k is the wavevector of the unit cell of the QD and % is perpendicular to the
axis of strain.

E E
C-band C-band
Eg Eg
BN k k
! g Ahh-lhr A
A, Ih hh A hh
f SO \
"lh
/ N\
e | Yo

Figure 2.4: Here is the band structure for the CB and VB of a QD. The curve associated
with the CB corresponds to the energy of the electron with j = % In the VB, the holes
are separated into three regimes: j = %, . = :I:% for heavy holes, j = %, J. = :I:% for light
holes, and j = % for the lower energy state. The heavy holes and light holes are separated
by Ann_in. Notice in both figures that the heavy holes and light holes “bend” at different
rates, which is because of the spin-orbit coupling, denoted by Ago.

Because we will be focusing on the lowest energy state, whenever the term holes are used
from here on the will refer to the heavy holes, as they are the necessary component to
produce the entangled photons. The reason for this is that for a photon to be emitted, it
has to carry some momentum. The recombination of an electron with j = % and a hole
with 7 = % will have some residual angular momentum. Due to the conservation of angular
momentum, this residual angular momentum is not allowed. Thus, a photon is emitted
containing this residual angular momentum. Therefor, the optical selection rules are such
that

Aj =1, Aj, = +1, As = 0. (2.6)
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For left circularly polarized (LCP) light, Aj, = +1, and for right circularly polarized
(RCP) light, Aj, = —1.

Thus far, we have only touched on the exciton as the quasi-particle which can form
inside the QD energy band structure when an excitation event occurs. However, due to the
Pauli-exclusion principal, since these particles are fermions, two can occupy their respective
states at a time given they have opposite spins. This phenomenon creates another, higher
energy quasi-article known as the biexciton and is integral for photon pair generation.
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Figure 2.5: The biexciton-exciton (XX-X) cascade. Electron-hole pairs with their respec-
tive angular momentum recombine to emit either LCP or RCP, depending on their value
of Aj,. To create the entangled pair, the XX must fully decay into the ground state.

The QD can generate entangled photons through a process known as the biexciton-
exciton (XX-X) cascade. It begins when two electrons of opposite spins are excited into
the CB. what happens next can be one of two options: an electron-hole recombination can
exhibit Aj, = —1 followed by a Aj, = +1, emitting an RCP photon followed by an LCP
photon, and vice versa. These are the only two options available for the XX and the X,
meaning that when the XX photon is emitted and measured to be either LCP or RCP, we
know with certainty the polarization of the other, thus the pair of photons are entangled.
This entangled state is known as the |®T) state, and is one of the maximally entangled
Bell states, as seen in equation 2.7.
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In the next section, we will explore the consequences of strain and it’s effects on the
energy band structure of the QD. Strain is an often unavoidable consequence of growing
these QDs because of the lattice mismatching which occurs to form the islands necessary
for the QD. This strain causes some deviations in the emission spectrum of the QD in the
form of an energy splitting in the exciton. This energy splitting causes the ideal, time-
independent Bell state to oscillate in time. This oscillating state is still entangled, and will
be explored further in chapter 3.

2.2.3 Fine Structure Splitting

Throughout the previous sections, it was assumed that the QD was perfectly symmetrical
in the radial direction. This perfect symmetry was necessary to obtain the energy level
structure of the XX-X cascade shown in figure 2.5. However, this ideal situation can never
be realized as slight deviations from the perfect symmetry are almost always present. This
deviation, such as an elliptical shaped QD, can result in asymmetric radial confinement of
charge carriers [62, 63, (4].

The asymmetry lifts the degeneracy of the two exciton states, meaning they are no
longer at the same energy. The amount at which they are lifted, ¢, is known as the fine
structure splitting. The energy difference causes a phase accumulation proportional to §
and the time between the biexciton and exciton recombination, 7. Taking these two factors
into account, the new state in the presence of fine structure splitting is now

‘é+> - %(\HH) + TR VYY) (2.8)

where ’ti>+> is the time dependent version of the Bell state |®T). By expanding into the

circular basis, we can see an interesting behaviour,

‘&)*> \/_(\RL> + |LR>)COS(22> — %(|RR> + ]LL))isin(g—;;). (2.9)

If we analyze the equation, we can see there are some oscillatory terms, cos(g;) and

zsm(gg) What these oscillating terms do is cause an oscillation between the two bell
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states |®T) and |[UT)!3 [65].
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Figure 2.6: The XX-X cascade with a non-zero fine structure splitting. Depending on the
basis you are observing, two different behaviours can be observed: in the linear basis, fine
structure splitting presents itself as an energy difference which is proportional to § between
exciton states. In the circular basis, it presents itself as oscillating between two Bell states
|®F) and [¥T).

Typically, the fine structure splitting is an unwanted property for these QDs as it is
known to degrade the degree of entanglement of the emitted photons because they provide a
“which path” information [66, 67, 68]. However, in chapter 3 we will explore that, with fast
enough detection equipment, it is possible to resolve the oscillating state in time. Resolving
the state in time with fast detection equipment allows us to accurately reconstruct the
density matrix of the state and mitigates the fine structure splitting’s degradation of the
entanglement fidelity. As evidence will show, the source in the presence of fine structure
splitting still exhibit high degrees of entanglement consistent with state-of-the-art sources
currently being tested today.

2.2.4 Nanowire Quantum Dots

So far we have only referred to the source as a nanowire quantum dot, without explaining
what it is other than the generic properties of a QD. The nanowire is not part of the QD,
i.e. it does not aid in the generation of photons. The nanowire itself acts as an aid in

13See section 1.3.2 for reference
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photon collection. In this section, we will explore how the nanowire achieves this and the
advantages of the nanowire environment over bulk QDs.

Photonic nanowire structures are cylindrical or hexagonal wires which can be fabricated
from the bottom-up. This bottom up process is deterministic, meaning we can choose where
inside the wire we want to place the QD. The structure has a wide base which tapers as
you travel along the height of the wire after the QD has been placed. This taper allows for
the enhanced directional coupling in the direction of the growth of the wire. This taper
also results in the adiabatic expansion of the spatial mode of the strongly confined near
field light as it leaves through the tapered top. This adiabatic expansion creates a highly
directional Gaussian beam in the far field [69]'*. This structure is around several hundred
nanometres at the base. These nanowire structures have large collection efficiencies up to
72% [70]. These nanowires, however, suffer from low visibility, likely due to charge noise
of the nanowire, which can cause dephasing [1].

Growing a Nanowire

The nanowires are grown using a two-step growth process combining chemical beam epitaxy
(CBE) with trimethylindium (TMI) and PH3 and AsHj sources, and vapour-liquid-solid
(VLS) growth method [50]. The nanowires are grown using a patterned SiOp mask which
sits on top of the InP substrate, in which holes are etched into the SiO, to expose the
InP substrate. Next, gold (Au) is placed in these holes, which will act as the catalyst
for nanowire growth. This allows for the nanowires to be grown on predetermined posi-
tions. Next, TMI (indium source), and PH3 (phosphorus source) are added to the chamber
and the environment (temperature, pressure, vapour quantities) is kept at conditions to
promote VLS growth of pure wurtzite (WZ) nanowires [50]. This happens because of su-
persaturation of the Au droplet (direct flux) which diffuses onto the substrate, depositing
of vapour onto the sidewalls of the nanowire (direct sidewall flux), and indirect sidewall flux
caused by scattering of vapour off of the SiOy covering the InP substrate. To incorporate
the QD, a switching from PHj3 to Asz vapour is done for a short time, around 3 seconds
after 15 minutes of nanowire growth.

These bottom-up structures are generally polytypic, with alternating sections of zincblende
(ZB) and WZ crystal phases along the length of the nanowire [50]. This alternating crys-
tal phase cause stacking faults'®, which can cause background emission, i.e. multi-photon
emission, due to charges trapped in these stacking fault [50]. If these stacking faults occur

14See chapter 4 for an in-depth explanation of how structures like the nanowire interact with light.
15Stacking faults are two-dimensional (planar) defects in the stacking planes of the crystalline materials.
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in the vicinity of the QD, they can also contribute to charge noise, which can be a source
of spectral diffusion [71]. Thus, there has been an effort to ensure that the nanowire is
strictly one crystalline phase, which in the context of this thesis is WZ. WZ has a band
gap energy higher than the emission of the QD, meaning the light will not be absorbed
by the nanowire [53]. This allows for the nanowire structure to act as a dielectric media,
similar to that of the materials mentioned in chapter 4. The taper along the length of the
nanowire is a result of the finite diffusion length of the indium on the nanowire sidewall,
which, based on the results from reference [72], is about 1 pm. Nanowires longer than ~
0.5 pum are slightly tapered, while shorter ones are uniform [72].

1um

Figure 2.7: Scanning electron microscopy image of a tapered nanowire waveguide with
embedded quantum dot 200 nm from nanowire base. Taken from reference [2] and reused
under CC BY 4.0.
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The goal of exploring these sources is to obtain an on-demand entangled photon source,
shown in figure 2.8. The quality of these sources are determined by entanglement fidelity
and pair extraction efficiency, which depends on a myriad of aspects associated with ex-
perimental conditions (excitation scheme, charge traps in vicinity, F'SS, etc.) and internal
and external efficiencies of the source (light coupling out of the nanowire, blinking, etc.).
Deficiencies in these areas tend to limit the quality of the source, and the goal of this thesis
is to explore how we can improve the quality of NWQDs shown in figure 2.8 to push them
into the shaded on-demand region.
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Figure 2.8: Road map towards an on-demand entangled photon source.
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Chapter 3

Two Photon Excitation

Thus far we have referred to excitation as triggering events which, when performed, cause
electrons to jump from the VB to the CB, leaving behind holes. This excitation event
creates the XX-X cascade, making it possible to create the entangled photon pairs. There
are two ways to do this: electrically [73, 74] or optically [2, 37, 75]. Electrically exciting the
QD involves creating an electrical gate, such as a single electron pump or diode, to inject
the charges into the appropriate energy levels inside the QD. Optical methods of exciting
the QD involve using lasers tuned to the required wavelength or above the bandgap of the
material surrounding the QD, so the electrons in the VB can absorb the photons. The
energy absorbed from the photons causes the electrons to jump to the conduction band,
thus creating the XX or X. In this section, we will explore different optical methods used
to create the excitation event.

3.1 Excitation Schemes

There are a variety of optical methods we can use to drive excitation. These methods of
optical excitation were created with the objective of populating the lowest energy state
inside the QD, each with their benefits and drawbacks. These benefits and drawbacks
refer to the quality of emission we get from the source, as they directly impact how the QD
performs as a source of entangled photons'. Each excitation scheme uses a different optical
transition within the QD when exciting charge carriers. In this section, I will describe each

IThis refers to section 2.1 for properties of entangled photon sources.
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excitation scheme and how it populates the QD with charge carriers and its impact on the
quality of the QD emission.

To begin, we first need to distinguish between the types of excitation schemes, ideally
the differences between “non-resonant,” and “resonant” excitation schemes. Early work
focused on non-resonant excitation schemes because of the ease of implementation of the
method. The method involves generating charge carriers in the materials surrounding the
NWQD (i.e. the nanowire) to relax via phonons into the s-shell of the NWQD to initiate

the radiative recombination process [1]. Furthermore, these charge carriers generated using
this scheme act via carrier-carrier scattering processes can act as sources of decoherence
for subsequently emitted photons [1]. Ultimately, there are limitations placed on the indis-

tinguishability of the photons produced by this excitation scheme due to the non-radiative
relaxation processes charge carriers undergo before relaxing into the QD. This causes un-
certainty in the emission process, increasing the emission timing jitter, which is a limiting
factor for the aforementioned indistinguishability.

Resonant excitation schemes, however, address the radiative excitation levels (XX and
X energy levels) of the NWQD directly. This scheme bypasses the need for charge carriers
to be created inside the nanowire, thus eliminating a factor of dephasing. This method also
allows for the generation of the XX and X states necessary for QIP applications mentioned
in chapter 1.

3.1.1 Above-Bandgap

The first excitation scheme I will discuss will be the above-bandgap excitation (ABE) tech-
nique. ABE involves exciting electrons/holes in the wurtzite InP nanowire. The bandgap
energy in the nanowire is higher than that of the QD, 1.49 eV, which would require a
shorter excitation wavelength than 830 nm. The electrons/holes created through ABE
need to make their way into the QD through interactions with lattice phonons. The elec-
trons/holes lose energy through these interactions as they decay into the s-shell of the QD.
To ensure the QD s-shell is always populated with a XX, repeated excitations are used to
create the flow of charge carriers into the QD. Because of the abundance of charge carriers
in the nanowire, relatively low excitation power is needed to populate the XX state in the
QD compared to that of other excitation schemes, making it simpler to implement than
other excitation schemes. Also, because the defects are dispersed randomly throughout
the nanowire, there is no consistency in the energy levels of the charge carriers created.
This allows us to use a wider bandwidth laser to excite as many charge carriers as possible
to maximize the probability of XX state population, meaning there is no need for pulse
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shaping techniques?.

Although ABE is simpler than other excitation methods, one might believe this to
be the ideal excitation scheme to use to excite the QD. However, the simplicity of this
scheme also plays into its biggest disadvantages. ABE excites the defects in the nanowire
to produce excess charge states in the nanowire. These excess charge states are physically
within the vicinity of the QD, electric field fluctuations. The electric field fluctuations cause
dephasing of the X spin with effective magnetic fields caused by electric fields through the
spin-orbit coupling that can interact with the X spin [3]. In addition to entanglement
degradation, these charge fluctuations also cause broadening of the emission wavelengths
[76], which decreases indistinguishability [77, 78], and the increased probability of multi-
photon emission.

An extra emission line (shown in figure 3.1) can be seen at wavelengths close to the
XX and X. This is known as charged excitons, or trions (denoted as X~ or X 1), and are a
result of extra charge carriers present during the X decay to the ground state. This occurs
due to the excess of charge carriers from the ABE scheme and are created when either an
electron (hole) decays into the X state after the XX has emitted. Either negative (positive)
trions, X~ (X™1), are created depending on whether an electron (hole) is present.

With all of these downsides, ABE is not considered the ideal excitation scheme to
produce entangled photon pairs with properties that correspond to the wish list established
in section 2.1. However, ABE does have its advantages. For example, because of the low
excitation power, this scheme can be used to identify bright QDs in sample arrays due to
the higher probability of exciting charge carriers in the nanowire.

2See section 3.2.3 for pulse shaping techniques.
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Above Bandgap Excitation (830 nm)
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Figure 3.1: Emission spectrum of NWQD under above band excitation. Reused from
reference [3], copyright 2019 by American Chemical Society (see Copyright Permission
Forms 5).

3.1.2 Quasi-Resonant

The second method of excitation is called quasi-resonant excitation (QRE). Like ABE,
which excites defect states in the nanowire and allows them to decay into the QD, QRE
excites some donor/acceptor states in the nanowire and fills excess donor/acceptor states,
causing increased stability in the electrical environment [3]. However, these charges can
decay directly into the QD, as opposed to the ABE scheme where there is a “longer path”
for charge carriers to reach the QD. These donor/acceptor states are closer in energy to
the XX state in the QD, meaning that there will be less excess charges around the QD.
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Being closer in energy to the QD, the wavelength used to excite the nanowire is longer,
around 870 nm. At this wavelength, charge carriers are excited below the bandgap of the
nanowire, greatly decreasing the number of charge carriers present around the QD. This
decrease in charge carriers results in an environment which has higher electrical stability
than that of the ABE scheme, potentially increasing photon indistinguishability. Less
charge carriers also reduce the probability of re-excitation; re-exciting the XX state before
the X state can decay to the ground state. Re-excitation results in multi-photon emission,
which is undesirable for a single photon source.

With less free charge carriers, we see that the X~ trion emission is suppressed from the
results of figures 3.1 to 3.2. However, the X trion emission has increased, compared to
that of the ABE scheme. An increase in the ratio of the XX-X emission compared to that
of the X~ and X7, indicating an increase in performance using QRE. However, despite
the improvements, QRE still experiences some dephasing due to the excess charges in the
environment, as seen by the presence of X~ and X trions, as well as some multi-photon
emission.
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Quasi-resonant Excitation (870 nm)
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Figure 3.2: Emission spectrum of NWQD under quasi-resonant excitation at a laser power
of 0.25 W

3.1.3 Two-photon Resonant

Two-photon resonant excitation (TPRE), is an excitation technique which populates the
XX state directly. The name, two-photon resonant excitation, follows from the absorption
of two photons to populate the XX state directly, without the generation of free charges
in the nanowire. The direct population of the XX state does not require those free charges
to decay into the XX state, as they do with QRE and ABE [3]. It is for this reason
that the emitted photons using this technique are of higher quality, exhibiting higher
indistinguishability and single photon purity [1].
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Figure 3.3: Visual representation of the TPRE process. Two photons are needed to reach
the XX state due to conservation of angular momentum. The virtual intermediate level,
depicted by a dashed blue line, represents the energy of one of the photons in this process.

The reason for the two photon absorption as opposed to a single photon of the appro-
priate energy is because of the optical selection rules, which states that the XX state has
j. = 0 and the photons have j, = +1. therefore, to directly populate the XX state, the
laser pulse (which contains two photons) should be linearly polarized. This will satisfy the
requirements of the photons being in a superposition of |L) and |R), having j, = +1 and
7. = —1, respectively.

To fully understand the dynamics of TPRE, it’s important to start from first principles,
starting with the Hamiltonian of the form:

1 (1)
2

h&2 (t
= —;( >(O-H,X+O-;X)+

H (oxxx+ U},XX) +hox x(Ax —Axx) —2hoxx xxAxx

(3.1)

where €;(t) is the Rabi frequency of the driving field to either the XX or X state, 0;; =
|i) (j| are transition operators from one state to another, Ay is the wavelength difference
between the driving field and the X state, and Axx is the wavelength difference between
the driving field and the X X state [79]. If we perfectly couple to the XX state, making
Axx = 0, the equation simplifies to:
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hQ(t) hQ(t)
= — L (ogx + o)) + =

H

(UX,XX+U;(7XX) + hox xAx (3.2)

where 4 (t) = Qy(t) = Q(t) for the two-photon absorption condition [(1].

When the driving field is slightly off of resonance, there can be coupling of carriers to
acoustic phonons, which can be a source of dephasing [30]. Because of the presence of
phonons and their influence on the energy levels of the QD, the probability of populating
the XX state is dependent on temperature. As temperature increases, the amount of
phonons in the crystalline structure also increases, and thus decreases the probability of
populating the XX state. The strength of phonon-carrier coupling is also dependent on the
field intensity. For field intensities higher than Q(¢) > 7, the probability of populating the
XX state is decreased [30]. However, with the extra energy present in the system, states
are created around the QD s-shell which can also populate the XX state. This process is an
incoherent process called phonon-assisted two-photon excitation (PATPRE), and can also
be used to populate the XX state, and gets better with stronger phonon-carrier coupling
[81]. However, in this work, we will only focus on TPRE. True TPRE requires temperature
control of the QD environment, as well as maintaining a field intensity of Q(¢) = 7. This
will ensure maximum probability of populating the XX state, while providing high quality
photons which are indistinguishable, pure, and on-demand.
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Resonant Excitation (894 nm)
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Figure 3.4: Emission spectrum of NWQD under two-photon resonant excitation. One can
see an elimination of the X' and large suppression of the X~ compared to that of the
quasi-resonant scheme. The peaks between the X and XX is laser leakage, which was
unable to be filtered before entering the spectrometer.

3.2 Experimental Setup for Resonant Excitation

With the theory behind TPRE explained, the next step is to translate this theory into prac-
tice with equipment available to us in an optics lab setting. The key is understanding how
these pieces of equipment work and to use that knowledge to achieve some desired func-
tionality in some section of the experiment. To begin, we first need to list the components
we have, starting with the source, followed by passive optical components.
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3.2.1 Pulsed Laser Source

The laser which is used in the tomography setup is the Mira900p, which converts a
continuous-wave (CW) laser into picosecond laser pulses using a cavity. The continu-
ous wave laser enters the Mira900p, where a number of mirrors direct the light through
the cavity and gain medium. The light is then reflected into the cavity, through the gain
medium, where it can interfere with incoming CW light. The interference creates a stand-
ing wave inside the cavity. By adjusting the position of key mirrors inside the cavity, a
sech? shaped pulse can be constructed®. The pulsed light is then focused using the gain
medium, which is a Titanium-Sapphire crystal, by means of the Kerr-effect. The Kerr-
effect refers to the non-linear property of some media which interacts differently to light
of varying intensities. The Kerr-effect in this instance focuses light of higher intensity to
a smaller spot-size than light of lower intensity. The result is that the pulses — which are
created through constructive interference — are of higher intensity and are therefore focused
to a smaller spot-size than the less intense CW laser. At the output of the Mira900p is
a slit in which both the horizontal position and width of the opening can be adjusted.
By positioning the slit at the centre of the beam and opening it to about half the beam
diameter, we can ensure that only the pulsed portion of the beam exits the Mira900p.

3 According to the Mira900p manual, auto-correlation traces for Mira Optima pulses suggest that the
pulses are best described by a sech? function.
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Figure 3.5: Cross-section of Mirs900p slit apparatus under operation. The slit opened as
to block the larger diameter CW beam and allow the pulsed beam to pass through.

3.2.2 Passive Components

With the source established, next we will discuss the passive components needed to perform
quantum state tomography — a method of reconstructing the density matrix of the source®.
As we build upon the theory of these components, it will become clear as to why we use
them, how they affect photons, and how they fit into the overall setup for reconstructing
the density matrix.

Beam splitter

The first component which will be discussed is the beam splitter. Beam splitters consist of
two triangular prisms, made from either glass or plastic, glued together at their base. The
interface, which is responsible for transmitting/reflecting the incoming light, can be coated
with either resin (which is used to glue the two prisms together) or a partially transparent
coating of metal.

4Tomography will be fully explained in section 3.3.
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Figure 3.6: Schematic of a beam splitter. Incoming light (1) enters the splitter and is
both transmitted (2) and reflected (3). The amount of light that is transmitted /reflected
depends on the splitting ratio. For example, a 50:50 beam splitter will transmit/reflect
equal amounts of light.

Mathematically, beam splitters can be described by analyzing what happens as an
electric field interacts with it, i.e., how the beam splitter transmits/reflects the light. To
start, it’s useful to represent the electric field and beam splitter in matrix form.

Ec Tac tbc Ea
E,. = = 3.3
' {Ed:| |:tad r bd] [EJ (3:3)
where the elements of the 2x2 matrix represent the transmitted/reflected components of
the transfer matrix for the beam splitter, £, and E, represent the components of the
input field, and E. and FE; represent the components of the output field. Following the

conservation of energy, and assuming the beam splitter is lossless, the magnitude of the
input field components equal the magnitude of the output field components, i.e.

|Eel* + |Eal* = | Ea|” + | Eb|*. (3.4)

If we focus the input field to one port of the beam splitter, i.e. E, = 0, this implies

|74ar:|2 + |tad|2 =1 (3.5)
and when F, = 0 implies
]rbd]2 =+ ’tbc|2 =1. (36)
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If we expand this to include results when both E, and Ej are non-zero, we have

Faclly + tagrly = 0 (3.7)

where 74, = |Tqc|e?®ee. By re-writing the previous equations in this manner, we have

|ra6||tb0|€i(¢ac_¢b6) + |tad||de|€i(¢ad_¢bd) = 0. (3.8)

For this to be true, ¢oq— Gpqg+ Gpe — Pae = m. With constraints on the phase and magnitudes
of the fields, we can re-write |r4.| = |rea| = R and |taq| = [the] = T, and thus the transfer
matrix for the beam splitter becomes

|:Reid)ﬂ£ Teid)bc :|

TeiPad  ReiPbd (3‘9>

Finally, we want to express the beamsplitter in a form which usefully describes the
output magnitude and phase; to allow us to relate both the transmission/reflection ratio
and the induced phase change the beam splitter has on the light. Particularly, we want
a relationship between R and T which satisfies R? + T2 = 1. If we define T' = cos(6),
R =sin(#), and § = tan~!(R/T), and substitute the phase parameters ¢ = %(%d — Obe),
Or = %(gzﬁac — Ppa+7), and pg = %(qbad—l—gzﬁbc) the full expression of the beam splitter transfer
matrix [$2] becomes

sin(f)e’*r  cos(f)e 0T } (3.10)

BS(97 ¢0a ¢T7 QbR) = ei¢0 |:COS(6)€i¢T _ Sin(e)e—i¢R

If weset 0 = § and ¢y = ¢ = ¢r = 0, we get a 50:50 beam splitter with the transformation
matrix being

s 111 1

BS(— = — A1

S0 =1 @)
and if = T and ¢9 = 5, op = —F, and ¢r = 0, we have
T s 111 4

BS(-=,=,0,——) = —|. . 12

SG 50D =751 1 (3.12)
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Other representations of beam splitters can be written by expressing them as other
versions of unitary groups. One such example is the SU(2) group, in which the general
expression for the beam splitter can be written as

B5(0,9) = e‘ggzgz)w) _ecij))ss(ig)(e) (3.13)

where, in this instance, ¢ is some general phase.

Beam splitters can also be polarization dependent. This dependence manifests itself
by selecting either |H) or |V) polarized light and deterministically sending them through
different ports of the beam splitter. For example, if a beam containing equal portions |H)
or |V) polarized light, the beam splitter represented in figure 3.6 will transmit |H) and
reflect |V), i.e. sending |H) through port 2 and |V) through port 3.

Half Waveplate

Half waveplates (HWP) are used to change the polarization of light from one linear po-
larization to another or from one circular polarization to another. It does this by means
of birefringence. Birefringence is a property of some materials which splits light rays into
“ordinary” and “extraordinary” (parallel and perpendicular) rays, which are orthogonal to
each other.
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Figure 3.7: Incoming unpolarized passing through a birefringent material and being de-
composed into its orthogonal components. Figure by Mikael Haggstrom, licensed under
CC BY 4.0.

This implies that this material has different refractive indices for different polarizations.
Polarizations which experience a smaller refractive index are known as “fast rays” and
polarizations which experience a larger refractive index are “slow rays.” Waveplates are
constructed from this birefringent material, with a “fast axis” and “slow axis.” This refers to
the refractive index light will observe when passing through the waveplate. Light oriented
along the slow axis will experience a higher refractive index, and therefore experience more
polarization shifting.
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Optical axis

Figure 3.8: Schematic of a half waveplate. As light polarized along the red axis passes
through the birefringent crystal, until upon exiting, where the polarization has been
changed by 90°. Figure by Bob Mellish, licensed under CC BY 4.0.

This is a unitary transformation, meaning it’s lossless, and the magnitude of the vector
is maintained along the Bloch sphere. The unitary matrix representing the effect a half
waveplate has on the state is

Unert = [~ g

where 6 is the angle of the waveplate with respect to the vertical axis [33]. Half waveplates

alone do not possess the ability to reach everywhere on the Bloch sphere, thus another
device is needed.

Quarter Waveplate

Quarter waveplates (QWP) are used to change the polarization of light from linear to
circular and vice versa. It works on the same principle as half waveplates: birefringence,
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and fast and slow axis, but also inducing a phase shift. This action is also unitary and has
a matrix of the form

1 |i—cos(20)  sin(20)

Uqwp(0) = E sin(20) i+ cos(26)

(3.15)

where 0 is the angle of the waveplate with respect to the vertical axis [33]. Cascading the
HWQ with the QWP allows access to anywhere on the Bloch sphere.

Polarizer

Polarizers are used to transmit light of a particular polarization, while suppressing /reflecting
light of other polarizations. Polarizing filters used in the experiment are a circular disk
with a nanoparticle linear film deposited on it. There are transmission axes placed on the
film, indicating the orientation needed to pass |H) polarized light. When the |H) light is
aligned with the transmission axis, only |H) polarized light will pass through and all other
light will be suppressed.

3.2.3 Resonant Excitation Scheme using a 4-f Pulse Shaper

To perform TPRE, a narrow band of pulsed light must be sent to the QD to maximize
the likelihood of populating the XX state. How this narrow band of light is created is
by sending pulsed light, which consists of a higher bandwidth than needed, through a 4-f
pulse shaper.
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Figure 3.9: Schematic of a half 4-f pulse shaper. Light exits the Mira900p with some broad
bandwidth. It is then directed to a grating which separates the light in space, depending
on the wavelength; it decomposes the light into its individual spectral components. The
light is then collimated and sent through a slit, which physically blocks some light from
getting through. From this, the slit allows for the selecting of a narrow band of light, which
is then focused back onto the grating and sent to the NWQD.

The narrow band of light must be less than the XX binding energy, AEj, to avoid exciting
the X state directly. The laser is tuned to about half the average wavelength of the XX and
X photons, as indicated by the blue dotted line in figure 3.3. The FWHM of the linewidth
of the pulsed laser directly out of the Mira900p was found to be about 0.41 nm, which
means that it is too large to be used in the TPRE setup.

To decrease the bandwidth of the pulse from the Mira900p, a 4-f pulse shaper is used.
The 4-f pulse shaper consists of a Newport 10HG1200-800-1 reflection grating to separate
the light into its frequency components in space. A Thorlabs LLA1417-B lens is placed at
a focal length distance of 15 cm from the grating, which is also mounted on transnational
stages for fine adjustments. The first lens focuses the split light on a Newport SV-0.5
adjustable width slit which it can then select small bandwidths of light, which has been
separated by the grating. With the narrow bandwidth of about 0.07 nm selected, the second
lens focuses the light onto the second reflection grating, recombining the beam, where it is
then sent to the NWQD. The gratings are placed at exactly the same distance from their
respective lenses, and are oriented at the same angle to reduce chirp®, which reduces the
population efficiency of the XX state [¢4]. The narrow pulse will now fit between the XX
and X emission lines without leaking into them.

S5Chirp is the linear increase/decrease in frequency with time.

60



Spectrum of Raw and Shaped Excitation Pulses
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Figure 3.10: Spectrum of the raw pulse coming from the Mira900p and the shaped pulse
exiting the 4-f pulse shaper. One can see an immediate reduction in the bandwidth of the
shaped pulse. Both pulses have been normalized to the same value for clarity.

3.3 Tomography Using Free Space Optics and Single
Photon Detectors

Tomography is a technique used to reconstruct the density matrix of a source. The goal is
to determine the state of the emitted photons by projecting them onto different orthogonal
states on the Poincaré sphere. The methods which are used to determine the form of the
density matrix are found in [33]. The formulation of the density matrix uses measurements,
combined with a “likelihood function” and standard optimization techniques, to find an
optimum set of variables to best describe the most likely physical density matrix. In other
words, the raw measurements are used to reconstruct a density matrix, then optimization
techniques find parameters for which the likelihood function is maximized. This will return
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a density matrix which is physically possible® and best represents the quantum state.

The density matrix can be constructed from some general matrix T'(¢):

t 0 0 0
| s it ty 0 0
T = ity trtits  t5 0 (3.16)

where t = t; are a set of 16 real parameters, where 15 of them are independent. From these
parameters, the density matrix can be written as

o THOT()
P = T ) (3.17)

However, it is still unclear HOW we find these parameters in an experimental setting. To
see how this is done, we need to understand how the measurements are done.

The setup for the TPRE experiment can be found in figure 3.11.

6See 1.3.1 for properties of the density matrix.
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Figure 3.11: Schematic of the TPRE setup. Light emitted from the Mira900p is fed
through a 4-f pulse shaper, where a narrow band of light is selected. It is then sent to the
NWQD, which is held inside an AttoDry 900 cryostat, holding a constant temperature of
about 4K. The NWQD emits a XX and X photon, which are sent through 3 notch filters
to eliminate the laser. The XX and X are then separated in space using a transmission
grating and directed to different paths via a prism. the photons are then sent through a
HWP, QWP, and H-oriented polarizer, where it is then coupled to fibre and sent to the
detection systems.

It can be shown that by applying the unitaries from the HWP and QWP to the state |},
we get

Unwr(0)Ugwr(8) ) = a(0, ¢) |H) + b0, ¢) [V) (3.18)

where a and b are complex valued functions of § and ¢. In this instance, § and ¢ allow
us to project onto any reference linear polarization state, i.e. |H), which will match the
orientation of the polarizer. After calibrating both the HWP and QWP to only pass |H)
polarized light, it can be shown that for certain values of § and ¢, we can project |H)
polarized light onto any of the states defined in section 1.2.1.

To ensure the swift and smooth rotation of the HWP and QWP, Zaber X-RSW60A rotary
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DA

H)y 0 0
V) 450 0°
D) 22.5° -45°
|A) -22.5° -45°
|R) 0> -45°
L) -22.5°  0°

Table 3.1: Set of angles for each single-qubit projection measurement, where 6 and ¢
represent the angles of the HWP and QWP, respectively.

stages were used. These stages are fully programmable and can integrate with Python
packages from a desktop computer. The HWP was a Casix WPA1215-)\/2, the QWP was
a Casix WPA1215-)\/4, and the polarizer was a LPNIRE100-B.

3.3.1 Single-photon Avalanche Diode Detectors

With the free space optics established, the final aspect of completing a TPRE experiment
is the detection system. Detection systems are used to detect photons, in conjunction
with correlation electronics to determine the photon statistics. In conjunction with the
passive optics used to project photons onto the different orthogonal states and passing them
through a polarizer, there are statistics which the entangled photons should follow. These
statistics govern whether a photon, and its entangled counterpart, should be measured
and, due to the XX and X lifetimes, should be correlated in time.

One of the devices we use to detect these photons is the single-photon avalanche diode
detector, or SPAD. SPADs are a type of photodetector” where a high reverse bias voltage is
applied. This high reverse bias voltage exceeds the breakdown voltage of the p-n junction,
causing any charge carriers injected into the depletion layer (from absorbing a photon) to
trigger a self-sustaining avalanche. This response is known as an avalanche current®. When
an avalanche current is detected, the SPAD must be reset back to operation conditions

"A p-n junction that can be illuminated by EM radiation.

8 Avalanche current is an electric current multiplication effect which can allow for large currents to be
generated, typically in insulators or semiconductors. Like the name suggests, it can start out small and
gain current as time progresses. In SPADs, this allows for small currents created by single photons via the
photoelectric effect to generate larger currents which can be measured using conventional, albeit sensitive,
measurement devices.
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through the use of a quenching circuit. Once the SPAD is reset, it is ready to detect
another photon.

The detection systems are not perfect in how they count photons. There are physical
restraints to these systems which limit their accuracy, thus creating a physical limit to the
photon statistics of the NWQD which can be inferred from the SPADs. These limitations
are linked to the physical properties of the physics of the device, which are:

e Timing jitter — Fluctuations of the temporal correlation between photon detection
and the generation of the output signal. The FWHM of the timing jitter of the
detection system is 488 £ 1 ps.

e Dark counts — False detections from fluctuations in the detection system. These
occur when there is no light present, and occur at an average frequency of 34 + 18
and 306 + 51 Hz for each individual detector, respectively.

e Efficiency — The amount of loss for a detector. It is assumed that the efficiency of
both detectors are the same.

These SPADs, upon detecting a photon, send a signal to a PicoHarp300 time tagger, which
creates a histogram as a function of time delay between photon detection events. It works
by correlating the detected photon between two SPADs, with which the PicoHarp300 has
a timing resolution of 10 ps. This will allow us to determine the photon statistics of the
entangled photons from the source, which will then build the density matrix to determine
the degree of entanglement. However, due to the limitations of the SPADs, we are not
able to gain an accurate picture of the entanglement. Because the timing resolution is
comparable to the period of the FSS (T, = %’ = 1.26 ns), there is a blurring effect due
to phase averaging of the state [37]. This is because the oscillating state, which can be
represented as

1

V2

is a function of 7 and §, which is the time delay between the XX and X emission times
and the energy of the FSS, respectively. Larger timing resolutions (on the order of the
F'SS oscillation period, Ts) will result in an inability to distinguish the phase relationship
between |HH) and |VV), which is what causes the blurring effect. To construct a more
accurate representation of the time evolving state, we need detection devices with a timing
resolution much smaller than the FSS oscillation period [37].

) (|HH) +e% |VV)) (3.19)
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3.3.2 Superconducting Nanowire Single Photon Detectors

Superconducting Nanowire Single Photon Detectors (SNSPDs) are devices which are ex-
tremely efficient at detecting single photons. In contrast with their SPAD counterparts,
SNSPDs use the property of superconductivity to detect photons. This process is extremely
efficient, and allows for a more accurate reconstruction of the density matrix of the NWQD
source.

These detectors work by cooling a meandering nanowire film down to just below the
critical temperature’, at around 2.5 K. A bias current just below the critical current is
applied, so that when a photon is absorbed by the nanowire film, the superconductivity is
broken. This is due to the increase in temperature caused by the absorption of the photon.
This results in an extremely sensitive detection system, far exceeding that of the SPAD.

The SNSPDs used in this experiment were from Single Quantum, boasting the lowest
timing jitter, below 20 ps [37]. Due to the steady state of the detection system, the dark
counts can also be extremely low. Under optimal conditions, the dark counts can be as low
as 1 £ 1 Hz, which far exceeds the SPAD performance. This will reduce the probability of
a false detection event, assuring an accurate depiction of the sources’ emission.

3.4 Results

With the entire setup, from the NWQD source, excitation method, passive optics, and
detectors, the tomography setup is complete. We have fully explained how these building
blocks have come together, and are finally ready to perform the experiment. In this section,
an over-complete!® quantum state tomography was performed. This was to ensure that
the density matrix was reconstructed as accurate as possible. Through this over-complete
measurement, the instantaneous density matrix was reconstructed. The term instantaneous
refers to a very short time window, at around 50 ps.

The objective of the results are to determine the quality of the NWQD source, and how
the measurement apparatus affects the measured entanglement fidelity. The issues with
these results in the past is that there were the detection systems’ inability to resolve the
state of the emitted photons in time. There was significant blurring of the state due to the
large timing jitter and high dark count of the detectors [37, (1, 3]. In the following sections,

9Critical temperature refers to the temperature at which a material becomes a superconductor.
1036 different time-resolved coincidence measurements were performed, as opposed to the 16 explained
in section 3.3.
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we will explore the results and how they differ depending on the measurement devices used,
and that the FSS is not a limiting factor for LOQC protocols when the oscillating state
can be resolved in time [37].

3.4.1 Rabi Oscillations

Rabi oscillations arise from resonantly populating the excited state of a two-level system.
The population of the excited state is a function of pulse area, or power, of the excitation
pulse. As referenced in equation 3.2, for pulse powers greater than 7, the probability of
populating the excited state decreases. This becomes apparent when we treat the pulse
as a perturbation and solving for the eigenstates of a Hamiltonian associated with a small
dipole (hydrogen atom). This is a valid assumption because the pulse’s wavelength is much
larger than that of the size of the QD. The Hamiltonian has the form of

H = Hy+V(t) (3.20)

where V(t) = er - Egcos(wt) represents the external laser field interacting with the QD.
Solving for the eigenstates for a two-level system, we have a state that represents the
wave-function for a two-level system:

U(r,t) = ci(t)e ™ 1) + cp(t)e ™" |2) (3.21)

where ¢ (t) and cy(t) are time-dependent coefficients relating the probability of being in
either the ground/excited state, respectively. Plugging this state into the Schrédinger
equation and taking the inner product, we have a relationship between the time derivatives
of these coefficients and the transition:

icy(t) = M;;S(wﬂ (1] er - Eq|2) e (3.22)
ico(t) = L;S(“t) (2] er - B |1) e~ (3.23)

where the spherical symmetry of the hydrogen atom assumed earlier means that the di-
agonal terms of the matrix will be 0. If we define Q = Q,;; = @ is the “Rabi
frequency”.
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By rewriting the equations in the rotating frame, and neglecting the fast oscillating
terms'! allows us to simplify the differential equations to

0 )
i (t) = %e’m (3.24)
Doy
ico(t) = Tcle%t (3.25)

where A = w — wy where w is the frequency of the driving field and wy is the frequency
which is required to populate the excited state. Because of this, the term A is known
as the detuning parameter, and describes how far away from resonance the driving field
is. Finally, if we are assuming that time starts at ¢ = 0 and the state is originally in the
ground state, this allows us to describe, in time, the population of the excited state. In
other words,

0? V2 4+ A%
2 _ 2
lea(t)]” = 2 1 A in ( 5 ) (3.26)

thus fully explaining the oscillating behaviour of Rabi oscillations. Rabi oscillations are
crucial to determining whether we are resonantly driving the system, and therefore is an
important result from the experiment.

1 This is known as the Secular approximation, where the fast oscillating terms average out to 0, meaning
we can neglect the w + wg terms.

68



1.0
®
0.8 1 17\.
i P
o ¢
5067 ¢ \ AL
2 04d ¢ \CA
204 :
¥ g \
0.2 1 § — XX
X
0.0 1 1 1 1 1 1

0 n 27 3n 4n 57 67
Pulse area

Figure 3.12: Rabi oscillations measured as a function of pulse area (power).

As alluded to in equation 3.26 and section 3.1.3, the maximum population occurs at
the first 7 pulse and, due to increasing interactions with X-phonons, reduce the probability
of state population for pulse areas larger than 7 [85]. It becomes clear in figure 3.12 that
this is the case, as the population peaks at the m power and gradually decrease for odd 7-
integer, i.e., (2m+1)m, values of power. This confirms that the source is resonantly excited,
with differences between the population of the XX and X photons can be attributed to
loss in the system.

3.4.2 Single Photon Purity

Single photon purity is another property which describes the quality of a single photon
source. The applications which require single photon sources to be highly pure, such as
quantum key distribution, rely on only the desired qubits being sent, when you want to send
them. Multi-photon emission can lead to undesirable outcomes, such as eavesdropping,
which can steal information. Because TPRE excites the XX level directly, there are no
excess charges created around the QD inside the nanowire or at higher energies. Therefore,
there is a minimal chance of re-exciting the XX energy level under TPRE. To quantify the
single photon purity of the source, a Hanbury-Brown-Twiss (HBT) experiment was carried
out for both the XX and X photons.
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Figure 3.13: Measured XX and X HBT auto-correlation experiment as a function of time
delay, 7, under resonant excitation.

The HBT experiment correlates the incoming photons from an emission line (XX or X)
with subsequent photons as a function of time delay, 7. There should be one XX and one X
photon per excitation pulse, which is quantified by the ¢(® (7) measurement, as laid out in
section 2.1.3. The peaks are occurring at 7 = 13.2 ns intervals, which are from correlations
between photons from subsequent pulses, occurring every 13.2 ns. For no multi-photon
emission, the value of the ¢ (7 = 0) function should be 0, meaning that there are no
coincidence counts for a time delay of 0.

With the method for measuring multi-photon emission established, how does the data
portrayed in figure 3.13 translate into a value for ¢ (0)? To answer that, there must be
assumptions made about the measurement apparatus, with a slight modification made to
equation 2.1. The reason for this modification is that the data presented in figure 2.1.3 are
coincidence counts for a time-bin of a particular duration, meaning that there is no way to
resolve the number of photons detected. This means that there could be multiple photons
per detection event. To model this, the equation used is

e (n) = < ni(m)nz(m +n) >

< ny(m) >< ng(m) > (3:27)
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where n;(m) is the number of photons measured on detector ¢ from pulse m [36]. For this
to be true, there are a number of assumptions that need to be made. Firstly, the light
source is assumed to be stationary, i.e., a shift in m does not change the expectation values
in the numerator or denominator [36]. Second, the histogram peak areas are approximately
proportional to the numerator as long as the mean count rates are small compared with
the inverses of the relevant dead times'? [36]. For the SNSPDs, the dead time is 15 ns
(67 MHz), and the count rates were about 150 kHz, meaning this approximation holds.
Finally, to produce a ¢(®(0) value from the data, the area of the nearest neighbouring peaks
is compared to the area of the peaks at 7 = 0. This is proportional to the probability of
detecting a photon from pulse m + n, given that a photon was previously detected from
pulse m [36]. By performing this analysis using the data from figure 3.13, gg) 0) =
0.0055 £ 0.0003 and g%((o) = 0.0028 % 0.0003, which is an order of magnitude greater

than the QRE method, with ¢'ck (0) = 0.1 4 0.01 [3].

Figure 3.13 also a tapering in the height of the peaks as 7 increases. This provides
evidence of luminescence blinking in the QD [37]. Blinking is a phenomenon that refers
to some duty cycle in which the QD is optically active. This means that the QD can only
produce photons when it is “ON’. This is likely due to charges tunnelling into the QD and
being trapped in the ground state. This will result in the inability to create a XX photon
[87], which is referred to the QD being “OFF”. To return to the ON state, the charges
must tunnel out of the QD. This ON-OFF cycle, between the optically active and inactive
states of the QD) is what causes the probability of detecting photons at larger time delays
7 decreases. This is apparent when modelling the blinking as a telegraph ON-OFF. If we
define 3 as the probability of the QD being ON, we can write the ¢(® () as

1-6 _=
gD =141 (3.28)
6]
where le = T—lg + Tic, which represent the transition rate between the ground state being
occupied and filled by charges [37]. To maximize the probability of exciting the XX state,

blinking must be mitigated by neutralizing or preventing the charges from occupying the

QD.

12]s a property of the detector referring to the minimum possible time interval between two separate
detection events, defined by the time it takes for the detector to register an event and prepare for another.
All photons which arrive in this dead time interval are registered as a single event.
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3.4.3 Quantum State Tomography

Quantum state tomography (QST) will allow us to reconstruct the density matrix of the
source. To reconstruct the density matrix, methods from 3.3 are used, which involves
taking correlation measurements in 36 different polarization bases corresponding to all
possible pairs of combinations of the set of {H, V, D, A| R, L}. From this, we can extract
the concurrence and fidelity to quantify the entanglement, which are described in section
1.3.2.
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Figure 3.14: Projection measurements taken using the SNSPDs. a) In the linear basis, one
can see that the bulk of the initial coincidence counts are at time 7 = 0. The coincidence
counts also decrease exponentially in this basis. b) In the circular basis, the fine structure
can be seen in the oscillations of the coincidences, contained within the exponential decay-
ing envelope. The RL and RR states are out of phase by 7. c¢) Overlay of the difference
between the maximally entangled states, |®*) and |U") minus the minimally entangled
states, |®7) and |¥~). The red curve is the best fit of the circular basis projections to
some function cos(%) convolved with a Gaussian with a FWHM of 30ps to account for

the small amount of blurring from the timing jitter of the SNSPDs.

By analyzing the projections, information about the QD can be extrapolated. The
coincidence counts decrease exponentially as the exciton state is a stationary state of the
exchange Hamiltonian when FSS is present [37, 64]. We also see minimal counts in the HV
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basis, compared to the HH basis. This is expected, as the entangled state emitted from
the QD oscillates between is |¢)) = \%(]HH} + exp(“T) [VV)). In the circular basis, the
FSS can be observed by the presence of oscillations of the coincidences, contained within
the exponential decaying envelope. This oscillating behaviour is because of the oscillation
between the two Bell states, |®7) and |®7), predicted by equation 2.9. The FSS frequency
is determined by fitting the curve for the combined projections |RL)+|LR) — (|RR)+|LL))
(both Bell states) from figure 3.15 and extracting the oscillation period, which is determined
to be Ty = 1.26ns (780.0 + 1.0MHz).
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Figure 3.15: a) Maximum fidelity and fidelity to the |®*) (red), |®~) (blue), and |®~) after
unitary rotations to both photons (yellow). Because of the F'SS present, |¢)) = [¢(t)), where
|1(t)) describes the state at any given time ¢, which oscillates between |®*) and |®7). b)
The instantaneous density matrix reconstructed at 7 = Ons, and ¢) instantaneous density
matrix reconstructed at 7 = 0.625ns after applying unitary rotations to both photons to
more closely represent the ideal |®7).

The ensemble of the projection measurements taken can be compiled and analyzed to
construct the density matrix of the source. The density matrix contains all the information
that describes the source. Since we have coincidence counts over the entire emission lifetime
of the QD, we have a semi-continuous density matrix, p = p(7), where 7 is in 30 ps time
slices. This becomes evident when looking at figure 3.15, where two different density
matrices have been constructed at different times, 7 = 0 ns and 7 = 0.625 ns, were selected
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because they represent time slices where the photons correspond to both the |®*) and |®7)
respectively.

—— SPAD Simulation SNSPD Experiment
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Figure 3.16: a) Compilation of both the simulation and measured data for both SPAD and
SNSPD measurement systems, for the same NWQD source. One can immediately see the
improvements in concurrence due to the ability to resolve the oscillating state in time. b) A
measure of the percentage of coincidence counts, which is required for a TPRE experiment,
over the lifetime of the emission. Over 90% of the concurrences are measured before 2 ns,
which is why the concurrence curves become noisier as time progresses after this. This is
because the number of dark counts become comparable to the number of single photons
arriving at the detector, thus this random process becomes more dominant.

Finally, it is important to stress the difference between the results using the SPADs and
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SNSPDs. Figure 3.16 overlays both the theory and data for the SPADs and SNSPDs. For
the SPADs, the shape of the curve is much different than the SNSPDs. This is because of
the large timing jitter of the SPADs, resulting in detections before 7 < 0. As 7 increases,
there is a slow rise in concurrence as more coincidences are measured. The increase in
concurrence reaches a peak of C =80+3%. The concurrence then steadily declines until
it reaches a “flat” region where the detection response function has sampled the temporal
evolution of the entangled state [37]. The slow rise, low peak concurrence'®, and fall of the
concurrence is due to phase averaging. Conversely, there are no slow rise/fall regions in
the concurrence curve for the SNSPDs, which appear to peak instantaneously at 7 = 0 and
remain flat. We measured a peak concurrence (fidelity) of C =95.6+£0.7% (F =97.7+0.4%).
The lifetime-weighted values of concurrence (fidelity) for the SNSPDs are C =90.240.2%
(F =94.04:0.1%), which is far larger than the lifetime-weighted concurrence measurement
of C =50.840.2% collected using the SPADs. Thus, simply by changing the measurement
apparatus and excitation technique provides a better picture of the true quality of the
source, which has wider implications for the QD community.

However, with the SNSPD, there seems to be a larger discrepancy between the simula-
tion and data as opposed to the SPADs. The smaller measured peak concurrence could be
because of laser light used in the excitation scheme leaking into the emission lines of the
XX or X photons, causing correlations not associated with the QD emission. The lower
“flat” region also contains some oscillations, which occur at around the FSS period, were
not predicted in the model. The reason for this is unknown, but the likely cause is an error
in the projection measurements. This could occur due to small deviations in the waveplate
angles, which, when compounded with the increased resolution of the detection system,
are not averaged out into a flat region. This means that to obtain a perfectly flat curve
like in the model, near perfect projection precision is needed. We also note that the roll-off
region can be explained by spin-scattering of the X spin before recombination [37], which
was observed with the SNSPDs. It’s also worth noting that in the area where the roll-off
region occurs, that only 8% of the X photons are emitted after this point, meaning higher
uncertainty values are present.

With the improvement in entanglement fidelity from previous works, it has become
clear that NWQDs are a promising candidate for the title of “on-demand entangled photon
source.” This work has shown that these sources can provide “near unity” entangled pairs,
as shown on figure 3.17. However, there is still work to be done to improve the pair
extraction efficiency. One way to do this is to eliminate blinking. Blinking infers that,
due to the background n-doping of the nanowire, the s-shell of the QD is occupied for
some time, making the population of the XX levels impossible. There are two methods

BWith respect to the SNSPDs.
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to mitigate this issue: 1) place gates around the nanowire to pull charges away from the
QD [12], and 2) two-colour excitation. Two-colour excitation refers to using lasers of two
different wavelengths to excite different transitions. For example, with one laser tuned to
the XX level and another tuned to some energy transition from the XX to an available
level in the conduction band, the XX level can be emptied before direct population [35].
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Figure 3.17: Road map towards an on-demand entangled photon source, with the results
from this thesis juxtaposed with results from previous works.
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Chapter 4

Photonic Integrated Circuits

Photonic integrated circuits (PICs) are a promising technology that aims to encapsulate
the complex and bulky world of free space optics and condense it into a smaller footprint.
PICs are analogous to their analogue counterparts, the MOSFET chip used in today’s
computers, but instead of using electrons to control information flow, processing, and stor-
age, they use light. Because of the different information carriers, methods of manipulating
that information has to change. However, despite this difference, there are components
that both mimic the information manipulation and go beyond; harnessing the wave-like
behaviour of light to create superposition and interference.

One of the main advantages of PIC technology today is the CMOS manufacturing
process. This allows for the use of foundries to mass produce chips in a relatively short
period of time. The current state-of-the-art foundries, Advanced Micro Foundry (AMF),
and Applied Nanotools Inc (ANT), are capable of fast turnarounds, producing and shipping
hundreds of chips within months.

The current state of PIC technology is underdeveloped because of the material com-
monly used to manufacture them: silicon. Silicon is easy to work with because of its
compatibility with CMOS technology. Silicon also supports light at C and O band telecom
wavelengths. However, silicon does not support wavelengths which many QDs emit. The
NWQD studied in this thesis emits at around 894 nm, and silicon’s transparency window
is 1.1 pum to 3.7 um, meaning it will absorb all light outside this range. This chapter will
explore a material which does support light at the desired wavelength, and the associated
components needed to perform rudimentary QIP operations.
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4.1 Confinement in Dielectric Media

Confinement refers to the ability of some dielectric media to constrain light in certain
directions. A great example of this is fibre optic cables. Fibre optic cables operate on the
principal of total internal reflection. The condition for total internal reflection depends
on the refractive indices of the respective materials. For an in-depth visual explanation,
please see figure 4.1.

total reflection

Figure 4.1: Visual representation of total internal reflection at the surface of two transpar-
ent media with two different indices of refraction, n; and n, where ny > no. Light travels
through medium 1 at some angle 6; and strikes the interface of the two media. If the angle
of incidence is less than the critical angle, 6., light will propagate into medium 2 at some
angle 0, where 6, > ;. As 0; increases towards 0., 05 will increase until 6, = .. It is at
this point, where 6; > 0., that light in medium 1 will be reflected at the interface of the
two media and will never propagate into media 2, meeting the criteria for total internal
reflection. Figure by Gavin R Putland, licensed under CC BY 4.0.

Confinement is a property which, when utilized, can be used to route light in dielectric
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semiconductor waveguides'. For this to work, the light being confined has to have a
greater wavelength than the bandgap of the material. This ensures that the light is not
absorbed and can propagate through the material. This concept of light seeing a material
as transparent is known as the “transparency window”, and is an important property in
designing PICs around a source which emits single photons of a specific wavelength.

4.1.1 Electromagnetic Waves in Dielectric Media

The aforementioned transparency window requires that light is not absorbed by the mate-
rial. Therefore, we need to design the waveguide material to have a bandgap that is larger
than the wavelength of the light. Having a bandgap larger than the energy of the photons
will result in the light not being absorbed by the material, as it does not possess enough
energy to cause a transition [39]. However, for an increase in band gap energy there is a
decrease in refractive index [39], which will increase the footprint of the components [90].
The reason for this can be seen in figure 4.1 in conjunction with Snell’s law

o sin(fy)
ny  sin(6;) (4.1)

where the conditions for total internal refraction are that ¢, = 0. and 0, = 7. As the
index of refraction decreases for material 1 (the material in which light propagates), this
must be compensated by an increase in .. Thus, any components we design for a material
with a lower index of refraction must account for this increase in the critical angle. This
can manifest itself in an increased bend radii for waveguides. Higher index of refraction
also means higher loss due to nanometer-scale roughness on the interfaces of the dielectric
media [90]. Because we are dealing with single photons i.e. the amount of light we have is
small compared to the conventional laser, we need to optimize the loss as best as we can.
It is for all the aforementioned reasons we decided to use silicon nitride as the dielectric
media, which has an index of ng;y = 2 and bandgap energy of E;, = 3.10 eV, making it
transparent to wavelengths of from 400 nm to 2 pm [91]. This is in contrast to what is
typically used for PIC design, silicon which has an index of refraction of ng; = 3.5 with a
bandgap energy of F, = 1.12 eV, making it transparent to wavelengths of from 1.1 pum to
3.7 pm [91].

1See section 4.2.1 for an in-depth discussion on what waveguides are and how they work.
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4.2 Passive Components

Passive components are designed with the intent that the material and geometry itself
will provide the desired properties. For example, a waveguide will confine and guide light
without external interaction from other components such as heaters or electrodes; the
purpose of the waveguide is enacted by the waveguide itself. Another example of a passive
component is the beam splitter. The beamsplitter can be manufactured to transmit and
reflect light by any ratio of the incoming beam. For example, a 50:50 beamsplitter will
transmit 50% of the light and reflect the other 50%. The work of splitting the light is
done solely by the light-matter interaction of the material. In the following sections, I will
explain the principles of common passive components used in PIC design and the typical
roles in which they are used.

4.2.1 The Waveguide

Waveguides have been previously mentioned for their ability to confine and guide light
on a PIC. Because of this, waveguides are the basic building block for any PIC. Since
we are working with photons, aspects like polarization, wavelength, and spacial mode
become important considerations when designing these waveguides. To understand how
these criteria can be considered when designing the waveguides, it’s important to make
decisions on what kind of light will be supported in the waveguides. To answer this
question, a systematic checklist, like the one found in ref [92], must be followed.

1. Waveguide geometry: this involves how the waveguide will be shaped. Shapes include
planar, slab, and strip waveguides.

2. Guiding mechanism: how will light be confined and guided in the waveguide. This
can be done by total internal reflection or photonic bandgap method?.

3. Mode structure: what spacial modes do we want supported in the waveguide for a
particular wavelength of light? Single-mode or multi-mode?

4. Refractive index distribution: step or gradient index?

2Refers to the engineering of allowable spacial modes in which light can exist. Everywhere light of a
particular spacial mode is allowed, light will travel. Light is bound between areas where the bandgap does
not allow for light of a particular wavelength to exist, meaning the only path where light can travel is in
the allowable bandgap.
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5. Waveguide material: glass, polymer, semiconductor, metal, others.

By answering these questions, we can narrow the search to a waveguide which will best fit
the needs.

Embedded Strip Strip

Rib or Ridge Strip Loaded

Figure 4.2: The various types of waveguides offered in PIC design platforms. The darker
shade of blue indicate the dielectric material which will confine the light.

Waveguides are the building blocks for many components in PIC design. Compo-
nents such as ring resonators, Mach-Zehnder interferometers, directional couplers, and
Y-branches use waveguides arranged in different orientations to achieve different effects.
Before we delve into other components, we will establish how waveguides work to gain an
understanding of other components moving forward.

Fundamentals of Waveguides

As with all electromagnetic analysis, we begin with Maxwell’s equations similar to the ones
introduced in chapter 1, but in a different form:
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H=J-== 4,
V X J-= (4.3)
V-B=0 (4.4)
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where E (V/m) is the electric field vector, H (A/M) is the magnetic field vector, B
(Wb/m?) is the magnetic induction vector, D (C/m?) is the electric displacement vector, .J
(A/m?) is the current density vector, and p (C'/m?) is the volume charge density. Intuitive
explanations of each of these equations can be found in chapter 1. Here, we can establish
further relations,

=,

£

(4.6)
(4.7)
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where ¢ = gpe, and p = pop,. Here, g9 and gy are the permittivity and permeability of
free space and ¢, and p, are the relative permittivity and permeability of a material, which
is some factor in which to multiply their respective free space variables?®.

Firstly, we need to establish boundary conditions at the edge of the waveguides. To do
this, we need to first establish allowable modes which we want supported in the waveguides.
In formal language, these modes, and by extension boundary conditions, are as follows:

1. TEM waves: waves with no electric or magnetic field in the direction of propagation
(H, = E, =0). For example, plane waves.

2. TM waves: waves with no magnetic field in the direction of propagation (H, =
0,FE, #0).

3. TE waves: waves with no electric field in the direction of propagation (H, # 0, E, =
0).

3Interestingly, one can see from Maxwell’s equations that refractive index, n, is defined as n = /€,
and is inversely proportional to the speed of light in some material.
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4. Hybrid waves: boundary conditions require all field components, (H, # 0, E, # 0).
These waveguides can couple both TE and TM waves.

Note that these boundary conditions assume that light is propagation, electric field, and
magnetic field are in the z, y, and x directions respectively. For the convention, the y
direction is in-plane with the substrate and will be associated with TE modes or TM
modes, depending on if the electric or magnetic field will be oscillating in that direction
respectively. For example, if the electric field is oscillating in the y direction, these will be
the TE modes [92]. With these conventions in mind, it is time to delve into a mathematical
description of how electromagnetic waves behave while propagating through waveguides.

Since TE and TM modes are symmetrical in how they behave, we will derive the
behaviour of light in waveguides based on TE modes. First, we assume that there is no
loss and the waveguides is a dielectric medium. This is as an ideal case as to describe
how the electric field behaves and then introduce where loss can occur later. Because this
is a lossless dielectric medium, the light-matter interaction depends on € and py. Next,
we assume no variation in the y direction and the electric field is periodic in time and
dependent on angular frequency. With this in mind, the wave equation becomes:

. 0°E
2

If we expand the above equation into its Cartesian components, we can simplify the equa-
tion by applying the boundary conditions, i.e. the electric field oscillates in the y direction
only.

9’E, 0L
Y Yy +

. O’E, &2E,
0x? oy? 022

= UgEoE,r——==
Ho€o e

(4.9)

In the TE mode, the E vector is polarized along the y axis, with no longitudinal
component in the z axis. Another way of viewing this with respect to the waveguide is
that the electric field is transverse to the plane of incidence established by the normal to
the surface, and by the wavevector, k [92]. If we assume that the light inside the waveguide
is of some source frequency wy with some vacuum wavevector magnitude, kg, then we can
say that |ko| = “2 where c is the speed of light, and kq is related to the wavelength, A, of
the light source by the relation kg = 27“ We can also introduce a propagation constant
in the z direction, [, because there is no transnational variance of the structure of the

waveguide. With all of these assumptions and variables in place, equation 4.9 becomes
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O*E,
0x?

+ (kinf — B)E, =0 (4.10)

where n; = ng,ng or n.* depending on the location.

Now, we have a way of describing the TE modes supported in the waveguide in terms
of fundamental constants. The value of the constants will determine if the propagating
light will simply refract (8 < kon.), refracting at one interface but not confined (kon. <
B < kons), and totally confined (kons < 8 < kony) [92].

S

<

Figure 4.3: EM field confined inside of waveguides, for different propagation constants.

kOﬂc kOns

The field exponentially decaying outside the waveguide in the wave picture is known as the
evanescent field. This is the fraction of the field located outside the waveguide, but is still
part of the propagating wave. This will become an important property as we introduce
more components to the PIC toolbox.

Next, it is important to describe other modes of light which can exist in the waveguide
described above. So far, we have assumed no particular mode to be supported in the
waveguide, only light described by the fundamental constants introduced in equation 4.10.
By analyzing the conditions laid the in figure 4.3, we can establish conditions which lead
to the lowest order and highest order modes allowed based on the incident angle in which

“Indices of the cladding, guiding, and substrate layers are ns,ns and n. respectively. Light can only
be guided if ny > ns > n. [92].
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the light strikes the interfaces of the waveguide. From figure 4.1, we know that there is a
limit to how large the angle of incidence can be before total internal reflection no longer
occurs, i.e. # < #.. Similarly, since higher order modes penetrate deeper into the cladding
than lower order modes, there must be a relation between the angle of incidence and the
highest order modes supported in the waveguides. Formally, the higher order mode has a
larger angle which is nearly the critical angle and the lowest order mode is nearly parallel
to the propagation axis,

6Lowest0rder < kOnf (411)

BHighestOrder ~ kOnfCOS(Q) ~ kOns (412)

where 6 is the angle of incidence. The cutoff thickness, t., of the TE,, mode, i.e. the
thickness of the waveguide needed to support m modes of TE light, is

A 2 .2
teo = mm + arctan n‘; n; (4.13)
2my/(n7 — n?) My = 1%

where m = 0 (fundamental mode), 1,2,3.... By calculating the cutoff thickness for the
required mode, the thickness of the waveguide can be determined. This is important when
designing single mode waveguides [92].
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Figure 4.4: Various types of EM modes supported in a waveguide for various values of m.
In this instance, “Mode 0” corresponds to m = 0, “Mode 1”7 corresponds to m = 1, and so
on.
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4.2.2 Waveguide Simulation and Results

Although the equations and models are a great guideline to get an approximate geometry
for the waveguide, it is not the only tool. Other tools exist which can simulate scenarios
more accurately. One such tool which was used in my research was Lumerical. Lumerical
is a simulation software which allows for the modelling and simulation of optical, electrical,
thermal and quantum effects at the physical level [1]. Lumerical is an extremely powerful
and useful tool that allows for the sweeping of parameters for optimization. The software
allows for the initialization of the typical scenario to ensure maximum accuracy for real
world experiments. For more information on the specifics of Lumerical simulations as they
relate to your specific experiment, please visit ref [1].

The simulation for the waveguide was done using Lumerical MODE Solutions, which
solves for the eigenmodes in a cross-section of an arbitrary waveguide geometry (or a 3D
geometry) at a particular frequency by solving for time-harmonic solutions to Maxwell’s
equations [93, 1]. The wavelength of the light is fixed at A = 894 nm because it is the
wavelength of light that is emitted from the NWQD source. the goal is to sweep the
dimensions of the waveguide (within the limits of AMF) to determine which geometry is
suitable to support single mode light at the wavelength. We desire single mode coupling
because the light emitted from the NWQD source is a Gaussian profile, meaning it will
have its highest coupling efficiency to single mode confinement structures. After setting up
the strip waveguide shown in figure 4.2, we determined the best geometry for the waveguide
is 450 nm x 400 nm for coupling TE modes while staying within the design restrictions of

AMEF.
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Figure 4.5: Waveguide width vs effective index, as a function of the supported waveguide
polarization modes.

The next step was to determine the bend radius of the waveguides to minimize loss
as the light changes direction. With Si having a higher refractive index than SiN,, bend
radii can be smaller due to the higher confinement. Many simulations and studies have
been done on Si waveguides to determine the optimum bend radius, however, since Si is
not transparent at the wavelengths, we need to use a lower refractive index material, SiN,.
With the optimal waveguide dimensions determined from the previous simulation, the next
step was to determine how large the bend radius could be to minimize loss from factors
such as scattering losses and substrate leakage, radiative loss, and mode mismatch losses
due to differences between the modes of the straight vs bend waveguides. The simulation
is shown in figure 4.5 and simulated using the 3D Finite-Difference Time-Domain (FDTD)
method. This method solves Maxwell’s equations directly without approximations, making
it an extremely powerful tool. Using this, we determined that the bend radius should be
at least 50 pm.
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4.2.3 Directional Coupler

Directional couplers are among the most common methods for splitting and combining
light on a PIC. The directional coupler consists of two parallel waveguides in proximity,
where the evanescent fields of the desired modes overlap. The strength of the coupling,
or the “coupling coefficient,” is determined by both the spacing between the waveguides
and the length at which they maintain this gap. The concept of waveguide-to-waveguide
coupling will be a fundamental concept and building block to explain the behaviours of
all passive components moving forward. Because of this, it is imperative to fully explain
the physics behind how they work and how we can tailor their design to get the desired
responses.

Figure 4.6: KLayout representation of a directional coupler.

To begin, we will establish the method, coupled mode theory [941], which states that
power is exchanged between modes in the presence of perturbation®. The coupled mode
theory states that the power coupled from one waveguide to the other can be shown as

K* = Foross _ sin*(CL) (4.14)
Py

where k2 is the ratio of coupled light that crossed over into the empty waveguide, Py is
the input power, P...s is the power of the coupled light that crossed over into the empty
waveguide, C'is the coupling coefficient, and L is the length of the coupling region. Because
power and energy are related, we can apply the conservation of energy, and by extension

5The perturbation in question is the presence of coupling between the two waveguides due to the
evanescent fields.
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the conservation of power, to determine the amount of power which was not coupled to
the empty waveguide. This relation states that x? 4+ ¢? = 1 where t? is the aforementioned
remaining power not coupled to the other waveguide in the directional coupler. By using
the relation sin®(6) + cos?(f) = 1, we know the form of ¢* must be

P Tou
t? = % = cos’(CL) (4.15)
0

where Piprougn is the power not coupled to the other waveguide. This relation holds for
any lossless couplers.

Now that we have derived models relating the output power of both ports of the di-
rectional coupler, the next steps are to determine both the coupling coefficient, C' and the
coupling length, L in terms of physical variables related to the system. These physical
variables are the wavelength of the light, A, and the refractive indices of the material, n;
and ny where ny > ns.

The first step is to determine the analytical method. From reference [93], the method
used is the “supermode” analysis method, which is based on numerical calculations based
on the refractive indices n; and ny. Next, the “eigenmode expansion method” (EME) is
used to determine C'. By using these methods, C' can be found to be

B TAn

“="3

(4.16)

where An = ny; —ny [93].

Now that we have an expression for the coupling coefficient, next we need to determine
the coupling region length. We can do this by examining the relation between the prop-
agation constants for the two modes in the directional coupler after some light has been
coupled.

2
8 = 7;”1 (4.17)
8y = 27;”2 (4.18)

Interestingly, as the modes travel through the waveguides, they oscillate between the waveg-
uides, as shown in figure 4.7.
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Figure 4.7: Lumerical simulation of light travelling through two parallel waveguides. The
light oscillates 7 out of phase in each waveguide, indicated by the varying intensities. Image
taken from [1] and licensed under CC BY 4.0.

From this, we can infer that the phase difference between the light in the two waveguides is
. With this knowledge, we can find the crossover length, L., which defines when there is a
7 phase shift between the modes and the power becomes localized in the second waveguide.
In other words, this is the length needed for the power to be completely transferred to the
other waveguide. With this, we can find L,:

ﬂlL:r - B2Lx =T

[51 - BQ]Lm =7
2ty 2TNe B
[ X T] Le=m
A
L,=—— 4.1
Y 2An (4.19)

Despite clear models to describe the coupling of light between two waveguides, there is
a clear aspect missing from this: how far/close the waveguides need to be, and how does

91


https://creativecommons.org/licenses/by/4.0/

this affect what we have already found? Unfortunately, the answer is far less simple than
previous methods, in the sense that there are no direct equations we can draw from to make
the model. The method that was used in ref [93] was a numerical fit based on simulated
data. They fit data taken from various simulations to some exponential function:

C = Be ™ (4.20)
where C' is the coupling coefficient, g is the gap distance, and A and B are “catch-all”
terms to encapsulate the geometry, optical wavelength, and other physical properties of
the coupler. By performing Lumerical simulations and performing a fit to the exponen-

tial function listed earlier, a relation between the gap distance and crossover length was
determined to be

L, = 10(0.0026084+g[nm]+0.657094) [,um] (4'21)

From the fit equation, the field coupling coefficient for any gap or length can be determined

to be
1
PCO'U € ’ . A
KI( Pgld> = sm(%[,)

. [ TAn z
sin (TLTC) ' (4.22)

where z is the gap distance between the two waveguides.

K =

Finally, the light at the output of the directional coupler, 4,4 and E,4p, assuming we
want 50% of the light in each port, can be described by the following equations:

1 ) .
Euyga = —= | B 4 elifel) 4.23
9A \/5 ( ( )

V2

where the phase of the light in each waveguide can be found through

1 . o
Bups— L <e<w> n euﬁaL—m) (424
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phase(Eyg4) = b —; ﬁQL (4.25)

phase(Eygp) = b —; ﬂQL - g (4.26)

Notice how there is a 7 phase difference between the light in wgA and wgB. This is an
important property when cascading directional couplers in more complicated structures,
like Mach-Zehnder interferometers.

4.2.4 Directional Coupler Simulation and Results

Similar to the waveguides, the simulations for the directional couplers were done in Lumer-
ical’s eigenmode solver. This allows us to determine how the modes propagate through a
directional coupler as we vary some key aspects of the coupler, such as gap between the
waveguides and coupler length. To maximize the coupling coefficient, i.e. the strength of
the coupling, we decided to place the waveguides as close as AMF would allow. This will
allow us to fix one of the parameters, reducing the time it will take to completely simulate
the directional coupler. The gap was held at a distance of 400 nm.

Next we varied the coupling length. We started by placing two SiN, waveguides parallel
to each other at the minimum gap distance specified by AMF. Then we placed a source in
one of the waveguides which will emit into the fundamental mode of the waveguide which we
designed for in section 4.2.1. Power monitors were placed at the output of each waveguide
to provide a detailed view of the mode profile and intensity of the light passing through the
structures. Finally, a sweep of the coupling length was performed. The coupling length was
determined by monitoring the output power monitors until each monitor registered half of
the initial intensity. Figure 4.8 shows the amount of light coupled to each waveguide in the
directional coupler, and for a 50:50 splitting ratio the coupling length was determined to
be 18um. This means that we have effectively created a 50:50 beamsplitter, an important
building block for PIC design.
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Figure 4.8: Splitting ratio as a function of coupler length.

4.2.5 Mach—Zehnder Interferometer

Mach—Zehnder interferometers (MZIs), at their most basic function, are used to deter-
mine the relative phase differences between two beams of light. They have a variety of
applications across many disciplines in physics and engineering. Some applications in-
clude quantifying quantum entanglement [95], visualizing air flow in wind tunnels [90],
heat transfer [97], and many others. Their role in experimental physics and engineering is
ever-growing and has no indication of slowing down. In this section, we will discuss the
basic topology of a free space and PIC MZI and explore how they work.

The simplest free space MZIs consist of a light source, collimator lens, two beam-
splitters, two mirrors, and two detectors. The light travels from the source, through the
collimator, where it is then split into two paths by the beamsplitter. One path is denoted
as the reference path, the other contains some “sample” which the light will interact with,
effectively changing its path length® and phase. The light is then reflected onto another
beamsplitter where the two beams will interfere, which will then be seen at the detectors.
The interference pattern seen at the detectors will give you information about the material.

SRemember, v = = where c is the speed of light and n is the refractive index.
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Figure 4.9: Schematic of a MZI. Light is emitted from the source and collimated by the
lens. The collimated light travels through both ports of the beamsplitter, where one arm
travels through a sample with refractive index ngqmpre, Which effectively changes the path
length. Both beams interfere at the second beamsplitter, and travel to both detectors
where the interference pattern can be analyzed.

Now that we understand how the free space MZI works, now we need to explore how
we can translate the free space components to the PIC. With the waveguides supporting
certain confined modes and guiding the light through the PIC, we do not need to design for
them. Another way of viewing this is that the waveguides, which we have already designed,
will carry the functionality of the mirrors and collimating lens. The detectors will not be
needed on the chip, as we will explore ways of getting light in and out of the chip in section
4.4. The remaining two components we need to emulate are the sample path, which allow
us to change relative the path length and phase of the light, and the beamsplitters.

To begin, we will explore the easiest option: the sample path. The sample path simply
requires the paths to be of different lengths, since the phase of the light depends directly
on the path length, as seen in equations 4.25 and 4.26. However, if we choose to vary the
length of the second path of the paths by some length AL, The resulting path length of
the second path Ly = Ly + AL. Thus, by changing the length of the second path, we can
cause a phase shift of the light relative to the light in the first path. Thus, we have created
a “phase shifter,” which has the unitary matrix
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PO~ (g o) (4.27)

where A¢ is the relative phase difference induced by the asymmetrical path.

Next, we will explore how we can recreate the beamsplitter by using the components
we've already discussed. To begin, we first need to determine which component we need
that allows us to split the light, and then prove that its behaviour mimics that of a free
space beamsplitter. One of the components we have already discussed is the directional
coupler. The directional coupler has either one or two input ports, a coupling region where
interference can occur, and two output ports. This makes it a prime candidate for the
beamsplitter.

Following the coupled mode theory for a lossless directional coupler as laid out in refer-

ence [98], the coupled mode equation described by the supported modes in each waveguide
is:
7,"31+'82L
aj(L)e' 2% =wu(L)a;(0) + v(L)as(0) (4.28)
az(L)e™ 22 = y(L)a1 (0) + u*(L)as(0) (4.29)

where a1(L) and as(L) are the annihilation operators for each of the waveguides in the
coupling region of length L, and u(L) and v(L) are some coefficients to encapsulate all
interactions between the mode overlap between the two waveguides. With these equations,
the transfer matrix for the beamsplitter is

T(L) = (“(L) o(l) ) (4.30)
where

T(L)T (L) = 1. (4.31)

Thus, if we were to act on the annihilation operators of each mode, we would get

T(L) ay(0)T(L) = u(L)a1(0) + v(L)ay(0) (4.32)
T(L)'ax(0)T(L) = v(L)az(0) + u*(L)az(0) (4.33)
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which is by definition a beamsplitter. further proof can be found in references [99, , 101]
which also work on this principle of the transfer matrix method to prove beamsplitter
behaviour. Thus, by setting the coefficients to achieve 50/50 splitting, the transfer matrix
becomes

B(g) - % C i) (4.34)

or more generally,

cos(6 —e'? sin(6
B(6,¢) = (e"“z’ sgn)(e) cos(@)( )) (4.35)

where ¢ is the phase induced by the beamsplitter and 6 controls the splitting ratio [22].
Furthermore, if we cascade these beamsplitters and phase shifters as shown in figure 4.10,
the transfer matrix becomes:

=35 A6 93( D )

QAR 6 L)

TV
single qubit rotation

Heater

_ S NS

Figure 4.10: Tomography PIC schematic. The yellow blocks represent a resistive heater
used to change the index of the waveguide by dissipating heat. Each heater induces a
phase, indicated by ¢, 6, and y. As indicated by equation 4.36, this structure is capable
of performing single qubit rotations, acting as the waveplates in the tomography setup in
figure 3.11
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This allows us to reach anywhere on the Bloch sphere given any input state. This will
become useful when constructing the tomography circuit.

4.2.6 Ring Resonator

So far, we have described methods to guide and split broad bandwidths of light. The
dependence on wavelength is important as far as the ability of the waveguide to support
particular wavelengths. However, to achieve all the functionality required to perform opti-
cal experiments like in the lab, we need the ability to filter narrow bandwidths of light. The
chosen method of doing this is by using a structure known as a ring resonator, which uses
the principles of coupling and confinement to select specific wavelengths. To understand
how they work, we must first describe their geometry and how EM waves interact with a
ring, where the rounded portions are of a fixed radius and the portion parallel to the input
waveguide is of some coupling length.

| < < — G |
Drop v Add
~N K,
a a
Input — > k Pass Input — > Kk Pass
[— —— — [——> — > > |
r N
(a) All-pass ring resonator (b) Add-drop ring resonator

Figure 4.11: Schematic of an a) all-pass and b) add-drop ring resonator.

For simplicity, let’s set L, = 0 so the ring resonator becomes a circle. When the
waves in the loop build up a round trip phase shift, ¢, that equals 27m, where m is
some integer, the waves interfere constructively, and the cavity is in resonance [102]. This
is a fundamental property of ring resonators oriented in any configuration. To further
explore ring resonators, we need to split them into two categories: all-pass, and add-drop
resonators, both of which are depicted in figure 4.11.
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All-pass Ring Resonator

To derive the basic properties of the all-pass ring resonator, let’s assume a continuous
wave operation and matching fields, with the assumption of no reflection back into the
waveguide from the coupling region. From these assumptions, the ratio of the electric field
which does not couple to the ring and the input electric field as:

E, - a—re”®
Zpass _ ier) L TTC 4.37
Einput ¢ 1 —rae’ ( )

where ¢ = SL. In this instance, ¢ is the single-pass phase shift, L is the round trip length,
f is the propagation constant, r is the self-coupling coefficient (more on this shortly),
and a is the single-pass amplitude transmission. a is a catch-all term that describes the
amplitude of the electric field in the presence of loss. a is related to the power attenuation
coefficient, a[-=], and the round trip length of the ring through the exponential function:

cm

a’ =e k. (4.38)

Notice that by squaring equation 4.37, we get the intensity of the transmission, 7},:

T Ipass @ —2racos(¢) + r?

Linput 1—2ra cos(¢) + (ra)? (4.39)

similar to how we found the transfer function for the directional coupler. Notice that we
only have one term to describe the amount of light which pass through the ring resonator
uncoupled (or self-coupled), r. If we follow the same steps as with the directional coupler,
we can assert that the cross coupling coefficient, k, or the amount of light that couples to
the ring, is r? + k? = 1 [102].

With the established relation that the ring is said to be on resonance if the phase is
an integer multiple of 27, we can use the relationship ¢ = L to establish a resonance
wavelength, i.e. wavelengths that the ring will best couple to.

¢ = pL
27m€ff
orm = —< [
o >\T‘€S
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NerrlL
Apes = —412 m=1,23,.. (4.40)
m
where s denotes the resonant wavelength, and n.sy is the effective refractive index, i.e.
the overall refractive index of the component. For completeness, one can also complete the

description of the all-pass ring resonator by analyzing equation 4.37 to find

B rsin(¢) rasin(¢)
@ =T+ ¢ + arctan (m) + arctan (Tcos@ﬁ)) . (4.41)

Here, we can see that at r = a (critical coupling), the transmission experiences an abrupt
7 phase shift at the resonance wavelength. For r < a (overcoupling) the transmission
experiences a continuous positive phase delay. And finally, for 7 > a (undercoupling), the
phase shift near the resonances shows a strong decrease (27 phase shift) [102].

Finally, it is imperative to find a way to describe the ring in terms of its transmission
spectrum. For this, we need to introduce the quantities of full width at half maximum
(FWHM) of the resonance spectrum, free spectral range (FSR), finesse, and quality factor
(Q-factor). First, we will derive the FWHM, which determines the shape of the resonance
spectrum. It describes the range of wavelengths that can couple into the ring resonator.
The larger the FWHM, the wider the resonance spectrum. The FWHM is derived in
reference [102] and is determined to be:

1 —ra)\?
%7 (4.42)
mnglL/Ta
where n, is the group index (corresponding to the group velocity, v, = é) and is described
by the equation [102, 93]

FWHM =

dnef r /\2
d\  LAX
Continuing with the derivations, next we will derive the FSR for the ring. FSR is defined
as the wavelength range between two resonances. Essentially, it relates the geometry of

the waveguide to the resonance wavelengths the ring was designed for. One can describe
the FSR by the equation

Ng = MNeff — )\0 (443)

FSR=-"—. (4.44)



Using the definition of FSR and FWHM, we can define both of the remaining quanti-
ties: Finesse and Quality factor. Physically, Finesse describes the sharpness of resonances

relative to their spacing [102], and is defined quantitatively by the equation
FSR v
Finesse = ra (4.45)

FWHM 1—ra

The quality factor is a measure of the sharpness of the resonance relative to its central
frequency and can be described quantitatively by the equation

Ares  TngLy/ra (4.46)

— factor = = :
@ = Jactor = GrrHa = Nea(l — ra)

The physical meaning of Finesse relates the number of round trips the light can make
before its energy is reduced to % or its original value (within a factor of 27). The Q-
factor represents the number of oscillations the light field makes before the energy drops
to % of its original value. There are two different quantities for the Q-factor: “loaded”
and “unloaded” Q-factor. Loaded Q-factor represents the Q-factor of the ring and bus
waveguide. Unloaded Q-factor represents the Q-factor of the ring itself. Typically, unless
otherwise specified, all mentions of Q-factor will refer to the loaded Q-factor. Because of
the extra loss induced by the waveguide and coupling, Qunioaded > Qioadea [102]. With these

four quantities, we have everything we need to describe the ring resonator.

Add-drop Ring Resonator

This section heavily piggybacks off the previous section, where all the analysis is the same.
The difference being that there are two extra ports where light can leave the ring (drop
port), or extra light can be added in (add port). With this in mind, the two transfer
functions for the pass and drop ports become:

Loes 2,2 _ 9 2
T, — I‘p _ 17“_2a2 71720 COS @ + 1] : (4.47)
input 1720 CoS @ + (1r1712a)
Liro 1—7r2)(1—1r2
Td _ drop — ( Tl)( 7’2)CL (448)

Linpwt 1 — 2rimaacos ¢ + (riraa)?

where 1 and ry are the self coupling coefficients of the bottom and top waveguide buses,
respectively. If there is no attenuation, @ = 1 and critical coupling will occur when the
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cross coupling for both the top and bottom bus is the same. When loss is not negligible,
critical coupling occurs when the losses match the coupling in such a way that rea = rq

[102].

Finally, we can derive the four quantitative properties, FWHM, FSR, Finesse, and Q-
factor which allow us to completely describe the spectral performance of the ring. First,
the FWHM. Like the all-pass ring, the FWHM will consist of the same parameters except
with a dependence on the self coupling coefficients for both the top and bottom buses,
and r5. With this in mind, the FWHM for the add-drop ring looks like:

(1 B rlr?a)/\ges (4 49)
ngLy/T1rsa ’

Similarly, since the FSR does not depend on the self coupling coefficients, the FSR for bot
the all-pass and add-drop rings will be the same:

FWHM =

)\2
FSR=——. 4.50
I (4.50)

Finally, the Finesse and Q-factor have the same relations as the all-pass ring, but again
with a dependence on both self coupling coefficients.

FSR  m/rra (451)

Fi = = )
ST TWHM ~ 1= rima
)\res LV
Q — factor = = Momvinrad (4.52)

FWHM — M\es(1 —rim9a)

With these four quantities for both the all-pass and add-drop rings at the disposal, we now
have everything we need to describe passive ring resonators as components used in PIC
design.

Ring Resonators Simulation and Results
The ring resonators were simulated using Lumerical’s FDTD method. We chose this

method because of the ring’s importance, and difficulty extrapolating behaviour from any
simplified model. We began by placing an add-drop ring of diameter of 120.5 pm, which
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was calculated using equation 4.40. The bend radius calculations were needed as a guide-
line to ensure that there was no loss inside the ring due to the reasons laid the in section
4.2.2. With a value determined from the theory as a reference point, we would vary the
radius of the ring until we saw a complete transfer of light from the ring to the drop
port. from this, we can conclude that the ring could couple all the light from the input
port, support it inside the ring, and complete the transfer to the drop port. Based on the
simulation results shown in figures 4.12a and 4.15b, the optimal ring radius was 60.25 pum.
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Figure 4.12: Simulated results for the ring resonator. Both the FSR (a) and FWHM
(b) have been simulated, and values were picked based on the performance required for
coupling to the QD.

The values were chosen due to a variety of reasons. The first reason being the FSR.
The goal of choosing a radius with an appropriate FSR is to ensure the resonances are
sufficiently far away as to not couple unwanted light at integer multiple wavelengths from
the wavelength of the source. potential sources of this could be white ambient light or
scattered light from the excitation laser. The FWHM was chosen to be the same as the
XX and X emissions to capture as much light as possible at the emission wavelengths.
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4.3 Active Components

The components which have been introduced thus far have assumed a constant environ-
ment. This means that the temperature of the PIC will be kept constant to ensure the
consistent operation of the components at the desired wavelengths that we designed them
for. However, there are some situations in which deviating from the designed wavelengths
is desired.

Because the PICs are designed to work with the NWQD source, the components, par-
ticularly MZIs and ring resonators, need to work for both wavelengths. One way to address
this issue is to induce heat to the components to change the n.s¢ of the material, effectively
changing the speed of light in that material. This will artificially increase the path length
of the light and will allow us to have a smaller footprint. The smaller footprint comes from
the ability to change the n.s; at will, as well as having some robustness against factory
imperfections. These imperfections can cause deviations in the expected performance of
the device. These deviations can be corrected by finding the temperature at which the
device was designed to operate and maintain that temperature. Thus, by introducing a
method of temperature control, we can greatly reduce the circuit footprint and also have a
method of controlling the performance of the devices. Before we delve into the individual
components and how they are affected by temperature change, we first need to describe
how changing the temperature affects the material in which they are made of.

Firstly, we start with the steady-state heat equation, also known as Poisson’s equation:

—V - (kVT) = Q (4.53)

where £ is the heat conduction coefficient, T is the temperature, and () is the heat
source in units of % However, we do not want the volumetric power, as it is not a
quantity that is directly measurable using standard lab equipment. We need to know the
power dissipated by the heater to change the temperature the required amount to induce
a phase shift, i.e. Qi = QV. From this, we can find the voltage needed to change the
refractive index of the waveguide. If we assume a Neumann type boundary condition, the
heat flux is —n - (kVT). Finally, by using the definition of FSR being equivalent to a 27
phase shift, we can determine the efficiency of the heater [93]. in other words, combining
all the assumptions and assertions, we have:

mW
FSR

— Qtot)\
AT

ef ficiency (4.54)
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where j—;ﬁ is an intrinsic property of the material and tells us how the refractive index
changes as a function of temperature. This can be found in various online material

databases.

Finding V

Before we delve into the active components section, it is important to state that no sim-
ulations were done on these components directly. Instead, the simulation was focused on
determining the amount of heat that was needed to be transferred to the waveguide to
change the refractive index enough to induce a 7 phase shift. This simulation was carried
out using Lumerical’s HEAT simulation environment, which allows for the modelling of
such situations.

The simulation begins with the initialization of the components. This is realized by a
cross-section of the heater, waveguide, substrate, and cladding. Because AMF has hard
limitations on which materials can be deposited on which layers, the waveguide, and heater
distance is fixed. Lumerical’s material database has most of the necessary constants as-
sociated with this simulation, however, the change in refractive index with respect to
temperature for SiN,, dzeff was not. The value for dfl% = 2.51e® for SiN, was found in
reference [103]. After running the simulation, it can be determined the power needed to
be dissipated by the heater to induce the required phase shift, P;. By using the equation

P = V%, where R can be measured, therefore V; can be determined.

4.3.1 Heated Mach-Zehnder Interferometer

The purpose of the MZIs in the circuit is to induce qubit rotation around the Bloch sphere.
This allows is to effectively replicate the tomography setup. However, static MZIs are not
useful, since they would only allow us to deterministically rotate the state to a singular
point on the Bloch sphere. The heated MZIs are needed to dynamically change the state
we are rotating to anywhere on the Bloch sphere. By placing heaters in the locations as
shown in figure 4.10, we will have full control to rotate the entangled photons onto any
state we desire.

4.3.2 Heated Ring Resonator

The primary purpose of a ring resonator in the circuits is for filtering photons of different
wavelengths. With a high enough Q-factor and Finesse, we can design the ring resonators
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to only couple the XX or X photons from the NWQD. By using the add-drop configuration,
we can use this filtering for routing of photons into different parts of the tomography setup.
However, like the MZIs, the rings are also not immune to manufacturer defects, which can
cause deviations from the desired performance. For example, the typical wavelengths of the
XX and X photons are 894.67 nm and 893.25 nm, with FWHM linewidths of 0.07 nm. A
deviation from the centre wavelength, Q-factor and Finesse may cause the rings to couple
to both the XX and X photons, resulting in an inability to filter one from the other.

Similar to the heated MZI, heating a ring resonator can also add resilience to their
design. Because the allowed modes inside the ring depend on integer multiples of the
lights” wavelength, changing the temperature of the rings can change it’s n.s¢, changing
the travel distance relative to the light in the unheated waveguide, effectively changing the
supported wavelengths inside the ring. This allows us to actively select either the XX or
X photons, depending on where we want to route the photons.

4.4 Circuit I/0

Thus far, we have discussed how we can manipulate light that was already on the chip,
without wondering how it got there. However, this overlooks one of, if not the most
important steps in PIC design. And that is “how do we get light onto the chip in the first
place”? That is what we will be addressing in this section.

Waveguides are typically in the hundreds of nanometres in width and height, resulting
in a tiny mode size. Typically, before the light has entered into the PIC, it was generated
and transported in free space or coupled into fibre. One way around this is to place the
source on the PIC and generate the light on-chip [104, , |. However, growing many
sources on a chip can be difficult to scale due to the light from the QDs being unpolarized”
and the techniques used to suppress the excitation laser result in half of the photons unable
to couple to the waveguides fundamental mode [107]. To mitigate this, we take on three
approaches:

1. Coupling in plane,
2. Coupling out of plane, and

3. Convert polarization entanglement to path entanglement.

"Emitting |H) and |V') light with equal probability.
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These methods assume that the waveguides are optimized to support both TE and TM
modes, and no excitation light will be entering the chip. The first method involves some
processing of the light to be done before reaching the chips to separate the |H) and |V)
light. the second method requires no separation of the |H) and |V') light. The next sections
will be exploring each of these methods.

4.4.1 Grating Coupler

A grating couplers’ objective is to diffract light from free space (out of plane) onto the
waveguide (in plane) and vice versa. It consists of periodic structures typically made of
the waveguide material. These gratings work on the Bragg grating principal, which can be
visualized in figure 4.13
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Figure 4.13: Cross-section schematic of a grating coupler, with all important variables to
be considered in a design process labeled.

where each of the labelled variables represent design parameters for the grating. The design
parameters are as follows:

1. Cladding/BOX: SiO, layers to protect the waveguide structures.
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2. SiN,: The layer where the dielectric material will be deposited. Light is confined in
this layer.

3. A: Period of the grating.

4. W: Width of the grating teeth.

5. ff: Fill factor (or duty cycle) of the grating. This is defined as f = 4.
6. ed: Etch depth of the grating teeth.

7. 60.: The angle between the surface and the propagation direction of the diffracted
light in the cladding.

8. B4 The angle between the surface and the propagation direction of the diffracted
light in the air.

9. Ofire: The angle between the surface and the propagation direction of the diffracted
light in the fibre, corresponding to the polish angle of the fibre array®.

With the design parameters identified, next we can talk about the theory of how Bragg
gratings work.

Grating couplers can be understood in terms of the Huygens-Fresnel principal [93].
This principle describes the constructive and destructive interference that occurs when
light travels through a grating structure. With this, in conjunction with the Bragg Law,
we can fully describe the light-matter interactions happening inside the one-dimensional
grating shown in figure 4.13.

The propagation constant inside the waveguide can be described by

2T,
p="L (4.55)
0

where \q is the optical wavelength of the light. The Bragg Law allows us to describe how
light propagates through a grating structure. This relation can be expressed as

B—ky =mK (4.56)

8This refers to a device known as a v-groove. V-grooves are devices which contain an array of equally
spaced fibre cores which can be used to couple vertically into grating couplers.
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where k, is the component of the wave vector of the diffracted wave in the direction of
the incident wave (horizontal component), K is the periodicity of the grating and can be
described as K = 2%, and m is the diffraction order. You can consider the zeroth order
diffraction to represent no diffraction, i.e. a reflection. Thus, we are only interested in
conditions where m > 0. However, we can further narrow the values of m by analyzing

what happens to the diffracted beam for different values of m.

We can use Snell’s Law to show the relation between the period of the grating and the
wavevectors of the light. By drawing a k-diagram to show the wavevectors for the Bragg
grating, we can determine that the diffracted angle of light in the cladding (incident to the
grating), 0., is:

k A
in(f,) = — = Nerr—. 4.57
sinfe) = =~ = nesy g (4.57)
By substituting in £ = 2”%, the Bragg condition can be simplified to

Nefr — Nesin(f,) = —. (4.58)

Thus, by having knowledge of the indices of refraction of the system, the period of the
grating, and the wavelength of the light, we have equations that fully describe how light
will interact with the grating.
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k, = —mK
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Figure 4.14: K-diagram showing the Bragg conditions for the grating in figure 4.15a

The Bragg condition states that the first order refraction will propagate vertically, while
the second order refraction will propagate back into the waveguide. This is undesired
back reflection, which can lead to Fabry-Perot oscillations between the input coupler and
output coupler [93]. To avoid this, we can tune the gratings to slightly mismatch the Bragg
condition for the wavelength of the source. The desired condition to prevent back reflection
is %}jf < A, which will result in the first order refraction (which used to be straight up) to
diffract at some angle. This also means that if we want to couple the emission into fibre,
we also have to polish the fibres at this angle to maximize the coupling. This angle can be

designed for using Lumerical, which we will explore in the next section.

4.4.2 Grating Coupler Simulation Results

Before the grating coupler could be simulated, there needed to be an understanding of the
limitations of the AMF platform. These limitations drastically shape the geometry of the
grating coupler, as it will typically limit its performance in some way. For example, the
minimum spacing between components in the AMF platform is 400 nm. This limits the
spacing of the grating teeth to a minimum of 400 nm. For example, if it was found that
the optimum coupling occurs when the teeth spacing of the gratings is 300 nm, it will be
impossible to fabricate because of AMF specifications.
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With the geometry limitations due to AMF established, we can begin designing the
grating coupler. The grating coupler was designed as per figure 4.13, with some modifi-
cations. the first modification is with the grating teeth. Due to the limitations of SiN,
deposition, there will be either SiN, at a fixed thickness (400 nm) or no SiN,. Meaning,
the teeth are separated by oxide with no thin layer at the base of each of the teeth to
connect them, like in figure 4.13. The second feature which we deviated from is the fill
factor. Because of the minimum feature size (300 nm) and minimum spacing requirement
(400 nm), we have decided to fix the fill factor.

Transmission Through SiN Grating Coupler
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Figure 4.15: 2D FDTD simulation (a) and data (b) for a SiN, grating coupler. The fibre
core (teal) is polished at an angle of 10°, which is typical of fibre arrays used in these
situations. This is also to improve the grating coupler efficiency. The fibre is placed at
some distance away from the grating coupler, separate by air (black). The grating coupler
is clad in SiOs (grey) which both protects the waveguide and provides an interface which
aids in the confinement of light. The SiN,, grating (purple) is placed above the Si substrate
(red), which the entire circuit sits upon.

The period of the grating, however, is perfectly acceptable to vary. After varying the
period, we found the optimum transmission occurs at A = 0.63um. Finally, we varied the
angle of the fibre to see the optimum position which the fibre would have to be polished in
an experimental setup to achieve maximum coupling, which was determined to be 8 = 10°.
Ultimately, the maximum coupling efficiency of the grating coupler in figure 4.15a was 12%
at a wavelength of 894 nm, which is far too low to perform experiments with single photons
in a reasonable amount of time.
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With low transmission, we were looking for another way to improve the performance
while adhering to AMF design limitations. It was found that by placing a Si “mirror”
underneath the SiN, grating could improve coupling performance [108, |. However, at
the wavelengths, the spacing between the Si mirror and the SiN, grating is smaller than
the wavelength of the source. This would result in the light seeing the entire structure,
creating a single n.; for both gratings as a whole. With this in mind, we added a second
grating underneath the initial SiN, grating and performed the same parameter sweep on
this grating too.

Fiber Cladding
Fiber Core

<4 Silicon Dioxide Cladding

S NN EEEEEEE N Ee— SiNx Grating

Silicon Grating

<4— Silicon Substrate

Figure 4.16: 3D FDTD simulation of a dual-layered grating coupler. A cross-section can
be seen in the bottom right corner of the image, where each of the components which the
grating coupler consists of can be seen.
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0.6 Transmission Through 2D Grating Coupler
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Figure 4.17: 3D FDTD results for dual-layered grating coupler. Dashed red lines have
been added to indicate the coupling efficiency at the operating wavelength, 50% coupling
efficiency at 894nm.

To increase the efficiency of the simulation, a 3D FDTD was performed. The Lumerical
model is shown in figure 4.16, with the data being shown in 4.17. This will give us maximum
accuracy to what we expect to see in experimental settings. With the Si grating structure
underneath the SiN, grating, the transmission efficiency increased from 12% to 50% at the
desired wavelength.
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4.4.3 Edge Coupler

Edge couplers allow us to couple in-plane light onto the chip, as seen in figure 4.18. It works
on the same principal as the nanowire; adiabatically expanding/contracting the mode of
the light until it can be coupled to either a fibre, objective lens (in the case of the NWQD),
or the chip. What allows for the adiabatic of the edge coupler is the tapered design, as
shown in figure 4.19, in which the mode from the waveguide can gradually become less
confined as it travels down a gradually tapered waveguide, as shown in figure 4.20. Being
an adiabatic process, the amount of loss for edge coupling onto the chip is low, often below
0.5dB [110, 111], and polarization invariant [93].

Light
Waves

Fibre Core —

Figure 4.18: Schematic of optical fibre coupled to an edge coupler. The fibre is placed close
to the edge of the chip to ensure maximum coupling. Light propagates from the fibre, in
which its spacial mode is much larger than that of the waveguide, to the edge coupler
where it can be adiabatically confined to the waveguide.
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Figure 4.19: Sample design of an edge coupler. An edge coupler is placed at the edge of
the chip. The edge coupler consists of the waveguide, tapered region, and end facet.

For the purposes of simulation, we will assume the same initial conditions for the light
as we did with the grating coupler; light begins inside the waveguide and couples to the
fibre after leaving the chip. Ideally, the taper will converge to a knife-edge like end facet
width, but due to manufacturing restraints® it is unfeasible. Thus, we need to design for
these restrictions. Also, being in plane with the light, there is also the probability of back-
reflection due to the refractive index mismatch between the air and waveguide. However,
this can be mitigated with anti-reflection coatings. This will contribute to loss, however,
but will mitigate any Fabry-Perot behaviour which can happen as light continuously reflects
between the fibre and chip surfaces.

9Will be discussed further in the simulation section.
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Figure 4.20: Lumerical image of how the mode of the waveguide is adiabatically expanded
to match the mode of a fibre. Image taken from [1] and licensed under CC BY 4.0.

4.4.4 Edge Coupler Simulation Results

The edge couplers were simulated using Lumerical’s eigenmode expansion solver, which is
shown in figure 4.21. The simplicity of the edge coupler design makes the simulation rather
trivial; vary the length of the tapered region for a fixed facet width of 300 nm, which is
AMFs’ minimum feature size. In conjunction with this, a 3 um waveguide was overlaid
on the edge coupler with a 3% index contrast which is deposited to the end of the chip.
Finally, coupling to a Gaussian beam with a numerical aperture of 0.4 is performed, which
emulate insertion loss to a high-NA optical fibre.
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Figure 4.21: Lumerical EME design for an edge coupler. Various end facet widths were
used to determine the best dimensions for maximum transmission.

Figure 4.22 shows that as the end facet of the edge coupler becomes thinner, in con-
junction with the longer taper length, the transmission into the fibre is increased. This is
because the process of expanding the mode becomes more adiabatic, allowing a seamless
(and lossless) change in mode size. However, the AMF limitations on feature size limits
the end facet width to 300 nm, meaning post-processing must be done to shape the edge
couplers to the appropriate size to maximize transmission. Choosing a taper length of 300
pm, combined with post-processing the end facet down to 50 nm, will allow for the near
100% transmission value shown in figure 4.22.
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0.8

>

o

&

c 06

=

1]

j=)]

£

o045

=

o

&)

0.2f
#
e T

0 50 100 150 200 250 300 350 400
Taper Length (um)

Figure 4.22: Simulation data of edge coupler for various end facet widths (shown in the
varying colours). Omne can see that as the end facet width shrinks, the coupling of the
Gaussian mode light is higher. This is because of the adiabatic transition between the size
of the free space and confined modes.
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Chapter 5

Conclusion and Future Work

Single photon sources are increasing in quality, and the detection systems used to mea-
sure the single photons are also improving. This work has provided ample evidence that
NWQDs are a viable platform for generating highly entangled pairs of photons with high
single photon purity through means of TPRE. This thesis shows that TPRE is the opti-
mum method of generating entangled photons because of its low probability of generating
charges near the QD, resulting in high values of concurrence and fidelity which maintain
its coherence for longer times than that of other excitation methods. This work also shows
that by using faster detection systems with lower timing jitter provide more accurate rep-
resentations of the state of the QD, with higher values of concurrence and fidelity. This
increase in entanglement quantities are simply from a change in excitation technique and
measurement apparatus, meaning QDs may be of a higher quality than originally theo-
rized. Even in the presence of FSS, if the detection system is fast enough to resolve the
oscillating state in time, the state can still be highly entangled.

With the ever-growing field of single photon sources and PICs, it is becoming evident
that marrying the two technologies can provide some promising results. Other materials
are being developed, such as SiN,, which are capable of supporting wavelengths outside
the typical Si platform, opening new avenues for future experimentation with other QDs.
In this work, we proposed various components which are used in a wide variety of PIC
experiments, which are compatible with QDs emitting in the NIR spectrum, given that
the devices are shown to provide adequate suppression (>100dB) [112] of unwanted light.

Future work will focus on improving the pair extraction efficiency of the NWQD by
building gates around the nanowire to drag charges away from the QD or by optically
emptying the XX state to mitigate blinking, and characterizing and testing these circuits
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with our NWQD source. First, a sweep of the transmission spectrum will be done for
the passive components, and then the active components. Voltages will be applied to the
active components to determine the true V., as there are likely manufacturing deviations.
Finally, when the PICs have been fully tested and characterized, the next step will be
integrating our NWQD emissions onto the chip and performing basic experiments, such

as two-photon interference and basic state projection, before leading into a full on-chip
version of QST.
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Figure 1: Raw projection measurements captured by the SNSPDs used in the reconstruc-
tion of the density matrix, as part of the quantum state tomography experiment. The
well-defined oscillations shows that the SNSPDs are capable of resolving the fss, thus lead-

ing to a more accurate reconstruct
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Figure 2: Raw projection measurements captured by the SPADs used in the reconstruction
of the density matrix, as part of the quantum state tomography experiment. It is evident
from the “rounded” peaks and less defined oscillations that the response time of the SPADs

are much slower than the SNSPDs.
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Figure 3: Final AMF PIC, as designed in KLayout. The “teal” colour represents SiN,
structures, such as waveguides, directional couplers, and grating couplers. The thin “pink”
lines and circles are heaters placed on top of waveguides and ring resonators respectively.
The “red” hatched squares are bond-pads, where electrical connections can be made to
control the heating elements. And the “blue” hatched areas are electrical connections
between the bond-pads and the heating elements. the circuit has been split into four equal
sections, each containing their own experiment which are intended to emulate free space
lab experiments carried out in this thesis. From left to right, the experiments are: 1)
Tomography where the XX and X are filtered on-chip, 2) tomography where the XX and
X photons are filtered off-chip, 3) HOM and two-photon interference, and 4) experimental
edge couplers and 2D grating couplers. Note, the 2D grating couplers are not part of this
thesis, but they offer a method of separating photons into either waveguide based on their
polarization.
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