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Abstract
The advent of quantum computation promises exciting advances, not only in
fields like medicine and metrology, but many industries that rely on parameter–
heavy calculations or simulation of molecular interaction. At the same time
Shor’s algorithm for quantum computers presents a threat to current asymmetric
encryption protocols used in everyday communication. Flying qubits, i.e. single–
photons, can help mitigate this problem via quantum key distribution, which is
insusceptible to an increase in computational power. In addition, they can link
quantum computers, forming a quantum network, so that quantum states can
be transmitted between them. Sources of flying qubits need good performance
in key metrics like single–photon purity, repetition rate, indistinguishability
and brightness to become useful in these applications. They should ideally
emit strongly entangled pairs of photons and be matched to other quantum
technologies in bandwidth and emission energy.

In this thesis the emission characteristics of single epitaxial quantum dots,
the single–photon source of our choice, are investigated. Strongly entangled
photon–pair emission is demonstrated for three different quantum–dot systems:

• InAsP quantum dots embedded in nanowire waveguides, suitable for
integration into photonic circuits, show emission of single photons and
entangled photon pairs under non–resonant and quasi–resonant excita-
tion. Violation of Bell’s inequality is demonstrated using the traditional
set of polarization angles.

• GaAs quantum dots grown in droplet–etched nanoholes are tested with
two resonant excitation methods: Using resonance fluorescence, near–
unity indistinguishability and re–excitation limited single–photon purity,
albeit not simultaneously with laser–inherited bandwidth, are measured.
Using two-photon resonant excitation we set a new standard for single–
photon purity, can generate pairs of entangled photons but suffer from
reduced indistinguishability. In addition, nanofabrication of paraboloid
shaped reflectors for enhanced extraction efficiency of photons and strain–
tuning of the emission energy into resonance with the 87Rb D1–line are
demonstrated.

• Strain–tunable InAs quantum dots emitting in the telecom C–band are
investigated under above–band excitation and two different resonant
two–photon excitation techniques, all of which cause pure single–photon
emission. Using the robust phonon–assisted two–photon excitation
technique, close–to ideal entangled photon–pair emission is demonstrated.
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For many of these findings photon arrival times were recorded over many
hours with temporal precision on the order of 10 ps. We have developed a user–
friendly, yet versatile piece of software in order to extract as much information
as possible from this vast amount of data.

These results will facilitate integration of quantum dot based single– and
entangled–photon sources into future quantum networks and quantum key
distribution systems.

Key words: quantum dots, single–photons, indistinguishability, entanglement
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Korrelationspektroskopi med epitaxiella kvantprickar
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Institutionen för Tillämpad fysik, Kungliga Tekniska högskolan,
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Sammanfattning
Framstegen inom kvantberäkning förutsp̊ar spännande framsteg, inte enbart
inom omr̊aden s̊asom medicin och metrologi, utan även inom m̊anga industrier
som förlitar sig p̊a parametertunga beräkningar eller simulering av molekylinter-
aktioner. Samtidigt utgör Shors algoritm för kvantdatorer ett hot mot aktuella
asymmetriska krypteringsprotokoll som används i vardagskommunikation. Fly-
gande kvantbitar, även känt som singelfotoner, kan hjälpa till att mildra detta
problem genom att använda kvantnyckeldistribution, som är immuna mot en
ökning av beräkningskraften. Dessutom till̊ater de sammanlänkning av kvantda-
torer till kvantnätverk, där kvanttillst̊and kan överföras mellan kvantdatorerna.
Ljuskällor som producerar flygande kvantbitar behöver p̊avisa högkvalitativa
egenskaper i emittans av singelfotoner, repetitionsfrekvenens, oskiljbarhet och
ljusstyrka för att kunna användas till dessa applikationer. Idealt vore om de
emitterade starkt sammanflätade par av fotoner som kan anpassas i bandbredd
och utsläppsenergi.

Denna avhandling g̊ar ut p̊a att karakterisera den singelfotonkälla vi valt
att fokusera p̊a, nämligen enskilda epitaxiala kvantprickar. Emission av starkt
sammanflätade fotonpar demonstreras för tre olika kvantpunktsystem:

• InAsP-kvantprickar inbäddade i ledande nanotr̊ad, redo att integreras
i fotonkretsar, som visar singel-fotonemission under ickeresonant och
kvasiresonant excitation. Brott mot Bells olikhet demonstreras genom
att använda traditionella set av polarisationsvinklar.

• GaAs kvantprickar som odlats med hjälp av droppetsning i h̊al av na-
nostorlek testas med tv̊a resonansexcitationsmetoder: Med hjälp av reso-
nansfluorescens mäts fullständig oskiljbarhet och återexcitationsbegränsad
renhet av singelfotoner, dock inte samtidigt som den nedärvda band-
bredden fr̊an lasern. Med hjälp av tv̊afotonresonant excitation sätter
vi en ny standard hos singelfotoners renhet, där vi kan generera sam-
manflätade fotoner med reducerad oskiljbarhet. Dessutom p̊avisar vi hur
paraboloidformade nanofabricerade reflektorer ger en förbättrad extrak-
tion av fotoner samt att fotonenergin kan justeras genom att sträcka ut
kvantpricken s̊a att dess emission är resonant med 87Rb D1–linjen.

• InAs kvantprickar som kan justeras genom sträckning och emitterar foto-
ner i telekom C-bandet undersöks, dels genom användning av excitation
ovanför bandet och dels genom tv̊a olika resonanta tv̊afotonexcitations-
tekniker, som alla orsakar ren singelfotonemission. Genom användning av
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den robusta fononassisterade tv̊afotonsexcitationstekniken, kan emission
av nära idealt sammanflätade fotonpar demonstreras.

För många av dessa upptäckter registreras fotonernas ankomsttider över
flera timmar med tidsprecision i storleksordningen av 10 ps. Vi har utvecklat
en användarvänlig och m̊angsidig mjukvara för att kunna extrahera s̊a mycket
information som möjligt fr̊an denna enorma datamängd.

Dessa resultat kommer att underlätta integration av kvantprickbaserade
singelfoton– och sammanflätningskällor i framtida kvantnätverk och kvantnyckel-
distributionssystem.

Nyckelord: kvantprickar, singelfotoner, oskiljaktbarhet, sammanflätning
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Preface

This thesis deals with epitaxial semiconductor quantum dots as sources of
single–photons and entangled photon pairs. In order to make these sources
useful for applications in quantum key distribution and long distance quantum
networks, stringent requirements on several aspects of their emission have to
be met. The quality of emission is analyzed in different ways and advantages
and disadvantages of different excitation techniques are explored. Efforts are
made to move these achievements to a material system working in the telecom
wavelength range.
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Development of control software in LabVIEW with T. Lettner. Performance
of the experiments with L. Hanschke, E. Schöll, K. D. Zeuner and K. D. Jöns.
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L. Schweickert, K. D. Jöns, M. Namazi, G. Cui, T. Lettner, K. D. Ze-
uner, L. Scavuzzo, S. Filipe, M. Reindl, H. Huang, R. Trotta,
A. Rastelli, V. Zwiller, & E. Figueroa . Single Photons from a Quantum
Dot meet a Hot Rubidium Vapor. EQEP 18 Rome. Germany, 2018.
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Part I

Overview and summary





Chapter 1

Introduction

Quantum computation is a highly active field of research with strong financial
support from industrial partners interested in bringing this technology to appli-
cation as soon as possible [1]–[3]. Quite recently, the claim of achieving quantum
advantage [2] has caused media attention. The promise of quantum computation
is the possibility of quantum simulation, which can help, for example, in elec-
trochemical research into new battery technologies [4] and biomedical research
on new drugs [5], but also quite generally in parameter–heavy computational
tasks [6]. Flying qubits are needed to link these quantum computers together
and form a quantum internet [7], for which single photons and entangled photon
pairs are the ideal candidates due to their relative insensitivity to environmental
influence. Flying qubits have also been identified as a possible mitigation for
the threat to security in communication that quantum computers pose due to
advantages in computational speed of special quantum algorithms over their
classical counterparts [8]. Grover’s algorithm [9] can half the key space for
symmetric encryption while Shor’s algorithm [10] reduces the complexity for
asymmetric encryption from exponential to polynomial [11]. Quantum key
distribution [12]–[14] in combination with a one–time pad encryption is cryp-
tographically safe [15] and thereby future proof against unforeseen discoveries
but faces the same challenge as the quantum internet: When photons are used
as qubits in long–distance communication, attenuation in the channel causes
immediate information loss since single–photon states cannot be amplified [16].
Going long distance in optical fibers, like we use for classical long distance
communication, for either quantum networks or quantum key distribution can
be achieved by using quantum repeaters [17]–[19] and photon–sources emitting
in the telecom optical wavelength bands. Requirements on the light source
for these kinds of applications go further than the emission energy, though.
For efficient coupling to atomic systems, which can enable storing or buffering
of a photonic quantum state [20]–[23], precisely controllable emission energy
with matched, transform–limited bandwidth is required. In a quantum relay
configuration, teleportation and entanglement swapping can be used to spread
entanglement over large distances [24] if photons can interfere with each other.
This means an ideal source must produce photons with a high degree of in-
distinguishability that are also strongly entangled. In addition, on–demand
generation and on-demand delivery of highly pure single photons with high
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2 1. Introduction

repetition rate are generally desirable for applications with flying qubits. The
usefulness of single and entangled photon sources extends to other applica-
tions like quantum metrology [25], [26] and optical quantum simulation and
computation [27], [28]. The most commonly used single–photon sources are
based on heralded nonlinear frequency conversion [29] due to their relatively
low barrier of entry and operation near room temperature. Specifically, spon-
taneous parametric down–conversion (SPDC) [30] has been used to develop
well performing heralded single–photon sources [31]. Due to the probabilistic
nature of the photon generation process SPDC sources suffer from multi–pair
emission with increasing pump power [32]. Sources based on single emitters,
like atoms and ions [33], molecules [34], color centers and other defects [35], and
many more [36], intrinsically avoid this issue. They come with a great variety
of advantages and drawbacks [37]–[39]. In this work we focus on epitaxially
grown, optically active semiconductor quantum dots [40], which can perform
well in many of the metrics mentioned above simultaneously [32], [41], while
allowing for deterministic photon generation [42]. In addition to their good
performance, many of the properties of epitaxial quantum dots can be tailored
with material system [43], growth [44], [45], nanofabrication [46], and even
during operation [47]–[49]. Quantum dots can also be integrated into photonic
circuits in a deterministic fashion [50], [51]. In this work, we investigate the
properties of emitted single– and entangled photons under different excitation
conditions and from different material systems. We measure how the quality
of entanglement of photon pairs from an InAsP quantum dot improves under
p–shell excitation compared to non-resonant excitation (see Section 2.1). This
quantum dot is embedded in an InP waveguide for enhanced light extraction
efficiency and we compare the fidelity to a maximally entangled state as well
as the photon–pair source efficiency to other state–of–the–art sources of po-
larization entangled photon pairs (see Paper 1). In Paper 2 we experiment
with two–photon resonant excitation (see Section 3.4) and, with the help of
our very low dark–count rate detectors, measure the lowest value of g(2)(0)
reported so far. In this experiment we used GaAs quantum dots in droplet
etched nanoholes optimized for emission close to the Rb D1 line. We also
investigated the neutral and charged exciton emission from these quantum dots
under direct resonant excitation and the resulting near–unity indistinguishability
is presented in Paper 4. A comparison between resonance fluorescence and
cascaded emission under two–photon excitation, shown in Paper 7, revealed that
the cascaded emission introduces uncertainty, compromising the two–photon
interference visibility. These measurements, in addition to auto–correlation
measurements, were performed for four quantum dots with consistent results. In
Paper 8, we demonstrate that CW excitation in the Rayleigh regime results in
either anti–bunched or spectrally narrow emission, but not both simultaneously.
Paper 5 highlights our efforts to improve light extraction efficiency from the
high refractive index material the quantum dot samples are made of. We use a
resist reflow technique followed by a transfer of the resulting paraboloid shape
by directional dry etching to create paraboloid lenses with the quantum dot



1. Introduction 3

layer at the height of the focal point. The sample is gold coated for increased
back–reflection and glued to a piezoelectric substrate. The resulting sample
shows a significantly increased brightness and can be tuned in emission energy
with biaxial strain. We have also investigated the emission of strain engineered
InAs quantum dots emitting in the telecom C-band. The results presented in
Paper 3 show single–photon and cascaded emission under pulsed non–resonant
excitation. Control over the emission energy due to strain is also demonstrated.
Another sample with these kinds of quantum dots, grown under slightly different
conditions to optimize for small fine–structure splitting (see Section 2.1), is
tested for entangled photon–pair emission. The results shown in Paper 6 attest
excellent quality of entanglement under phonon–assisted two–photon excitation
of the |XX〉–state. Using this method of excitation, the quantum dot emission
reacts less sensitively to changes in laser power and laser energy. This could
allow one laser to drive several quantum dots with slightly different biexciton
binding energies in the future. In Paper 9 we present our time tag analysis
tool. It is developed with flexibility and performance in mind. Many different
analysis methods are provided with the software and development of custom
analysis schemes is made approachable with the help of a graphical programing
interface based on state–diagrams.



4 1. Introduction

Thesis structure.

In Part I of this thesis I cover some background useful for understanding
the papers attached in Part II as well as some small details I learned along the
way.

In Chapter 2, I introduce epitaxial quantum dots as single–photon sources
and summarize details about the three different types of quantum dots investi-
gated in Part II. In addition, I go over some background on the energy levels
typical for the quantum dots we investigated.

Chapter 3 covers the basic spectroscopy setup and some common techniques
used for characterizing quantum dot emission. Resonance fluorescence and
two–photon excitation are described with their specific advantages and I explain
which changes have to be made to the basic setup in order to use these excitation
techniques.

Chapter 4 goes into detail about the most important characterization tool
in our arsenal: time resolved correlation spectroscopy. I describe how time–
resolved photon measurements can be used to categorize light into types based
on photon statistics. Second order intensity cross– and auto–correlation is
introduced and the experimental implementation is discussed.

In Chapter 5, I briefly introduce strain–based tuning techniques for epitaxial
quantum dots and describe what steps we take to improve performance and
how we operate piezo actuated samples in our experiments.

In Chapter 6, I introduce the concept of two–photon interference. I describe
the measurement setup and explain the expected correlation histogram.

Chapter 7 introduces the concept of entanglement and gives an overview of
the experimental implementation of two–photon polarization state tomography.
I explain how we calibrate our setup and how we have analyzed the results.



Chapter 2

Epitaxial quantum dots

In this chapter I will briefly give some theoretical background on semiconductor
quantum dots, their electronic states as well as basics about single and entangled
photon emission. I will introduce the specific morphology and material systems
of the three types of quantum dots investigated in this thesis: 1) InAsP quantum
dots embedded in Au–seeded pure wurtzite InP nanowires grown with CBE, 2)
GaAs quantum dots in a AlGaAs host matrix grown with a droptlet–etching
method and 3) InAs quantum dots in GaAs grown on a metamorphic buffer
layer. The InAsP quantum dots emit around 930 nm, the GaAs dots emit just
below 800 nm, making them suitable for coupling to the 87Rb D1 line, and the
InAs quantum dots emit around 1550 nm, i.e. in the telecom C-band, making
them suitable for fiber–based long–distance applications.

A quantum dot is a three dimensional confining potential for charge carriers,
in case of epitaxial quantum dots, electrons and holes [52]. If the confinement
is sufficiently strong, energy states for both types of charge carriers form into
discrete levels similar to those found in natural atoms [53]. This is why quantum
dots are also referred to as artificial atoms. Discrete transitions form between
these states in the valence and conduction bands, which can lead to characteristic
photon emission upon recombination [54]. Investigation of the emitted light or
probing of the charge state by electric transport measurements can give insights
into the lifetime of charge carriers in the corresponding levels and the coupling of
these levels to each other and the surrounding charge environment [47]. Vastly
different systems can produce these conditions - e.g. at the interface between two
thin epitaxial semiconductor layers, a so–called two–dimensional electron gas
can form, which can be outfitted with electrodes to deplete the local density of
states around nanometer sized islands[55]–[57]. Another example are chemically
synthesized nanoparticles of different shapes, sizes and material combinations
suspended in a solution. These are called colloidal quantum dots [58]. In
this thesis, however, if not specified otherwise, I refer to epitaxially grown,
optically active semiconductor quantum dots [59]. These kinds of quantum
dots have been of great interest to the scientific community for about 20
years now and are grown via metal–organic vapor–phase epitaxy (MOVPE)(see
Section 2.4), chemical beam epitaxy (CBE)(see Section 2.2), molecular beam
epitaxy (MBE)(see Section 2.3) or very similar methods. They can be composed

5
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of III-V or II-VI semiconductors depending on the desired emission wavelength
and growth mode [43].

2.1. Bandstructure and energy levels

All of the quantum dots presented in this thesis are based on III–V direct–
bandgap semiconductors. They are composed of a low–bandgap semiconductor
embedded inside a high–bandgap semiconductor, creating a trapping potential
for electron–hole pairs. For example, the quantum dots from Linz composed of
GaAs, with a bandgap of EΓ = 1.52 eV at 4 K, are surrounded by Al0.4Ga0.6As
with a bandgap of EΓ = 2.04 eV at 4 K. Due to the three dimensional confine-
ment the density of states for both electrons and holes becomes discrete as a
function of energy. These discrete levels are called shells, analogous to natural
atoms, with the lowest shell being called the s–shell, followed by the p–shell. For
improved optical performance it is often beneficial to excite quantum dots via
their p–shell instead of above the bandgap of the surrounding material. Since
charge carriers tend to relax into the lowest energy state of the quantum dot
very quickly, we only investigated emission from the s-shell for all work in this
thesis. Due to Pauli’s exclusion principle there are 4 possible configurations of
occupation of the s-shell that result in emission of a photon:

1) A single electron–hole pair with opposite spin (Figure 2.1a), called
exciton (X), which can exist in two spin orientations.

2) An exciton with an additional hole (Figure 2.1c), called positively charged
exciton (X+)

3) An exciton with an additional electron (Figure 2.1b), called negatively
charged exciton (X−)

4) Two electron–hole pairs (Figure 2.1d), combining both possibilities for
an exciton, called biexciton (XX)

The charged excitons (2) and 3)) are also called trion (T or X∗) if the charge is
unknown. All of these quasi–particles decay with distinct recombination energies
due to the Coulomb interaction between charge carriers. Their relative energy
shift can vary in magnitude and even sign, depending on the confining potential.
While electrons in the conduction band are only considered with spin Se = 1

2 ,
holes in the valence band, due to their spin–orbit coupling, exist in different
varieties and can be categorized by their combined angular momentum and spin
Jh = L ± S, leading to three distinct bands: heavy holes with Jh = ± 3

2 and

projection in growth direction Jh,z = ± 3
2 , light holes with Jh = 3

2 and Jh,z = ± 1
2

and split–off holes with Jh = 1
2 and Jh,z = ± 1

2 . Quantum confinement and
strain, intrinsic to, in particular, Stranski–Krastanov grown QDs energetically
splits heavy and light holes, leaving the heavy hole band as the highest valence
band. As illustrated in Fig. 2.1, there are two possible spin configurations
for the neutral exciton (2.1a) and both positively (2.1b) and negatively (2.1c)
charged exciton. Since the XX represents full occupation, there is only one
possible configuration. Although mixing of heavy and light hole is possible for
the droplet etched GaAs QDs as well as the InAs nanowire QDs due to their
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Figure 2.1: Occupation of a quantum dot s–shell, blue balls representing electrons
and red circles representing holes, by a) the neutral exciton in two different spin
configurations, b) the negatively charged exciton in two spin configurations, c)
the positively charged exciton in two spin configurations, and d) the biexciton,
representing full occupation.

strain relieved nature, most of the QDs light investigated in this thesis stems
from recombination with heavy holes. Significant effort has been put forward to
observe emission from semiconductor quantum dots with light hole character,
tailoring material composition, applying strain and detecting light from the
side [60], [61], while photons polarized in the direction of growth, typical for light
hole emission, do not couple to the guided mode of nanowires [62]. The total
angular momentum of an emitted photon M resulting from the recombination of
an electron with Se,z = ± 1

2 and a heavy hole with Jh,z = ± 3
2 can be M = ±1 or

M = ±2. The latter represents the dark excitons, which can not couple to the
light field, while the former represent the two possible configurations for bright
excitons. Their degeneracy is lifted by the interaction between the electron
spins Se and the hole spins Jh, called the exchange interaction, and a mixing of
the levels is caused [63]–[65], as shown in Figure 2.2a. The exchange interaction

can be represented by Hexchange = −∑i=x,y,z

(
aiJh,iSe,i + biJ

3
h,iSe,i

)
[47]. Its

magnitude can vary depending on the predominant type of hole (heavy hole,
light hole, split–off hole), the crystal structure and orientation, the symmetry,
as well as the strain present in the specific quantum dot. For quantum dots
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Figure 2.2: A fully occupied s–shell (|XX〉–state) transitioning to the ground
state via one of the |X〉–states. Both possible decay paths happen with 50 %
probability. a) Degeneracy of the exciton levels is lifted by the fine–structure
splitting. b) Exciton levels are degenerate when the fine–structure splitting is
zero.

with high symmetry (≥D2d) this so called fine–structure splitting (FSS) can
be δFSS = 0 µeV [41], [66], [67], while for unoptimized QDs it can be several
hundred microelectronvolts. Several methods for tuning the FSS have been
explored, like strain [68]–[72], electric field [73], magnetic field [74], and optical
stark effect [75]. The charged excitonic states do not experience an exchange
interaction splitting, in the case of strong confinement, since they can be viewed
as a spin–singlet of equal charges interacting with a single opposite charge
and their final state is another single charge [47]. The biexciton state, on the
other hand, decays into the exciton state. Since there are two possible exciton
states with non–degenerate energy (for δFSS > 0) acting as the final state for
the biexciton, the two possible decay paths of the XX are also non–degenerate.
As illustrated in Fig. 2.2b, when preparing a QD with δFSS = 0 in the |XX〉–
state, there are two possible decay paths depending on which electron–hole–pair
decays first. The sign of M of the emitted photon describes its polarization as
being either left– or right–circular (L or R). This means the |XX〉–state can
decay to the |X〉–state emitting an R polarized XX photon followed by an L
polarized X photon from the |X〉 → |0〉 transition. Alternatively, the opposite
can happen resulting in an L polarized XX photon followed by an R polarized
X photon. If no information can be obtained about which decay path was
taken, the state of the emitted light has to be written as a superposition of
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both possible polarization combinations: |Ψ〉 = 1√
2

(|RXXLX〉+ |LXXRX〉). By

using |R〉 = 1√
2

(|H〉 − i |V〉) and |L〉 = 1√
2

(|H〉+ i |V〉), we can rewrite this as

|Ψ〉 = 1√
2

(|HXXHX〉+ |VXXVX〉) or simply |Φ+〉 = 1√
2

(|HH〉+ |VV〉). In the

case of δFSS > 0, while the quantum dot is occupied by one electron–hole pair
(X) in a superposition state between its possible mixed states, the probabilities
to detect it in either of its polarization states oscillate in time, due to the
exchange interaction [76]. We can see this as an additional time dependent

phase leading to |Ψ〉 = 1√
2

(
|HH〉+ e−i

δFSS
~ t |VV〉

)
[77]. This means that, if

we detect the XX photon as H polarized at time t = 0, by the time we detect
the X photon, the polarization state will have changed and we will detect a
differently polarized X photon depending on how long after the XX–photon
emission we detected it. This also means, that measurements collapsing the
photon states in the circular or diagonal basis will show oscillations in the
cross–correlation histogram between XX and X photons over time, modulating
the usual exponential decay with cos2( δFSS

2~ −Φ), where Φ is an additional phase
to allow for different combinations of polarization. The exponential decay in
the rectilinear basis stays unaltered, since the rectilinear basis is composed of
eigenstates of the system even in the presence of FSS [78]. All of this means
we get a two–photon state entangled in polarization (time–evolving with the
FSS δFSS) directly from the biexciton–exciton cascade. Although it remains an
engineering challenge [32], [79], [80], unity extraction efficiency and resonant
excitation of the biexciton would provide us with pairs of polarization–entangled
photons on–demand.

2.2. Quantum dots in nanowire waveguides

These InP nanowires containing InAsP quantum dots were supplied by our
collaborators Philip Poole and Dan Dalacu at the National Research Council,
Ottawa, Canada. The growth starts with a (111)B InP substrate. This substrate
is coated with a 20 nm thin SiO2 layer into which holes of different sizes below
100 nm are being processed [81]. Au was deposited selectively into these holes
in order to seed the nanowire growth process there. CBE is employed to grow a
predominantly wurtzite InP nanowire with a constant diameter determined by
the size of the Au catalyst. After growth of several hundred nanometers, the
quantum dot is created by switching one of the materials supplies from PH3

to AsH3 for about two seconds after which growth of the InP core continues
until the desired height is reached. Growth conditions are then changed to
facilitate cladding growth of InP, seeded by the wurtzite core, which can be
tapered towards the top in order to adiabatically decouple the guided mode
from the nanowire. This results in a Gaussian emission profile, leading to
93 % efficiency when coupling to a single–mode optical fiber [82]. Figure 2.3a
shows a scanning electron microscope (SEM) image of InP nanowire waveguides
containing quantum dots. In the bottom right inset (dashed outline) we can
see a close–up of the nanowire base revealing its hexagonal shape reflecting
the hexagonal crystal structure. In the left inset (solid outline) we see the tip
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Figure 2.3: a) SEM image of InP nanowires containing InAsP quantum dots.
Zoom-ins highlight the hexagonal base (dashed) and the tapered tip for enhanced
light extraction (solid). SEM data courtesy of Dan Dalacu. b) Photolumines-
cence spectrum of the InAsP quantum dot used in Paper 1 under non–resonant
CW excitation. From low to high energies we can see a charged X, a charged
XX, the neutral XX and the neutral X.

of the nanowire with a smooth taper and a very small taper angle, optimized
for high light extraction efficiency, as investigated in more detail for etched
nanowire waveguides [83]. In the case of the nanowire used in Paper 1 the
extraction efficiency was measured to be (18± 3) % [84]. In Figure 2.3b we
see the photoluminescence spectrum of the InAsP QD used in Paper 1. In
this case, it is excited non–resonantly with a helium–neon laser (HeNe) with
a wavelength of 632.8 nm (1.959 eV). The highest energy line is the neutral
X close to the XX emission line. The two lines at lower energies are charged
variants, the less intense one being a charged XX and the brightest line being
a charged X. Due to high symmetry, a low mean fine–structure splitting (see
Section 2.1) of 3.4 µeV with a standard deviation of 3 µeV is observed for these
kind of quantum dots [84].

2.3. Quantum dots in droplet etched nanoholes

These MBE grown GaAs quantum dots, surrounded by AlGaAs, were supplied by
our collaborators, led by Armando Rastelli, at the Johannes Kepler University,
Linz, Austria. Creation of these quantum dots starts with a GaAs (001)
substrate. AlGaAs is deposited as a base layer into which nanometer sized
holes are etched by first letting Al droplets condense on the surface and then
desorbing them again [67], [85], [86]. These holes are then filled by deposition
of GaAs followed by an annealing step to allow diffusion of the GaAs into
the nanoholes. The holes are then capped with more AlGaAs. By careful
choice of growth conditions the holes can be highly symmetric, leading to very
low fine–structure splitting (FSS) of (4.8± 2.4) µeV [45]. This is similar to
the homogeneous linewidth of about 3 µeV for the exciton and 5.3 µeV for the
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Figure 2.4: a) Cross section of an AFM image of a nanohole after etching. The
height is magnified 17 times compared to the width. The bottom left inset
describes the intended structure, while the bottom right inset is a top view of
the nanohole’s AFM scan with lateral dimension 250 nm× 250 nm. Reproduced
with permission [41]. b) Photoluminescence spectrum of a GaAs quantum dot
similar to the ones used in Papers 2, 4 and 5.

biexciton. In Figure 2.4a a 3D cross section through an atomic force microscope
(AFM) scan is shown. The aspect ratio has been adjusted by multiplying the
height by a factor 17 to better show the nanoholes features. The color indicates
the incline with darker colors representing steeper incline. The same AFM scan
is shown again as the bottom right inset, this time in a top-down view. Here,
the color represents depth and is adjusted so that 0 is about equal to the average
height of the sample surface surrounding the nanohole. The lateral dimension
of the top–down scan is 250 nm× 250 nm, same as for the 3D crossectional
image. In the bottom left inset the intended sample structure is visualized: A
nanohole in Al0.4Ga0.6As filled with GaAs. The intrinsically low FSS, combined
with their emission close to atomic transitions in 87Rb and narrow linewidth
of about 5 GHz makes these quantum dots interesting candidates for hybrid
quantum optics experiments combining natural and artificial atoms [87]–[89].
In order to enhance extraction efficiency, the quantum dot layer can be placed
in a weak cavity (Q ≈ 50) between layers of AlGaAs with an Al concentration
alternating between high and low (see Paper 2). In Figure 2.4b we see a typical
photoluminescence spectrum when the quantum dot is non– or quasi–resonantly
excited. In this case the QD is excited via its p–shell with a 3 ps pulsed laser.
The brightest emission line at about 1.565 eV is the neutral exciton. Several
emission lines attributed to (mostly hot) charged states [90] make it hard to
locate the neutral XX emission, which is typically found 3 meV below the X.
More information can be found in a recent review about droplet epitaxy and
droplet etching for the fabrication of QDs by Massimo Gurioli [45]. Some
impressive performance in terms of degree of entanglement, indistinguishability
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and single–photon purity has been demonstrated without the need for very
demanding experimental techniques or nanofabrication [41].

2.4. Quantum dots on a metamorphic buffer

Figure 2.5: a) SEM image of the cleaved sidewall of a sample. A part of the
bottom DBR can clearly be seen, thanks to the strong contrast of AlAs and
GaAs. A wavy line with less contrast can be seen towards the surface of the
sample. It is located about 280 nm from the surface which coincides with where
the quantum dot layer is expected. b) Photoluminescence spectrum of an InAs
quantum dot similar to the ones used in Papers 3 and 6.

These InAs quantum dots in an InGaAs host matrix were developed by Peter
Michler’s group at the Institut für Halbleiter und funktionelle Grenzflächen,
Stuttgart, Germany [91]. The recipe could be reproduced by Matthias Paul,
who originally developed it in Stuttgart on a similar MOVPE, in Kista, working
with us and Mattias Hammar’s group. The growth starts out with a GaAs
(111) substrate. For increased light extraction efficiency a distributed Bragg
reflector (DBR) can be grown above and below the quantum dot layer to form
a 3–λ–cavity with an anti–node of the electric field at the quantum dot layer.
The DBR structure consists of alternating AlAs and GaAs layers of precisely
tuned thicknesses of around 100 nm. Usually Stransky-Krastanov [92] grown
InAs quantum dots on a GaAs substrate would emit below 1000 nm [93], due to
their strained nature. With an additional InGaAs layer of about 1 µm thickness
with continuously increasing In content below the quantum dots, strain in
the quantum dots can be reduced and the emission wavelength shifted to the
telecom C–band at 1550 nm. This wavelength is used in deployed fiber networks
since losses are minimal for guided light at 1550 nm. In Figure 2.5a we see the
cleaved sidewall of a sample. Most striking are the DBR pairs with their high
contrast due to the high Al content in the AlAs layers. About 280 nm from
the semiconductor–air interface we can see a line with lighter color than the
surrounding AlGaAs. Judging from its position and contrast in the SEM, this
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could be the quantum dot layer. Both this layer and the semiconductor–air
interface highlight a problem with these kinds of QDs: due to the relaxation of
strain in the lattice the surface becomes wavy. This might pose an additional
challenge for advanced fabrication on these samples, e.g. for light extraction
enhancing structures like circular Bragg gratings. As shown in Figure 2.5b,
the optical quality of these quantum dots is excellent, as well, with typical
linewidths of (59± 24) µeV [91]. The spectrum presented in Figure 2.5b is taken
under CW excitation with a HeNe laser. The exciton emission is at 0.801 eV
and the XX emission is the brighter line at 0.799 eV. This particular QD shows
a FSS of 18 µeV. Since this spectrum is recorded with an InGaAs detector, the
signal–to–noise ration is worse than for the spectra presented in the previous
Sections. The fine–structure splitting (see Section 2.1) for these quantum dots
was reported to be below 10 µeV for more than 50 % of investigated dots [94].



Chapter 3

Cryogenic confocal micro–
photoluminescence spectroscopy

In this chapter I will introduce the cryogenic confocal microscope and single–
photon spectroscopy techniques relevant to this thesis. Since setups evolve over
time I will describe the most recent version of one of our cryogenic confocal
micro–photoluminescence setups and would like to refer the interested reader
to the journal publications in Part II for relevant details on the setups used
for the individual measurements. In addition to the basic setup I would like
to highlight some common methods for identification of emission lines in the
photoluminescence spectrum. Resonance fluorescence and two–photon excitation
are introduced as two resonant excitation techniques with individual strengths
and the changes required to the setup are explained.

3.1. Setup

Atomic clocks, lasers and transistors are some examples of applications of
quantum effects in our daily life. Some of the more exotic quantum effects, like
entanglement, are of a more fragile nature. If a system that could possibly create
entanglement is subject to information exchange with the environment, the
entanglement would be degraded or destroyed. Schrödinger’s cat, for example,
is inside a box to isolate it from the environment, so as to not instantly collapse
the entangled state. This is why we do not encounter entangled states in
everyday life and consequently their behavior seems counter–intuitive to us. To
observe entangled photon emission from a quantum dot, we have to isolate our
semiconductor from phonon influence during the preparation process, thereby
increasing coherence times and reducing unwanted decay channels. A closed–
cycle Helium cryostat, illustrated in the center breadboard of Figure 3.1, is
used to operate our single–photon source at about 4.9 K, reducing phonon–
interaction to a minimum. We use Attocube ANPx101 and ANPz101 nano–
positioners to position the sample under the microscope objective lens, which
is also inside the cryostat. Luckily, photons have a small interaction cross–
section and can therefore be handled outside the cryostat without immediately
destroying the entanglement. A glass plate with dielectric coating from Bernhard
Halle Nachfl. GmbH separates excitation path from detection path. It has a
transmission:reflection ratio of 9:1 and is designed to influence the polarization

14
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of transmitted light as little as possible. Alternatively, we can replace this
glass plate with a polarizing beam splitter (PBS), so that the excitation laser
can be suppressed if it is resonant with the QD emission and, thus, cannot
be filtered spectrally. Figure 3.1 shows a regular beam splitter as a stand–in
for these two options. On the left breadboard of Figure 3.1 we can see an
excitation laser with a pulse shaper. Table 3.1 describes the lasers we typically
use when exciting the different types of QDs. They can all be coupled into the
excitation path of the confocal microscope via optical fiber patch cords. We
use a Thorlabs PM100USB optical power meter with an S120C head, placed at
the fourth port of the excitation/collection beam splitter, in combination with
a Thorlabs V800PA optical fiber attenuator driven by a homemade digital–to–
analogue converter in order to control and stabilize the optical power going to
the cryostat.

Brand Model Wavelength
(nm)

Pulse length
(ps)

Rep. rate
(MHz)

APE picoEmerald 1 Signal:
650 to 980
Idler:
1090 to 2490

3 to 100 80

APE picoEmerald 2 Signal:
700 to 980
Idler:
1090 to 1950

3 to 100 320

Toptica DL Pro 760 to 805 30
(with EOM)

CW to 80
(with EOM)

Toptica CTL 1520 to 1630 — CW

Table 3.1: Lasers that were used for exciting QDs.

For detection, we can send the QD emission to an Acton SP2750i spec-
trometer, schematically depicted on the right breadboard of Figure 3.1, with a
Pixis 100 CCD. With our 1800 lines grating this results in a spectral resolution
better than 10 GHz at the Rb D1 line. Alternatively we can couple the QD
emission into a single mode (or polarization maintaining) optical fiber. This
fiber can be used to bring the light to our self–built transmission spectrometer
(TS) with 60 % fiber–to–fiber transmission in a 19 GHz window. The output
of the TS can then be connected to the superconducting single photon detec-
tors (SSPDs) (for detailed specs see Paper 2). Depending on the intended
measurement, fiber–based devices can be inserted between the SSPDs and the
TS: For high–resolution spectroscopy we can use a fiber–based temperature–
tunable Fabry–Perot interferometer by Micron Optics with a free spectral range
of 19.92 GHz and a Finesse of F = 804 ( measured by the company). For
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Figure 3.1: Illustration of an basic PL setup. The left breadboard shows a pulsed
laser with a pulse shaper. Using an optical fiber patch cord, laser light is routed
to the middle breadboard containing the confocal micro–photoluminescence
setup and the cryostat. A beam splitter is used to combine excitation and
detection paths. The retrieved photoluminescence is coupled into another optical
fiber patch cord and routed to the right breadbord showing a spectrometer.
Here, the light is dispersed at a grating and focused onto a cooled CCD chip in
order to record a photoluminescence spectrum.

auto–correlation measurements we can use a 50:50 beam splitter. For cross–
correlation measurements the TS offers a second output that can couple an
independent 19 GHz window to another optical fiber.

3.2. Common techniques

The Coulomb interaction among charge carriers populating the s–shell can have
different magnitude and even sign, depending on the confining potential [95],
[96]. Therefore it is not straight forward to identify the different emission lines
in a photoluminescence spectrum and several techniques have been developed
to help with this challenge.

Lines of excitonic and biexcitonic nature can be identified under above–band
excitation with a simple power series. States populated with one electron–hole
pair should experience a slope of close to one in a double–logarithmic plot of
integrated emission peak intensity over excitation power. As more and more
charge carriers are created the probability for two–electron hole pairs to end up
in the QD simultaneously increases giving rise to biexciton emission. Meanwhile
the exciton emission saturates and eventually decreases again as the QD is
quickly filled by a second charge carrier as the first one decays. The biexcitonic
emission experiences a steeper slope in the intensity–over–power plot since two
charge carriers need to populate the QD at the same time [97].
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As discussed in Section 2.1, the |X〉–state exhibits a fine–structure splitting,
causing the energies of the L polarized XX and X emission to be shifted with
respect to the R polarized emission depending on the sign of the exchange
interaction. Therefore, if the photoluminescence spectrum of a quantum dot
is analyzed in polarization X–XX pairs can be identified by their anti–cyclic
polarization behavior [47].

Another important way of identifying emission lines is second order intensity
cross–correlation of photon arrival–times at the detectors (see Section 4.4 for
more details). Since the XX and X form a cascade, their emission must be highly
correlated in time, resulting in a one–sided bunching (only in the temporal
direction of first XX, then X). This is true for charged variants of these emission
lines, as well [84], [98], [99]. A cross–correlation between X and T, on the other
hand, would result in anti–bunching, as one would expect in an auto–correlation.
This is also the case for other cross–correlations between lines and differently
charged variants of themselves.

3.3. Resonance fluorescence

Addressing a transition between ground state and excited state (e.g. the neutral
or charged exciton) with a laser of the same frequency ω0 as the transition itself
is called resonance fluorescence (RF). Figure 3.2a illustrates this situation and a
typical spectrum can be seen in Figure 3.2b. The measurement is recorded with
the same QD as in Paper 4 (QD1). Resonance fluorescence of the |X〉–state
avoids phonon relaxation of charge carriers from above the bandgap into the QD
and instead drives the transition of this two–level system directly. While the
laser is resonant with the QD transition, the system is in a superposition state
|Ψ〉 = c1 |0〉+ c2 |X〉 between excited and ground state, where |c1|2 and |c2|2 are

the probabilities to find the system in either of the states and |c1|2 + |c2|2 = 1.
While the laser drives the system, the probability for the system to be in the

excited state, ready to emit a photon, oscillates over time: |c2 (t)|2 =
(

ΩR
2

)2
t2,

where ΩR =
∣∣∣µ12E0

~

∣∣∣ is the so–called Rabi frequency. Here, µ12 is a dipole matrix

element and E0 is the amplitude of the electric field of the exciting light field.
This is the case when the system is not damped by decoherence processes.
For a more realistic coverage of the topic see The quantum theory of light by
Loudon [100].

Another way this behavior is observed is in the Mollow triplet [101]. The
frequency of the oscillation of the electrons beats with the original transition
frequency ω0, causing two additional decay channels at ω0 ± ΩR

2π . The two–level
system can then also be described as dressed by the excitation laser light field.

When exciting the QD with pulsed laser light, the pulse area of each pulse
sets how far the two–level system is driven, i.e. with which excitation probability
|c2 (t)|2 the system is left. The easiest way to increase the excitation pulse area
is via its amplitude. By increasing the average optical power of the excitation
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and monitoring the optical power of the emitted QD light one can, therefore,
observe the Rabi oscillations, as depicted in Figure 3.2d.

In the case of resonant excitation the laser cannot be removed from the
collection path by means of spectral filtering. Therefore cross–polarization
suppression is typically employed instead. As depicted in Figure 3.2c, the laser
polarization in the excitation path is cleaned up as much as possible before a
polarizing beam splitter is employed to couple excitation and collection paths.
A quarter–wave plate is used to compensate for imperfections in the polarization
induced by the cryostat windows and microscope objective [102]. A second
polarizing element, carefully aligned with the polarizing beam splitter, can be
added to the detection path to further improve suppression. This excitation

Figure 3.2: a) Level scheme for RF excitation. The laser is resonant with the X
transition. b) Typical spectrum under RF excitation with only the X emission
visible. c) Setup illustration adjusted for RF. The beam splitter for coupling
excitation and collection is now polarizing and there is an additional polarizer
before and after for purification of the laser polarization and additional filtering
respectively. A quarter wave plate is added in front of the cryostat in order to
correct for birefringence introduced by the cryostat windows or objective. d)
Photoluminescence peak area of the X emission vs excitation pulse area showing
Rabi oscillations.

scheme can address transitions linked to the ground state directly, like the
neutral and charged excitons. As discussed in Section 2.1, the exciton exhibits
a splitting due to the exchange interaction resulting in two possible emission
energies with different polarization. As discussed in Paper 4, the polarization
of the excitation laser determines the initial spin of the excitonic complex.



3.4. Two-photon resonant excitation 19

If the polarization was not aligned with an intrinsic polarization component,
the exciton spin precesses around the equator of the Bloch sphere until the
exciton decays. Due to the suppression of one polarization component, this
causes oscillations in the lifetime (see Section 4.2) with frequency δFSS

h [103].
Charged exciton transitions, due to their lack of FSS (see Section 2.1), do not
exhibit this behavior and instead show a simple exponential decay independent
of excitation and collection polarization. The trion is an interesting transition
for spin physics experiments since one charge carrier remains inside the QD
after the recombination of the electron–hole pair accompanied by the emission
of a photon. This can e.g. be used for cluster state generation [104] or for
memory enhanced QKD schemes with stationary spin qubit [105]. As opposed
to two–photon resonant excitation, resonance fluorescence couples easily to the
trion state. Unfortunately RF can not be used to directly excite the biexciton
state and is therefore not suitable for entanglement generation via the XX–X
cascade. However, near unity indistinguishability and good purity have been
measured [32], [106]–[108] using resonance fluorescence.

3.4. Two-photon resonant excitation

In order to make entangled photons from the XX–X cascade available on–
demand, the |XX〉–state has to be addressed resonantly. As illustrated in
Figure 3.3a, unlike the two–photon resonance, the exciton is not equidistant
in energy between the ground state and the |XX〉–state due to the biexciton
binding energy. For quantum dots with positive biexciton binding energy, like
all of the ones discussed in this thesis, the two–photon resonance is energetically
exactly in between the X– and XX–emission lines (see Figure 3.3b), which means
excitation has to work via a virtual level below the |X〉–state (see Figure 3.3a).
Since both emission lines and the excitation laser are at distinct energies
they can be separated with spectral filtering. We use notch filters, shown in
Figure 3.3c, from OptiGrate to selectively block the laser and/or reflect one
or both of the emission lines. In addition a transmission spectrometer can be
used to disperse the QD emission and collect exciton and biexciton emission
into separate single–mode fibers with minimal losses. A solid–immersion lens,
also visible in Figure 3.3c, from edmund optics increases anglular sensitivity
and helps with spatial laser suppression when coupling into a single–mode fiber.
Same as in the case of resonance fluorescence, Rabi oscillations can be observed
(see Figure 3.3d). In this case for both XX– and X–emission, although the |X〉–
state is not driven resonantly and is just following the population probability of
the |XX〉–state. Since this excitation method makes both XX and X emission
available, it is the go–to method for on–demand generation of polarization
entangled photon pairs [109]. The indistinguishability (see Chapter 6) with this
excitation method is unfortunately not as good as with resonance fluorescence.
As presented in in Paper 7, this can by understood by considering the |X〉–states
lifetime t1,X and how it relates to a finite width in energy due to the time–
bandwidth product. Since the |X〉–state is the final state of the XX–emission,
this emission is broadened, leading to a jitter in energy for consecutively emitted
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Figure 3.3: a) Level scheme for two–photon excitation. The laser is resonant
with a virtual level half way between the ground state and the |XX〉–state. b)
Typical spectrum under two–photon excitation with both the X (blue) and XX
(red) emission visible. In between some residual laser can be seen. c) Setup
illustration adjusted for TPE. It is similar to the basic setup shown in Figure 3.1
but several notch filters have been added to suppress the laser spectrally.
Optionally, polarization suppression could be employed (see Figure 3.2) but no
polarization entanglement can be measured this way. d) Photoluminescence
peak area of the X and XX emission vs excitation pulse area showing Rabi
oscillations.

XX–photons. The lifetime of the |XX〉–state, on the other hand, leads to a
jitter in emission time of the X–photon with respect to the excitation time.
These two uncertainties reduce the HOM visibility for the respective transitions.
This challenge can be overcome to some degree, though. By reducing the
XX–lifetime t1,XX the time jitter experienced by the X–photon can be shortened
and the |XX〉–state becomes broader in energy, making the influence of the final
state broadening less significant. Alternatively (or additionally), prolonging the
X–lifetime causes a narrowing of the |X〉–state in energy, thereby reducing the
XX–photons energy–jitter due to final state broadening. A longer t1,X will also
make the influence of the XX–photon emission time uncertainty less significant.
In both cases the influence the state have on each other is strongly related to
the ratio of rates Γ = 1

t1
: VHOM = ΓX

ΓX+ΓXX
. The lifetimes of a quantum dot can

be engineered if it is placed in a cavity or resonator via the Purcell–effect in the
weak–coupling regime. The single–photon purity, on the other hand, is excellent
with two–photon excitation. Often, pulsed g(2)(t) measurements are plagued
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by unwanted re-excitation of the investigated transition within the same pulse.
Instead of the expected absence of histogram events for small time delays, this
causes a volcano shaped central peak. In the case of two–photon excitation,
there is a second transition with a second lifetime, causing the probability for
re–excitation to be dramatically lowered, since the Gaussian temporal shape of
the excitation pulse has passed the QD by the time the system has returned
to the ground state. Since two photons are needed for the transition from the
ground state to the |XX〉–state, the probability is even reduced quadratically.



Chapter 4

Photon counting

Single–photon counting is useful in many applications like single–photon LI-
DAR [110], [111], biomedical imaging [112], [113], CMOS testing [114], [115],
and quantum optics experiments and applications, like quantum key distribu-
tion [116]. Examining the statistics of photons is essential for characterizing
the performance of single– and entangled photon sources [117]. Often, time
jitter well below nanoseconds is needed and technology is approaching an era,
where direct measurements of photons with sub-picosecond time jitter are
possible [118].

4.1. Photon statistics

Let us imagine a stream of photons (c.f. Fig. 4.1a) with constant intensity
and constant average photon flux (coherent emission from a laser) of length
L subdivided into N small segments of length L

N , so that we find on average
n̄ photons in a segment. Since photons can not be fractional, there will be
some segments with photon number n < n̄ and some with n > n̄. We choose
N → ∞ and n̄ � 1 so that we can approximate the situation to finding one
photon with probability p = n̄

N and no photon with probability (1− p). The
probability of finding n segments with a photon when looking at N segments is

then given by the binomial distribution P (n) =
(
N
n

)
pn (1− p)N−n, since there

are
(
N
n

)
= N !

n!(N−n)! ways to distribute n photon–containing segments over N

segments. This means P (n) = 1
n!

(
N !

(N−n)!Nn

)
n̄n
(
1− n̄

N

)N−n
turns into the

Poisson distribution P (n) = n̄n

n! e
−n̄, n = 0, 1, 2, · · · for large N , where we used

lim
N→∞

N !

(N − n)!Nn
= lim
N→∞

(N − 1) (N − 2) · · · (N − n+ 1) (N − n)!

(N − n)!Nn

= lim
N→∞

(N − 1) (N − 2) · · · (N − n+ 1)

Nn
= 1

and the binomial theorem for
(

1− n̄

N

)N−n
= 1− (N − n)

n̄

N
+

1

2!
(N − n) (N − n− 1)

( n̄
N

)2

− · · ·

N→∞−−−−→ 1− n̄+
n̄2

2!
− · · · = e−n̄.
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Figure 4.1: a) A stream of single photons divided into N segments containing
much fewer than one photon on average: n̄ � 1. b) Distribution of n̄ = 5
photons in thermal light with (∆n)2 = (n̄)2 + n̄. c) Distribution of n̄ = 5
photons in coherent light with (∆n)2 = n̄. d) Distribution of n̄ = 5 Photons in
a photon–number state with (∆n)2 = 0.

For a similar derivation see Quantum Optics: An Introduction by Fox [119]. The
variance of the Poisson distribution is its mean value: Var(n) = (∆n)2 = n̄. As
shown in Fig. 4.1, light can be characterized by how much its photon statistics
resemble the Poisson distribution. Light sources with (∆n)2 > n̄ are called
super-Poissonian, while light sources with (∆n)2 < n̄ are called sub-Poissonian.
Most light in everyday life falls in the former category, like light from the sun
(thermal) or from a discharge lamp (chaotic). Light from a two–level system
falls in the sub-Poissonian category. It can be thought of as photons spaced
in regular intervals, where the deviation from perfect spacing is much smaller
than the spacing itself. This means each segment in time will contain the same
amount of photons with a deviation so that (∆n)2 < n̄. In the extreme case,
where (∆n)2 = 0, the photons are in a photon–number state |n〉. Applying the
photon number operator n̂ will yield the number of photons n: n̂ |n〉 = n |n〉.
The probability to find n photons for an n–photon number state is unity for an
ideal photon–number state. Losses in generation, manipulation or detection of
photons from a photon–number state will result in an increase of the measurable
(∆n)2, though (see Appendix B).

4.2. Time–resolved measurements of single–photons

Receiving, recording and analyzing electrical pulses with a precision on the
order of ten picoseconds used to require costly specialized analogue electronic
equipment, like time–to–amplitude converters and multi-channel analyzers.
Recently, however, field–programmable gate arrays have become fast enough
to aid in this task and simultaneously offer more freedom in data analysis, all
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at a more affordable price. Converting photons to electrical pulses with high
efficiency and time–resolution is no simple task either. Photo–multiplier tubes
(PMTs) [120] have been superseded by avalanche photo diodes (APDs) [121]
and now superconducting single–photon detectors (SSPDs) [122] as the go–to
detector for time–resolved measurements at the single–photon level. State–of–
the–art time–to–digital converters have reached below τFWHM = 10 ps time
resolution [123], as have SSPDs [124]. If we use a pulsed laser to excite our QD
we can get an electrical trigger from the laser to use as a reference signal and
feed it into a time–to–digital converter together with the electrical output of
an SSPD to record a histogram of the lifetime of a selected emission line. To
do this we first align the transmission spectrometer to couple the QD emission
of interest into a single mode fiber and then connect it to the SSPD fiber. We
start the experiment and photon arrival times are recorded with respect to the
start of the experiment or the latest trigger pulse, depending on the mode of
operation of the time–to–digital converter. Our analysis software (see Paper 9)
then generates a histogram of the differences between arrival times of photons
and laser triggers.

If we could record arrival times of photons with a detector of infinitely high
time resolution and no dead time, we could directly measure photon statistics
with just one detector. Since our detectors have both dead time and finite time
resolution we resort to using a Hanbury Brown and Twiss (HBT) setup [125] (see
Figure 4.2a). It was developed as an experimental simplification of a Michelson
interferometer [126] used to determine the diameter of stars. Two telescopes
separated with a distance d were directed at a star and instead of measuring
the interference between the incoming streams of photons, the photon events
were recorded electronically and correlated with each other. As is illustrated in
Figure 4.2a, we use two superconducting single–photon detectors, which generate
an electrical pulse when a photon breaks their superconducting state. We record
this electrical signal with a time–to–digital converter (PicoQuant HydraHarp
400 or qutools quTAG). If the arms are crossed before the detectors and another
beam splitter is placed at the intersection, an interferometer is created. With
one arm delayed by a variable amount τ one can measure the interference of the
photon stream with itself to determine the first order coherence, quantifying
the fluctuations of the electric field in time:

g(1)(τ) =
〈E∗(t)E(t+ τ)〉〈
|E(t)|2

〉 . (4.1)

Without the secondary beam splitter we can correlate the intensity of the light
fields instead of the electric field. The second–order coherence quantifies the
intensity fluctuations in time and can be measured by correlating the intensities
on the two detectors in time. In order to also describe sub-Poissonian statistics,
we can express the second–order coherence in terms of number of photons n(t)
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instead of intensity I(t) = E(t)E∗(t):

g(2)(τ) =
〈n1(t)n2(t+ τ)〉
〈n1(t)〉 〈n2(t+ τ)〉 . (4.2)

For small time delays τ → 0, g(2)(0) can be written in terms of the variance:

g(2)(0) = 1 +
(∆n)

2 − 〈n〉
〈n〉2

. (4.3)

When entering the variance for the different classes of light into equation 4.3, we
can see that we expect values for g(2)(0) as detailed in Tab. 4.1. Thermal light
is expected to bunch above the Poisson-level for small time delays, coherent
light should stay flat at the Poisson-level, while a photon–number state should
result in a value below the Poisson-level.

type of light variance (∆n)2 g(2)(0)

thermal 〈n〉2 + 〈n〉 2
coherent 〈n〉 1
photon–number 0 1− 1

〈n〉 , 〈n〉 ≥ 1

Table 4.1: Variance and g(2)(0) for different classes of light.

4.3. Measuring antibunching with single–photons

Photons that are spaced apart, as opposed to bunched together, result in a
value of g(2)(0) smaller than 1 as we saw in Section 4.2 — this is called an-
tibunching. Antibunching is a proof for the quantum nature of light, since a
classical formulation of the correlation function can not predict it [119]. It is
interesting to note that while sub-Poissonian statistics and antibunching are
both a testimony to the non-classical nature of light and often occur together,
they are not the same phenomenon and examples of bunching sub-Poissonian
light can be constructed [127]. Antibunching was first experimentally demon-
strated by Kimble et al. in 1977 using a dilute beam of sodium atoms as the
light source [128]. Single photons emitted by these atoms were collected by a
microscope objective and sent onto a 50:50 beam splitter with a detector on
each output port. As already explained in Section 4.2, this setup is named
after Hanbury Brown and Twiss and schematically depicted in Figure 4.2a.
In Figure 4.2b we see the theoretical g(2)(t)–function for single–photon emis-
sion from the upper branch of a three–level ladder system with a lifetime of
t1 = 125 ps measured with a perfect single–photon detection system without
time jitter. The bin size used for these graphs is 16 ps, as usual for analysis of
our experiments. The emitter is excited with a cw laser, leading to turnstile
operation [40], i.e. the excitation branch of the three–level system becomes
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Figure 4.2: a) A schematic Hanbury Brown and Twiss setup consisting of a non-
polarizing 50:50 beam splitter and two detectors. The photon stream is divided
into two paths and photon arrival times are recorded with a time–to–digital
converter. b) Auto-correlation histogram resulting from simulated emission from
the upper branch of a three–level ladder system with a lifetime of t1 = 125 ps
under cw excitation and c) pulsed excitation with a repetition rate of 80 MHz.
The lighter blue curve has an additional (e.g. charged) state, that causes the
measured emission to have on– and off–cycles, also called blinking. Light blue
and dark blue curves are shifted in time for clarity.

transparent while it is not in the ground state. The upper state decays sponta-
neously according to its lifetime and is followed by the decay of the intermediate
state with its lifetime before re–excitation can take place. In Figure 4.2c we see
the theoretical g(2)(t)–function for the same emitter being driven by a pulsed
laser with 80 MHz repetition rate. Now emission can only happen at times
tlaser ± t1. Two different cases are depicted: the dark blue line represents the
system as described above. The light blue line has another long–lived state
added with a transition to– and from the intermediate state. If this transition
happens the emission under investigation becomes inactive for a while, which is
also referred to as blinking. Blinking causes an additional correlation to appear
close to time delay 0. This is because it is likely for the system to be in the
on–state for several consecutive excitation cycles, while for long times after a
successful detection event the system’s state is more random. Blinking can, of
course, also occur under CW excitation, leading to an exponential decay (not
shown) on both sides of the 0 time delay dip. For analysis, as well as simulation
of the timetags for the histograms in Figure 4.2 our software ETA (see Paper 9)
was used. To extract the value of g(2)(0) from continuous wave measurements
as depicted in Figure 4.2b, the following formula can be used [43]:

g(2)(t) = 1− (1− g(2)(0))× exp(−|t− t0|/t1),

where t0 is an offset in time and t1 is the lifetime of the measured transition. It
assumes, that the data has been normalized to 1 for t→∞, otherwise the fit
function can be multiplied with a constant to create a fit for the not normalized
G(2)(t). In the case of a pulsed measurement, as depicted in Figure 4.2c, peaks
with a periodicity of the excitation laser repetition rate and flanks with an
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exponential decay according to the emissions lifetime are superimposed on
the shape of the g(2)(t) function under CW excitation. If the peaks are well
separated, i.e. the lifetime t1 of the emission is much shorter than the repetition
time 1

Γlaser
= Tlaser, a time window ∆t can be defined around each peak, events

can just be summed up and the number of center–peak events can be divided
by the average number of side–peak events. If an overlap of peaks cannot be
avoided, a fit can be used to determine the value of g(2)(0). For a fit with m
side–peaks, the following function can be used [129], [130]:

g(2)(t) = g(2)(0)× f(|t|) +
∑

m6=0

f(|t−mTlaser|)× hm,

where f(t) is a function that fits the decay of the emission line under investigation,
hm is the area of the mth correlation peak for dots with blinking and 1

Tlaser
is

the laser repetition rate. hm can be expressed as follows:

hm 6=0 = 1 +
toff

ton
e−(1/toff+1/ton)|mTlaser|.

In both fits a background (laser, dark counts, ambient light, etc.) is not
considered, since it can be tricky to determine exactly how much can be
attributed to background, when some of the events might be a correlation
between single–photons and unwanted light and some events might be unwanted
light correlating with itself. It is, therefore, evident that care should be taken
to avoid all coincidences that do not stem from the emitter under investigation
already during the measurement. In addition to carefully suppressing the
excitation laser in the detection path and working with detectors with extremely
low dark count rates (see Paper 2), it has proven useful to keep ceiling light
and other unrelated photons from entering fiber patch cords through their PVC
jacket.

4.4. Measuring bunching with cascaded single–photons

As discussed briefly in Section 3.2, cross–correlation can be a powerful tool
for identification of emission line in the photoluminescence spectrum and as
we will see in Section 7.2 are used to measure polarization entanglement from
the XX–X cascade. The cross–correlation function is in principle identical to
the g(2)(t) function (Equation 4.2), but is sometimes denoted g(1,1)(τ), where
(1, 1) indicates that two different light fields are correlated with each other. As
illustrated in Figure 4.3a, the photon stream from the quantum dot is separated
into two paths, each containing a unique frequency band of the emission. We
use a transmission grating or a narrow spectral filter to do this. Each light field
is then sent onto its own detector and, again, photon arrival times are registered
by a time–to–digital converter. Analysis with our software ETA (see Paper 9)
is identical to the auto–correlation case. Figure 4.3b shows the simulation of
a cross–correlation between the upper and lower leg of a three–level ladder
system under non–resonant excitation. An asymmetric peak with a lifetime
of the lower leg of the three–level ladder system can be seen to the right of
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Figure 4.3: a) A setup for measuring a cross–correlation between XX and
X. A transmission grating separates the paths of the two emission energies
via dispersion and directs the photons onto two detectors. A time–to–digital
converter then stores the arrival times of the photons for later analysis. b)
A simulation of cross–correlation of the emission from the first decay of a
three–level ladder system with a lifetime of t1 = 125 ps under cw excitation and
c) pulsed excitation with a repetition rate of 80 MHz and excitation efficiency
η. Light blue and dark blue curves are shifted in time for clarity.

a dip, the width of which is related to how long it took to excite the system.
If we think of the histogram’s time delay 0 as a photon from the upper leg’s
emission being registered by detector 1, we can understand that the lower legs
emission, captured by detector 2, very often happens directly afterwards. This
is why it is called a cascaded emission. For negative time delays, on the other
hand, we observe a dip. This means it is never the case that a photon from
the lower leg’s emission is detected right before a photon from the upper leg’s
emission. This makes sense, if it takes some time to excite the upper state again
in addition to the upper state’s lifetime. For more resonant excitation a broad
peak can be observed on the negative time delay side of the dip, indicating
a high likelihood of successive cascaded emission. In Figure 4.3c we can see
a simulation of a cross–correlation of the same three–level system, but under
pulsed excitation with 80 MHz repetition rate. We can see a similar histogram
as for the pulsed auto–correlation in Figure 4.2c. The side–peaks are now
asymmetric and reflect the lifetimes of both upper and intermediate states, as
well as the excitation time of the upper state. The center–peak is one-sided
showing the lower state’s lifetime. The dark curve represents unity excitation
efficiency η = 1. This means every laser pulse successfully triggers the cascaded
emission. The light blue curve illustrates the case for η = 0.4. We can see that,
when normalized to the average side–peak height, the case with lower excitation
efficiency exhibits bunching above 2. As depicted in Figure 4.4, this is caused
by the loss of a pair (both lower and upper leg photon) as opposed to a random
loss on either of the channels. If we imagine just losing a single pair in an
otherwise perfect stream of pairs (see Figure 4.4a), we can see that we lose one
event per side–peak due to the loss of the upper-leg’s photon and a second event
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Figure 4.4: a) Photon pairs registered on two channels of a time–to–digital
converter. One pair was lost, causing the loss of two correlation events in
forward (backward) direction to the next (previous) pair, indicated as blue,
solid (red, dashed) lines. Neglecting the XX and X lifetimes, pairs are spaced by
T = 1

Γ , where Γ is the laser repetition rate. Only one correlation event within
the same pair is lost (black, dotted lines). b) Schematic histogram depicting
which correlation events contribute to which peaks. Forward correlation events
(blue, solid lines) correspond to the first side–peak in the direction of positive
time delay, backwards correlation events (red, dashed lines) correspond to the
first side–peak in the direction of negative time delay and correlation events
within the same pair (black, dotted lines) correspond to the 0 time–delay peak.

due to the loss of the lower leg’s photon. For the center–peak we only lose one
event from the correlation between the two. This is why the center–peaks area
does not shrink as fast as the side–peak areas when the excitation efficiency is
reduced. The contribution to the individual peaks is illustrated in Figure 4.4b.
Correlations in forward direction between neighboring pairs, drawn as blue,
solid lines, contribute to the first side peak in the direction of positive time
delay, while correlations in backwards direction between neighboring peaks,
drawn as red, dashed lines, contribute to the first side peak in the direction of
negative time delay. Correlation within the same pair, drawn as black, dotted
lines, which can only be forward due to the cascaded nature of the emission,
contribute to the central peak at time delay 0. Pair–loss can occur due to
failed excitation of the |XX〉–state or due to alternative decay channels of the
|XX〉–state, like Auger recombination or hot charge capture.
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Strain-tuning quantum dots

Emission characteristics of epitaxial quantum dots can be designed by choice of
material system and growth methods (see Chapter 2) but suffer from statistical
fluctuations in size, shape and atomistic composition of individual QDs [131].
To overcome this challenge and bring these single–photon sources from the
research to the application stage, in-situ tuning techniques have to be employed.
Many means of changing the emission energy, FSS and biexciton binding energy
while measuring photoluminescence have been experimentally realized, including
electric field tuning [48], [132]–[135], magnetic field tuning [47], [136], [137] and
thermal annealing [138]. In particular, tuning via induced strain has shown the
most promising results so far, offering a low–complexity platform for repeatable
and fast tuning of FSS and emission energy with high precision while still
allowing for additional charge control via electric field across the quantum dot
or electrically triggered emission.

5.1. The stress and strain tensors

In order to help visualize how piezoelectric materials can strain the semiconduc-
tor host matrix of quantum dots it is useful to remind oneself of the stress and
strain tensors. The stress tensor describes forces acting in the three Cartesian
directions on the surfaces of an infinitesimal cube

σ = σij =
∂Fi
∂Aj

=



σxx σxy σxz
σyx σyy σyz
σzx σzy σzz




where i, j ∈ {x, y, z}, Fi is a force applied in direction i and Aj describes a
surface normal to a vector pointing in j-direction.

The strain tensor, on the other hand, describes the changes of the shape of
an object in in each Cartesian direction as it is being transformed according to
a vector function

u(x, y, z) =



ux
uy
uz.
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It takes the form

e = eij =
∂ui
∂j

=



exx exy exz
eyx eyy eyz
ezx ezy ezz.




The strain tensor can be separated into a symmetric part, describing deformation

ε = εij = 1
2

(
∂ui
∂j +

∂uj
∂i

)
and an anti-symmetric part, describing rotation

ω = ωij = 1
2

(
∂ui
∂j −

∂uj
∂i

)
[139], [140]. Ignoring the rotational part, both

the stress tensor and the strain tensor are symmetric, i.e. they have six free
parameters, not nine [141]. The stresses and resulting elastic strains can be
linked by a stiffness matrix or compliance matrix depending on whether the
stress or strain tensor is known. Materials that are not polarized normally, but
can be polarized by deformation are called piezoelectric [142]. The effect we are
after for tuning quantum dots is the converse piezoelectric effect and describes
the strain that develops in a piezoelectric material due to an external electric
field E:

εij = dkijEk.

dkij is a tensor of piezoelectric coefficients which can also be used to calculate
the charge density resulting from stress exerted on a material if it is transposed:

Di = dijkσjk.

Piezoelectricity was discovered by Jacques and Pierre Curie in 1880 [143]. They
noticed the effect in several crystalline materials, like tourmaline and quartz,
both non–ferroelectric crystals. All ferroelectric materials, i.e. materials that
exhibit a natural electric polarization, are also piezoelectric, but not the other
way round [144]. Ceramic piezoelectric materials like PbZrO3–PbTiO3 (PZT)

and Pb
(

Mg1/3Nb2/3

)
O3–PbTiO3 (PMN–PT) are polycrystalline and have

polarized grains (ferroelectric) that can be oriented in an external electric field.
Their piezoelectric coefficients are analogue to crystalline materials with C6V

symmetry [142].

For the case of semiconductor pieces glued to piezoelectric materials it is
important to keep in mind that the stress has to be transferred through the
adhesive and will relax depending on the volume and geometry of the sample.

5.2. Devices for strain tuning quantum dots

Strain engineering with quantum dots was first demonstrated by Stefan Seidl et
al. [68]. They used a PZT stack with the sample glued to one side, resulting in
uniaxial strain. In addition to wavelength tuning, they could already show a
reduction in fine-structure splitting of the exciton levels due to an increase in
crystal symmetry. Several other experiments have explored how a piezoelectric
material can change the emission characteristics of quantum dots [69]–[72],
[145]–[147]. The emission energy can be controlled by isotropically straining
the QD while control over two in–plane axes oriented along [110] and [010]
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Figure 5.1: a) A sample with GaAs quantum dots in droplet etched nanoholes
glued to a PZT piezo stack. The piezo stack is glued to a vertical protrusion of
the copper holder to suspend the stack. b) A sample from the same wafer glued
to a PMN-PT piezo. Both samples feature a solid immersion lens for enhanced
light extraction efficiency.

directions (assuming [001] substrate) are needed to tune the FSS to 0 [148]. The
most advanced design has been shown by Rinaldo Trotta et al. with a 6-legged,
micro–machined PMN–PT piezo demonstrating control over emission energy
and FSS, independently [49], [87], [149]. We have experimented with both PZT
stacks from Piezomechanik for uniaxial strain as well as isotropically straining,
thinned and polished, then gold coated PMN-PT piezos from TRS Technologies.
Examples for both of these sample preparation methods are shown in Figure 5.1.
PMN–PT has a very high piezoelectricity compared to PZT [150]. The specific
TRSX2A PMN-PT we use has a dzzz of 1300 pm V−1 to 2000 pm V−1 and comes
in a 001 cut and an initial thickness of 200 µm before polishing. We have had
success with both Stycast 2850FT and SU8 as the adhesive between piezo and
QD sample. Gold thermo–compression bonding has been used in other research,
as well [60], [69], [151]. Due to its low viscosity, excellent strain transfer [152]
and straight forward handling, we prefer SU8 over other choices. For PMN-PT
we have used the fact that a thinner piezo layer can generate larger strain
at the same applied voltage since the electric field increases as the distance
between electrodes decreases. We have, therefore, lapped PMN–PT chips to a
thickness of below 200 µm. In order to increase the strain in the QD material
we have also thinned samples both mechanically and by back–etching. Before
cooldown of a sample with a piezoelectric actuator the piezo has to be poled.
This means that a voltage should be applied while the current is monitored,
resulting in a graph as shown in Figure 5.2. We use a Keithley 2410 to apply
voltages up to ±1100 V, although we limit ourselves to a range of −400 V to
800 V to prevent failure of cables and re–poling of the piezo. The electric field
applied across the piezo material causes domains to orient themselves with the
electric field. Each flip of a domain results in a small electric current until all
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Figure 5.2: a) The peak in this graph of current vs voltage is the result from
poling of the piezo before the cooldown. The fit is the derivation of a logistic
function. b) A colormap of emission energy over piezo voltage with darker
colors representing higher photoluminescence intensities. The emission energy
of this p–shell excited QD is tuning linearly with the piezo voltage.

domains are oriented in the same direction. With growing electric field the
domains are more incentivised to flip but the finite number of domains means
that a saturation has to occur. The exact function depends on the material
and many factors, like growth conditions and ambient conditions. For the fit
of the peak in Figure 5.2a I chose the derivation of a simple logistic function
to describe the exponential increase in flipping domains followed by saturation

when the majority of domains are flipped: ∂f(V )
∂V = y0 +A e(x−x0)/α

(1+e(x−x0)/α)2
, where

x0 and y0 are the x– and y–offsets, respectively, A is the peak amplitude and α
controls the width. The voltage is then held high enough to prevent spontaneous
re–orientation of the domains during the cooldown. Figure 5.2b shows how the
photoluminescence spectrum of a quantum dot tunes with the applied voltage
as a heatmap. As in Figure 2.4b, the singled–out line around 1.565 eV is the
neutral exciton emission. A remaining challenge with piezos is creep. If the
piezo voltage is changed by more than a few volts per minute, the quantum dot
emission will continue to tune in the same direction after the target voltage
has been reached for a couple of minutes. The exact amount of creep depends
on factors like thickness of both piezoelectric material and sample, their bond,
the amount of change in the electric field, as well as poling conditions and the
general state of the piezo but is usually a small fraction of the intended tuning
behavior and should just be kept in mind for very precise tuning.



Chapter 6

Indistinguishability

For applications in long distance quantum key distribution [12]–[14] and long
distance quantum networks [7], using, for example, Shapiro–Lloyd style quantum
repeaters [18], entanglement swapping [153] needs to be performed. To do this,
photons are interfered with each other at a beam splitter, which can only happen
for indistinguishable photons. Indistinguishable means that both photons
possess identical properties. They should have the same energy, polarization,
spectral and temporal shape, and experience full spatio-temporal overlap at the
beam splitter surface. Only then will the two photons fully interfere.

6.1. The Hong–Ou–Mandel effect

To represent a quantum state |Ψin〉 containing two light modes a and b, we can

apply their respective creation operators â†, b̂† to the vacuum state |0〉:

|Ψin〉 = â†b̂† |0〉 = |1a1b〉 .
If this state impinges on a 50:50 beam splitter, a unitary transformation shows
us how the creation operators at the output of the beam splitter look:

(
â†

b̂†

)
→ 1√

2

(
1 1
1 −1

)(
ĉ†

d̂†

)

This means the creation operators at the beam splitter output ĉ† and d̂† behave
as follows:

â† → ĉ† + d̂†√
2

, b̂† → ĉ† − d̂†√
2

.

The state at the output is then

|Ψout〉 =
1

2
(ĉ† + d̂†)(ĉ† − d̂†) |0〉

=
1

2
(ĉ†2 − ĉ†d̂† + d̂†ĉ† − d̂†2) |0〉 .

With the commutation relations for creation operators for bosons
[
ĉ†, d̂†

]
= ĉ†d̂† − d̂†ĉ† = 0→ ĉ†d̂† = d̂†ĉ†

34
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Figure 6.1: All possible paths photons can take when entering two ports of a
beam splitter: a) both photons are transmitted, b) both photons are reflected,
c) the top photon is reflected and the bottom photon is transmitted, and d) the
top photon is transmitted and the bottom photon is reflected.

and the commutation relation for creation operators for fermions{
ĉ†, d̂†

}
= ĉ†d̂† + d̂†ĉ† = 0→ ĉ†d̂† = −d̂†ĉ†

{
ĉ†, ĉ†

}
= ĉ†ĉ† + ĉ†ĉ† = 0→ 2ĉ†ĉ† = 0

we can calculate the expected output state for fermions |Ψout,f〉 and bosons
|Ψout,b〉 after the beam splitter:

|Ψout,b〉 =
1

2
(ĉ†2 − d̂†2) |0〉 =

1√
2

(|2c0d〉 − |0c2d〉)

|Ψout,f〉 = ĉ†d̂† |0〉 = |1c1d〉
where we also used ĉ† |nc〉 =

√
n+ 1 |(n+ 1)c〉 → ĉ† |0c〉 = |1c〉 in the case of

fermions and additionally ĉ† |1c〉 =
√

2 |2c〉 in the case of bosons. We can see
from this that for fermions, particles leave the beam splitter at different outputs,
while for bosons (e.g. photons) both particles leave together through the same,
but random, port. Figure 6.1 shows all four possible paths for two particles
entering a beam splitter. In case of full two–particle interference with fermions
only the cases depicted in Figure 6.1a and Figure 6.1b happen, while with bosons
only the cases depicted in Figure 6.1c and Figure 6.1d happen. This holds true
if there is perfect spatio–temporal overlap of the photons at the beam splitter’s
interface and they are indistinguishable , i.e. their properties, like frequency
and polarization, are the same. This effect was first described by Ghosh et al.
in 1986 [154] and experimentally demonstrated shortly after [155], [156] and is
called the Hong–Ou–Mandel effect or two–photon interference. Applications
include measuring the length of photons as in the original papers, Boson
sampling [157]–[159], linear optical quantum computing [28], and more [160].
Recently the HOM effect was also used for swapping entanglement between
photons from epitaxial quantum dots [161], [162].

6.2. Measuring indistinguishability

For quantum dots the HOM effect is most often used to demonstrate the
indistinguishability of photons emitted consecutively from the same QD [32],
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Figure 6.2: Illustration of a setup used for measuring two–photon interference
with quantum dots. The pulsed laser is sent through an unbalanced Mach–
Zehnder interferometer with a variable delay stage (top left breadboard) to
produce pairs of pulses. The QD then emits pairs of photons with a delay
determined by the difference in arm length of the laser interferometer tearly–late

between photons of the same pair and the laser repetition rate between pairs. The
emission is filtered with a transmission spectrometer (bottom right breadboard)
and then sent to second Mach–Zehnder interferometer (bottom left breadboard)
with the same unbalance as the first one. The output ports of the second
interferometer are coupled to the detection setup and a second order intensity
auto–correlation is measured.

[106], [108] or from remote QDs [163]–[168]. The HOM visibility is the contrast
in the two–photon interference between the photons under investigation and
fully distinguishable photons. This visibility decreases to a stable value as
the delay between the emission of the photons increases [107], [108] due to
spectral fluctuations possibly caused by trapping and de-trapping of charge
carriers in the vicinity of the QD [169]. In order to overlap photons from
a QD with a time delay ∆tearly–late between their emission, we use a fiber–
based unbalanced Mach–Zehnder interferometer (MZI), with an arm length
difference of ∆tshort–long = ∆tearly–late. For a more efficient but more technically
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challenging measurement, photons could also be routed deterministically to the
two–photon interference beam splitter in an alternating fashion.

Figure 6.2 illustrates the setup we used in our HOM experiments. The
excitation laser pulses are split in a free–space unbalanced MZI with a variable
delay (top left breadboard) to ensure temporal overlap of the QD photons at
the second beam splitter of the fiber–based MZI (bottom left breadboard). We
make use of our transmission spectrometer to spectrally select only the emission
line of interest (bottom right breadboard). Depending on the type of excitation,
additional measures for filtering of the excitation laser should be taken and
the photoluminescence microscope depicted on the top right breadboard of
Figure 6.2 should be modified accordingly. For more details on excitation
schemes see Sections 3.3 and 3.4. The two output ports of the fiber–based
MZI are coupled to our SSPDs and a second order intensity auto–correlation
is recorded. A simulation of the resulting histogram for a QD emission with a
lifetime of t1 = 216 ps, a laser repetition rate of 80 MHz and a delay between
photons of 2 ns is shown in Figure 6.3. Figure 6.3a shows the case for fully
distinguishable photons, with the peaks of the center–quintuplet numbered,
while Figure 6.3b shows the case for fully indistinguishable photons. In order
to understand the resulting histogram we need to think about the possible
paths for the early and late photons in the fiber–based MZI. The following path
combinations can be taken by the early and late photons:

1) The early photon can take the short path and the late photon can take
the long path, maximizing the difference in their arrival time on the
beam splitter.

2) Both photons can take the same path, either long or short, maintaining
their initial delay.

3) The early photon can take the long path and the late photon can take
the short path, causing overlap on the beam splitter if ∆tearly–late =
∆tshort–long

Cases 1) and 2) cause no two–photon interference to occur hence allowing
all 4 classical combinations of detection events, illustrated in Figure 6.1, with
25 % probability each:

a) Both photons are transmitted causing one click on each detector in
case 1) and two clicks on detector 1 (2), if the long (short) arm was
taken, in case 2).

b) Both photons are reflected causing one click on each detector in case 1)
and two clicks on detector 2 (1), if the long (short) arm was taken, in
case 2).

c) Photon 1 is reflected and photon 2 is transmitted causing detector 1 to
click twice in case 1) and both detectors to click once in case 2).

d) Photon 1 is transmitted and photon 2 is reflected causing detector two
to click twice in case 1) and both detectors to click once in case 2).
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Figure 6.3: Calculated histograms of photon events that would result from
a HOM experiment with fully distinguishable photons a) and fully indistin-
guishable photons b) with an emitter lifetime of t1 = 216 ps, a laser repetition
rate of 80 MHz and a delay between photons of 2 ns. The peaks in the central
quintuplet of a) are labeled for reference.

When both photons hit the same detector in the cases 1) and 2), events contribute
to the side–quintuplets. When photons from case 1) hit both detectors, events
contribute to the central–quintuplets outermost peaks (1 and 5), left or right of
the zero–time–delay peak depending on which detector clicked first. Similarly,
when photons from case 2) hit both detectors, events contribute to the central–
quintuplets peaks 2 and 4, again left or right of the 0–time–delay peak depending
on which detector clicked first. These events are twice as likely as events
contributing to peaks 1 and 5, though, since case 2) has two path options
through the MZI whereas case 1) only has one.

In case 3), if photons are distinguishable, they behave like photons in
case 1), where a), b), c), d) are possible. Again, when both photons hit the
same detector, these events contribute to the side–quintuplets and when the
photons hit individual detectors they contribute to the center–quintuplet. Since
there is no delay (outside the photon lifetime) from zero–time–delay, both
options for the order in which the detectors click overlap at zero–time–delay.
This means that, despite there only being one possible path through the MZI, the
central peak (3) of the center–quintuplet is the same height as the neighboring
peaks (2 and 4). For indistinguishable photons with perfect spatio–temporal
overlap at the HOM beam splitter (case 3)) we expect that photons only exit
the beam splitter together, meaning one photon is reflected and the other
transmitted, causing two photons to hit one of the detectors simultaneously.
This event will contribute to a side–quintuplet, leaving peak 3 of the center–
quintuplet empty. In the side–quintuplet we expect peaks 1 and 5 to contain
the same number of events as peaks 1 and 5 in the center–quintuplet. Peaks 2
and 4 of the side–quintuplets should contain 4 times as many events and peak
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3 should contain 6 times as many. To determine the HOM visibility for photons
from a single quantum emitter we can compare the events in peak 2 or 4 with
the events in peak 3 of the center–quintuplet . More details on the evaluation
of pulsed HOM measurements can be found in the supporting information of
Paper 4. Peak 3 of the center–quintuplet can show a dip going all the way
down to 0 with a width determined by the lifetime and the coherence time of
the emitter if the time jitter of the detection system is low enough to resolve
it [170], [171]. In a CW HOM experiment this dip would be compared in co–
and cross–polarization by placing a half–wave plate in one of the MZI arms to
make the photons distinguishable, where a value of g(2)(0) = 0.5 is expected,
since a two–photon number state is measured. Correction for uncorrelated
events and imperfect time–resolution can easily lead to unreliable values for
the CW HOM visibility and should be approached with caution. The co– and
cross–polarization method also works for pulse two–photon interference using
remote quantum dots, where otherwise independent blinking can cause peaks 2
and 4 to have a different area than peak 3 [172], [173]. Comparing the events
in peak 3 of the center–quintuplet for co– and cross–polarized photons would
then yield the HOM visibility.



Chapter 7

Entanglement

Entanglement is a quintessential concept of quantum mechanics, famously dis-
cussed by Albert Einstein, Boris Podolsky and Nathan Rosen (EPR) in 1935 as
a thought experiment aiming to show that quantum mechanics has to be incom-
plete [174]. It links the quantum state of two (or more) particles in a way that
makes it impossible for them to be described independently. In a mathematical
sense, that means the two–particle wavefunction becomes inseparable. In an
intuitive sense that means, that the measurement of one particles properties
influences the other particles properties. Figure 7.1 shows a particle with neutral

Figure 7.1: A particle with neutral spin splits in two, resulting in both daughter–
particles having undetermined but opposite spin. Their collective wavefunction
can be written as |Ψ〉 = 1√

2

(∣∣+ 1
2 ,− 1

2

〉
+
∣∣− 1
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〉)
.

spin splitting into two separate particles with opposite spin. Before the spins are
measured, is is unknown which particle possesses which spin and the spin state
has to be described as a superposition of the possible spin combinations for both
particles. When the spin state of one particle is experimentally determined,
the superposition state is projected into this particular spin state, causing the
second particle to be in the spin state opposite to the one measured. This
interaction happens instantaneously over arbitrarily large distances, and not,
as suggested by an alternative explanation [175], due to the existence of local
hidden variables that determine the outcome of a measurement beforehand.
David Bohm and Yakir Aharonov [176] expanded the idea to spin 1

2 particles
in 1957 and John S. Bell [177] thought up a way to quantify this, until then,
philosophical debate in 1964. John Clauser, Michael Horne, Abner Shimony, and

40
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Richard Holt (CHSH) [178] refined John S. Bell’s suggestions with experimental
feasibility in mind leading to the first demonstration by Stuart Freedman and
John F. Clauser [179] in 1972. Many, more elaborate tests have been conducted
since [180]–[185], reaffirming the non–local nature of this quantum mechanical
phenomenon.

7.1. Entanglement with epitaxial quantum dots

The concept of having linked, but undetermined properties between remote
particles is a baffling phenomenon, but spatially separating particles while
limiting decoherence due to interaction with the environment is an experimental
challenge. Photons are the ideal candidate for this task, due to their small
interaction cross section. Entanglement was first shown with photons from
an atomic cascade in Ca [179], followed by SPDC sources [181], [182], [186].
Quantum dots were suggested as a source of entangled photons by using the
biexciton–exciton cascade by Oliver Benson et al. in 2000 [187]. Entanglement
was demonstrated in 2004 [188] by making use of the quantum dot’s intrinsically
anti–bunched emission and, eventually, in 2006 [189]–[191] by using the cascaded
emission. Several other schemes for generating entanglement with quantum
dots have been conceived, like time–reordering [192], [193], time–bin entan-
glement with cascaded emission [194], [195] and cavity enhanced two–photon
emission [196]. For more details see Oriuex et al. [197]. The most common
scheme for generating entangled photons with a quantum dot is directly through
its cascade, making use of the two available decay paths for the biexciton, see
Section 2.1.

7.2. Measuring a two–photon polarization state

In order to distinguish an entangled two–photon polarization state from a
classically correlated two–photon polarization state, it is sufficient to measure
the visibility V = Cmax−Cmin

Cmax+Cmin
in two different bases, e.g. the rectilinear and

diagonal polarization basis, for the first photon while continually modifying
the basis of detection of the second photon. Experimentally we measure the
coincidences C of the two photons for different polarization by detecting them
after they have each passed through a linear polarizer. We leave polarizer P1
fixed, e.g. at H, and rotate the other one (P2) in small steps, e.g. from H
to V, while recording the coincidence rate. As illustrated in 7.2a, if we are
looking at a classical state |Ψ〉 = |HH〉, where both photons are H polarized, we
expect to see an oscillation with a clear maximum in a plot of C vs P2–angle
when both polarizers are aligned. If we leave P1 fixed at D, while we rotate
P2 from D to A, we expect the photon rate for the first detector to be half
and for the second detector to oscillate from 50 % to 100 % as we reach H and
back to 50 % for the A position. We see that both cases give us a maximum in
the coincidence rate in H. As shown in 7.2b, in the case of an entangled state
|Φ+〉 = 1√

2
(|HH〉+ |VV〉), detection of the first photon projects the whole state.

This means that in the first measurement we see the same result as for the
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Figure 7.2: Calculated photon coincidences as a function of the angle of polarizer
P2. Each channel measures a photon that is part of a two–photon state after it
has passed through a polarizer. Polarizer P1 is kept aligned with H (D), while
polarizer P2 is being rotated by π. a) For a classical state |Ψ〉 = |HH〉 the
coincidences show a maximum in H polarization regardless of P1’s alignment.
b) For an entangled state |Φ+〉 = 1√

2
(|HH〉+ |VV〉) = 1√

2
(|DD〉+ |AA〉) the

maximum in the coincidences depends on the position of P1.

classically correlated state. In the second measurement, however, we project the
state on D. To see what happens we can re–write |Φ+〉 in the diagonal basis using
|H〉 = 1√

2
(|D〉+ |A〉) and |V〉 = 1√

2
(|D〉 − |A〉): |Φ+〉 = 1√

2
(|DD〉+ |AA〉). It

becomes clear, that there should be a maximum when the polarizations are
aligned, same as in the first measurement. To fully characterize a two–photon
quantum state, a quantum state tomography has to be performed. In case
of our quantum dots, since XX and X photons have different energy, they
can simply be separated spectrally. Figure 7.3 illustrates how a pair of notch
filters can be used to selectively reflect the desired emission lines towards the
tomography setup. Waveplates and a polarizer are placed in the individual
paths of both X and XX, before the light is coupled into single mode fibers
connected to our SSPD detector system. Ideally, a combination of one quarter–
wave plate, one half–wave plate and one polarizer should be sufficient (see
Appendix A). To fully characterize the quantum state, several cross–correlation
measurements between XX and X have to be executed resulting in a density
matrix ρ̂ (Hermitian with Tr(ρ̂) = 1 [198]). Figure 7.4b shows a pure state
|Φ+〉 = 1√

2
(|HH〉+ |VV〉) in the density matrix representation in the rectilinear

basis, whereas Figure 7.4a shows how the uncorrelated classical polarization
state |Ψ〉 = 1

2 (|H〉+ |V〉)⊗ (|H〉+ |V 〉) = |DD〉 would look like. The imaginary
parts of the density matrix were omitted for Figure 7.4 since all elements are 0
for both examples. Note that the diagonal elements of the depicted real parts
of the density matrices sum up to unity. To understand how a two–photon
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Figure 7.3: Setup for quantum state tomography of the XX–X cascade. Two
notch filters are used for laser suppression and two more are used to reflect
the XX emission and X emission, respectively, towards a set of wave plates, a
polarizer and eventually a single–mode fiber connected to the detection system.

Figure 7.4: Real part of a density matrix in the rectilinear basis showing a)
the uncorrelated classical state |Ψ〉 = 1

2 (|H〉+ |V〉) ⊗ (|H〉+ |V〉) and b) the

entangled state |Φ+〉 = 1√
2

(|HH〉+ |VV〉)

state tomography is performed it is instructive to first understand how a one–
photon tomography, also called a Stokes measurement, is performed. A Stokes
measurement [199], [200] can be used to characterize the polarization of a single–
photon state by measuring how many photons are emitted with polarization
H,V,A,D,R, and L. Since measured photon counts should sum up to the total
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emission when adding results from two polarizations forming a basis (e.g. H+V),
it is sufficient to measure just one basis fully and one polarization each from the
other two bases. An example for a complete set would be H,V,A, and R. The
expected photon counts for the remaining two polarizations can then be inferred
from the total emission (e.g. L = H + V − R). This reduces the necessary
measurements from 6 to 4. In order to improve statistics and reduce errors due
to imperfections in the setup, often all 6 measurements are performed, none
the less. The same reasoning can be done for the two–photon state, reducing
necessary measurements from 6 × 6 = 36 to 4 × 4 = 16. Equivalently to
the Stokes measurement for a singe–photon state, the density matrix can be
expanded in terms of the Pauli matrices σ̂in and then related to Stokes vectors
Sin describing the polarization of a two–photon state [201]:

ρ̂ =
1

22

3∑

i1,i2=0

Tr [(σ̂i1 ⊗ σ̂i2) ρ̂] (σ̂i1 ⊗ σ̂i2)

=
1

22

3∑

i1,i2=0

Si1,i2
S0,0

(σ̂i1 ⊗ σ̂i2) .

The density matrix can be adjusted by changing the Pauli matrices to redefine
the basis in which the measurement is analyzed. This means misalignment in the
QDs dipole orientation with respect to the lab–space coordinate system of the
analysis waveplates as well as birefringence introduced by optical components
in the setup can be compensated for even after the measurement has been
performed. In Figure 7.5a we can see a density matrix reconstructed from
polarization dependent cross–correlation measurements on a GaAs QD in a
droplet etched nanohole for a single time bin in the correlation histogram of 2 ps
width (time jitter is on the order of 60 ps to 70 ps), whereas in Figure 7.5b we can
see a density matrix reconstructed from the same measurement with an adjusted
coordinate system. In this case, a virtual waveplate with rotation θ = 0.22 and
phase angle φ = 1.25 was applied equally for the whole two–photon state. The
angles were found by performing a fit to the ideal state |Φ+〉 = 1√

2
(|HH〉+ |VV〉)

and the resulting fidelity to the target state is F |Φ+〉 = 〈Φ+| ρ̂ |Φ+〉 = 0.987±
0.006. The fidelity describes the overlap of two states and thereby is a measure
of how close they are to each other. A classical state can not have a fidelity
to a pure entangled state higher than 0.5. The fidelity to a given state can be
determined by only 12 correlation measurements, which result from a projection
of the general density matrix to the given state [202]. These 12 measurements
do not provide complete knowledge of the quantum state, unlike the full state
tomography, and therefore information about, for example the concurrence, can
not be obtained.

In order to perform the measurement to obtain the density matrix shown
in Figure 7.5, the setup first had to be carefully characterized. We used a
spectrally broad pulsed laser so we could couple light of known polarization
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Figure 7.5: Real and imaginary parts of measured density matrices for a selected
2 ps wide time bin. a) Density matrix as measured. b) Density matrix after a
change of the coordinate system equivalent to placing a waveplate in the setup
with angle θ = 0.22 between the fast axis and |H〉 inducing a phase shift φ = 1.25
for light polarized along the slow axis. The fidelity to |Φ+〉 = 1√

2
(|HH〉+ |VV〉)

is F |Φ+〉 = 0.987± 0.006.

into the detection paths of both XX and X. It is advisable to have the cali-
bration laser travel through as much of the setup as possible so that as many
polarization influencing optics are already taken out of the equation when
the measurement starts. The initial polarization of the laser was adjusted to
be |H〉,|V〉,|D〉,|A〉,|R〉, and |L〉, consecutively. For each polarization a set of
waveplates in front of the polarizers was adjusted so that they would rotate
the polarization to |H〉, thereby matching the polarizers. We then confirmed
that everything was working as expected by measuring the two–photon state
of the laser for different polarizations. The results for laser polarization states
|HH〉, |DD〉, and |RR〉 are shown in Figure 7.6 in the form of density matrices.
The colored bars (blue is positive, red is negative) represent the measured laser
state, while the black outlines show the ideal outcome. The data was evaluated
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Figure 7.6: Density matrices showing the results of the laser tomography for
a) |H〉–, b) |D〉–, and c) |R〉–polarization states. Real (imaginary) parts of the
density matrices are shown in the top row (bottom row). The box outlines show
the expected shapes, while the colored boxes show the measured values.

using a Python script we developed with the help of a library [203] based on
Daniel F. V. James et al. [201]. Figure 7.7 illustrates the evaluation of the
data and presents some figures of merit for the entanglement as a function of
time. In the top panel of Figure 7.7a we can see a histogram of the sum of all
cross-correlation measurements that use exclusively the rectilinear polarization
basis. These are the measurements contributing to the diagonal elements of the
density matrix. The bottom panel shows the center peak of these measurements
separately. For reference, the temporal window of the bottom panel is shaded
blue in the top panel. We can see that despite being in the rectilinear basis, they
do show oscillations. This is an indication that the polarization of the quantum
dot has been influenced by the setup or that the polarization eigenstates of the
quantum dot are not aligned with the laboratory frame of reference. As we
saw in Figure 7.5, this can be fixed by adapting the frame of reference during
the analysis. Figure 7.7b shows three different results of the analysis of 36
measured cross–correlations as a function of time delay. In the top panel we
can see the concurrence C(ρ̂) as a function of time delay in the same time
window as in the bottom panel of Figure 7.7a. The concurrence is a useful
entanglement witness since it is not looking to match a particular quantum
state and is independent of the frame of reference. It is also more sensitive than
the fidelity since a value above 0 already signifies a quantum state. We can see
the concurrence rise to a peak of C(ρ̂) = 0.98± 0.01 before slowly dropping to a
level of C(ρ̂) = 0.8 and then holding this level until uncertainties make the mea-
surement too noisy. The initial peak is a sign that the FSS causes the entangled
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Figure 7.7: a) Cross–correlation measurements. Top panel: Sum of all mea-
surements in the rectilinear basis with the time window used for the other
panels (shaded blue). Bottom panel: The four rectilinear–basis measurements
individually. b) Analysis results of all 36 cross–correlation measurements. Top
panel: Concurrence C(ρ̂) as a function of time delay. Middle panel: Fidelity

to |Φ+〉 (F |Φ+〉) after the reference frame of analysis was rotated to show the

highest F |Φ+〉 for the time bin with the highest concurrence. Bottom panel:

F |Φ+〉, maximized by adjusting the reference frame for every time bin.

state to evolve too fast for our measurement to follow [204]. The combined time

resolution of our detection system is τtotal =
√
τ2
SSPD1 + τ2

SSPD2 + 2× τ2
t–to–d =√

20 ps2 + 30 ps2 + 2× 18 ps2 = 44 ps, where τSSPDi are the time jitter spec-
ifications of our detectors and τt–to–d is the time jitter specification of the
time–to–digital converter. In our measurements we see a slightly broader time
response of about 60 ps to 70 ps from our complete system when we measure
a 3 ps short pulsed laser. This could be explained by the detectors jittering a
bit more with our dark count optimized bias current in combination with the
HydraHarp’s T3 mode being less precise than the T2 mode due to drifts in
the laser sync rate. It is expected that a faster detection system or a smaller
FSS would allow the concurrence to stay close to unity. In the middle panel of
Figure 7.7b we see the time evolution of the fidelity of the measured state to
|Φ+〉. Here, we have applied a static waveplate, rotated by θ = 0.22 with respect
to the laboratory H, adding a phase φ = 1.25 to the polarization component
aligned with the slow axis. We clearly see the state evolving between (very close
to) |Φ+〉 = 1√

2
(|HH〉+ |VV〉) and (very close to) |Φ−〉 = 1√

2
(|HH〉 − |VV〉).

The bottom panel of Figure 7.7b is the result of applying an arbitrary virtual
waveplate maximizing the fidelity to |Φ+〉 for every individual time bin. This
curve is within the error identical to the fidelity to a maximally entangled
state. In order to compensate the time-evolving state from the quantum dot
the arbitrary waveplate has to change its phase φ with a constant slope while
keeping the angle θ constant.



Chapter 8

Conclusions and outlook

In this thesis, we have gained insights into what makes quantum dots excellent
single– and entangled–photon sources and what challenges still lie ahead on the
way to application.

We have demonstrated pure single photon emission from quantum dots with
different material composition, amongst them the lowest g(2)(0) demonstrated
in any quantum system so far. In Paper 1, we show improved g(2)(0) under
p–shell excitation from InAsP QDs. In Papers 2, 4, 5, 7, and 8 we show g(2)(0)
of photons from GaAs QDs under different excitation conditions, like pulsed
resonance fluorescence excitation and two–photon excitation, as well as CW
resonance fluorescence excitation. We see the best values for g(2)(0) in case of
TPE, down to g(2)(0) = (7.5± 1.6)× 10−5, and confirm this technique can still
be used with paraboloid back–reflectors around the QDs. Using pulsed resonance
fluorescence, we observe re–excitation limited g(2)(0). We show that for resonant
CW excitation in the Heitler regime, spectrally selecting the narrow bandwidth
emission originating from laser light coherently scattered at the quantum dot two–
level system and rejecting the incoherently scattered part of the QD emission
spoils the photon purity. This approach is therefore unfortunately not suitable
for coupling single photons to narrow atomic transitions with high efficiency.

We have investigated indistinguishability of consecutively emitted photons
from GaAs QDs under resonance fluorescence excitation and two–photon ex-
citation. We show that near–unity two–photon interference visibility can be
obtained with GaAs quantum dots in droplet etched nanoholes. The results,
obtained under resonance fluorescence excitation, are presented in Paper 4. We
show near–unity indistinguishability for the neutral exciton emission of two
QDs and the charged exciton emission of three QDs with the lowest visibility
being VHOM = 88.5± 3.3 and the highest VHOM = 95.5+5.0

−6.1. Those values are
obtained from the histograms by summing events over the peak areas without
any form of post–processing. In Paper 7 we compare the two–photon inter-
ference visibility obtained under resonance fluorescence excitation and under
two–photon excitation. We conclude that the uncertainties due to the cascaded
emission have a negative impact on the two–photon interference visibility.

We have shown tuning of the emission energy of GaAs and InAs QDs. In
both Paper 3 and Paper 5, we demonstrate how the emission energy of a QD
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can be changed in a controlled manner when the QD sample is integrated with
a piezoelectric actuator. We show long term stability and fine control and we
confirm that a paraboloid back–reflector does not inhibit the functionality of
this feature. Tuning the emission energy can be beneficial when interaction
between multiple quantum systems is of interest, for example for hybrid devices
combining quantum dots and atoms or for long distance quantum networks,
where multiple QD sources have to emit identical photons.

We have investigated how nanofabrication of paraboloid back–reflectors
can improve the light extraction efficiency for GaAs QDs. In Paper 5, the
simulated far–field emission is shown to be of Gaussian character and therefore
suitable for coupling to a single–mode optical fiber. The simulations also reveal
that the intended structure should enhance light extraction to above 85 % in a
broad range of 20 nm. The nanostructures are placed in a grid pattern, and it
is therefore unlikely to find a QD that is very centered in the parabola. Despite
this, we observe a 21 fold increase in emission intensity compared to the average
QD of the unprocessed sample, while seeing a 1.6 fold increase on areas with
flat gold back–mirror.

We have measured polarization entangled photon–pair emission for InAsP
and GaAs QDs. In Paper 1 we investigate the fidelity to a maximally entangled
state of the emission from a InAsP QD embedded in an InAs waveguiding
nanowire under non–resonant and p–shell excitation. We observe a clear im-
provement under p–shell excitation, most likely due to the reduction in necessary
excitation power. We perform a full CHSH measurement under non-resonant
excitation and compare to the estimated S parameters obtained under p–shell
excitation, where, again, p–shell excitation performs significantly better. We
also provide an overview over the performance in terms of brightness and entan-
glement fidelity of quantum dot and parametric down–conversion sources. In
Paper 6, we demonstrate resonant two–photon excitation and phonon–assisted
two–photon excitation with InAs QDs emitting in the telecom C–band. Using
the phonon–assisted method, we perform a full quantum state tomography and
extract a maximal concurrence of C(ρ̂) = (91.4± 3.8) %. With this excellent
result and the robust excitation technique we laid the groundwork for future
long distance quantum communication experiments.

We have developed a versatile and performant software for the analysis of
time tag files. In Paper 9, we show the functions and capabilities of our analysis
tool for time resolved measurements. State–diagram supported programming of
the analysis method and built–in visualization tools help the user to get started
quickly. The underlying code is highly optimized for fast analysis of large data.
Real–time correlation of time tag files from different time–to–digital converters
is possible, enabling long distance quantum communication experiments.

For applications in quantum networks and quantum key distribution, the
performance metrics of QDs as sources for flying qubits can still improve. The
work presented in this thesis can be continued in several directions. Enhanced
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light extraction of above 50 % could be demonstrated with deterministically posi-
tioned paraboloid back–reflectors, while providing tailored Purcell enhancement
in order to improve the two–photon interference visibility under two–photon
excitation. A diode structure around the quantum dots could help with control-
ling the charge environment, thereby reducing the blinking we observe. This
would facilitate more in depth investigation into the remaining decay channels
outside the XX–X cascade, like Auger recombination, dark states and light–hole
heavy–hole mixing, specifically for the GaAs QDs in droplet etched nanoholes
and the InAs QDs emitting in the telecom C–band. It could also bring the
inhomogeneously broadened linewidth closer to the Fourier limit [205], allowing
for better integration with hybrid QD–natural atom devices. The setups in use
currently could be improved in terms of efficiency in various ways, the most
promising approach being direct integration of an optical fiber into the QD
device. This architecture has the potential for high light extraction efficiency
in combination with the paraboloid back–reflector. The FSS of the InAs QDs
should be controlled, as has been demonstrated for GaAs QDs already [87], in
order to ensure a resolvable polarization state from a wider range of quantum
dots. Teleportation [206] and entanglement swapping [161], [162] has been
demonstrated with QDs already, but should be pursued further to show higher
fidelities. In addition, I hope we will see storage and on-demand retrieval of
single photons from a quantum dot followed by a quantum state tomography of
the retrieved photons. This represents a milestone relevant to some repeater
based long distance communication schemes [207]. QDs are mature enough to
slowly start moving away from being the focus of research and become tools
for more complex quantum optical experiments and the developement of future
quantum technologies.



Appendix A

Note on waveplates

Figure A.1: a) Waveplate setup used to simulate these results. In this case,
the order is not changing which polarizations are reachable. b) Starting with
an |H〉–polarization state. the combination of quarter– and half wave plate
can turn a linear state into any other pure state. c) Starting with an elliptical
polarization 80° from the linear equator. Now the same waveplates can only
produce a narrow ring of final states around the linear equator. d) Starting
with an |R〉–polarization state. Only the linear equator can be reached.

As depicted in Figure A.1b, when the initial polarization is linear, like
the emission from most commercial laser systems, the combination of half
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wave plate and quarter wave plate (see Figure A.1a) is sufficient to reach an
arbitrary polarization state. This is not the case, as shown in Figure A.1c,
when the initial polarization is elliptically polarized [208]. In this case, the
closer the initial polarization is to purely circular, the narrower a ring around
the linear polarization equator of the Poincaré–sphere can be reached and
another quarter–wave plate might be needed, depending on the desired output
polarization. For state tomography we use linear polarizers (polarizing beam
splitters) to selectively measure one (two) polarizations. Therefore it should not
matter if the final polarization can only be linear and elliptical states cannot be
reached. However, if the waveplates do not perform perfectly, due tolerances in
fabrication or setup, the great circle of reachable polarizations, when starting
with circularly polarized light (see Figure A.1d), can be skewed from the linear
equator. In this case another wave plate can offer enough flexibility to reach
the desired linear polarization.

For completeness sake I also include the reachable polarizations for a half–
wave plate and quarter–wave plate as the sole retarder, respectively. Figure A.2
shows the reachable polarization states with only a quarter–wave plate. In
Figure A.2a, the initial polarization is |R〉 and the reachable states are on the
linear equator. In Figure A.2d, the initial polarization is |H〉 and a figure 8
pattern can be seen as the reachable polarization states. The crossings, leaving
the |H〉–state unaltered, happen when the linear polarization is aligned with
the fast or slow axis of the waveplate. Figure A.2b and Figure A.2c show states
in between |H〉 and |R〉, 20° and 45° moved from |R〉 towards |H〉, respectively.
Figure A.3 shows the reachable polarization states with only a half–wave plate.
Here, there is a clear axis of rotation for the resulting polarization: the |R〉–|L〉
axis. In Figure A.3a, when the initial polarization is |R〉 the polarization flips to
|L〉, while in Figure A.3d, with |H〉 as the initial polarization, the whole linear
equator can be reached. In Figure A.3b and Figure A.3d reachable polarization
states with initial polarizations in between |R〉 and |H〉 are shown. Again, the
specific angles are a 20° and 45° rotation from |R〉 around the |A〉–|D〉 axis.

The Müller formalism was used to calculate these results. An arbitrary
waveplate M(θ, δ) can be expressed as follows:




1 0 0 0
0 cos2(2θ) + sin2(2θ) cos(δ) cos(2θ) sin(2θ)(1− cos(δ)) sin(2θ) sin(δ)
0 cos(2θ) sin(2θ)(1− cos(δ)) cos2(2θ) cos(δ) + sin2(2θ) − cos(2θ) sin(δ)
0 − sin(2θ) sin(δ) cos(2θ) sin(δ) cos(δ)


 ,

where θ is the rotation of the fast axis with respect to the vertical orientation
in radians and δ is the phase difference between fast and slow axis, i.e. π (π2 )
for a half–(quarter–) wave plate. The initial polarization is represented as a
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Figure A.2: Reachable polarization states with just a quarter–wave plate with
the initial polarization a) at |R〉, b) 20° moved from |R〉 towards |H〉, c) half
way between |R〉 and |H〉, d) at |H〉.

Stokes vector. Horizontally polarized light would be written as

SH =




1
1
0
0


 .

The final polarization is then obtained by multiplying the retarding matrix from
the left:

Sfinal = M(θ, δ)Sinitial.

To apply a quarter–wave plate (δ = π
2 ) with θ = π

4 (45°) to SH would look as
follows:

SR = M
(π

4
,
π

2

)
SH =




1 0 0 0
0 0 0 −1
0 0 1 0
0 1 0 0







1
1
0
0


 =




1
0
0
1


 .
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Figure A.3: Reachable polarization states with just a half–wave plate with the
initial polarization a) at |R〉, b) 20° moved from |R〉 towards |H〉, c) half way
between |R〉 and |H〉, d) at |H〉.



Appendix B

Statistics with losses

As stated in Chapter 4, additional uncertainty is caused by losses in a stream
of equally spaced photons. In order to investigate this further, we simulate
a perfectly regular stream of photons as an array of ones. We choose divide
this stream into segments in which we investigate the number of photons. The
segments should be large enough to observe sufficient detail in the distribution,
in this case, they are spanning the temporal equivalent of 50 photons. The length
of these segments also defines the histogram window. By introducing losses
1− η we can have any number of photons between 0 and 50 within one segment.
Figure B.1 shows the result for different efficiencies η if we record the number of
photons in enough segments to build significant confidence. In Figure B.1a, we
can see the case for η = 1. We find 50 photons within our segment every time
so the standard deviation ∆nη=1 is 0. As the efficiency drops, the randomness
increases up to a maximum for η = 0.5 and then decreases in a symmetric way
until there are never any photons within the segments for η = 0, resulting in
∆nη=0 = 0, same as for η = 1. The maximum standard deviation at η = 0.5,
which leaves us with half the photons on average (n̄ = 25), is ∆nη=0.5 = 3.5357.
This is almost exactly half of what we would expect for a Poisson distribution
with 50 photons: 1

2∆nPoisson = 1
2

√
n̄ = 3.5355 = and clearly narrower than

a Poisson distribution with n̄ = 25 with ∆nPoisson = 5. In Figure B.1b with
η = 0.99, we can see that a small amount of loss causes a noticeable deviation
from ∆nη=1 = 0 and Figure B.1d with η = 0.2, shows the decreasing standard
deviation on the lower efficiency side of the histogram.
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Figure B.1: Simulated histogram of probability of finding n photons when
starting with a perfect stream of evenly spaced photons. The histogram window
is chosen to fit a maximum of 50 photons and a the stream of photons is divided
into segments of this size. A large number of segments are checked for their
number of photons for four different levels of efficiency η. a) Exactly 50 photons
are found in all segments when there are no losses (η = 1) and the standard
deviation is ∆n = 0. b) If η = 0.99, the average photon number is n̄ = 49.5
with a standard deviation of ∆n = 0.7. c) For η = 0.5, half the photons are lost
(n̄ = 25) and the standard deviation reaches its maximum value of ∆n = 3.5.
This is half the standard deviation of a Poisson distribution with the initial
photon number of 50. d) If η = 0.2, the average photon number is n̄ = 10 with
a standard deviation of ∆n = 2.8.
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The following python code was used to produce this result:

1 import numpy as np

2 from matplotlib import pyplot as plt

3 from numba import jit

4

5 number_of_slots = int(3E8) # a slot can contain one photon or no photon

6 efficiency = 0.5 # probability to have a filled slot

7 length_of_segments = 50 # how many slots fit in one segment

8

9 @jit

10 def binning_1d(array: [np.int16], length_of_segment: np.int16):

11 result=[np.int64(x) for x in range(0)]

12 for step in range(int(len(array)/length_of_segment)):

13 result.append(np.sum(

14 array[step*length_of_segment:step*length_of_segment+

length_of_segment]

15 ))

16 return np.array(result)

17

18 @jit

19 def make_random_photons(K: np.int16, N: np.int16):

20 arr = np.zeros(N, np.int16)

21 arr[:K] = 1

22 np.random.shuffle(arr)

23 return arr

24

25 number_of_occupied_slots = int(number_of_slots*efficiency)

26 photon_stream = make_random_photons(number_of_occupied_slots,number_of_slots)

27 photons_per_segment = binning_1d(photon_stream,length_of_segments)

28

29 hist, bin_edges = np.histogram(photons_per_segment, range(length_of_segments+2))

30

31 # probability is chance to find number of bins with n photons in total number of

bins

32 probability_hist = hist/(number_of_slots/length_of_segments)

33

34 # display average photon number and standard deviation as title

35 mean = np.mean(photons_per_segment)

36 std = np.std(photons_per_segment)

37 text = r"$\bar{n} ="+’{:.1f}’.format(mean)+r"\pm"+’{:.1f}’.format(std)+r"$"

38 plt.title(text)

39

40 # generate plot

41 plt.bar(bin_edges[:-1], probability_hist)

42 plt.xlabel(’Number of photons n’)

43 plt.ylabel(’Probability P(n)’)

44 plt.xlim(min(bin_edges-0.5), max(bin_edges+0.5))
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[68] S. Seidl, M. Kroner, A. Högele, K. Karrai, R. J. Warburton, A. Badolato,
and P. M. Petroff, “Effect of uniaxial stress on excitons in a self-assembled
quantum dot”, Applied Physics Letters, vol. 88, no. 20, p. 203 113, May
2006.

[69] R. Trotta, P. Atkinson, J. D. Plumhof, E. Zallo, R. O. Rezaev, S. Kumar,
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