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“I would rather have questions that can’t be answered
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Abstract

Advances in quantum technology applications, such as quantum computing, also
require quantum networks. Single photons are the only flying qubits that carry
information in such networks, making ideal single-photon sources inevitable. These
sources must meet stringent criteria, including high single-photon purity, indistin-
guishability, brightness, and entanglement fidelity, while allowing tunability of certain
properties and integrability into quantum photonic circuits. Semiconductor quantum
dots (QDs) are good candidates, already fulfilling many requirements, but also
quantum emitters in 2D materials show promising results, especially in terms of
integrability. The measurements performed here were based on four different types of
quantum emitters, namely GaAs, InGaAs, and InAsP nanowire QDs, and quantum
emitters in a WSe2 monolayer. The focus of this thesis is to gain a deeper under-
standing of quantum level schemes and the impact of different excitation methods
on the emitted photons. Therefore, we have studied QDs under s-shell resonant
excitation and two-photon excitation (TPE), revealing intrinsic limits for photon
indistinguishability from a radiative cascade. A novel excitation technique based on
TPE and stimulation of the first transition can overcome this limit. In addition, we
have investigated growth, fabrication, and optically controlled methods to tune the
wavelength, integrate quantum emitters into quantum photonic circuits, and increase
the extraction efficiency.
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Kurzfassung

Fortschritte in Quantentechnologien erfordern auch Quantennetzwerke. In diesen
sind Photonen die einzigen fliegenden Qubits, was ideale Einzelphotonenquellen
notwendig macht. Diese müssen hohe Anforderungen erfüllen, wie hohe Reinheit, Un-
unterscheidbarkeit, Helligkeit und Verschränkung, sowie die Manipulation bestimmter
Eigenschaften und die Integration in photonische Schaltkreise ermöglichen. Halbleiter-
Quantenpunkte (QPs) erfüllen viele der Anforderungen, aber auch Quantenemitter
in 2D Materialien zeigen vielversprechende Ergebnisse, insbesondere hinsichtlich der
Integrierbarkeit. Die hier durchgeführten Messungen basierten auf verschiedenen
Emittern, nämlich GaAs, InGaAs, InAsP Nanodraht QPs und Emittern in WSe2

Monolagen. Der Fokus dieser Arbeit lag auf einem grundlegenden Verständnis der
Quanten-Energieniveau-Schemata und dem Einfluss verschiedener Anregungsmeth-
oden auf die Eigenschaften der emittierten Photonen. Zu diesem Zweck haben
wir QPs unter s-Schalen resonanter Anregung und Zwei-Photonen-Anregung (ZPA)
untersucht und eine intrinsische Grenze für die Photonen Ununterscheidbarkeit aus
einer Strahlungskaskade aufgezeigt. Mit einer neuen Anregungsmethode, die auf
ZPA und Stimulation des ersten Übergangs basiert, kann diese Grenze überwunden
werden. Außerdem haben wir Wachstums, Fabrikations und optisch kontrollierte
Methoden untersucht, um die Wellenlänge abzustimmen, Quantenemitter in photon-
ische Schaltkreise zu integrieren und die Extraktionseffizienz zu erhöhen.
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Preface

This thesis deals with states of lights emitted by semiconductor quantum light
sources with a focus on epitaxial GaAs and InGaAs quantum dots emitting in the
near-infrared spectral range. Stringent requirements have to be met to make them
usable in quantum technology applications such as long distance quantum networks.
Different coherent excitation processes are investigated and analyzed in terms of
single-photon purity and indistinguishability of the emitted photons. In addition,
the integration of quantum dots into tunable and efficiency-enhancing structures and
the integration of InAsP nanowire quantum dots and emitters in two-dimensional
WSe2 into quantum photonic integrated circuits have been demonstrated. Efforts
have also been made to push the emission wavelength of InAsP nanowire quantum
dots into the telecom spectral range to enable long-distance transmission in fibers.
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Chapter 1
Introduction

The discovery of quantum physics in the 20th century marks an inception of a sci-
entific revolution as it fundamentally changes our understanding of matter and energy.
Key findings such as the wave-particle duality, quantization of energy levels and the
probabilistic nature of quantum states led to the development of technologies in the
1950s which use quantum mechanical principles. Among the most famous examples
are lasers, transistors and atomic clocks. These devices are sometimes attributed to
the first quantum revolution. As the first quantum revolution unfolded, a deeper
understanding emerged, setting the stage for the second quantum revolution [Mil97].
Now the focuses lays on the active manipulation of quantum states and explores
applications across three pillars: quantum metrology, sensing, and imaging; quantum
computing; and quantum communication. The first pillar promises breakthroughs in
precision measurements, surpassing classical sensor limits, often using sensing with
N00N states [Lee02, Mül17]. It finds applications in geophysics, navigation systems,
and medical diagnostics. One renowned example is the LIGO experiment [LIG16],
detecting gravitational waves and affirming Einstein’s theory of relativity.
Quantum computing [Fey82, Pre12, DiV95, Kni01] promises quantum suprem-
acy [Aru19, Zho20] with computational capabilities far beyond the reach of classical
computers. Harnessing the principles of superposition and entanglement, quantum
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1 Introduction

computers hold the key to solving complex problems in cryptography, optimiz-
ation, and machine learning. A prominent example is solving problems of the
non-polynomial complexity class such as prime number factorizing. Applying the
Shor algorithm [Sho97], the number of operations scales polynominally with the
number of digits with a quantum processor instead of exponentially with a classical
processor. This in turns will be a thread for today’s encryption protocols as they
are often based on the complexity of prime number factorizing or other complex
mathematical algorithms.
Quantum communication secures and enhances communication channels and provides
links between quantum computers to build quantum networks or a quantum inter-
net [Kim77]. The no-cloning theorem in quantum mechanics prevents copying of a
quantum state and therefore makes unnoticed eavesdropping impossible with different
protocols for quantum key distribution [Ben14, Eke91]. Similar to a classical bit,
the quantum mechanical counterpart for the fundamental unit of information, the
quantum bit (qubit), encounters losses. But the no-cloning theorem makes classical
amplification of the signal impossible and quantum repeaters (i.e. based on the
scheme from Lloyd et al. [Llo01]), are a prerequisite for bridging long distances in
quantum communication channels. Single photons serve as the sole but excellent
flying qubits in such networks, traveling at the speed of light and having only a
small interaction cross-section. Therefore, sources that emit single photons are
required. An ideal quantum light source must exhibit several key characteristics
to meet the stringent requirements of quantum technology applications. First, it
should emit pure single-photons without background or multi-photon emissions.
Additionally, deterministic and on-demand photon generation is essential for precise
control in quantum systems. Furthermore, it must ensure the emission of highly
indistinguishable photons even when subjected to long time delays, therefore it
should feature Fourier-transform limited linewidths. A short lifetime will on the
one hand enable high qubit rates and will on the other hand reduce the interaction
time with the environment, which increases the coherence of the system. Moreover,
the source should facilitate the emission of entangled photon pairs, a fundamental
requirement for various quantum information and communication protocols. The
ability to tune the emission wavelength, enhances the versatility of the source and
enabling specific quantum technology applications such as coupling to an atomic

8



transition to realize a quantum memory or tune it into resonance with another source,
which is both required for example to realize a quantum repeater. Furthermore, for
practical integration into quantum systems, the quantum light source should offer
integrability into quantum integrated photonic circuits, photonic cavities, or other
photonic structures. This enables scaling up of complex quantum architectures and
enhances the extraction efficiency of photons. Emitting in the telecom C-band at
1550 nm is preferred for long-distance applications in quantum communication, as
conventional optical glass fibers exhibit minimal absorption in that range.
In the course of the past decades, different quantum light sources have been realized.
For a long time sources based on spontaneous parametric down-conversion processes
have been the working horse in the field [Gho87, Pan98, DR03, Yin20, Neu22]. The
major drawback of those sources is that the probabilistic process prevents on-demand
generation of entangled photon pairs and they have to obey a trade off between
efficiency and purity. Sources based on single emitters, including single trapped atoms
and ions [Hig16, Deb16], molecules [Rez19], defects in crystals [Doh13, Bec20], semi-
conductor quantum dots [Sch18b, Zha22], and emitters hosted by two-dimensional
materials [Cha19b], inherently overcome this limitation. This is due to their quantum
mechanical level scheme and a characteristic time, known as the excited state life-
time, that must elapse before a successive photon can be emitted. Advances in the
growth and nanofabrication in the past years and decades enhanced the quality and
tailorability of semiconductor quantum dots significantly. Particularly noteworthy
are Al droplet etched GaAs quantum dots [daS21, Gur19] which have caught at-
tention in the past years as they quickly surpassed the more established InGaAs
quantum dots, grown with the Stranski-Krastanow method, in many properties.
Especially the strain-free lattice matched growth results e.g. in a low fine structure
splitting [Huo13], short lifetimes and a narrow wavelength distribution. Furthermore
the GaAs quantum dots are emitting in the near-infrared spectral range around
780−800 nm holding the potential to be tuned in resonance with the atomic rubidium
87Rb D1 and D2 lines [Ako11, Hua17]. Another type of quantum dots are InAsP
quantum dots in nanowires with good optical properties [Jön17]. They especially
show potential for integration into quantum photonic circuits [Zad16]. But also
the relatively newly emerging emitters in two-dimensional materials show potential
especially in terms of integrability and scalability.
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1 Introduction

This thesis aims to achieve a fundamentally deeper understanding of quantum level
schemes and explores the influence of different excitation methods. Furthermore,
efforts are being made to address properties of the aforementioned ideal quantum
light source in terms of increasing the extraction efficiency, tuning the wavelength,
and integrating it into photonic circuits.

Thesis structure In part I of this thesis I introduce the basics to understand
the papers in part II. In chapter 2, I discuss different types of quantum emitters.
The main focus is on three different types of semiconductor quantum dots and key
properties of each type. Additionally I introduce quantum emitters hosted in TMD
monolayers. Chapter 3 covers cryogenic micro-photoluminescence spectroscopy. I
focus here on different excitation methods, outlining the advantages and limitations
of each technique. I also describe how the experimental setup has been adjusted
to accommodate these different excitation methods. Moving on to chapter 4, I
introduce three types of light sources based on the photon number statistic. Further-
more, I explain the second-order correlation function and an experiment to measure
it, which is an important tool to characterize our quantum emitters in terms of
single-photon purity and excited state lifetime. Chapter 5 focuses on the concept of
indistinguishability. I explain two-photon interference and its significance for applic-
ations in quantum technologies. I also describe an experiment designed to measure
the indistinguishability of photons and explain the resulting histogram. Lastly, in
chapter 6, I briefly cover different methods for tailoring quantum emitter properties.
I specifically focus on tuning methods, such as strain tuning and electric field tuning,
to adjust the emission energy, various photonic structures and microcavities that
enhance the extraction efficiency, and quantum photonic integrated circuits.
Part II of this thesis includes the following papers:
In paper 1 we study the emission wavelength of InAsP quantum dots in InP
nanowires, which shifts from the near-infrared spectral range at approximately
900 nm to the telecom C-band at 1550 nm depending on the As content. By ad-
justing the nanowire diameter, the overlap between the emitted photons and the
fundamental waveguide mode of the nanowire can be restored and bright single
photons in the telecom spectral range can be observed. In paper 2 we determin-
istically integrate an above mentioned near-infrared emitting nanowire quantum
dot into a SiN quantum photonic integrated circuit using a pick-and-place tech-
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nique. The photonic circuit is fabricated directly on a piezoelectric substrate using a
novel method that allows better strain transfer. We show reversible strain tuning
of an integrated optical resonator and quantum emitter, as well as single photon
emission. Paper 3 presents highly indistinguishable photons with visibilities up
to VHOM = 95+5.0

−6.1 % from both a neutral and a charged exciton transition in a
GaAs quantum dot without the need for Purcell enhancement. We achieved this
due to short excited state lifetimes, s-shell resonant excitation, and polarization
suppression of the scattered laser. In paper 4 we present a novel photonic struc-
ture, a microparaboloid with a GaAs quantum dot at the focus of the structure,
with broadband collection efficiency enhancement and Gaussian emission modes.
We measure collection efficiencies of 12 % (63 % with finite difference time domain
simulations), single-photon emission, and cascaded emission under two-photon excit-
ation. In addition, the structure is combined with a piezoelectric substrate to allow
wavelength tuning of the emission energy. In paper 5 we investigate a two-level
system in the Rayleigh regime, where most of the signal comes from coherently
scattered photons from the laser. We independently demonstrate antibunching and
subnatural linewidth of a GaAs quantum dot under weak continuous-wave s-shell
resonant excitation. The origin of the antibunching is explained by the interference
between the narrow coherently scattered, and the broad incoherent signal in a skewed
squeezed state. As a result, the antibunching dip disappears for narrowing filter
widths, as we prove experimentally. In paper 6 we show that the indistinguishability
of the two cascaded photons from any three-level quantum ladder system is intrins-
ically limited by the lifetime ratio. The finite linewidth of the intermediate state
introduces an energy jitter to the excited state emission, while the finite excited state
lifetime adds a timing jitter to the intermediate state decay, both of which reduce
the indistinguishability of the respective transition. We prove this by measuring the
indistinguishability of biexciton and exciton photons emitted from a GaAs quantum
dot under two-photon excitation and find good agreement with quantum optical
simulations. Furthermore, we measure excellent single-photon purity, as the cascaded
emission protects the system from re-excitation. Additionally, we compare these
results with a two-level system (e.g. the exciton transition of the same quantum dot
under s-shell resonant excitation). While it dominates in terms of indistinguishability
(as also shown in paper 3), the single-photon purity is limited by the re-excitation
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1 Introduction

process. In paper 7 we couple strain-localized quantum emitters hosted by a WSe2

monolayer to a SiN waveguide. We demonstrate single-photon propagation in the
waveguide by coupling a lensed fiber to the cleaved waveguide facet and measure
the single-photon purity of the waveguide-coupled signal. We also demonstrate
on-chip resonant continuous wave excitation of a quantum emitter. To suppress
the excitation laser, we combine out-of-plane detection and polarization filtering.
Paper 8 proposes a new coherent excitation scheme based on two-photon excitation
and subsequent stimulation of the biexciton-exciton transition. This method can
overcome the limited indistinguishability of the exciton transition revealed in paper 6
by reducing the timing jitter stemming from the biexciton lifetime. We demonstrate
this by comparing the indistinguishability of an exciton transition in an InGaAs
quantum dot under this new excitation method, two-photon excitation, and s-shell
resonant excitation. Furthermore, the polarization of the exciton photons can be
controlled by the polarization of the stimulation laser, resulting in nearly twice the
brightness compared to s-shell resonant excitation with polarization suppression, and
high single-photon purity of the cascaded emission is maintained, since the transition
is still protected from re-excitation. In paper 9 we demonstrate the all-optical
control of single-photon properties. We start from the biexciton state in an InGaAs
quantum dot under two-photon excitation. An additional laser, energetically close
to one of the cascaded decay transitions, provides a virtual state for a stimulated
down-conversion process. We show single-photon emission, as well as laser-controlled
energy tuning and polarization control of the signal.
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Chapter 2
Semiconductor quantum light sources

Contents
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2.2 Quantum emitters in transition metal dichalcogenides 29

Quantum light sources emit light with non-classical properties, particularly showing
single-photon emission. Other key attributes include deterministic and on-demand
generation of single photons with Fourier-transform limited linewidths, short lifetimes,
and high degrees of indistinguishability. Furthermore, these sources should facilitate
the generation of entangled photon pairs. The first experimental demonstration of a
single-photon source was in 1974, where a cascaded transition in a mercury atom
emitting two photons at different frequencies was exploited to use one photon to
herald the other after spectral filtering [Cla74]. The first demonstration not based
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2 Semiconductor quantum light sources

on heralding was in 1977 with sodium atoms [Kim77]. Since then, a whole zoo of
different single-photon sources with varying key characteristics have been discovered.
They can be broadly classified into three families: heralded photons, single atoms,
ions and molecules, and solid state sources.
Most heralded photon sources are based on a nonlinear process. Pumping a nonlinear
crystal with a significant second-order susceptibility χ(2) at high power can lead
to pairs of entangled photons by spontaneous parametric down conversion, first
demonstrated by Ou and Mandel in 1988 [Ou88]. To reduce the probability of
double-pair formation, the pump power is kept low, which also limits the probability
for single-pair formation to a few percent, thereby inherently limiting the source
brightness and preventing on-demand generation. Periodic poling of a nonlinear
crystal increases the down conversion probability significantly and can be optimized
for a desired wavelength [Ram13, Her13, Mon17]. Despite the limited brightness, ex-
cellent single-photon purity of 0.09 [Kan16] and Hong-Ou-Mandel indistinguishability
of 92 % [Wan16] have been demonstrated. Furthermore, entanglement distribution
and quantum key distribution has been shown over large distances in field experi-
ments [Yin20, Neu22].
Quantum light sources based on single molecules, atoms or, ions rely on quantum
level schemes. A quantum system is in its energy ground state when all electrons
are in the lowest possible shells. By absorbing a photon, an electron can be lifted to
a higher shell, meaning that the atom is in an excited state. After a characteristic
time, the lifetime of the excited state, the atom spontaneously relaxes back to the
ground state by emitting a single photon. This inherently prevents multi-photon
emission and a single-photon purity of g(2)(0) = (3 ± 1.5) · 10−4 has been demon-
strated [Hig16]. Experimentally, a single atom or ion is isolated in a magneto-optical
trap and cooled to cryogenic temperatures to reach this energy ground state and
to isolate the system from the environment. This leads to very long spin coherence
times of up to 0.5 s [Deb16], making them suitable as stationary qubits. Although
the complex trapping setup makes it difficult to scale up for quantum technology
applications, atoms are predestined for experiments to gain a deeper fundamental
understanding of quantum mechanics and as a platform for first quantum information
processing applications. A small atom-based processor has been built that demon-
strates Shor factorization [Deb16]. Single organic molecules (e.g. dibenzanthanthrene
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or dibenzoterrylene) are often embedded in an anthracene or naphthalene crystal
to improve the optical properties. Those sources are mostly studied in context of
biology, physical chemistry and spectroscopy and less as quantum system. But
also with molecules e.g., single-photon emission [Paz18] and polarization entangled
photon pair generation [Rez19] could be demonstrated. An alternative atom-based
single-photon source in an atomic vapor is based on the Rydberg blockade. It also
shows good indistinguishability [Pad21] and single-photon purity [Dud12], even at
room temperature [Rip18]. Another alternative source is based on four wave mixing
providing impressive entangled pair generation rates compatible with the telecom
infrastructure and atomic systems [Cra24].
The family of solid state single-photon sources exhibits the widest variety of different
sources, including fluorescent defects in crystals, carbon nanotubes, epitaxial and
colloidal quantum dots, and quantum emitters hosted by two-dimensional mater-
ials [Aha16]. For brevity, carbon nanotubes and colloidal quantum dots will be
excluded from this brief overview. Their primary applications lie in classical photon-
ics, such as display technology, due to dephasing, bleaching, and blinking.
Foreign atoms or vacancies in a crystal can form point-like defects that locally change
the potential to create quantized energy levels. Among the most studied defects
are color centers in diamond such as nitrogen vacancies [Doh13] and silicon vacan-
cies [Bec20]. These emitters offer advantages such as room temperature operation,
near Fourier-transform limited linewidths [Bar13], and long spin coherence times of
up to 0.6 s [Bar13], making them suitable for quantum memory applications, although
not all desired properties are simultaneously present in one defect type. Unfortu-
nately, single-photon purity [Kur00, Sch11b] does not show excellent properties, but
ongoing research continues to explore new defects [Zai00].
Throughout my thesis, my primary focus was on epitaxial semiconductor quantum
dots (hereafter referred to as quantum dots) with some involvement with recently
discovered emitters in transition metal dichalcogenide monolayers. In the following
sections, I will provide a more detailed introduction to these emitters.
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2 Semiconductor quantum light sources

2.1 Quantum Dots

Quantum dots (QDs) are small nanometer sized semiconductor crystals, typically
consisting of a few ten to a hundred thousand atoms, providing a three-dimensional
confinement for charge carriers. This confinement is achieved by incorporating a low
band gap semiconductor into a high band gap semiconductor material, such as GaAs
(Eg, GaAs = 1.52 eV) embedded in AlGaAs (Eg, AlGaAs = 2.03 eV at 4 K) for the case
of the quantum dots in Sec. 2.1.4. Arakawa and Sakaki first presented this three-
dimensional confinement concept in 1982 [Ara82], and Reed later introduced the term
"quantum dots" in 1986 [Ree86]. Back then, the quantum dots were obtained using a
top-down approach involving electron beam lithography and reactive ion etching of a
multi quantum well structure. Nowadays, most semiconductor quantum dots are dir-
ectly grown in an epitaxial growth process [Gol85]. The statistical or self-assembled
growth process leads to a random distribution over the sample, varying sizes, and
shapes of quantum dots. Additionally, each quantum dot is influenced by its semicon-
ductor environment, including phonons and charge traps, leading to slightly different
optical properties for each quantum dot on a sample. Due to the high refractive index
of the solid state host matrix, most of the emission is trapped inside the sample,
resulting in a low extraction efficiency. However, the solid state bulk material allows
for relatively easy integration of the quantum dots into structures, boosting the
extraction efficiency or enabling wavelength tuning (see Ch. 6). Nowadays, quantum
dots exhibit the best overall performance among all single-photon sources, with the
highest single-photon purity [Sch18b] and near unity indistinguishability [Zha22].
Different growth methods are discussed in Secs. 2.1.3, 2.1.4 and 2.1.5.

2.1.1 Band structure

In semiconductors at low temperatures, the most electrons occupy the valence band.
They can be excited to the conduction band through optical, thermal, or electrical
excitation, leaving behind a positively charged hole in the valence band, thus forming
an electron-hole pair. A trapped electron-hole pair inside a quantum dot is called an
exciton (X or X0) and is more favorable compared to an electron-hole pair in the bulk
semiconductor due to a larger overlap of the wave functions and Coulomb interaction.
The recombination of the electron back to the valence band results in the emission
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2.1 Quantum Dots

of a photon with the energy given by the band gap, called photoluminescence. If
the confinement of the small band gap material is on the order of the de Broglie
wavelength of the electrons or holes

λdB ≤ h√
3m∗

e,hkBT
, (2.1)

with the Planck constant h, the effective mass of electrons and holes m∗
e,h, and

the thermal energy kBT , the density of states becomes delta-like. As a result, the
number of states is substantially reduced to only a few discrete states, resembling
the energy levels in an atom. For this reason, quantum dots are sometimes referred
to as artificial atoms. Self-assembled quantum dots typically have a diameter of a
few tens of nanometers and a height of only a few nanometers [Leo94, Huo13]. The
small height leads to a strong confinement in z (growth direction) and results in
only the lowest energy state being populated. Consequently, higher states in z are
not considered, and the quantum dot can be quantum mechanically described as an
in-plane two-dimensional harmonic oscillator. For rotationally symmetric quantum
dots, the Hamiltonian becomes

Ĥ = p̂2

2m∗
e,h

+ 1
2m∗

e,hω2
0x̂2 (2.2)

with the momentum operator p̂, the angular frequency ω0 and the position operator x̂.
Solving the Schrödinger equation, as first done by Fock and Darwin [Foc28, Dar31],
leads to the following energy eigenvalues

En,l = ℏω0 (2n + |l| + 1) , (2.3)

where n = 0, 1, 2, ... is the principal quantum number, and l = 0, ±1, ±2, ... is the
angular momentum. The shells with index s = 2n+ |l|+1 = 0, 1, 2, ... are often called
s- p- d-, ... shells like in atoms. Accounting for the spin and the Pauli exclusion
principle, the shell degeneracy is given by 2 (s + 1) = 2, 4, 6,.... Since electron-hole
pairs tend to relax into the lowest energy state (the s-shell), only recombination from
this shell is considered here. While the upper limit for the quantum dot diameter is
determined by the de Broglie wavelength, the minimum in-plane diameter is dictated
by the smallest size at which bound single-carrier states exist, depending on the
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2 Semiconductor quantum light sources

effective masses and the potential depth.
Energy bands in semiconductors are described as s-like, p-like, etc., according to the
respective atomic orbitals. The materials used in this work have an s-like conduction
band and a p-like valence band, resulting in an orbital angular momentum Le = 0 for
the electrons and Lh = 1 for the holes. Both electron and hole spins are Se,h = 1

2 , i.e.
up or down. Due to the two spin configurations with projection in the growth direction
Sz = ±1

2 , the conduction band is twofold degenerate. For the valence band, the
spin-orbit coupling must be taken into account, with the consequence that the orbital
angular momentum Lh and the spin Sh are not conserved, but only the total angular
momentum Jh = Lh ±Sh. This results in three different bands: Heavy holes (hh) with
Jhh = 3

2 and the projection Jhh,z = ±3
2 , light holes (lh) with Jlh = 3

2 and Jlh,z = ±1
2 ,

and split-off (so) holes with Jso = 1
2 and Jso,z = ±1

2 . Confinement in quantum dots
leads to an energy splitting of the heavy and light holes, with the heavy holes in
the highest band [Kor13]. In InGaAs (Sec. 2.1.3) and GaAs (Sec. 2.1.4) quantum
dots, the mixing of both states can be neglected [Cor01, Hub17, Huo14]. In InAsP
nanowire quantum dots (Sec. 2.1.5), heavy hole-light hole mixing is possible and
becomes even stronger for quantum dots emitting at telecom wavelengths. However,
the photons resulting from a recombinations with light holes are unable to couple
to the guiding mode of the nanowire [Jea17]. Since all quantum dots used in this
work are dominated by heavy hole recombination, only these will be considered here.
However, heavy hole-light hole mixing in quantum dots is influenced by applying
strain to the sample and was studied e.g., in [Plu13].

2.1.2 Excitonic states

Considering an electron with Se,z = ±1
2 and a heavy hole with Jhh,z = ±3

2 leads to
four possible excitonic states which are characterized by their angular momentum
projection M = Se,z + Jhh,z = ±1, ±2. Only states with M = ±1, which means that
the charge carriers have opposite spins, (see Fig. 2.1a) satisfy the dipole selection rules
M = 0, ± 1 and couple to the light field. Hence these are called bright excitons (X
or X0). The states with M = ±2 cannot couple to the light field and are called dark
excitons. These spin configurations are shown in Fig. 2.1b and will not be considered
further in this work. After the generation of a bright exciton, it recombines to the
ground state after a characteristic lifetime, which is in the range of a few hundred
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2.1 Quantum Dots

a) exciton b) dark exciton c) positively 
    charged exciton

d) negatively 
    charged exciton

e) biexciton

Figure 2.1 | Excitonic states in a quantum dot a, exciton b, dark exciton c, positively
charged exciton d, negatively charged exciton e, biexciton. Electrons are represented with
red dots, holes in blue. The arrows denote the spin of the charge carrier up or down.

picoseconds to a few nanoseconds depending on the semiconductor material and the
environment of the single emitter. Upon recombination, a single photon is emitted
with an energy EX given by the energy difference between the electron and hole
states. The quantum dots studied here are emitting in the near-infrared and infrared
wavelength range.
If an additional hole (electron) is trapped inside the quantum dot, a positively
(negatively) charged exciton (X±) is generated. These states also appear with two
spin configurations each, as shown in Fig. 2.1c,d. Charged excitons are sometimes
also called trions (T±). If the charge is not known, they are labeled X∗ or T∗. The
extra charge carrier gives rise to additional Coulomb interaction terms, leading to
slightly different energies compared to the neutral exciton.
Due to Pauli’s exclusion principle, up to two charge carriers with opposite spin
can occupy the lowest energy state in the quantum dot, namely two electrons in
the conduction band and two holes in the heavy hole band of the valence band
(see Fig. 2.1e). This configuration is called a biexciton (2X or XX). The biexciton
binding energy EB = 2EX − E2X can be both positive and negative depending on
the additional Coulomb interaction terms, but only biexcitons with EB > 0 are
considered here, since the others cannot be resonantly excited under two-photon
excitation [Jus20] (see Sec. 3.2.3). Due to optical selection rules, a biexciton cannot
recombine directly to the ground state. Rather, it decays in a cascaded emission
called a biexciton-exciton cascade, as experimentally demonstrated by crosscorrelation
measurements in 2001 [Mor01]. First, one electron-hole pair recombines by emitting
a photon of energy E2X. In the second step, the remaining exciton recombines by
emitting a photon with energy EX. This cascaded emission is shown in an energy
level scheme and the corresponding spectrum in Fig. 2.2a. The polarization of the

19



2 Semiconductor quantum light sources

|0

In
te
ns
ity

Energy

|2Xb)

|X |𝑋 -

V

V

H

H

E
ne
rg
y

|X - |𝑋 -|X + |𝑋 -

2X X

EFSS

EFSSEFSS

a) |2X

|X |𝑋 -

|0

R

L

L

R

E
ne
rg
y

|-1 |𝑋 -
|+1 |𝑋 -

In
te
ns
ity

Energy

2X X

Figure 2.2 | Biexciton-exciton cascade a, without fine structure splitting (FSS) and
b, with fine structure splitting. The biexciton state (2X) decays via two possible decay
paths with the intermediate exciton (X) state to the ground state (0). Due to the
biexciton binding energy, the biexciton line appears at lower energy than the exciton line
in the spectrum (bottom panels). In the case of zero fine structure splitting, the two
possible exciton states are determined by angular momentum (M = ±1) and the emitted
photons are circularly polarized (R, L). With fine structure splitting EFSS, the exciton
states are not degenerate anymore and hybridize into two linear combinations |X⟩± and
the emitted photons are linearly polarized (H, V).

emitted biexciton photon is right (R) or left (L) circularly polarized, depending on
whether the final state is the M = −1 or +1 exciton. The subsequent exciton photon
has the opposite circular polarization. Due to the degeneracy of the intermediate
states, both decay channels of the cascade are in a superposition and the states are
polarization entangled:

|Φ+⟩ = 1√
2

(|RL⟩ + |LR⟩) = 1√
2

(|HH⟩ + |VV⟩) . (2.4)

The first letter in the ket refers to the polarization of the biexciton photon, the last
to the polarization of the subsequent exciton photon. Since the rectilinear basis with
horizontal (H) and vertical (V) polarization can be expressed as a linear combination
of the circular basis (|L⟩ = 1√

2 (|H⟩ + i |V⟩), |R⟩ = 1√
2 (|H⟩ − i |V⟩)), the entangled

state can be written in different bases. As already proposed in 2000, quantum dots
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2.1 Quantum Dots

can emit polarization entangled photon pairs on-demand [Ben00].
So far, the exchange interaction between electrons and holes has not been considered,
which leads to the so called fine structure splitting (FSS) of the energy levels of the
four excitonic spin states with M = ±1, ± 2. The corresponding Hamiltonian is
given by [van90]:

Ĥex = −
∑

i=x,y,z

(
aiĴh,iŜe,i + biĴ

3
h,iŜe,i

)
. (2.5)

Where ai and bi are the spin-spin coupling constants along the respective axis i, and
Ĵh,i and Ŝe,i are the spin operators for the holes and electrons, respectively. The
interaction depends on the crystal structure, the dominant hole type (heavy holes
in our cases), the potential symmetry and the strain in the material. Writing the
Hamiltonian in the basis of the two bright |±1⟩ and dark |±2⟩ exciton states leads
to [Bay02]

Ĥex = 1
2


+E0 E1 0 0
E1 +E0 0 0
0 0 −E0 E2

0 0 E2 −E0

 . (2.6)

Ei are splittings of the different states. E0 = 3
2

(
az + 9

4bz

)
is the splitting between

the bright and dark states, and E1 = 3
4 (bx − by) and E2 = 3

4 (bx + by) are the
splittings of the bright and dark exciton doublets, respectively. In the case of
vanishing exchange interaction Ĥex = 0, all four excitonic states are degenerate.
For Ĥex ̸= 0 the degeneracy between the bright and dark exciton states is broken
and the states |±1⟩ and |±2⟩ are split with the electron hole exchange energy E0.
In the case of a rotationally symmetric confinement potential (bx = by, E1 = 0),
the two dark exciton states hybridize with an energy splitting E2. If the rotation
symmetry is broken the bright exciton states |±1⟩ are no longer eigenstates of the
exchange interaction Hamiltonian and the states hybridize into new symmetric and
antisymmetric linear combinations |X⟩± = 1√

2 (|+1⟩ ± |−1⟩) with the splitting E1.
The photoluminescence from these transitions is linearly cross-polarized (H and V)
along the main symmetry axis of the quantum dot. Since only bright excitonic
states are investigated in this thesis, we refer to their splitting as EFSS instead of
E1 for simplification hereafter. The splitting is typically between a few and a few
tens of micro electronvolts in unoptimized quantum dots. This is usually below
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2 Semiconductor quantum light sources

the resolution limit of spectrometers and can only be measured with the use of
polarization resolved photoluminescence spectroscopy (see Sec. 3.1), time correlated
single-photon spectroscopy (see Sec. 4.3) or scanning Fabry-Pérot interferometers.
A positively (negatively) charged exciton can be seen as a single electron (hole)
interacting with the two holes (electrons) forming a spin-singlet, leading to a vanishing
exchange energy and thus no fine structure splitting [Bay02]. The same applies to
the biexciton. Nevertheless, the emission from the biexciton state shows the same
splitting as the exciton, since the exciton is the final state for that recombination
process, as shown in the energy level scheme and spectrum in Fig. 2.2b. The biexciton-
exciton cascade thus has two non-degenerate linearly cross-polarized decay channels.
The intermediate state receives a time-dependent phase ei

EFSS
ℏ t. The initial exciton

state is determined by the polarization of the biexciton photon and thus the decay
path and starts to precess on the Poincaré sphere with the frequency EFSS

ℏ . As a
consequence, the exciton photon has a different polarization depending on the emission
time [Ste08b]. The entangled state of the radiative cascade in Eq. (2.4) becomes
|Ψ⟩ = 1√

2

(
|HH⟩ + ei

EFSS
ℏ t |VV⟩

)
and the time-averaged entanglement degrades as a

function of the splitting EFSS [Hud07]. But in fact the state oscillates between the
two Bell states |Φ+⟩ = 1√

2 (|HH⟩ + |VV⟩) and |Φ−⟩ = 1√
2 (|HH⟩ − |VV⟩) and thus

remains maximally entangled. In practice, this can only be measured if the temporal
resolution of the setup is high enough to resolve the oscillation, which is on the
order of a few hundred picoseconds, and if the two emitted photons are synchronized,
which was first demonstrated by Winik et al. [Win17] and also shown by us [Zeu21].
However, in most quantum-engineering applications, a time-invariant entangled state
is desired to overcome the more stringent setup requirements. Therefore, various
methods have been exploited to obtain a quantum dot without fine structure splitting
(EFSS ≈ 0 µeV). They range from samples that have been carefully characterized to
find a quantum dot without fine structure splitting [Haf07], growth methods that
have been developed to grow quantum dots with very small average fine structure
splitting (see. Secs. 2.1.4 and 2.1.5) and thermal annealing [Lan04, Tar04] to post-
growth techniques for fine structure tuning based on a magnetic field [Ste06b], strain
field [Sei06, Tro15], electric field [Gha12] and optical Stark effect [Mul09a]. The
manipulation of the fine structure splitting is discussed in more detail in Sec. 6.1.
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2.1 Quantum Dots

2.1.3 Stranski-Krastanow grown quantum dots

The first epitaxial quantum dots were based on Stranski-Krastanow growth [Str37].
Due to the different lattice constants of the semiconductor materials, strain builds up
inside the sample, leading to preferential growth of nanoislands to release the strain.
The quantum dots used in this thesis, based on this method, are InGaAs quantum
dots embedded in GaAs, grown by molecular beam epitaxy. The sample used in
paper 8 was grown by Jonathan J. Finley’s group at the Technical University of
Munich, while the sample in paper 9 was grown through our in-house collaboration
in Paderborn by Dirk Reuter’s group. The growth process is illustrated step by step

InGaAs

GaAs

Figure 2.3 | Stranski-Krastanow grown quantum dots Deposition of few monolayers
InGaAs on a GaAs substrate (panel 1,2). Island formation to relax the strain due to the
lattice mismatch (panel 3). GaAs overgrowth to achieve a three-dimensional confinement
(panel 4).

in Fig. 2.3. In the first step, a GaAs layer is grown on a GaAs wafer to enhance
the surface quality. Next, the InGaAs deposition begins with the growth of a few
monolayers (panels 1,2). Due to the significant lattice mismatch of both materials, up
to 7.2 %, strain within the sample increases [Sny91]. After a few monolayers, called
the wetting layer, InGaAs islands with a diameter of about 30 nm are formed to relax
the strain [Guh90, Leo93] (panel 3). Finally, the islands are overgrown with GaAs
(panel 4) to achieve three-dimensional confinement. Throughout the growth process,
the quantum dots from both samples were embedded in a diode structure to enable
charge control and emission energy tuning, as explained in Sec. 6.1.2. Additionally,
the sample from paper 8 includes a bottom distributed Bragg reflector to enhance
the extraction efficiency (see Sec. 6.2).
These quantum dots emit in the near-infrared spectral range around 930 nm with a
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biexciton binding energy of approximately 2 − 3 meV and a fine structure splitting
of about 10 − 100 µeV [Seg05]. The exciton lifetime is on a time scale of 300 ps to
1000 ps [Adl98, Ber07, Liu18b].

2.1.4 Al droplet etched GaAs quantum dots

Most of the studies in this thesis are conducted on Al droplet etched GaAs quantum
dots grown by molecular beam epitaxy from the group of Armando Rastelli at the
Johannes Kepler University Linz using the local droplet etching technique. This
technique allows for the growth of strain-free lattice-matched quantum dots, in
contrast to those grown using the Stranski-Krastanow mode. The local droplet
etching technique was first introduced in [Wan07]. The growth of these quantum
dots is illustrated in Fig. 2.4a. The process begins with the growth of an AlGaAs
layer on top of a (001) GaAs substrate (not shown). By reducing the As pressure
while maintaining the Al flux (panel 1), Al droplets form on the surface [Hey09]
(panel 2). Subsequently, the As flux is increased again, initializing the etching of
nanoholes (panel 2, 3). The As concentration gradient at the droplet-surface interface
leads to the diffusion of As into the droplet, resulting in the etching (liquefaction)
of the AlGaAs beneath the droplet [Hey11] (panel 3). The droplet material is then
removed under As flux and crystallizes as an optically inactive AlAs ring around the
droplet [Ste08a, Hey09], as well as on the planar parts between the holes [Atk12]
(panel 4). The newly formed empty holes are filled with 1 − 4 nm GaAs deposition,
followed by annealing of the sample (panel 5). Finally, the holes are covered with an
AlGaAs barrier layer [Huo13] (Panel 6).

Figure 2.4b provides an artistic illustration of the whole sample structure used in
papers 3, 5, and 6. To reduce the required excitation power and improve the collection
efficiency, the quantum dot layer is embedded in a weak planar cavity of distributed
Bragg reflectors. Additionally, a solid immersion lens is placed on top of the sample.
Different methods to improve the extraction efficiency are described in Sec. 6.2.
Figure 2.4c depicts a typical spectrum under nonresonant excitation. The isolated
bright line can be attributed to the neutral exciton [Huo13], as confirmed by polar-
ization dependent photoluminescence measurements. The origin of the numerous
additional lines could be determined through polarization, power, and temperature-
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Figure 2.4 | Local droplet etching quantum dots a, Growth: Al droplets etch
nanoholes into the AlGaAs substrate in an As atmosphere. The holes are filled with GaAs
and are overgrown with an AlGaAs barrier layer b, Sample structure for papers 3, 5, and 6.
The quantum dots are embedded in a planar distributed Bragg (DBR) reflector cavity and
a solid immersion lens (SIL) is placed on the sample surface to improve the extraction
efficiency. c, Typical spectrum of a GaAs quantum dot under nonresonant excitation.
The neutral and charged exciton lines are indicated. b,c adapted from paper 3.

dependent photoluminescence measurements. However, these lines are most likely
attributed to charged and excited (hot) excitonic states [Hub19]. Typically, the
biexciton is either not visible or very faint under these excitation conditions due to
competing transitions.
These quantum dots typically exhibit a much narrower wavelength distribution
compared to Stranski-Krastanow quantum dots due to the homogeneous size of the
nanoholes. The center wavelength is in the range of about 780 − 800 nm, and can
be controlled during growth by adjusting parameters such as the hole depth, the
amount of GaAs fill, and the Al concentration in the barrier layer [Atk12]. This
specific wavelength range makes this type of quantum dots particularly interesting
for coupling to quantum memories based on rubidium atoms, given that both the
87Rb D1 line at 794.98 nm and the 87Rb D2 line at 780.24 nm fall within that spectral
range [Ako11, Hua17]. Moreover, the highly symmetric holes in these quantum dots
lead to very small average fine structure splittings of approximately (3.9 ± 1.8) µeV,
which is on the order of the natural linewidth of the excitonic transitions [Huo13].
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Their short lifetime of roughly 200 ps suggests that they are weakly confined in the
potential [Hub19, Rei19]. The combination of small fine structure splitting and short
lifetime makes these quantum dots promising candidates as sources of time-invariant
polarization entangled photon pairs, as demonstrated in [Hub17]. Further reduction
of the fine structure splitting could improve the entanglement fidelity and concur-
rence to near unity [Hub18]. Additionally, these quantum dots exhibit exceptional
pure single-photon emission, with g(2)(0) = (7.5 ± 1.6) · 10−5 [Sch18b]. With such
properties, quantum teleportation [Rei18] and entanglement swapping [BB19, Zop19]
have been successfully demonstrated. Embedding the quantum dots in a diode
structure [Bab21] provides a controlled charge environment with reduced noise, en-
abling near lifetime-limited linewidths [Zha20], near-unity indistinguishability above
VHOM = 95 % for photons from one quantum dot separated by 1 µs and remote indis-
tinguishability of VHOM = (90.9 ± 0.8) % from two quantum dots [Tom21, Zha22].
For further details regarding the local droplet etching growth and the properties of
these quantum dots, refer to [Gur19] and [daS21]. These GaAs quantum dots have
been used to demonstrate near-unity indistinguishability under s-shell resonant excit-
ation of the neutral and charged exciton in paper 3, to show the intrinsic limitation
of the biexciton-exciton cascade as a three-level quantum ladder system in terms of
photon indistinguishability in paper 6, to investigate the origin of antibunching of a
two-level system in the Rayleigh regime in paper 5, and to fabricate microparaboloids
to enhance the extraction efficiency in paper 4.

2.1.5 InAsP quantum dots in InP nanowires

As-grown self-assembled quantum dots typically suffer from poor coupling efficiency
to detection optics due to the high refractive index of the host material, resulting in a
small critical angle for total internal reflection (see Sec. 6.2). Additionally, integration
into photonic structures is challenging due to their random distribution. Quantum
dots well-positioned in nanowire waveguides, however, are promising candidates as
efficient sources of single photons or entangled photon pairs, as they can overcome
these limitations. The fabrication of nanowire quantum dots started with top-down
processes, where nanowires were etched into planar samples, that already contained
self-assembled quantum dots. Due to the random distribution of the emitters, the
number and position of the quantum dots inside the nanowire is either random,
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Figure 2.5 | InAsP quantum dots in InP nanowires a, growth: the InP substrate
with SiO2 is prepatterned with circular holes. Gold (Au) droplets act as catalysts for the
InP nanowire (NW) core growth in vapor-liquid-solid mode. The InP cladding is grown
in substrate growth mode b, Spectrum of the nanowire quantum dot under nonresonant
excitation. b adapted from paper 2.

or the emitter has to be pre-characterized, and the position has to be determined
with respect to markers. Therefore, in most cases, the emitters are off-center from
the nanowire axis, which reduces the efficiency [Cla10, Ble11]. This drawback has
been overcome by bottom-up processes that ensure that only one quantum dot is
embedded in the center of the nanowire [Hei10, Rei12]. In these nanowires, the
crystal structure alternates between wurtzite and zinc blende [Car11], leading to
charge traps in the vicinity of the quantum dot, which degrades spectral properties
in terms of single-photon purity, linewidth, and indistinguishability.
The nanowires used in papers 1 and 2 were grown by Philip J. Poole’s group at the
National Research Council of Canada in Ottawa using a new growth method that
results in pure wurtzite structures [Dal12]. Depending on the growth conditions,
the emitters can cover a wavelength range from 880 nm to 1550 nm. The process
is illustrated in Fig. 2.5a. First, a (111)B InP substrate is coated with a layer of
SiO2. Site-controlled circular holes are written into the SiO2 layer using electron
beam lithography and HF acid wet etching (panel 1). Gold is then deposited using
a self-aligned lift-off process to form approximately 20 nm diameter gold droplets
inside the holes. This patterning of the substrate leads to site-controlled growth of
InP nanowires [Dal09] (panel 2), which are grown by chemical beam epitaxy. First,
conditions are selected to facilitate vapor-liquid-solid growth with the Au droplets as
catalysts, resulting in pure wurtzite nanowires with a constant diameter determined
by the size of the Au catalyst. After approximately 200 nm, the InAsP quantum

27



2 Semiconductor quantum light sources

dot is created by switching one of the material sources from PH3 to AsH3 for a few
seconds. Subsequently, the growth of the InP core is continued up to the desired
length. To grow the nanowire cladding, the growth conditions are adjusted so that
the vapor-liquid-solid growth is nearly stopped at the tip, and the substrate growth
starts with the core as seed until a diameter of approximately 250 nm is reached
(panel 3). Typically, the cladding is tapered at the tip to enhance the extraction
efficiency.
In particular, quantum dots with an As content of approximately 30 %, resulting in an
emission wavelength in the near-infrared spectral range, have been extensively studied
and show promising results. An example spectrum under nonresonant excitation is
shown in Fig. 2.5b. Due to the high symmetry [Sin09], these quantum dots exhibit
very low average fine structure splittings of (3.4 ± 3.0) µeV, with more than 50 % of
the nanowires below 2 µeV [Ver14], making them sources of polarization entangled
photon pairs [Ver14, Hub14, Jön17]. Linewidths only a factor of two away from the
lifetime limit and pure single-photon emission have been demonstrated [Rei16, Laf23].
Furthermore, these structures show great potential as integrated emitters, as they
can be picked up in a controlled manner and transferred to another chip, i.e. with
photonic integrated circuits, using a nanomanipulator (see Sec. 6.3) [Zad16, Els17]
as we also did in paper 2. By tailoring the cladding growth, the nanowires can
be optimized for various applications. Inducing a needlelike adiabatic taper at the
tip results in nearly Gaussian modes [Bul14], while increasing the length enhances
evanescent coupling to waveguides [Mna20]. In paper 1, the As content in the InAsP
quantum dot was increased to systematically shift the emission wavelength to longer
wavelengths in the telecom O- and C-band. Additionally, the effect of nanowire
diameter and quantum dot size on the decay time and brightness was investigated.
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2.2 Quantum emitters in transition metal
dichalcogenides

Research on two-dimensional materials began with graphene in 2004 [Nov04], and
the Nobel Prize in 2010. Since then, the family of two-dimensional crystals has
expanded to other layered van der Waals crystals, including metals, semiconductors,
and insulators. Of particular interest are materials with an optically accessible band
gap, which now span over a wide spectral range from ultraviolet to telecom [Par22].
Transition metal dichalcogenides (TMDs or TMDCs) are a frequently studied group
of two-dimensional materials with the stoichiometric formula MX2, where M is a
group IV, V, or VI metal and X is a chalcogen atom. Among these, MoS2 and WSe2

are commonly used in quantum optics, with the latter used in paper 7. Figure 2.6a,b
illustrates the crystal structure of a WSe2 monolayer from both the top and from the
side (created using vesta [Mom11]) with the unit cell shown in petrol. The atoms
form a two-dimensional layer consisting of three lattice planes with a hexagonal
crystal structure. Within such a layer, the atoms are strongly bonded with covalent
bonds, and no dangling bonds remain out of the plane. The bulk crystal is formed by
stacks of such monolayers held together by van der Waals forces. This, in turn, allows
the fabrication of monolayers without breaking the crystal symmetry in top-down
processes from a bulk crystal. A commonly used technique is mechanical exfoli-
ation [Nov05], which we also exploit in paper 7. A flux-grown WSe2 bulk crystal is
sandwiched between two strips of Scotch tape, which are then pulled apart, resulting
in the splitting of the bulk crystal into thinner pieces. Repeating this process several
times statistically yields monolayer thin flakes. The easiest way to check the flake
thickness is under a light microscope, where areas of low contrast indicate fewer
monolayers compared to high contrast areas. The identified monolayer flake can then
be transferred to another substrate, e.g., to couple the emitter to a waveguide or
cavity. In our work, we utilize an all-dry stamping process with PDMS stamps (see
Sec. 6.3). While exfoliation typically yields flakes of good crystal quality, the process
is time-consuming and often results in small flakes. For scalability, other fabrication
methods are required, with bottom-up chemical vapor deposition growth being a
commonly used approach. Various fabrication methods are discussed in [Bhi15].
From the primitive cell (Wigner-Seitz cell, green hexagon in Fig. 2.6a) it follows that
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Figure 2.6 | Quantum emitters hosted in transition metal dichalcogenide mono-
layers a, Hexagonal crystal structure of WSe2. The petrol parallelogram shows the unit
cell with one W (red) and two Se (blue) atoms, the green hexagon is the Wigner-Seitz cell.
b, Side view of a WSe2 monolayer. c, First Brillouin zone of the crystal structure with high
symmetry points Γ , Q, K, M. d, Scanning electron-beam microscopy picture of a WSe2
monolayer (1L) covering a SiN waveguide (WG) overlayed with photoluminescence from
single quantum emitters induced on the waveguide edges and wrinkles. The monolayer is
still attached to region with bilayer (2L). e, Nonresonantly excited spectrum of quantum
emitters hosted in a WSe2 monolayer. d,e adapted from paper 7.

the first Brillouin zone in reciprocal space is also a hexagon, as shown in Fig. 2.6c
with the high symmetry points Γ , Q, K, and M. The electronic band structure of the
valence and conduction bands along the high symmetry points Γ -Q-K-M-Γ can be
calculated with density functional theory for the bulk crystal and different numbers
of layers [Kum12]. While the bulk WSe2 crystal exhibits an indirect band gap from
the Γ to the Q point, the material undergoes a transition to a direct band gap at
the K point when thinned from a bi- to a monolayer.
Similar to quantum dots, excitonic quasiparticles can be excited in TMDs, which
can recombine under the emission of a photon in the near-infrared spectral range.
The first bright photoluminescence from a monolayer direct band gap material was
demonstrated with MoS2 [Mak10]. The first evidence for single-photon emission from
WSe2 followed in 2015 [Ton15, Kop15, He15]. Today, pure single-photon emission
with g(2)(0) ≈ 0.02 is achieved under nonresonant excitation [Kum16]. Since the re-
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combination process is very inefficient at an indirect band gap, the photoluminescence
intensity increases by three orders of magnitude from a bi- to a monolayer [Mak10].
Therefore, photoluminescence signal intensity is another more reliable tool for mono-
layer identification.
The emitters hosted by two-dimensional materials typically appear at localized strain
pockets induced by wrinkles, folds, or bubbles in the material [Ton15, Kum15, She17],
or at flake interfaces [Kop15]. This phenomenon is often exploited to induce localized
site-controlled emitters, such as, by transferring a monolayer onto a prepatterned sub-
strate with small pillars [Bra17, Pal17]. Figure 2.6d shows a scanning electron-beam
microscopy image of the sample used in paper 7. Here, a WSe2 monolayer flake (high-
lighted in red) covers approximately 20 µm of a SiN waveguide. The sample image is
superimposed with the photoluminescence signal acquired using the imaging setup
described in Sec. 3.2.1. Figure 2.6e shows a typical spectrum of one of the emitters
observed in Fig. 2.6d under nonresonant excitation. The emitters only appear at the
edges of the waveguide, accompanied by wrinkles or ruptures in the flake at most of
the emitter locations. The localization of emitters at local strain pockets suggests that
the generation of single-photon emitters in two-dimensional materials is influenced
by the local strain potential. However, the exact physical origin is still under debate.
A theoretical model, capable of explaining many experimentally observed features,
proposes the following: a strain-localized dark exciton hybridizes with the point
defect state of a nearby Se vacancy, leading to the formation of an intervalley defect
exciton [Lin19, Zhe19]. Another model attributes the formation of single-photon
emitters to band gap modulation due to the bending of the material, e.g., in bubbles
or wrinkles [Chi19]. Quantum confinement in the monolayer enhances the Coulomb
interaction between the electron and the hole, resulting in a strong excitonic binding
energy of a few hundred milli electronvolts [Ber13]. Consequently, excitons hosted
by two-dimensional materials can be observed at room temperature, in contrast
to excitons in bulk semiconductors [He14]. The strong Coulomb interaction also
facilitates the formation of charged excitons and biexcitons with binding energies of a
few tens of milli electronvolts, exceeding those of quantum dots in bulk materials by
more than one order of magnitude [You15]. Due to the low thickness of the sample,
the Coulomb interaction and hence the exciton binding energy are strongly influenced
by the screening environment [Raj17]. Consequently, the substrate to which the
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monolayer is transferred also affects the emission characteristics. Influences from
defects, charge noise, phonons, and fluctuating electrical and strain environments
additionally lead to spectral diffusion or wandering, causing a significant inhomo-
geneous broadening of the photoluminescence signal. A fit to the peak at 770 nm in
Fig. 2.6e reveals a width of approximately 0.8 meV. Given the measured lifetime of
18 ns we expect a lifetime-limited linewidth that is more than ten times narrower.
Encapsulation of TMD monolayers in hBN monolayers has been shown to reduce the
linewidth, although the lifetime limit has not yet been reached [Cad17, Wie17]. This
broadening mechanism has so far hindered the demonstration of indistinguishable
photons from emitters hosted in TMD monolayers [Azz21]. Up to now, resonant
excitation has been challenging for this type of emitter. The well-established filtering
of the scattered laser signal in a cross-polarization setup for quantum dots (see
Sec. 3.2.2) is not sufficient here. In paper 7 we employ side excitation (see Sec. 3.3)
to utilize the waveguide for filtering a significant portion of the remaining laser.
Only the scattered part entering the microscope objective used to detect the emitter
signal was suppressed using polarization optics. We found that the suppression was
not temporally stable, and we had to perform on-the-fly optimization. Kumar et
al. [Kum16] observed a slow spectral jitter, likely due to charge noise. Consequently,
the emitter was not always in resonance with the laser, and they performed tem-
poral postselection in addition to polarization suppression. We both achieved only
moderate laser suppression, resulting in g(2)(0) values in the order of 0.35. Although
single-photon sources hosted by two-dimensional materials are relatively new and
their optical properties are not yet comparable to those of self-assembled quantum
dots, they possess properties that render them promising candidates for future ap-
plications [Cha19b]. Their direct access and the high resistance to strain allow for
high tunability [Iff19]. Moreover, two-dimensional materials have great potential for
coupling to microcavities [Duo18, Iff21] or photonic circuits [Pey19, Li21], given the
relatively simple dry stamping transfer process (see Sec. 6.2.3). Furthermore, since
the emitters are strain-induced, multiple emitters can be induced and coupled to the
same photonic circuit, as we have also shown in paper 7 and Fig. 2.6d, which is an
important building block towards scaling up quantum integrated photonic circuits.
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Chapter 3
Cryogenic micro-photoluminescence spectroscopy
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Single-photon emitters can be optically addressed by cryogenic micro-photoluminescence
spectroscopy. The first part of this chapter starts with a brief overview of the setup
used. This is followed by an in-depth discussion of the excitation methods used to
obtain different conditions in the quantum system. More specific requirements for
the setup will also be presented. While most of the measurements were performed in
a setup with confocal geometry, measurements on photonic waveguides often require
a photonic probe station, which is included at the end of this chapter.
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3.1 Basic setup

Although the measurements have been carried out on different setups that have
evolved over time, they all comprise three main components connected with optical
fibers. The components of the system are: The excitation unit, which includes either
a continuous wave or pulsed laser with a pulse shaper; the cryogenic microscope,
which consists of a confocal microscope and a cryostat containing the sample; and
the detection unit, which consists of filter and analyzer setups and detectors. All
components can be connected in a modular fashion using polarization-maintaining
single-mode fibers (Nufern PM780-HP). The fibers (DIAMOND GmbH) are fabric-
ated using an active core alignment process that guarantees very low losses of less
than 1 dB when two fibers are connected. A typical setup configuration is depicted
in Fig. 3.1. Figure 3.1a illustrates the excitation unit for pulsed excitation. For the
majority of experiments under pulsed excitation, we used an titanium:sapphire APE
Berlin picoEmerald laser. The laser has a repetition rate of 80 MHz and a pulse
duration of approximately 3 ps. It features two outputs, one for the signal (tunable
from 650 to 980 nm) and another for the idler (tunable from 1080 to 2490 nm, not
shown). Since our experiments require only low excitation powers, we begin by
lowering the laser power to prevent nonlinear effects in the fibers. Since the polariz-
ing beamsplitter cube transmits horizontally polarized light and reflects vertically
polarized light, adjusting the laser polarization with a half-wave plate allows us to
control the power entering the following setup. The horizontally polarized component
is transmitted in the beamsplitter and blocked with a beam dump. To prevent back
reflections that may impact the laser output stability and cause laser damage, we
installed a Faraday isolator in the beam path, consisting of two linear polarizers
rotated by 45◦ with respect to each other and a Faraday cell in between. In addition,
the beam diameter is enlarged, for better spectral resolution in the following setup,
by two lenses with different focal lengths mounted at a distance given by the sum
of both focal lengths. A pinhole at the focal point between the lenses cuts out a
Gaussian beam profile. Due to the time-bandwidth product, the short laser pulses
exhibit a large spectral bandwidth. This broad laser spectrum is a disadvantage
for our excitation schemes, so we spectrally shape the initial laser pulse and thus
obtain longer pulses by using a pulse shaper in 4f geometry. The initial laser beam
is depicted in gray, indicating its broad spectrum. Upon diffraction on a grating
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Figure 3.1 | Basic cryogenic micro-photoluminescence spectroscopy setup
a, Excitation unit with a pulsed laser and a 4f pulse shaper to cut out a spectrally narrower
component from the laser spectrum. b, Confocal cryogenic micro-photoluminescence
setup. The excitation power is monitored and controlled using an optical power meter
(PM), digital-to-analogue converter (DAC) and a fiber based variable optical attenuator
(VOA). The laser is sent to the sample inside the cryostat with a beamsplitter (BS)
and focused by a microscope objective. The emitted signal is coupled into a fiber. The
half-wave plate (HWP) and lin. pol. are optional for polarization resolved measurements.
c, Spectrometer with CCD. d, Transmission spectrometer to filter up to two spectral
emission lines. PBS: polarizing beamsplitter, BD: beam dump, lin. pol.: linear polarizer,
CCD: charge-coupled device camera

(Richardson Gratings, 1800 grooves/mm), each spectral component is diffracted at
a different angle and thus spatially separated. The following lens is mounted at a
distance of the focal length f = 300 mm from the grating. It focuses each spectral
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component onto a slit at distance f . By adjusting the slit width and horizontal
position, the wavelength and spectral width of the laser can be controlled. The
mirror located behind the slit folds the shaped beam (shown in red), back onto its
original path. By offsetting the lens slightly, a vertical displacement is introduced
in both unshaped and shaped beams. These beams can then be separated with a
D-shaped mirror (shown here with a horizontal displacement). The shaped beam is
coupled into a polarization-maintaining single-mode fiber using a collimator (Schäfter
+ Kirchhoff). It is then sent to the cryogenic confocal microscope. Continuous wave
lasers exhibit a narrow linewidth and can thus directly be fiber coupled (not shown
in Fig. 3.1a).
Figure 3.1b shows a simplified cryogenic setup for micro-photoluminescence spectro-
scopy. The sample is cooled down to approximately 5 K using a closed-cycle cryostat
(AttoDry800 from attocube) to isolate the emitters from the semiconductor host
matrix which disturbs the quantum system. Optical excitation of the sample from
the top is possible through a window in the cryostat. Different excitation methods
require modifications on the optical setup, which will be explained later in this
chapter, whereas here, only the basic setup is described. The excitation laser is
collimated and coupled out of the fiber using a collimator. The collimator lens in
combination with the fiber results in a beam diameter of approximately 2.8 mm which
matches the mode of the objective. A fiber-based variable optical attenuator based on
micro-electromechanical systems (MEMS) technology is used to control and stabilize
the excitation power based on an applied voltage. The laser power is monitored by
tapping a part of the signal with a cube beamsplitter and detecting it with an optical
power meter. A custom-built digital-to-analog converter sets the voltage for the
attenuator based on the measured laser power. By applying 0 − 5 V, the signal inside
the fiber can be attenuated by up to 30 dB. To couple the laser into the cryostat, a
beamsplitter is used in reflection. A microscope objective (attocube, 50×, NA= 0.81)
mounted inside the cryostat focuses the laser on the sample. The sample and the
objective are mounted on piezoelectric actuators (attocube) with a travel range of
5 mm, enabling positioning with sub nanometer precision of the sample under the
objective and adjustment of the focus. The same objective is utilized in confocal
geometry to collect the emitted signal from the sample, which is then coupled into a
polarization-maintaining single-mode fiber using an identical collimator as the one
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for the excitation laser. The signal can then be sent flexibly to different filtering,
analysis, and detection modules. Optionally, a rotatable half-wave plate and a linear
polarizer can be mounted in front of the detection fiber for polarization resolved
measurements. For spectral analysis of the quantum emitter, the signal is sent to a
spectrometer (Princeton Instruments HRS-750) with a focal length of 750 mm, shown
in Fig. 3.1c. There are three different gratings available to choose from via a turret.
Typically, a high resolution grating with 1800 lines/mm is used for the near-infrared
quantum dots. This results in a diffraction window of approximately 10 nm and a
resolution of around 40 µeV. The signal is detected by a liquid nitrogen cooled CCD
(charge-coupled device) with 1340 × 400 pixels (Princeton Instruments PyLoN).
For most time-resolved correlation measurements, the detected signal has to be
filtered using a self-built fiber-coupled transmission spectrometer, as illustrated in
Fig. 3.1d. A lens and parabolic mirror are used to expand the beam diameter, since
better resolution is achieved by illuminating a larger area of the transmission grating
(Lightsmyth, 1500 lines/mm). Transmission efficiency of the grating is maximized
in the Littrow configuration. Each separated spectral component of the signal is
focused by a second parabolic mirror behind the transmission grating. At the fo-
cal point, a D-shaped mirror is placed on a manual translation stage to separate
two spectrally distinct lines of an emitter, i.e. the exciton and biexciton lines of
a quantum dot. In the separated paths, lenses collimate the signals, which are
then coupled into polarization-maintaining single-mode fibers. Our transmission
spectrometer has a bandwidth of 19 GHz and an end-to-end efficiency of about 60 %.
The filtered signal can be routed to different correlation spectroscopy setups (see
Secs. 4.3 and 5.2), where it is detected by two superconducting nanowire single-
photon detectors (SNSPDs) from Single Quantum B.V. (not shown in Fig. 3.1).
These detectors have efficiencies of 50 % and 60 %, respectively, low dark count rates
of less than 1 s−1 and timing jitter of 20 ps and 30 ps.
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3.2 Excitation methods

The excitation method for quantum emitters has a crucial influence on the properties
of the emitted photons. There are two primary differentiations - pulsed or continuous
wave excitation. With the latter method, the excited state can be immediately
repopulated after recombination to the ground state, which often leads to higher
count rates, but does not reveal any information about the emission time of the
photons. Under pulsed excitation, the emission time of the photon are synchronized
with the trigger of the pulsed laser, enabling the generation of single or entangled
photons on-demand.
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Figure 3.2 | GaAs quantum dot spectrum under different excitation conditions
a, nonresonant b, s-shell resonant excitation of the neutral exciton c, s-shell resonant
excitation of a charged exciton d, two-photon excitation. a-c adapted from paper 3.

Furthermore, the excitation wavelength has a significant impact on the emission
properties. Figure 3.2 shows the same GaAs quantum dot under three different well-
established excitation techniques. Whereas under nonresonant excitation (Fig. 3.2a),
multiple states are excited simultaneously, resulting in many emission lines with
slightly different wavelengths, only one state, the neutral or charged exciton can be
excited under s-shell resonant excitation (Fig. 3.2b,c). Due to competing processes,
a minor contribution of less than 2 % each is visible from the charged exciton when
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resonantly exciting the neutral exciton, and from an unidentified higher excited
state when resonantly exciting the charged exciton. Two separated lines, namely
the biexciton and the exciton are visible under two-photon excitation (Fig. 3.2d).
Each of these excitation methods reveals different properties of the quantum emitter
and are therefore suitable for different measurements, but also have their drawbacks.
Continuously, new methods are being proposed and investigated to overcome certain
limitations. In this section, I provide an overview of all the excitation methods used
throughout my thesis, and discuss their specific setup requirements as well as their
advantages and disadvantages. Since my work focuses primarily on quantum dots as
emitters, the following explanations will be based on them. For quantum emitters
hosted by a two-dimensional monolayer, we only used nonresonant and s-shell resonant
excitation. Examples of coherent excitation techniques not employed in this thesis
include excitation with red and blue detuned pulses [He19, Koo21, Van23], as well
as the swing-up scheme using two red detuned pulses [Bra21, Bra23, Kar22, Boo24].
Examples of incoherent excitation processes include excitation via the adiabatic
rapid passage using chirped pulses [Wei14, Kap24] and phonon-assisted excitation
of a single- or two-photon state [Ard14, Rei19]. These methods also generate single
and indistinguishable photons but are more robust against fluctuations in excitation
power compared to coherent excitation methods.

3.2.1 Non- and quasi-resonant excitation

Nonresonant and quasi-resonant excitation refers to techniques where the laser en-
ergy is greater than the energy of the emitted photons. This includes above-band
excitation, where the energy is greater than the band gap of the surrounding semi-
conductor, and excitation into higher quantum dot states, such as the p- or d-shell
or via longitudinal optical phonons. These excitation methods are convenient to
realize experimentally, as the laser wavelength is spectrally well separated from the
emission. As a result, it can be easily filtered using longpass or bandpass filters.
Especially above-band and p-shell excitation is commonly employed for basic sample
characterization and finding a quantum dot with certain required properties, such
as a specific wavelength or low fine structure splitting. Under these excitation
conditions, the electrons are excited into the conduction band or higher shells within
the confined emitter leaving a hole in the valence band. Once excited, these electrons
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b)

5 �m

Figure 3.3 | Cryogenic microscope setup a, The excitation laser is sent via a 90:10
beamsplitter (BS) or dichroic mirror (DM) into the cryostat. A cryogenic microscope
objective focuses the laser onto the sample, which can be positioned by three piezo
actuators. The emitted signal is coupled into a polarization-maintaining single-mode
fiber. An imaging unit can be used by inserting a flip pellicle. A fiber-coupled LED is
used for flat illumination of the sample surface which is imaged using a CMOS camera.
An optional longpass filter (LP), enables imaging of single emitters b, Imaging of a GaAs
quantum dot sample. Each bright spot is the photoluminescence of a single quantum
dot.

recombine with non-radiative scattering processes into the lowest confined state,
from which a radiative recombination into the ground state occurs, resulting in the
emission of photons. These scattering processes cause a timing jitter on the emission
times. Furthermore, the lines can be inhomogeneously broadened through carrier-
phonon [Leo03] or carrier-carrier [Usk01] interactions, hindering the generation of
highly indistinguishable photons.
The cryogenic microscope, used for nonresonant and quasi-resonant excitation,
is shown in Fig. 3.3a. When the excitation wavelength is close to the emission
wavelength of the emitters, a 90:10 beamsplitter is employed to couple the laser into
the cryostat. Therefore, we employ a narrow linewidth diode laser (Toptica DLPro)
or the pulsed laser introduced above. Alternatively, a long-pass dichroic mirror with
a cutting edge of 635 nm is used when the excitation wavelength is significantly
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shorter than the emission (green diode laser (Oxxius 522-070) or red helium neon
laser). Both beamsplitter and dichroic mirror are mounted on a magnetic mount for
convenient removal from the beam path when not in use. The remaining setup is
identical to the basic micro-photoluminescence spectroscopy configuration described
earlier. Spectral filtering of the laser can be achieved through the dichroic mirror or
longpass filters.
An imaging system can be inserted into the beam path by using a flip pellicle
for the purpose of navigating on the sample and selecting individual emitters. A
fiber-coupled LED provides flat illumination of the sample and is coupled into the
beam path with a 50:50 cube beamsplitter. Imaging of the sample surface is possible
with a CMOS camera (Thor labs Deluxe), which has the sensitivity to also image
individual emitters. Depending on the type of emitter, either a defocused green laser
or the LED serves as the excitation source. A longpass filter mounted in front of
the camera blocks the excitation source. For the imaging of GaAs quantum dots, a
green laser is used in combination with a longpass with a cutting edge of 750 nm.
By increasing the camera gain and exposure time to approximately 2 s, individual
quantum emitters can be observed, as presented in Fig. 3.3b. This technique allows
for the reliable retrieval of individual emitters even after sample exchange in the
cryostat or emitter localization with respect to markers for deterministic fabrication
of e.g. microcavities.

3.2.2 s-shell resonant excitation

The resonant excitation of a quantum two-level system leads to the emission of
resonance fluorescence (RF) photons, and only one clean dominant line is visible in
the spectrum. Fig. 3.2b,c shows the resonance fluorescence of the neutral and charged
exciton from paper 3. The minor other contributions account for less than 2 % and
come from competing processes, e.g., phonon assisted excitation. The energy level
scheme for the case of an exciton with fine structure leading to two excited states as
shown in Fig. 3.4a with the resonant excitation laser (solid double arrow) and the
radiative decay channels (dotted arrows). For the purposes of theoretical description,
the fine structure is disregarded, and the system is modeled as a two-level system.
Since the charged exciton is a true two-level system without fine structure splitting,
the same theoretical description applies. Quantum mechanically, this excitation
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Figure 3.4 | s-shell resonant excitation a, Energy scheme of an exciton with fine
structure splitting. The excitation laser (double arrow) resonantly couples to the system
and excites it from the ground |0⟩ to the exciton |X⟩ state. Linearly cross-polarized
resonance fluorescence photons (dotted arrows) are emitted upon recombination. b, Rabi
oscillations of an exciton in a GaAs quantum dot, adapted from paper 6.

method can be described by a laser field of frequency ω0 resonantly coupled to the
ground |g⟩ and excited |e⟩ state of a quantum two-level system [Fox06]. The system
is in a superposition of the two states, |Ψ⟩ = cg(t) |g⟩ + ce(t) |e⟩, with probabilities
|cg,e(t)|2 of finding the system in the respective states. Moreover, |cg(t)|2 +|ce(t)|2 = 1.
By solving the Schrödinger equation, we obtain |ce(t)|2 = sin2

(
Ω0t

2

)
, which means

that under strong driving of the two-level system, the system’s probability to be in a
particular state oscillates with the Rabi frequency Ω0 =

∣∣∣µegE0
ℏ

∣∣∣. Here, µeg denotes
the dipole moment and E0 is the amplitude of the driving electromagnetic field.
The Rabi frequency is proportional to both the electric field and the square root of
the excitation power, i.e. Ω0 ∝ E0 ∝

√
P . For pulsed excitation, the electric field

amplitude becomes time-dependent and thus the Rabi frequency as well. Therefore,
a pulse area Θ =

∣∣∣µeg
ℏ
∫+∞

−∞ E0(t)dt
∣∣∣ is defined, and the excited state population can

be expressed as |ce(t)|2 = sin2
(

Θ
2

)
. In reality, these oscillations are dampened by

various mechanisms, which can be classified into two types: damping mechanisms
that reduce the population of the excited state as described by the time constant T1

and decoherence effects as described by T2. The former is caused by the spontaneous
emission itself. A system in its excited state tends to decay back to its ground state
under the emission of a photon caused by vacuum fluctuations. Other non-radiative
decay channels may also affect T1, but are usually insignificant during resonant
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excitation of the two-level system. T1 can therefore be regarded as the excited
state lifetime. The damping resulting from decoherence is described by the total
dephasing rate 1

T2
= 1

2T1
+ 1

T ∗
2
. The first term accounts for loss of phase coherence

in the wave function as a result of recombination. Population-conserving dephasing
mechanisms, also known as pure dephasing, are characterized by the time constant
T ∗

2 , and are caused by the interaction of the two-level system with the environment.
The quantum dots are embedded in a semiconductor host matrix, where longitudinal
acoustic phonons are the main source of dephasing [Ram10, För03]. Cooling the
sample to cryogenic temperatures partially decouples the system from the semicon-
ductor environment and reduces the number of phonons, thus reducing the pure
dephasing.
The damped Rabi oscillations can be observed by analyzing the intensity of the
excited transition for increasing excitation pulse area as shown in Fig. 3.4b for
an exciton in a GaAs quantum dot. As the laser suppression is non-trivial with
this excitation method (see next paragraph), even moderate powers lead to a laser
background in the signal. However, in order to show the oscillations more clearly, I
have subtracted the laser contribution determined here with a fit. The most efficient
way to excite the system is through a π-pulse, where near-unity population inversion
from the ground to the excited state is accomplished. This excitation condition is
chosen for all resonant pulsed measurements included in this thesis.
Gibbs demonstrated the first observation of Rabi oscillations with rubidium atoms
[Gib72, Gib73]. Whereas it was first shown for a quantum dot under resonant optical
excitation and detection in the photocurrent by Zrenner et al. [Zre02]. Muller et
al. [Mul07] first showed resonance fluorescence with quantum dots in a microcavity in
2007. Optical selection rules limit this excitation method to excitons and charged ex-
citons. In order to resonantly excite the biexciton, two-photon excitation is required,
which is introduced in Sec. 3.2.3. With this excitation scheme, near-unity indistin-
guishability and pure single-photon emission has been presented [He13, Tom21]. We
used this excitation scheme in paper 3 to show near-unity indistinguishability (see
Ch. 5) on neutral and charged excitons in GaAs quantum dots without the need of
Purcell enhancement. Furthermore, the limitations and advantages of quantum two-
and three-level systems were investigated by comparing the same quantum dots under
this and two-photon excitation (paper 6). In paper 5 we used this excitation method
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in continuous wave operation to investigate a two-level system in the Rayleigh regime.
For paper 7 also s-shell resonant continuous wave excitation was explored to show
resonance fluorescence from a quantum emitter in a WSe2 monolayer.

Polarization suppression

Under s-shell resonant excitation, the excitation laser can no longer be spectrally
filtered, but only via polarization. We use a setup design similar to the one presented
by Kuhlmann et al. [Kuh13], which is depicted in Fig. 3.5a. The resonant excitation
laser is linearly vertically polarized using a nanoparticle linear film polarizer in a
motorized rotation stage. The laser is directed to the sample using a polarizing
beamsplitter cube in reflection and passes through a quarter-wave plate also mounted
in a motorized rotation stage. The same objective described in Sec. 3.2.1 is used. Since
both the laser and the emitter have the same wavelength, the laser beam can be well
focused to a spot size of about 1 µm. The emitted signal from the sample is collected
in a confocal geometry through the same objective, and only horizontally polarized
components of the signal pass through the polarizing beamsplitter in transmission
and a fixed nanoparticle linear film polarizer that is well aligned with the horizontal
polarization. The detection signal is coupled into a polarization-maintaining single-
mode fiber. The reflection of a highly focused polarized signal always exhibits a
perpendicular polarization component (here horizontally polarized) with a cloverleaf
distribution in the far field [Nov01]. This component is transmitted through the
polarization optics, while the majority of the backscattered laser remains vertically
polarized and is strongly suppressed by reflection in the polarizing beamsplitter
cube and absorption in the linear polarizer. Figure 3.5b shows this characteristic
horizontally polarized intensity distribution of the remaining laser, recorded with
a beam profiler in front of the detection fiber. Since the backscattered laser shows
an intensity minimum in the center, where the emission of the quantum emitter
is located, the laser can be further suppressed by using the detection fiber with a
core diameter of 5 µm as a spatial filter. By carefully and iteratively aligning the
input linear polarizer and the quarter-wave plate angles, which compensates for small
birefringence effects from optical components in the beam path or from the sample
itself, laser suppression of almost eight orders of magnitude can be achieved (see
Fig. 3.5c). The suppression is highly sensitive on the quarter-wave plate angle, and
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Figure 3.5 | Cryogenic microscope setup with polarization suppression a, For
resonant excitation, the linearly polarized laser is sent onto the sample via a polarizing
beamsplitter cube (PBS). The backscattered laser signal is polarization filtered by the
PBS and a linear polarizer (lin. pol). The quarter wave plate (QWP) compensates for
small imperfections in the polarization. b, Far-field beam profile of the back reflection
of the strongly focused excitation laser. c, Optical density of the laser suppression as a
function of the QWP angle.

a change of 40 mdeg reduces the suppression already by two orders of magnitude,
as shown in the inset Fig. 3.5c. Although the degree of suppression depends on
the sample (e.g. material, surface quality, etc.), and achieving the same degree of
suppression is not always feasible, the power needed to achieve π-pulse excitation
can be effectively suppressed. Additionally, the quarter-wave plate angle required
to achieve optimal suppression is highly sensitive to the wavelength. Consequently,
a pulsed laser with a spectral width much broader than the quantum dot emission
cannot be uniformly suppressed. Therefore, the signal is always filtered with our
transmission spectrometer before any correlation measurement is conducted.
At this point it is worth returning to the energy level scheme in Fig. 3.4a. Charged
excitons, as true two-level systems, emit circularly polarized light. However, due to
polarization suppression, only horizontally polarized light can be detected. Since
circular polarization can be expressed as |R,L⟩ = 1√

2 (|H⟩ ± i |V⟩) it indicates that
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only the horizontal component can be detected. Consequently, this results in a single
exponential decay when measuring the lifetime (see paper 3 and Sec. 4.3). The
exciton typically exhibits fine structure splitting (see Sec. 2.1.2), resulting in two
excited states with perpendicular linear polarizations H and V. The polarization of
the excitation laser determines the polarization of the initial exciton spin. If none
of the quantum dot axes align with the excitation polarization, as determined by
the polarizing beamsplitter cube, the spin starts precessing on the Poincaré sphere
until the state recombines [Ste08b]. When the quantum dot axis is aligned at an 45◦

angle with respect to the setup polarization, the spin precesses around the equator
of the Poincaré sphere, and the wave function becomes

|ΨX(t)⟩ = 1√
2

(
|V⟩ e−i

EVt

ℏ + |H⟩ e−i
EHt

ℏ

)
= 1√

2
e−i

EVt

ℏ

(
|V⟩ + |H⟩ e−i

EFSSt

ℏ

)
(3.1)

with the energies of the two fine structure states EH,V and the fine structure splitting
EFSS = EH − EV. The frequency of the spin precession is thus given by EFSS

ℏ . If
the angle between the excitation polarization and the quantum dot axis differs from
45◦, the spin precesses on other latitudes of the Poincaré sphere. Given that only
one polarization component is detected in our setup, the lifetime measurement is
modulated with an oscillation, known as quantum beats [Fli01, Dad16].

3.2.3 Two-photon excitation

For resonant excitation of the biexciton state, a two-photon excitation process must
be used. The energy level scheme is shown in Fig. 3.6a. The ground and exciton
states remain the same as for the s-shell resonant excitation, but now the biexciton
level is also included. Due to the Coulomb interaction between the charge carriers,
the biexciton energy is not precisely twice the exciton energy. Here we only use
samples with a positive biexciton binding energy, where the biexciton-exciton trans-
ition has a lower energy than the exciton-ground state transition, since two-photon
excitation competes with phonon-assisted excitation of the exciton in samples with
negative biexciton binding energy [Jus20]. To resonantly excite the biexciton, a
laser with half the energy of the biexciton state (solid double arrows in Fig. 3.6a) is
employed, exciting the state through a two-photon process via a virtual state. Since
the exciton state has higher energy than the laser photons, it is not directly populated
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Figure 3.6 | Two-photon excitation a, Energy level scheme. The biexciton state
|2X⟩ is resonantly excited in a two-photon process (green double arrows). The system
recombines back to the ground state |0⟩ in a cascaded emission (dotted arrows) via the
intermediate exciton state |X⟩. b, Rabi oscillations of the exciton (X) and biexciton (2X)
of a GaAs quantum dot, adapted from paper 6.

resonantly or via phonons. This excitation method was initially demonstrated by
Brunner et al. in 1994 [Bru94] on quantum dots. To recombine the biexciton back
to the ground state, the first electron-hole pair recombines into one of the two fine
structure states of the exciton by emitting a biexciton photon (red dashed arrows).
Subsequently, the remaining exciton recombines to the ground state by emitting the
exciton photon (blue dashed arrows). This decay process is called radiative cascade
or biexciton-exciton cascade. Two emission lines of equal intensity from the biexciton
and the exciton are characteristic features of the spectrum of a quantum dot under
two-photon excitation. Figure 3.2d shows a typical spectrum of a GaAs quantum dot
used in paper 3. For these quantum dots, the separation between the exciton and
biexciton lines is approximately 1.9 nm (3.9 meV). Thus, the excitation laser is well
separated from both emission lines, allowing for either polarization suppression or
spectral filtering (e.g., narrow volume Bragg grating filters). In Fig. 3.2d the laser is
polarization suppressed. The remaining other small contributions arise from a charge
carrier captured after biexciton excitation or weak phonon-assisted excitation of the
charged exciton and other states [Ard14, Qui15, Bou15], as the charged exciton
transition in this type of quantum dots usually aligns closely with the required
laser wavelength. This excitation method coherently controls the biexciton state,
observable through Rabi oscillations. Since the laser is spectrally separated, much
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higher excitation powers can be applied than in s-shell resonant excitation, and more
oscillations can be distinguished experimentally, as shown in Fig. 3.6b.
The radiative cascade inherently provides polarization entangled photon pairs. This,
along with the coherent nature of the excitation process, renders two-photon ex-
citation the preferred method for on-demand generation of polarization entangled
photon pairs [Mül14], facilitating the realization of more complex quantum optical
experiments, such as entanglement teleportation [Rei18] and entanglement swap-
ping [BB19, Zop19]. Cascaded emission also protects the system from so-called
re-excitation [Han18] and ensures the purest single-photon emission [Sch18b]. In con-
trast to direct s-shell resonant excitation, two-photon excitation suffers from limited
Hong-Ou-Mandel indistinguishability (see Ch. 5) of consecutively emitted photons,
as we have demonstrated in paper 6. It can be explained in a simplified picture not
encompassing the entire theory the following: the exciton lifetime leads to a finite
linewidth of the exciton state due to the time-bandwidth product. This is the final
state of biexciton decay, and thus introduces an energy jitter on consecutively emitted
biexciton photons. On the other hand, the biexciton lifetime introduces a timing
jitter in the exciton state population and thus in the decay. We demonstrated that the
indistinguishability is limited by the ratio of the two lifetimes VHOM = TX

TX+T2X
[Sim05].

The theoretical lifetime ratio is T2X
TX

= 0.5, as the biexciton has two potential decay
channels while the subsequent exciton has only one. This restricts the degree of
indistinguishability to 67 %. To restore near-unity indistinguishability of the ex-
citon, modifications to the two-photon excitation scheme introduced in paper 8 and
Sec. 3.2.4 are necessary. Certain applications, such as entanglement-based quantum
repeaters (e.g., the scheme of Lloyd et al. [Llo01]), require the simultaneous genera-
tion of near-unity indistinguishable and highly entangled photon pairs. Engineering
the state lifetimes with microcavities could mitigate this limitation. Asymmetric
Purcell enhancement can shorten the biexciton lifetime, thereby reducing the lifetime
ratio and restoring good indistinguishability (see paper 6 Supplementary).
A related excitation method, more robust to laser power and wavelength fluctuations,
is phonon-assisted two-photon excitation with a slightly blue-detuned laser [Glä13].
While it does not provide coherent control of the system, it also achieves near-unity
population inversion [Ard14] and shows no further decrease in indistinguishabil-
ity [Rei17].
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3.2.4 Stimulated two-photon excitation

To overcome the intrinsic limitation of Hong-Ou-Mandel indistinguishability under
two-photon excitation, we developed an extension of this excitation method presented
in paper 8. The energy level scheme is illustrated in Fig. 3.7a. After resonant
excitation of the biexciton state, the system can spontaneously decay via the radiative
cascade (dotted arrows), resulting in the population evolution of the biexciton and
exciton states, as depicted in Fig. 3.7b (dashed lines). The biexciton decays to the
exciton state in a mono-exponential decay. This gradually increases the exciton
population, which then decays exponentially to the ground state. The slow rise
of the population causes the timing jitter in the exciton decay, thus reducing the
indistinguishability. In the here presented stimulated two-photon excitation scheme,
a second laser pulse with a short delay to the two-photon excitation pulse τStim,
resonantly couples to the biexciton-exciton transition (orange arrow in Fig. 3.7a), to
selectively depopulate the biexciton and prepare the exciton state. To confirm the
coherent driving of the biexciton-exciton transition by the stimulation pulse, Rabi
oscillations between the biexciton and exciton transition are recorded in Fig. 3.7c.
Initially, the two-photon excitation pulse is set to a constant pulse area π to ensure
optimal population of the biexciton state. To measure the biexciton intensity, the
horizontally polarized stimulation laser must be polarization suppressed, and only
the photons in the vertical decay path are detected. Increasing the power of the
stimulation pulse reveals clear Rabi oscillations. At the power corresponding to a π-
pulse, a minimum in biexciton intensity is observed, indicating that the spontaneous
biexciton emission is almost completely suppressed and the population is successfully
transferred to the exciton state. The following measurements are performed with
pulse areas of π for both pulses. By varying the delay between the two pulses τStim

in comparison to the exciton lifetime TX, we identified the following four regimes:

• τStim ≤ 0: The biexciton state is not yet populated, and the stimulation pulse
cannot stimulate this transition, resulting in the normal radiative cascade and
thus the same indistinguishability as for two-photon excitation.

• τStim ≈ 0.03·TX = 9 ps: The biexciton is populated by the two-photon excitation
pulse. The population is then transferred to the exciton state by the stimulation
pulse, from where it spontaneously decays. This leads to a reduced timing
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jitter in the exciton decay, as shown in Fig. 3.7b with solid lines. Consequently,
this process leads to improved indistinguishability, comparable to that achieved
under s-shell resonant excitation.

• τStim ≈ TX: The biexciton decays spontaneously, and is re-excited by the
stimulation laser followed by the normal radiative cascade, leading to an even
larger timing jitter and thus to a reduced indistinguishability compared to
two-photon excitation.

• τStim ≫ TX: The system decays spontaneously via the radiative cascade before
the stimulation pulse arrives, and the indistinguishability is again the same as
for two-photon excitation.

By measuring the indistinguishability of the exciton under stimulated two-photon
excitation with different delays τStim and comparing it with two-photon excitation,
we verified the four scenarios above. Furthermore, by comparing the same quantum
dot under s-shell resonant excitation, we could demonstrate that the same degree
of indistinguishability of VHOM = 86.4+0.9

−1.2% could be achieved with stimulated two-
photon excitation. This is most likely the intrinsic limit of this quantum dot due
to dephasing mechanisms. In contrast to s-shell resonant excitation, stimulated
two-photon excitation requires only spectral filtering, which is experimentally more
robust than polarization suppression. Moreover, the polarization of the stimulating
laser selects the decay channel so that nearly all exciton photons have the same
polarization (here horizontal). As a result, this excitation method shows nearly
doubled count rates while preserving the same level of single-photon purity as under
two-photon excitation, and exhibits a degree of indistinguishability comparable
to that achieved through direct population of the exciton under s-shell resonant
excitation.
The experimental setup for this scheme is depicted in Figure 3.7d. As the required
laser energies are similar, a single laser with approximately 120 fs long pulses is
utilized. The output is split into two paths, each directed into a separate pulse
shaper (see Sec. 3.1) to cut out the necessary wavelength and spectral width from
the original laser pulse. The stimulation pulse is delayed by τStim with respect to
the two-photon excitation pulse using a variable delay line. Half-wave plates are
employed to set the polarization of both pulses. The polarization of the two-photon
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Figure 3.7 | Stimulated two-photon excitation a, Energy level scheme. The system
is excited to the biexciton state with a two-photon excitation process (TPE, green).
The radiative cascade is shown in red (2X) and blue (X). An additional laser (orange)
stimulates the 2X transition. b, Populations of the 2X and X states under TPE (dashed)
and stimulated TPE (solid). After a short time delay, the stimulation laser (orange line)
stimulates the 2X transition and thus inverts the 2X and X population. Therefore, the
timing jitter on the X population is reduced. c, Rabi oscillations of the V polarized 2X
photons. d, Setup to prepare the excitation pulses. The femtosecond laser pulse is split
up and two individual spectral components for TPE (green) and the stimulation process
(Stim, orange) are cut out in pulse shapers (PS). A variable delay τStim is introduced on
the latter pulse. a-c adapted from paper 8.

excitation pulse is set to vertical with respect to the quantum dot fine structure axis
and is further cleaned by a linear polarizer. The polarization of the stimulation pulse
is set to be horizontal. The two pulses are then combined using a beamsplitter cube.
In Hong-Ou-Mandel experiments (see Sec. 5.2), this beamsplitter is employed as the
first splitter in the delay line to create double pulse pairs with a delay of τHOM, which
is not shown in Fig. 3.7d. The pulses are transmitted through an optical fiber to the
cryogenic microscope. The stimulation laser polarization (horizontally polarized in
this case) sets the decay channel, which is stimulated. Consequently, polarization
suppression cannot be applied to the stimulation pulse. Therefore, the two-photon
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excitation pulse is partially suppressed by polarization suppression (see Sec. 3.2.2).
However, the main filtering is achieved through a filtering setup similar to the pulse
shaper introduced in Sec. 3.1. For more information, refer to paper 8.

3.2.5 Stimulated down-conversion

This excitation method represents an extension of the two-photon excitation that
allows for optical control of photons emitted by a quantum dot. It is introduced
and investigated in more detail in [Hei15] and paper 9. The scheme is illustrated
in Fig. 3.8a. The system is populated in the biexciton state using two-photon
excitation (green). A nonresonant control laser (orange), which is energetically
close to the biexciton-exciton transition (here, blue detuned), creates a virtual state.
Consequently, the system can decay not only via the known radiative cascade but
also via the virtual state, emitting a photon in a stimulated down-conversion (SDC)
process (petrol) satisfying

E2X = ECtrl + ESDC, (3.2)

with the energies of the biexciton E2X, the control laser ECtrl and the stimulated
down-conversion photon ESDC. Figure 3.8b shows the schematic setup. A picosecond
pulsed laser (Coherent Mira900) in continuous wave mode is used for two-photon
excitation. The control laser (Ctrl) is a tunable continuous wave diode laser (Toptica
CTL900). Both lasers are coupled out of a single-mode fiber using a collimator. To
define the polarization of the control laser, it is first cleaned by a linear polarizer and
then manipulated by either a half-wave plate for linear polarization or a quarter-wave
plate for circular polarization. Both lasers are combined with a 70 : 30 beamsplitter
cube and then coupled into the cryostat via another beamsplitter. The collected
emission is passed through the beamsplitter into the detection path. To analyze
the polarization of the signal, an identical wave plate as in the control laser path
and a linear polarizer are used. Both lasers are spectrally filtered by several tunable
volume Bragg grating filters (Optigrate) before the detection fiber (not shown).
The spectrum in Fig. 3.8c shows the exciton and biexciton emission from the radiative
cascade, both lasers which are not fully suppressed, and the stimulated down-
conversion emission on the longer wavelength side of the exciton. Due to the high
excitation power, the positively charged exciton is also visible here. The same colors
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Figure 3.8 | Stimulated down-conversion a, Energy level scheme. The system is
excited to the biexciton (2X) state with a two-photon excitation process (TPE, green).
The radiative cascade is shown in red (2X) and blue (exciton, X). A control laser (Ctrl,
orange), here blue detuned to the 2X transition defines a virtual state which enables
the stimulated down-conversion (SDC, petrol). b, Setup. The TPE and Ctrl lasers are
combined using a 70:30 beamsplitter (BS). Both lasers are coupled to the sample using
another 70:30 BS. The signal is detected in a confocal geometry and coupled into a
single-mode fiber. To investigate the polarization dependence of the SDC emission on
the Ctrl laser polarization, a set of linear polarizer (lin. Pol.) and half- or quarter-wave
plate (WP) can be mounted in the Ctrl laser and detection path each. c, Spectrum of
the cascade and SDC emission in the configuration shown in a. The positively charged
exciton (X+, purple) is visible due to phonon assisted excitation by the TPE laser.

as in Fig. 3.8a are used. The stimulated down-conversion process also works with
the control laser near the exciton transition and with red or blue detuning to the
respective transition, always satisfying Eq. (3.2). This allows tuning of the stimulated
down-conversion emission by approximately 0.5 meV around each transition. Here,
the quantum dot is tuned by changing the gate voltage of the diode, i.e., by exploiting
the quantum confined Stark effect (see Sec. 6.1.2), instead of tuning the laser. Thus,
there was no need to readjust the spectral filtering of the laser. The high excitation
powers of the two-photon excitation laser allow for robust population of the biexciton
state via phonon-assisted two-photon excitation over the entire tuning range.
Furthermore, the polarization of the stimulated down-conversion photon can be
controlled by manipulating the polarization of the control laser. Given the optical
selection rules for a two-photon process with a total angular momentum of zero, the
photon spins of the control laser and the stimulated down-conversion process must
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sum up to zero. Thus, for a linearly polarized laser, the stimulated down-conversion
emission has the same linear polarization, whereas for circular polarization, the
polarizations are opposite. In general, for any polarization, the stimulated down-
conversion process can be represented as a reflection of the control laser polarization
on the equatorial plane of the Poincaré sphere.
The radiative cascade and the decay via the stimulated down-conversion process
compete, with the latter having a much lower probability, resulting in the diminished
intensity of the stimulated down-conversion photon. To address this issue in the
future, the quantum dot could be embedded inside a cavity with high Purcell
enhancement. To maintain polarization control, a polarization-degenerate cavity
such as a micropillar or bullseye cavity could be used. The biexciton state can be
prepared on demand by using a pulsed two-photon excitation laser. By employing
a pulsed control laser with variable delay to the two-photon excitation laser pulse
and variable pulse length, the timing and spectral shape of the stimulated down-
conversion photon could be controlled. This can be realized as in Sec. 3.2.4, where
two pulse shapers are used to cut single pulses from the same femtosecond laser. This
method has the potential for all-optical control of emission energy, spectral shape,
and polarization of single photons, as proposed theoretically [Hei15, Bre16, Bre18].

3.3 Photonic probe station

A photonic probe station serves the purpose to characterize photonic integrated
circuits or facilitates the coupling of light to and from a waveguide to excite integrated
quantum emitters and/or detect their emitted signals coupled to the waveguide.
This setup has been used in papers 2 and 7. The cryostat contains a photonic probe
station, depicted in Fig. 3.9. A lensed fiber (OZ Optics) [Son18] is clamped to a stack
of three piezoelectric actuators, enabling movement in all three directions. This stack
is mounted adjacent to the sample on the piezoelectric actuators used to position the
sample in the previously described setups. The laser is sent through the fiber and
scatters at its tip, a feature visible in the imaging unit introduced in Sec. 3.2.1 (not
shown), helping in identify the fiber position. Once the fiber is positioned near the
cleaved waveguide edge, the waveguide output is monitored by the imaging system,
and the fiber position is adjusted to maximize the scattered signal at the waveguide
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lin. pol.

Figure 3.9 | Photonic probe station a, for nonresonant excitation. The laser is coupled
to the cryostat with a dichroic mirror (DM) or 90:10 beamsplitter (BS) and excites
the sample from top through the microscope objective. The emission can be detected
confocally from top or through the waveguide and the lensed fiber mounted on a set
of piezoelectric actuators. b, for resonant excitation. The sample is excited in-plane
by coupling the resonant excitation laser via the lensed fiber to the waveguide. The
detection is out-of-plane from top through the objective. To filter the scattered laser,
the laser polarization is suppressed using a half- and quarter-wave plate (HWP, QWP)
and a linear polarizer (lin. pol.).

output. Figure 3.9a illustrates the geometry for top excitation and detection through
the waveguide and lensed fiber. The quantum emitters hosted in the WSe2 monolayer
(paper 7) were nonresonantly excited with either a green continuous wave diode laser
or a pulsed red laser diode at 638 nm with a variable repetition rate, while the InAsP
nanowire quantum dots (paper 2) were nonresonantly excited with a picosecond
pulsed laser at 795 nm. The laser is coupled to the sample from the top via either a
dichroic mirror or a 90 : 10 beamsplitter and the same microscope objective as in
the other setups. The emitted photons can be detected in two geometries. A portion
of the signal is coupled to the waveguide, which can be detected via the lensed fiber
in the photonic probe station. Another portion of the signal is emitted to the top
and can be collected in a confocal geometry.
For resonant excitation of the quantum emitters hosted by the WSe2 monolayer in
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paper 7, the excitation and detection have been swapped, as depicted in Fig. 3.9b.
The linearly polarized excitation laser is coupled to the waveguide via the lensed fiber
and then used to excite the emitter. The waveguide geometry aids in confining most
of the laser signal in the horizontal plane, while only a small portion is scattered out of
the waveguide and collected by the objective. To suppress this scattered portion, we
use a set of half-wave and quarter-wave plates along with a linear polarizer to suppress
the polarization of the laser. Unfortunately, achieving well-defined laser polarization
is challenging in this setup, as the lensed fiber is not polarization-maintaining, the
waveguide has a rough surfaces, and the scattering process slightly scrambles the
polarization. Consequently, a lower laser suppression is attained compared to the
confocal geometry described in Sec. 3.2.2. Nonetheless, this suppression is sufficient
to observe single-photon emission.
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Chapter 4
Single photons
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Quantum light sources that emit pure single photons are essential for various quantum
technology applications, particularly in the field of quantum communication, for
example for quantum key distribution based on the BB84 protocol [Ben14]. To
grasp the fundamental differences to classical light sources, it is crucial to identify
their distinct characteristics. Hence, this chapter introduces three different types
of light: coherent light, thermal light, and non-classical Fock states. These types
of light feature different probability distributions of photon numbers in a mode,
resulting in different photon number variations. Moreover, the second-order intensity
correlation function is introduced as a tool to determine the photon statistics of a
light source. Experimental realization is demonstrated using a Hanbury-Brown and
Twiss type interferometer. Typically, this experiment is used by us to demonstrate
the non-classical behavior of a light source and determine the single-photon purity.

57



4 Single photons

4.1 Types of light

The emission of light from single quantum systems fundamentally differs from that
of thermal or coherent light sources, which consist of many or clusters of emitters.
In order to describe these differences, it is necessary to introduce the concept of
non-classical light, i.e. the possibility of creating states of light that are occupied
by a defined and fixed number of quanta, i.e. photons. Consequently, light can no
longer be fully described classically as an electromagnetic wave; instead quantization
of the field is necessary [Fox06]. In a simplified picture, the emission of a light source
can be viewed as a flux of photons. Depending on the type of source, the photons
adhere to different photon statistics. In the following discussion, three types of light
are introduced and classified based on their probability distribution P(n) to detect n

photons in a mode and the photon number fluctuation characterized by the standard
deviation ∆n. A detailed description can be found in standard books on quantum
optics [Fox06, Lou00].

Coherent light A coherent state of light, also known as Glauber state, is de-
scribed by an electromagnetic wave with constant phase, frequency, and amplitude.
Glauber [Gla63] provided a complete quantum mechanical description of these states.
The probability of finding n photons in a mode follows a Poisson distribution:

P(n) = nn

n! e−n, ∆n =
√

n, (4.1)

with the mean photon number n. The photon number distribution peaks at n, as
depicted in Fig. 4.1a for n = 10. At high intensities, the relative photon number
fluctuation vanishes: (∆n)2

n2 = 1
n

−−−→
n→∞

0. As the Glauber state describes a monochro-
matic wave with constant phase and amplitude, ∆n =

√
n represents the lower limit

for the intensity fluctuations of classical light. A good approximation for coherent
light is the emission of a single-mode continuous wave laser.

Thermal light Light sources composed of many emitters are subject to classical
intensity fluctuations. For instance, an incandescent light bulb, which is a blackbody
radiator, has a broad spectrum of modes that can be described by harmonic oscillators
coupled to a thermal bath and a radiation field. The number of photons in a single
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Figure 4.1 | Types of light Photon number distribution for a, coherent light states,
showing a Poisson distribution, b, thermal light states with a Bose-Einstein distribution
and c, Fock states with a sub-Poissonian distribution. For all types, the mean photon
number is n = 10.

mode follows the Bose-Einstein distribution:

P(n) = 1
n + 1

(
n

n + 1

)n

, ∆n =
√

n + n2. (4.2)

The additional classical intensity fluctuations result in a larger standard deviation
and a broader probability distribution compared to coherent light, leading to super-
Poissonian statistics. Moreover, the probability of finding an empty mode is consist-
ently the highest, as shown in Fig. 4.1b for n = 10.

Fock state Light with a probability distribution narrower than coherent light,
∆n <

√
n, is considered non-classical and follows a sub-Poissonian distribution. The

purest states of light are Fock states, which are the basis states of the quantized field
Hamiltonian for a single mode ω.

Ĥ = ℏω

2
(
ââ† + â†â

)
= ℏω

(
n̂ + 1

2

)
. (4.3)

Here, â and â† represent the lowering (annihilation) and raising (creation) operators,
respectively, and n̂ = â†â is the photon number operator. The Fock state is the eigen-
state of the photon number operator n̂ |n⟩ = n |n⟩ and is thus a direct consequence
of the second quantization. The exact photon number in a given mode implies a
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delta-like probability distribution with vanishing standard deviation:

P(n) = δnn, ∆n = 0, (4.4)

which is shown in Fig. 4.1c for n = 10. A Fock state with n = 1 can be generated
by a single quantum emitter, such as single atoms or ions [Hig16], color centers in
diamond [Kur00, Sch11b], or silicon, semiconductor quantum dots [Mic00, Sch18b],
or emitters in two-dimensional materials [Ton15, Kop15, He15]. In the course of this
thesis, the focus was primarily on the latter two, which are discussed in more detail
in Ch. 2. It is interesting to note the distinction between Fock states and photon
number states: a Fock state contains a certain number of photons in a single and
well-defined mode [Man66], while a photon number state is an operational term for
the state detected by a photon number resolving detector, which usually cannot
distinguish between modes. Therefore, all Fock states are photon number states, but
not vice versa [Bie23].

4.2 Second-order correlation function

Classifying a light source by its photon number distribution is experimentally chal-
lenging. Realistic setups suffer from losses due to imperfect optical transmission
and non-uniform detection efficiency. As a consequence, a source with a Fock state
character will have a Poissonian character with an increased standard deviation
∆n > 0 [Fox06]. One solution is to characterize light fields by field correlation func-
tions. The first-order intensity correlation function g(1)(τ) quantifies the electric field
fluctuations in time and is a measure of the coherence time T2 of a light source. It can
be measured with a Michelson interferometer [Mic87], but is not considered further
here. The second-order intensity correlation function g(2)(τ), hereafter referred to as
the second-order correlation function, quantifies the intensity fluctuations, and is
a measure of the probability of detecting a photon after a certain time delay from
a first photon. When both photons come from the same source, it is called the
second-order autocorrelation function, as opposed to the crosscorrelation function
where the photons come from two sources or two transitions in the same source. It
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Figure 4.2 | Second-order correlation function g(2)(τ) a, Coherent light shows no
correlation on any time scale. b, Thermal light shows bunching on the time scale of the
coherence time. Here a thermal light source with Gaussian broadening is shown. c, Fock
state with n = 1 shows antibunching behavior with the width of the dip given by the
emitter lifetime.

is classically defined as
g(2)(τ) = ⟨I(t)I(t + τ)⟩

⟨I(t)⟩ ⟨I(t + τ)⟩ , (4.5)

where I(t) is the intensity of the light at time t and ⟨. . . ⟩ is an average over a long
integration time. In the case of a single-mode radiation field only, the second-order
correlation function can be expressed quantum mechanically as

g(2)(τ) =

〈
â†â†ââ

〉
⟨â†â⟩2 . (4.6)

Since signals are not correlated on long time delays, the second-order correlation
function is always one for large τ . The value at zero time delay g(2)(τ = 0) determines
the probability of detecting two photons simultaneously. It can be shown that [Lou00]:

g(2)(0) = 1 + ∆n2 − n

n2 . (4.7)

To distinguish between the different types of light introduced in Sec. 4.1, the respective
standard deviations from Eq. (4.1, 4.2 and 4.4) can be inserted and we obtain the
following probabilities of detecting two photons simultaneously:
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Coherent light g(2)(0) = 1. This type of light has no intensity fluctuations and
therefore has the same probability of detecting a second photon for all time delays
with g(2)(τ) = 1. The second-order correlation function is shown in Fig. 4.2a.

Thermal light g(2)(0) = 2. The probability of multiple photons being emitted at
the same time is increased, and the photons bunch. This intensity correlation occurs
only on the time scale of the coherence time T2, and the value of the second-order
correlation function drops to one for longer delays. The shape is determined by a
Gaussian for a thermal light source such as a light bulb (shown in Fig. 4.2b) or a
Lorentzian for a homogeneously broadened source [Fox06].

Fock state g(2)(0) = 1 − 1
n

≤ 1. For Fock states and photon number states, the
probability of detecting multiple photons at the same time is reduced, which is called
antibunching. The time scale for this intensity correlation is determined by the
lifetime of the emitter. For a single photon source (n = 1), g(2)(0) = 0, as shown
in Fig. 4.2c. Note that photon antibunching and a sub-Poissonian photon statistic
both show non-classical behavior of light, but conditions can be constructed where
one of the two effects does not imply the other [Sin83, Zou90].
Since g(2)(0) = 0.5 for a two-photon source, 0.5 is the threshold to demonstrate
single-photon emission [Grü19].

4.3 Time correlated single-photon counting

Due to the lack of detectors without timing jitter and dead time, the second-order
correlation function cannot be measured directly. An experimental realization is a so-
called Hanbury-Brown and Twiss (HBT) interferometer. It was originally developed
by Hanbury-Brown and Twiss to measure the diameter of stars [Han56].
A schematic of the setup is shown in Fig. 4.3a. The signal is split on a non-polarizing
50 : 50 beamsplitter with detectors coupled to the two output ports. Since the
intensity is proportional to the detected photon number n1,2(t) at each detector,
Eq. (4.5) can be rewritten as

g(2)(τ) = ⟨n1(t)n2(t + τ)⟩
⟨n1(t)⟩ ⟨n2(t + τ)⟩ . (4.8)
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Figure 4.3 | Time correlated single-photon counting a, Schematic Hanbury-Brown
and Twiss experiment setup consisting of a non-polarizing 50 : 50 beamsplitter (BS) and
two single-photon detectors at the outputs. The arrival times are recorded with a time-to-
digital (TDC) converter. The red filled circles denote photons, whereas the empty circles
show the positions of photons, which took the other path on the BS. b, Second-order
autocorrelation histogram with fit of an exciton in a GaAs quantum dot under resonant
continuous wave excitation with g(2)(0) = 0.0 + 0.027. c, Second-order autocorrelation
histogram of an biexciton in an GaAs quantum dot under pulsed two-photon excitation
with g(2)(0) = (4.5 ± 3.2) · 10−5. d, Normalized second-order autocorrelation histogram
for long time scales revealing strong blinking for an uncontacted sample. The blinking
is suppressed in quantum dots embedded in a diode structure. e, Lifetime measurement
of a charged exciton in a GaAs QD. The fit reveals a lifetime of (236 ± 2) ps f, Lifetime
measurement of the neutral exciton. The fit yields a lifetime of (196 ± 2) ps and a fine
structure splitting of (7.44 ± 0.05) µeV. e,f adapted from paper 3.

Correlating the detection events on both detectors results in a histogram that
resembles the unnormalized second-order correlation function G(2)(τ). Typically,
we filter the emission line in a transmission spectrometer (see Sec. 3.1) before
sending it into a fiber-coupled evanescent beamsplitter connected to SNSPDs (Single
Quantum B.V.), which have a timing jitter of 20 and 30 ps. Only for paper 8,
we used single-photon avalanche photo diodes with substantially longer timing
jitters of approximately 300 ps. The electrical output of the detectors is sent to
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a time-to-digital converter (PicoQuant HydraHarp 400 or qutools quTAG), which
records the time stamps of the detection events. The time-tagged data are analyzed
using ETA [Lin21], a self written software by my colleagues, or the Python script
readPTU [Bal19] from our collaborators in Brian Gerardo’s group at Heriot-Watt
University in Edinburgh, which provides histograms of coincidences versus time delay.
The autocorrelation histogram of an exciton in a GaAs quantum dot (see Sec. 2.1.4)
under resonant continuous wave excitation is shown in Fig. 4.3b. The data was fitted
by using [Mic03]

G(2)(τ) = C
[
1 −

(
1 − g(2)(0)

)
e− |τ−τ0|

T1

]
(4.9)

with the Poisson level C, which is the number of coincidences for long time delays
where the photons are not correlated, the excited state lifetime T1, and a time offset
τ0. The fit yields a single-photon purity of g(2)(0) = 0.0 + 0.027 and a lifetime of
T1 = (242 ± 9) ps.
Pulsed excitation is often used to generate triggered or on-demand single photons,
which are often required in experiments or future quantum technology applications.
Figure 4.3c shows the resulting autocorrelation histogram of a biexciton in a GaAs
quantum dot under two-photon excitation in a semi-logarithmic plot. It features
peaks with exponential decays corresponding to the excited state lifetime as the
flanks superimposed with a histogram for continuous wave excitation, leading to the
missing peak at zero time delay. The peaks occur approximately every 12.5 ns, which
corresponds to the repetition rate of our 80 MHz laser. For pulsed measurements, all
photons emitted within an excitation pulse are considered, and thus the re-excitation
emission (especially in the case of s-shell resonant excitation) is included, even though
the photons are not emitted simultaneously, but with a short delay. Due to the
timing jitter of the detectors and electronics, they cannot be separated. Despite
filtering or suppressing the excitation laser, avoiding ambient stray light to coupling
into the setup by darkening the laboratory, and using SNSPDs with extremely low
dark count rates far below 1 s−1, the count rates on the detectors still contain a small
contribution from the just mentioned sources, which also leads to false coincidences
in the histogram. Since it is difficult to obtain the exact count rates of the individual
contributions, and since future applications can also only suppress them to a certain
degree, we only obtained the raw value for g(2)(0) as followed: Since the peaks in
the histogram are well separated, we define a window 3.2 ns wide around each peak,
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more than 10× longer than the excited state lifetime, where we sum the number of
coincidences to obtain the peak area. The ratio of the center peak area A0 to the
average side peak area Ai gives the single photon purity. In the shown measurement
it results in a single-photon purity of g(2)(0) = (4.5 ± 3.2) · 10−5, which is the highest
purity measured for quantum light sources up to now, thanks to the suppressed
re-excitation in the radiative cascade [Han18, Sch18b] (see Sec. 3.2.3), good laser
suppression, and low detector dark counts.
The first demonstration of a single-photon source with a Hanbury-Brown and Twiss
type experiment was with a stream of sodium atoms in 1977 [Kim77]. The proof
for quantum dots was in 2000 [Mic00] and for quantum emitters hosted by two-
dimensional materials in 2015 [Ton15, Kop15, He15]. The highest single-photon
purity among all solid state emitters was shown with a GaAs quantum dot under
two-photon excitation, where re-excitation is strongly suppressed [Sch18b].
Analyzing the autocorrelation measurement on long time scales reveals the so-
called blinking of a light source, as shown in Fig. 4.3d. The blinking leads to an
additional correlation in the form of a bunching with exponential decay. This can be
attributed to slowly varying charge states inside or in the vicinity of the quantum
dot [Hou12, Tho16], leading to a shift of the transition into and out of resonance
with the excitation laser [Jah15]. The GaAs quantum dots from paper 3, 5, and 6
all show blinking with an on/off ratio of about 3 and a timescale in the microsecond
range. This phenomenon can be observed under both continuous wave and pulsed
excitation. Embedding the quantum dots in a diode structure (see Sec. 6.1.2) can
stabilize the charge state and the environment and thus suppress the blinking as
shown in Fig. 4.3d.
Hanbury-Brown and Twiss-type measurements were performed in all papers of this
thesis to prove the single-photon character of the investigated quantum light sources
and determine the purity. In paper 6 we show the limit of s-shell resonant excitation in
terms of single-photon purity, which we attribute to re-excitation, and also show that
this is almost completely suppressed under two-photon excitation [Han18]. In paper 5
we investigate the origin of antibunching under weak continuous wave excitation
conditions, the so-called Rayleigh regime. By narrow filtering, the antibunching
dip disappears in the autocorrelation measurement. As proposed by López Carreño
et al. [Car18], homodyne detection restores the antibunching, but would require a
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blinking free source, which we did not have at that time.
Instead of splitting the signal and performing an autocorrelation measurement, it can
be correlated with different signals to reveal other properties of the source. Recording
the electrical clock of the pulsed excitation laser and correlating it with the signal
of the studied transition, often referred to time-correlated single-photon counting,
reveals the lifetime of the excited state. The corresponding histograms of a charged
and neutral exciton in a GaAs quantum dot under pulsed resonant excitation are
shown in Fig. 4.3e and f in a semi-logarithmic plot. The histogram for the charged
exciton shows a steep rising edge due to the finite laser pulse duration and setup
time resolution and a slow exponential decay due to the excited state lifetime of
the studied transition. Fitting the data with an exponential decay convolved with
a Gaussian yields a lifetime of (236 ± 2) ps. The decay histogram of the neutral
exciton in Fig. 4.3f is additionally modulated with a sinusoidal square wave. These
so-called quantum beats [Fli01, Dad16] with the frequency EFSS

ℏ determined by the
fine structure splitting are a consequence of the polarization suppression setup (see
Secs. 2.1.2 and 3.2.2). The fit yields a lifetime of (196 ± 2) ps and a fine structure
splitting of (7.44 ± 0.05) µeV. The lifetimes of GaAs quantum dots of around
200 ps observed here are in agreement with the reported lifetimes of these quantum
dots [Rei17, Rei19] and are remarkably shorter than for InGaAs quantum dots with
an exciton decay on a time scale of 300 − 1000 ps [Adl98, Ber07, Liu18b] and InP
nanowire quantum dots with 1000 − 2600 ps [Laf23] and paper 1.
A crosscorrelation measurement between two transitions of a quantum emitter can
reveal if they both originate from a cascaded emission, i.e. if they are a biexciton-
exciton pair. In contrast to an antibunching in an autocorrelation measurement,
a strong bunching can be observed since an exciton photon is expected after the
emission of a biexciton photon [Mor01].
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An ideal quantum light source emits not only single photons with high purity, as
introduced in the previous chapter, but also indistinguishable photons. This means
that two photons have the same properties such as energy, polarization, coherence,
spectral and temporal shape, and the spatio-temporal mode. When two indistin-
guishable photons impinge on a beamsplitter, they interfere, which is a pure quantum
mechanical effect with no classical analog. This so-called two-photon interference is
used to determine the degree of indistinguishability in a Hong-Ou-Mandel (HOM)
type experiment. The interference effect is also a prerequisite for more advanced
quantum optics experiments such as entanglement teleportation [Bou97] and entangle-
ment swapping [Pan98]. It will also find applications in future quantum technologies
such as linear optical quantum computing [Kni01], boson sampling [Aar13], quantum
repeaters based on the scheme proposed by Lloyd et al. [Llo01], long-distance
quantum communication networks [Kim77, Eke91], quantum metrology with N00N
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states [Lee02, Mül17], and others [Bou20].
In this chapter, I explain two-photon interference, also known as the Hong-Ou-Mandel
effect. Additionally, I present the experiment to determine the indistinguishability of
photons emitted subsequently from a single quantum emitter.

5.1 Two-photon interference

Two single photons impinging simultaneously on a beamsplitter through two input
ports interfere if they are indistinguishable. In the following, we assume an ideal
non-polarizing beamsplitter with no losses and a perfect 50 : 50 splitting ratio
(|R|2 = |T |2 = 0.5, with complex reflection and transmission coefficients R and T ),
and perfect overlap of both single-photon wave packets (V = |

∫
E∗

a(t)Eb(t)dt|2 = 1,
with complex wave packet amplitudes Ea,b(t)). Figure 5.1a shows the beamsplitter
with the corresponding input ports a, b and output ports c, d.
To describe a single photon Fock state entering a beamsplitter at port a, the corres-
ponding creation operator â† must be applied to the vacuum state |0⟩a. The input
state is therefore |Ψ⟩in = â† |0⟩a = |1⟩a [Ger04]. Due to the beamsplitter interface, the
creation operators of the two output ports c and d become â† beamsplitter−→ 1√

2

(
ĉ† + id̂†

)
,

where the complex phase i occurs on reflection at the beamsplitter interface, while
the phase is unaffected on transmission. The output state of a photon entering a
beamsplitter at port a is thus given by

|Ψ⟩out = 1√
2
(
ĉ† + id̂†

)
|0⟩c |0⟩d = 1√

2
(|1⟩c |0⟩d + i |0⟩c |1⟩d) , (5.1)

which means that the photon can be found in each output port with equal probability
of 50 %. Adding a second photon in port b gives the input state
|Ψ⟩in = â†b̂† |0⟩a |0⟩b = |1⟩a |1⟩b. For the output state, it is then [Ger04]

|Ψ⟩out = 1
2
(
ĉ† + id̂†

) (
iĉ† + d̂†

)
|0⟩c |0⟩d

= 1
2
(
iĉ†2 + ĉ†d̂† − d̂†ĉ† + id̂†2

)
|0⟩c |0⟩d

= i

2 (|2⟩c |0⟩d + |0⟩c |2⟩d) .

(5.2)

In the last step, the bosonic nature of the photons was taken into account, since
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a)

a

b
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b)

Fermions Bosons

Distinguishable

+

Figure 5.1 | Two-photon interference a, Ideal beamsplitter with entry ports a, b, and
output ports c, d. b, All configurations for two photons entering a beamsplitter through
a and b. For distinguishable or classical particles, all four configurations have the same
probability, photons (i.e. bosons) always leave the beamsplitter together through the
same port, whereas fermions always use different ports.

bosons commute and thus satisfy [ĉ†,d̂†] = ĉ†d̂† − d̂†ĉ† = 0. From Eq. (5.2) it follows
that two indistinguishable photons entering an ideal non-polarizing beamsplitter
simultaneously through different entry ports a and b will always exit through
the same port either c or d, as shown in Fig. 5.1b. This phenomenon is purely
quantum mechanical with no classical analog and is also called the Hong-Ou-Mandel
effect [Hon87]. It was first described theoretically in 1986 [Gho86] and demonstrated
experimentally shortly thereafter with photons from parametric down-conversion,
but without the use of a beamsplitter yet [Gho87]. Due to the antisymmetric nature
of fermions, obeying the anticommutator, fermions always leave the beamsplitter
through different ports. Distinguishable particles do not interfere in the beamsplitter,
and thus all four combinations occur with the same probability of 25 %.

5.2 Hong-Ou-Mandel experiment

The experimental realization to measure the indistinguishability of two consecutive
photons from the same source is usually done in a Hong-Ou-Mandel type setup, named
after the authors of the first demonstration [Hon87], who used this setup to measure
the length of a photon wavepackage generated by a parametric down-conversion
process. Later, the setup was used for measuring the degree of indistinguishability of
photons or for demonstrating more advanced quantum optical experiments.
In the following, I present the setup as it was used in our experiments to measure the
indistinguishability of photons generated by one source with a short delay, smaller
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Figure 5.2 | Hong-Ou-Mandel experiment a, Variable delay line to generate double
excitation pulses. b, Unbalanced Mach-Zehnder interferometer to overlap two consecutive
photons (black circles) with delay τHOM on the second BS to perform two-photon
interference. Both outputs are coupled to single-photon detectors and time tags are
recorded with a time-to-digital converter (TDC). Colored circles illustrate photons to
explain build up of the histogram. Solid (empty) circles after the second BS refer to
positive (negative) delays. Only in the case of the orange circles, the photons interfere.
(var. ND: variable neutral density filter, BD: beam dump) c, Two-photon interference
histogram of an exciton under resonant excitation d, Center quintuplet from c) at zero
time delay revealing VHOM = (92.3 ± 1.6) %, adapted from supplementary of paper 3.

than the repetition rate of the pulsed excitation laser.
To generate photons with such a delay, double pulses are generated with a delay
line set up like an unbalanced Mach-Zehnder interferometer, as shown in Fig. 5.2a.
The shaped excitation laser is sent to a non-polarizing 50 : 50 beamsplitter, which
splits the pulse equally into two paths of different lengths. The length of the long
path can be adjusted by two mirrors mounted on a linear translation stage. Both
paths are recombined by an identical beamsplitter. Each input laser pulse is now
split into double pulses with a variable delay τHOM. The power of both pulses can
be adjusted and equalized with continuously variable neutral density filters in each
arm. One output of the beamsplitter is blocked by a beam dump, while the other is
coupled into a fiber and sent to the micro-photoluminescence setup, where it is used
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5.2 Hong-Ou-Mandel experiment

to twice excite a transition in a quantum dot. The filtered signal is then sent to the
Hong-Ou-Mandel type setup shown in Fig. 5.2b. It consists of a similar unbalanced
Mach-Zehnder interferometer, but with a fixed delay. In the papers 3 and 6 we used a
fiber-coupled interferometer with a delay of 2 ns, while in paper 8 we used a free-space
interferometer with a delay of 3.3 ns. The delay τHOM set by the stage position in
Fig. 5.2a must match the fixed delay in the interferometer in Fig. 5.2b in order
for the successive photons (black circles with numbers 1 and 2 for first and second
photon) to overlap at the second beamsplitter where the two-photon interference
takes place. Both outputs of the second beamsplitter are connected to the same
fiber-coupled single-photon detectors as in Sec. 4.3. The following acquisition of the
time-tagged detection events and the analysis to create a histogram is also identical
as described in the previous chapter.
The histogram of a Hong-Ou-Mandel measurement of a s-shell resonantly excited
exciton in a GaAs quantum dot is shown in Fig. 5.2c, which shows quintuplets
with a delay τL ≈ 12.5 ns given by the repetition rate of the laser and a delay
τHOM = 2 ns between the individual peaks. Figure 5.2d shows a zoom in of the
quintuplet centered around zero time delay resulting from photons coming from the
same laser repetition cycle. As in the autocorrelation measurements in the previous
chapter, the peaks resemble exponential decays given by the excited state lifetime
together with quantum beats [Fli01, Dad16]. Furthermore, the center peak shows a
volcano shape with a dip at zero time delay, which can only be resolved due to our
high setup time resolution. This feature comes from interference of photons from a
homogeneously broadened emission line and the width of the dip is determined by
the coherence time [Leg03, Leg04].
The peaks with different ratios come from the following combinations of the two
photons in the unbalanced Mach-Zehnder interferometer. The first photon takes the
short path and the second the long path (blue circles in Fig. 5.2b). This results in a
doubled time delay and the photons do not enter the beamsplitter simultaneously
and therefore cannot interfere. Coincidence with a delay of 2τHOM can be detected.
Negative delays occur when the two detectors are swapped. Positive and negative
delays are differentiated by solid and empty circles respectively. In addition, both
photons can take the same path (green circles) in the interferometer and thus maintain
the initial delay of τHOM, leading to peaks in the histogram at ±τHOM. Since this
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happens in both interferometer arms, the peaks in the resulting histogram have twice
the area compared to those at ±2τHOM. Finally, the most interesting combination:
if the first photon takes the long arm and the second the short one, the photons
impinge on the beamsplitter simultaneously. If they are indistinguishable, they will
interfere and thus leave the beamsplitter through the same output port, leading to
no coincidences at zero time delay and thus to a vanishing peak. For distinguishable
photons, there is a peak with the same area as the one at ±τHOM. This leads to a
quintuplet with the peak area ratios 1 : 2 : 0(2) : 2 : 1 for completely indistinguishable
(distinguishable) photons. The other quintuplets come from photons from different
laser cycles. Here, the different combinations of photons inside the unbalanced
Mach-Zehnder interferometer lead to peak ratios of 1 : 4 : 6 : 4 : 1.
The Hong-Ou-Mandel visibility is given by [San02]

VHOM = 1 − 2A3

A2 + A4
(5.3)

with the peak area at zero time delay A3 and the areas of the two adjacent peaks
at ±τHOM A2,4. For a beamsplitter with a splitting ratio close to 50 % and a source
of high purity g(2)(0) ≈ 0, the visibility is a direct measure of the degree of indis-
tinguishability [Fis18], which is a justified assumption in our case. To determine
the peak areas, we sum the number of coincidences in each peak, similar to the
analysis of autocorrelation measurements. Due to the short delay and lifetimes of
approximately 200 ps, neighboring peaks overlap slightly and the integration windows
have to be determined carefully as explained in the supplementary of paper 3. In
addition, it is worth mentioning that fitting rather than summing up to determine
the peak areas will overestimate the visibility, especially if the time resolution is
too low to resolve quantum beats and the volcano shape of the center peak. For
the example measurement shown in Fig. 5.2d, we obtain a raw Hong-Ou-Mandel
visibility of VHOM = (92.3 ± 1.6) % without corrections for a non-perfect setup or
non-ideal single-photon emission.
The first demonstration of the indistinguishability of consecutively emitted photons
from a quantum dot was shown by Santori et al. in 2002 [San02]. Here, the quantum
dot was nonresonantly excited, causing a timing jitter in the emission due to non-
radiative decay processes [San04] and a homogeneous linewidth broadening due to
scattering processes with phonons and charge carriers, which limits the indistin-
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guishability [Ben05, Fla10]. This dephasing process can be strongly suppressed by
s-shell resonant excitation of the transition, which significantly increases the degree
of indistinguishability [He13, Som16]. However, slowly varying charge states inside
and in the vicinity of the quantum dot lead to spectral fluctuations [Hou12, Tho16],
which still prevent good indistinguishability when increasing the time delay between
the interfering photons. Adding some nonresonant laser or white light can stabilize
the charge environment and thus increase the indistinguishability [Gaz13, Rei17].
This can also be achieved in a more controlled manner by embedding the quantum
dot in a diode structure, and highly indistinguishable photons with visibilities above
95 % can be maintained for long time delays of 1 µs [Tom21, Zha22]. Two-photon
interference has been used to demonstrate entanglement teleportation [Rei18], entan-
glement swapping [BB19, Zop19], and boson sampling [He17] with quantum dots.
For the development of scalable quantum communication networks, remote sources
of indistinguishable photons are inevitable. The first two-photon interference of
photons from separate sources was shown with parametric down-conversion sources
in 2003 [DR03], followed by atoms and ions [Beu06, Mau07]. The advantages of
these sources is that the photons intrinsically emit at the same wavelength, unlike
quantum dots, which require a tuning mechanism to bring both emitters into res-
onance (see Sec. 6.1). Early experiments demonstrating two-photon interference
of remote quantum dot sources [Pat10, Fla10, Gol14] showed relatively low Hong-
Ou-Mandel visibilities of up to approximately 50 %, limited by dephasing due to
nonresonant excitation and an unstabilized charge environment. Again, resonant
excitation [You21] and charge stabilization significantly increased the performance
to up to VHOM = (90.9 ± 0.8) % [Zha22].
We have performed Hong-Ou-Mandel experiments in papers 3, 6 and 8. In paper 3
we showed high visibilities for GaAs quantum dots without the need for Purcell
enhancement under s-shell resonant excitation. In paper 6 we showed intrinsic
limitations of the three-level quantum ladder system in terms of indistinguishability
by exciting a quantum dot under two-photon excitation. The finite linewidth of
the exciton transition leads to an energy broadening of the biexciton transition.
On the other hand, the finite biexciton lifetime introduces a timing jitter on the
exciton transition. Both effects reduce the degree of indistinguishability to approx-
imately 67 %, which is determined by the lifetimes of both states. Engineering the
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lifetime ratio by asymmetric Purcell enhancement can increase the intrinsic limit
of indistinguishability. A way to restore the indistinguishability of the exciton to
the same values as under s-shell resonant excitation can be achieved by stimulating
the biexciton transition and thus reducing the timing jitter, as we have shown in
paper 8.
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6 Tailoring quantum emitter properties

The semiconductor quantum dots studied here undergo a statistical growth process,
resulting in a distribution of emission wavelengths, fine structure splitting, dipole
orientation, and electrical environment. Moreover, the majority of emitted light is
trapped within the bulk sample due total internal reflection, significantly reducing
the source brightness. Despite their promising characteristics, these limitations
hinders their utility as building blocks in quantum technology applications. In
this chapter, I explore various methods for tailoring the properties of quantum
emitters. I categorize these methods into tuning methods, influencing the wavelength
and the fine structure splitting, structures to improve the extraction efficiency and
thus the source brightness, and on-chip guiding of the light for quantum photonic
integrated circuits. Additionally, I provide a brief overview of enhancement methods
for quantum emitters in two-dimensional materials.

6.1 Tuning mechanisms

Various techniques have been used to tune the emission wavelength of emitters or to
minimize the fine structure splitting. Different growth methods have been developed
and modified e.g. to produce quantum dots with intrinsically low fine structure
splitting or narrow wavelength distribution (see Sec. 2.1.4 and 2.1.5), or to cover
new wavelength ranges [Pau17] (see Sec. 2.1.5 and paper 1). Post-growth thermal
annealing has been demonstrated to reduce fine structure splitting [Lan04, Tar04]
and to shift the emission wavelength [Mal97]. However, all of these techniques affect
all of the emitters on the sample in a semi-controllable, statistical, and non-reversible
manner. For many measurements, a controlled and reversible tuning mechanism is
necessary.
Temperature tuning is the simplest to implement on any sample, as it does not
require any special steps during growth or sophisticated setups. It relies on the
thermal expansion of the solid, resulting in a reduction of the band gap. Experiments
with solid state emitters are typically conducted at the lowest possible temperature
in a cryostat, limiting this technique to red tuning only. Another drawback is the
generation of more phonons at higher temperatures, leading to dephasing, hence to
increased linewidth and reduced indistinguishability [Tho16]. Gold et al. [Gol14] used
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temperature tuning to tune two quantum dots into resonance and perform remote
two-photon interference. Temperature tuning has also been used to tune the emitter
into resonance with cavity modes. The optical ac Stark shift, applied by adding a far
detuned continuous wave laser, has been used to tune the fine structure splitting to
zero and demonstrate polarization entanglement [Mul09a]. Application of an external
magnetic field to the sample induces a diamagnetic shift and Zeeman splitting of
the emission lines, providing another method to tune the emission energy [Rin96].
An in-plane magnetic field has been used to tune the fine structure splitting to
zero [Ste06b]. In the following, I will focus on strain and electric field tuning.

6.1.1 Strain tuning

Strain tuning relies on mechanical straining of the sample via the piezoelectric
(piezo) effect, inducing deformation of the band structure and thereby tuning of the
emission energy. Additionally, the applied strain influences the crystal symmetry and
therefore the coupling constants in different axis, hence also tuning the fine structure
splitting [Plu13] (see Sec. 2.1.2). The piezoelectric effect, discovered in 1880 [Cur80],
describes the creation of dipoles in crystal unit cells and hence the occurrence of an
electric field under elastic deformation. The inverse effect conversely mean, applying
a voltage to a piezoelectric material leads to deformation. Seidl et al. [Sei06] were
the first to transfer the deformation as stress to a quantum dot sample. They used a
uniaxial piezoelectric stack and glued the sample with the [110] crystal axis parallel to
the stack on one side. By straining the sample along one of the main crystal axes, they
enhanced the symmetry of the quantum dot, thereby reducing fine structure splitting
and tuning of the emission wavelength. Since then, many experiments have confirmed
the controllability of various emission properties of quantum dots, including the
emission wavelength, the biexciton binding energy, and the fine structure splitting,
by applying uniaxial strain [Din10, Plu11, Jön11, Che16]. Strain tuning has also
facilitated demonstration of remote quantum dot indistinguishability [Fla10, Rei17],
and tuning the emission wavelength in resonance with an atomic transition for later
quantum memory experiments [Kum11, Tro16]. However, unless the strain is applied
along a symmetry axis of the quantum dot, the exciton states undergo anticrossing
with the applied strain, preventing the fine structure splitting from being tuned to
zero [Sin10]. To address this limitation, biaxial strain can be applied, and polarization
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Figure 6.1 | Strain tuning of quantum dots a, Piezoelectric poling current as a
function of the applied voltage at room temperature. b, Reversible strain tuning of a
GaAs quantum dot.

entanglement has been demonstrated [Tro14, Che16]. Applying uni- or biaxial strain
to tune the fine structure splitting inevitably affects the wavelength as well. To
achieve full control over both the fine structure splitting and the emission wavelength,
strain along a third axis was applied using a six-legged device [Wan12a, Tro15, Let21].
Strain tuning of the emission wavelength of emitters in a WSe2 monolayer has also
been demonstrated [Iff19]. Iff et al. present an impressive reversible tuning range of
18 meV. This can be attributed to the high resistance of two-dimensional materials to
stress and the proximity of the emitters to the piezoelectric crystal, allowing optimal
strain transfer. A review on strain tuning of different semiconductor emitters is
available in [Mar17].
In papers 2 and 4, we use PMN-PT, known for its large piezoelectric response at
low temperatures. To optimize strain transfer to the sample, the PMN-PT crystal
is polished, as the electric field at a given external voltage is higher in thinner
substrates. Subsequently, the crystal is metallized on both sides to allow application
of a voltage later. In the case of paper 4, the fabricated paraboloids are bonded
to the piezoelectric actuator using SU8 photoresist due to its high strain transfer
attributed to its low viscosity [Zis17]. In paper 2, the photonic circuit is directly
fabricated on the PMN-PT substrate to avoid wafer bonding (see Sec. 6.3).
A PMN-PT crystal exhibits randomly oriented ferroelectric domains (Weiss domains)
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and hence a net zero electric field. By gradually applying an external voltage, the
domains align along the electric field, resulting in a characteristic curve shown in
Fig. 6.1a. As the voltage increases, more domains flip, resulting in a measurable
increase in current, until most domains align along the field, after which the current
decreases. This process is called poling. The piezoelectric material maintains
polarization at low temperatures, but to prevent spontaneous domain flipping during
the cooling process of the sample, we keep the external voltage applied. Typically,
in our strain tuning experiments, voltages from −600 V to +600 − 800 V are applied.
Figure 6.1b illustrates the reversible tuning of the emission energy of a GaAs quantum
dot under nonresonant excitation. In paper 4 we achieve a tuning rate of 0.5 pm/V.
In paper 2, the nanowire quantum dot is placed on a photonic circuit and is bound
only by van der Waals forces. We have demonstrated that encapsulation of the
nanowire enhances strain transfer, leading to a fourfold increase in the tuning rate
from 0.325 pm/V to 1.33 pm/V, corresponding to a total tuning range of 1.6 nm. An
advantage of strain tuning is that the emission intensity is not affected. However,
it is important to consider piezo creeping, which causes continued shifting in the
same direction after reaching the target voltage. To mitigate this, the target value
must be approached in small steps and readjusted after settling. Subsequently, the
emission wavelength remains stable for hours, well below the resolution limit of the
spectrometer [Zeu18].

6.1.2 Electric field tuning

Applying an electric field to a quantum dot also allows for tuning the emission
properties. The emission energy can be described by [Fry00b]

E = E0 + µF + αF 2, (6.1)

where the electric field is denoted F to avoid confusion, E0 is the emission energy at
zero electric field, µ represents the permanent dipole moment of the quantum dot,
and α stands for the polarizability of the excitonic quasiparticle (e.g., a neutral or
charged exciton) in the field direction. The permanent dipole arises from a slight shift
of the electron and hole wave functions with respect to each other [Bar00, Fry00b].
The polarizability characterizes the dipole moment induced by the applied electric
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Figure 6.2 | Stark tuning of quantum dots a, p-i-n diode structure. Doped GaAs
layers define the n- and p-region of the diode where an external gate voltage VG can
be applied. The quantum dots are located in the intrinsic region. b, Band diagram of
the neutral exciton. The Fermi-level EF is below the electron band of the quantum dot
resulting in the emission of excitons (X0). (CB: conduction band, VB: valance band)
c, For higher positive voltages, the bands are less bent and the lowest electron state
is below EF , resulting in negatively charged exciton (X−). d, Gate voltage dependent
photoluminescence measurements showing well separated charge plateaus for the X0 and
X−.

field and typically varies for each emitter and its different states. This phenomenon
is known as the quantum confined Stark effect [Mil84] and was first used in quantum
well structures in 1982 [Men82] followed by quantum dots in 1998 [Ray98]. To achieve
sufficiently high electric fields at the emitter, an external vertical (growth direction)
or lateral (in-plane) gate voltage is applied via electrodes on the sample.
In papers 8 and 9 we apply a vertical electric field, which is the more common
geometry. The electric field is usually applied by embedding the quantum dots in
a p-i-n diode structure, as illustrated in Fig. 6.2a. During the epitaxial growth
process, a silicon-doped layer is deposited during GaAs growth to form the n-region
of the diode. The InGaAs quantum dots are then embedded in the intrinsic layer.
Finally, a carbon-doped GaAs layer is deposited to form the p-region. Depending
on the doping concentration, the thickness of the GaAs layer (intrinsic layer), and
the band gap energy, the quantum dots already experience a built-in field. After
growth, the samples are fabricated to contact the doped layers and apply an external
voltage. Since defects in the sample can create ohmic contacts between the layers,
fabrication of several small diodes on a sample is beneficial to increase the likelihood
of functional diodes. By bonding the sample, it can be connected to coaxial lines in
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the cryostat, allowing external voltage to be applied using a low-noise voltage source
(Stanford Research Systems DC205 or mech0nics ag NOVA5). The electric field
causes bending of the conduction band and valence band as shown in Figure 6.2b,c,
resulting in deterministic charging of the quantum dot and tuning of the emission
energy. Figure 6.2d shows the gate voltage dependent photoluminescence of an
InGaAs quantum dot in a diode structure. For voltages around 0.35 − 0.55 V, the
electron Fermi level EF lies below the electron band of the quantum dot (Fig. 6.2b),
resulting in the emission of a neutral exciton. For higher voltages, the bands are less
bent, and the lowest electron states are below the Fermi level (see Fig. 6.2c), leading
to a negatively charged quantum dot and hence the emission of negatively charged
exciton. For voltages below approximately 0.35 V the bands are so strongly bent
that carriers tunnel out of the potential faster than the exciton lifetime, resulting in
a measurable current instead of photoluminescence. This regime is also known as
the photocurrent regime. Particularly before sufficient laser filtering was possible,
this technique was utilized to measure under resonant excitation [Zre02, Est06].
The primary purpose of the diode structure in paper 8 was to provide a charge-
stabilized environment for the quantum dots and enable photoluminescence over a
wide voltage range. An additional n-doped layer on top of the quantum dot layer
was induced in the sample structure to reduce the built-in field and thus expand the
photoluminescence regime. Furthermore, the proximity of the quantum dot layer to
an n-doped layer allows quick tunneling of charge carriers, resulting in well-separated
charging plateaus, similar to the exemplary voltage-dependent photoluminescence
measurement in Fig. 6.2d. This configuration is called charge-stabilized. In paper 9,
wavelength tuning was required to tune transitions relative to laser energies (see
Sec. 3.2.5). However, the relatively small confinement of approximately 0.2 eV limits
the electric field to a few tens of kV/cm before the carriers tunnel out [Fry00a],
restricting the tuning range to approximately 2 meV.
Tailoring the diode structure, such as exploiting heterostructures with larger band
gaps [Ben10a], Schottky diodes [Mar10, Gha12], and lateral fields, enables larger
tuning ranges of up to 25 meV [Pat10], as well as the manipulation of the fine
structure splitting and biexciton binding energy. Electric field tuning has been used
in various experiments, including tuning the emission of separate quantum dots
into resonance to demonstrate indistinguishability of remote quantum dots [Pat10,
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Zha22], and to tune the emitter into resonance with an atomic transition [Ako10]
or cavity mode [Rak08, Lau09, Now14, Som16, Liu18a]. Since all states within a
quantum dot shift differently, the biexciton binding energy can also be manipulated
with lateral electric fields, allowing the biexciton and exciton transitions to be
tuned into resonance [Kan11, Rei11]. Similarly, fine structure splitting can be
tuned with both vertical [Mar10, Ben10b] and lateral fields [Kow05, Ger07, Kow07,
Vog07], however, the latter often yielded unreproducible results and is thus no longer
used. Reducing the fine structure splitting below the linewidth of the transition
enables the generation of polarization entangled photon pairs from the quantum
dot [Ben10b, Gha12]. Engineering low-capacitance diodes enables ultrafast tuning
on timescales of 20 ps [Wid21], which is below the decoherence or lifetime of the
quantum dots. So far this has been used to achieve a robust state population via
rapid adiabatic passage [Muk20], sensing of ultrafast electric signals [Wid21] and
phase control of an exciton [Wid18]. In the future, ultrafast tuning of excitonic
transitions in and out of resonance with the excitation laser could make polarization
filtering under resonant excitation (see Sec. 3.2.2) obsolete. Electric field tuning
has also found application in tuning the emission energy [Cha17] and fine structure
splitting [Cha19a] of quantum emitters hosted by transition metal dichalcogenide
monolayers, for controlled generation of charged excitons [Cha18] and to perform
gate switching [Höt21].

6.2 Extraction efficiency

A quantum dot in a bulk semiconductor radiates isotropically, as shown in Fig. 6.4a.
Furthermore, the semiconductor materials used for growth are high refractive index
materials, i.e. nGaAs = 3.7 and nAlGaAs = 3.4 at 800 nm, leading to total internal
reflection for angles larger than approximately 17◦. The numerical aperture (NA)
of the collecting optics results in an even smaller detectable cone. In the setup for
the majority of our measurements, we use a microscope objective with NA= 0.81 for
collection, resulting in the red shaded detection cone in Fig. 6.4a. This combined
yields a collection efficiency in the first lens of approximately 1 % [Bar02]. Different
approaches are used in the quantum optics community to increase the extraction
efficiency [Lod15], which can be divided into two groups: (i) the emitter is placed
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inside a waveguiding structure, which has a steering effect towards the collection
optics, (ii) the emitter is placed inside a cavity, which additionally requires resonance
effects. Fermi’s golden rule states that the spontaneous emission rate is proportional
to the density of the final state of a radiative transition [Dir27]. According to cavity
quantum electrodynamics, the density of states increases for an emitter in resonance
with a cavity mode [Har89]. Therefore, spontaneous emission into the cavity mode
can be enhanced, known as the Purcell effect. This enhancement is characterized
by the ratio of the emission rates of an emitter without and with cavity, called the
Purcell factor, given by

FP = 3
4π2

Q

V

(
λ

n

)3

(6.2)

with the refractive index n, the wavelength in vacuum λ, the mode volume V and
the quality factor Q, which is a measure for both the damping in the cavity and the
spectral bandwidth.

6.2.1 Lightguiding structures and microcavities

I will provide a brief overview of different strategies to increase the extraction
efficiency, while delving into more detail on the methods we used in our experiments.
The simplest approach to increase the source brightness is to place a metallic mirror
or distributed Bragg reflector (DBR) below the quantum dot layer to direct downward
emitted photons towards the collection optics. Such a back mirror can be combined
with many of the structures presented below. A DBR consists of several alternating
layers of materials with different refractive indices. The layer interfaces cause partial
reflection and refraction of light. When the layer thickness is one-fourth of the
wavelength, the reflected light interferes constructively. The wavelength range that
satisfies this condition experiences high reflectivity and is called the stopband. The
reflectivity of the DBR depends on the refractive indices of the materials and the
number of layer pairs [She95]. The sample in paper 8 has a lower DBR consisting of
17 pairs of alternating AlAs and GaAs layers.
The addition of a second DBR with lower reflectivity on top of the quantum dot
layer forms a planar Fabry-Pérot cavity with a relatively large mode volume and low
quality factor. Such a cavity was used to demonstrate the first resonance fluorescence
of a quantum dot [Mul07] as well as the first two-photon interference measurement
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in a Hong-Ou-Mandel experiment under resonant excitation [He13].
In the papers 3, 5, and 6 we used the same sample where the quantum dots are
embedded in a λ cavity with nine pairs of bottom and two pairs of top DBRs composed
of Al0.95Ga0.05As and Al0.2Ga0.8As. This cavity structure is directly included in the
growth process (see Sec. 2.1.4). Another planar approach has been demonstrated
by Huang et al. [Hua21]. By embedding a quantum dot membrane in a broadband
optical antenna consisting of a metallic back reflector and a semi-transparent metallic
top mirror, they achieved a maximum collection efficiency of 19 % into a NA of 0.85,
an average intensity enhancement factor of 17, a wide bandwidth of 30 nm and a low
Purcell factor of 0.7 to 1.4 depending on the wavelength. The advantage of such large
planar cavities is that multiple emitters can be enhanced simultaneously, and a flat
sample surface allows the additional use of a solid immersion lens (see below). With
a curved instead of a planar back mirror, the directionality of the emission can be
improved, as with optical horn antennas [Tak07, Gro13] and cone structures [Sue13].

Microparaboloids are micrometer-sized parabolic mirrors with a single quantum
dot at the focal point that collimates the emission. They have a similar working
principle as the horn antennas mentioned above, but have an increased focusing
power [Mor18]. The concept and fabrication process were developed by Thomas
Lettner at KTH in Stockholm and are presented in paper 4. A schematic sketch is
depicted in Fig. 6.3a. The parabolic back mirror, combined with the planar sample-
air interface, forms a weak microcavity, as part of the emission is reflected back into
the structure, which can result in a weak Purcell enhancement. But also emission
wavelengths that are not in resonance with a cavity mode experience a broadband
increase in extraction efficiency. Finite difference time domain (FDTD) simulations
enable optimization of the structure design regarding collection efficiency, Purcell
factor, or far-field emission profile. The simulations predict collection efficiencies
of up to 63 % for a NA of 0.8. Experimentally, we observed a collection efficiency
into the first lens of 12 %, an average enhancement factor of 6.2, and a record
enhancement of 21.6 compared to as-grown quantum dots on the sample. To validate
the effect of the parabolic shape, we compared quantum dots inside a paraboloid
with those on a planar gold back mirror, as shown in Fig. 6.3b. The quantum dot
inside the paraboloid is enhanced by more than one order of magnitude, whereas
we observed an average enhancement of approximately 4 compared to the planar
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Figure 6.3 | Microparaboloid a, Sample structure. The emission of a quantum dot at
the focal point of the parabolic gold mirror leaves the sample collimated b, Spectra of
two quantum dots on a planar gold mirror reference (red) and inside a paraboloid (blue).

back mirror. The simulated far-field emission patterns exhibit a large overlap with a
Gaussian beam profile. Furthermore, the paraboloid diameter is comparable to the
core diameter of a single-mode fiber and possesses a planar top surface, potentially
enabling direct coupling of the source to a lensed fiber [Mus20]. While our structure
is based on a GaAs quantum dot sample (see Sec. 2.1.4), it can be adapted for
other types of quantum dots. The basic fabrication steps involve writing circles in
photoresist on the sample, follows by reflow of the photoresist [Nus97], and subsequent
reactive ion etching with inductively coupled plasma. The reflow process converts the
cylindrical photoresist shapes into paraboloids, which are then transferred into the
underlying AlGaAs during etching. The etching selectivity of the sample material
and the photoresist determine the height and diameter of the resulting paraboloids.
Subsequent metallization with 100 nm gold provides the back mirror. Next, the
sample is flipped and bonded to a piezoelectric substrate using epoxy (SU8) [Zis17]
for strain tuning of the emission wavelengths. The piezoelectric substrate preparation
is described in Sec. 6.1.1. Finally, the remaining GaAs bulk material is removed
by wet chemical etching. The process is based on a regular array of paraboloids,
with our dependence on the statistical distribution of quantum dots ensuring that
some paraboloids contain a well-positioned single quantum dot at the focal point.
Although the structure provides some robustness against lateral displacement (see
supplementary of paper 4), deterministic integration of pre-characterized emitters
would greatly improve the yield of these structures.
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Nanowires are structures that do not rely on a cavity effect but on dielectric screen-
ing [Ble11], which leads to preferred emission in the fundamental HE11 waveguide
mode and suppresses emission in radiation modes. Needlelike conical tapering of
the nanowire [Cla10] supports adiabatic coupling of the mode to free space, sup-
presses back reflection from the gold catalyst, and nearly Gaussian mode profiles
have been shown [Bul14]. A reverse conical taper, forming so-called photonic trum-
pets, maintains a good mode profile [Mun13, Ste15], but additionally provides the
possibility to attach them directly to single-mode fibers [Cad16]. Nanowires have
shown a collection efficiency of up to 75 % in the first lens. In papers 1 and 2 we use
bottom-up grown InAsP nanowire quantum dots. A more detailed introduction is
given in Sec. 2.1.5.

Solid immersion lenses (SILs) address the challenge of only a small amount of
light leaving the sample-air interface due to total internal reflection by reducing
the refractive index step between these two surfaces. A solid immersion lens is a
small plano-convex lens with a very short focal length. They were first used in
microscopy to increase spatial resolution [Man90]. Later, their potential to collect
light from a point source more efficiently was discovered [Wu99, Koy99]. In 2000,
they were first used to image and excite a single quantum dot [Wu00]. By redu-
cing the refractive index step between the sample and air, the critical angle for
total internal reflection is increased, allowing more light to leave the sample. A
cubic zirconia solid immersion lens with refractive index nSIL = 2.1 was used in
paper 9, leading to a critical angle for total internal reflection of θc = 37◦ instead
of approximately 17◦. In papers 3, 5, and 6, a lanthanum dense flint (N-LASF9)
glass solid immersion lens with nSIL = 1.83 was used, resulting in a critical angle for
total internal reflection of θc = 31◦. The solid immersion lens geometry additionally
ensures that all light leaving the sample reaches the lens surface at a small angle,
thereby avoiding total internal reflection. There exist two typical geometries with
the first being a hemisphere (See Fig. 6.4b). Given that the quantum dots are only a
few hundred nanometers below the sample surface and a solid immersion lens is few
hundred micrometers large, it can be approximated that the quantum dot is located
in the center of the solid immersion lens. Consequently, all light reaches the lens
surface under normal incidence, resulting in no diffraction. In the case of a glass solid
immersion lens, the collection efficiency into the microscope objective (NA= 0.81)
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a)

QD

b)   hemispherical SIL c)   Weierstraß SIL

Figure 6.4 | Solid immersion lens (SIL) a, Planar sample without SIL. The red
cone symbolizes the NA of the collection optics. b, Hemispherical SIL. The smaller
refractive index change increases the critical angle for total internal reflection and more
photons can leave the semiconductor. The hemispherical shape prevents diffraction at the
SIL-air interface c, Weierstraß SIL. The super-hemispherical shape leads to an additional
diffracting towards the collection optics. Furthermore, the excitation spot is further
focused, leading to increased power density.

would increase to approximately 8 % [Zwi02]. The cubic zirconia solid immersion lens
has a Weierstraß geometry, namely a truncated sphere with height h = r (1 + 1/nSIL),
where r is the radius of the sphere [Bar02] (See. Fig. 6.4c). As a result, the quantum
dot is not at the center of the sphere, and the light no longer impinges on the lens-air
interface under normal incidence. The Weierstraß solid immersion lens therefore
additionally refracts the light leaving the sample into a smaller numerical aperture,
leading to a faster increase in collection efficiency with increasing numerical aperture
compared to the hemispherical lens. The maximum numerical aperture for this lens
is NAmax = 1

nSIL
= 0.48, which means that our collection optics with NA= 0.68 in

this setup does not limit the collection efficiency of about 8 %. Additionally, the
excitation laser is more strongly focused, as illustrated by the red shaded area in
Fig. 6.4c. This results in a smaller spot size and thus higher power density, which
can be beneficial for experiments where laser power or filtering magnitude is limited.
Due to the short working distance of the objective in our mostly used setup, a
Weierstraß solid immersion lens could not be used. Instead, in the papers 3, 5, and 6,
we opted for a glass solid immersion lens with a height falling between the geometries
of the hemispherical and the Weierstraß solid immersion lens. For easier handling
with a pair of tweezers, the sides were polished off, giving it a more cylindrical shape.
A sketch of the entire sample structure is shown in Fig. 2.4b.
For the collection efficiency estimations, usually an unrealistically perfect contact
between the sample surface and the solid immersion lens is assumed. However, small
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dust particles and scratches on either the sample or lens surface can introduce a
small air or glue gap, resulting in additional reflections that diminish the achievable
collection efficiency [Moe03]. To mitigate this, we applied a thin layer of vacuum
grease as an adhesive and carefully positioned the solid immersion lens under a
microscope. High refractive index solid immersion lenses, back mirrors, and optim-
ized distance between the sample and lens can significantly enhance the collection
efficiency. Chen et al. [Che18] demonstrated an extraction efficiency of 65 % with a
numerical aperture of 0.4 using a GaP solid immersion lens (nGaP = 3.5).
An alternative approach to placing macroscopic solid immersion lenses on a planar
sample after growth are nanofabricated microscopic lenses on pre-selected emit-
ters. Various lens geometries and microobjectives have been printed using three-
dimensional direct laser writing [Sar17, Bre20, Sar21]. Furthermore, fabricating
lenses in quantum dot host materials using in-situ low-temperature electron beam
lithography followed by reactive ion etching has shown collection efficiencies exceeding
20 % (NA= 0.4) [Gsc15]. Additionally, Ma et al. [Ma15] propose an extraction effi-
ciency of 90 % through deterministic fabrication of a microlens on top of a quantum
dot combined with a metallic back mirror.

Microcavities Although some of the structures described above are cavities, they
exhibit a low Purcell factor, so that the most improvement in brightness is due to the
guiding effects of the mirrors. Equation (6.2) shows that the highest enhancement
arises from cavities with small mode volumes and a high quality factors, resulting in
narrower cavity resonance. Such cavities can be achieved with different designs.
Microdisk resonators rely on total internal reflection at the disk edges, with the
formation of whispering gallery modes [McC92]. The first demonstration of single-
photon emission from a solid state source was in 2000, using a quantum dot inside
such a cavity [Mic00].
Another cavity design, the photonic crystal cavity is based on Bragg scattering
rather than total internal reflection. A photonic crystal is a dielectric material with
a periodically modulated refractive index. The modes in such a structure undergo
strong dispersion, resulting in phenomena like slow light and a photonic band
gap [Yab87] if the Bragg scattering is strong enough [Lod15]. In a two-dimensional
photonic crystal, this refractive index modulation can be realized by etching holes in
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a semiconductor material. Here, in-plane light propagation is suppressed due to the
photonic band gap, permitting light to only exit the structure out-of-plane within a
small cone given by the critical angle for total internal reflection. Introducing defects
into the photonic crystal, such as omitting a few holes, generates a cavity with quality
factors reaching up to 106 [Lai14]. These cavities have demonstrated extraction
efficiencies exceeding 40 % (NA= 0.6) [Mad14], and high indistinguishability on
quantum dots has been demonstrated [Lau05, Liu18a].
Micropillar cavities are obtained by etching pillars into a planar DBR cavity sample.
Besides confinement in the z direction, the sidewalls of the pillars provide in-plane
confinement similar to nanowires, yielding small mode volumes and large quality
factors. Indistinguishability of photons emitted from a quantum dot was first
measured in 2002 by Santori et al. using a micropillar cavity [San02]. Since then,
the performance of quantum dots coupled to micropillar cavities could be improved,
including combining them with a diode structure and performing s-shell resonant
excitation, yielding bright, single, and indistinguishable photon sources [Som16].
Furthermore, Gaussian boson sampling was demonstrated with a quantum dot inside
a micropillar [He17]. By modifying the micropillar shape, the emission properties
can be tailored. Tapering the pillar similar to a photonic trumpet, can shape the
far-field emission profile, predicting 80 % outcoupling efficiency with a Gaussian beam
profile [Gre16]. A more sophisticated hourglass geometry suggests an even higher
collection efficiency of 95 % [Ost19, Gaá22]. An elliptical pillar cross-section instead
of a circular one results in the emission of highly polarized photons [Gay98, Gür21]
and eliminates the need for polarization suppression under s-shell resonant excitation,
which otherwise limits the collection efficiency to a maximum of 50 %. Wang et
al. demonstrated a collection efficiency of 60 % under resonant excitation while
preserving pure single-photon emission and indistinguishability by using an elliptical
micropillar [Wan19a]. Most micropillar cavities have a high quality factor and thus
narrow modes, excluding the support of both biexciton and exciton from the radiative
cascade, hindering the extraction of entangled photon pairs. To date, only a design
featuring two coupled pillars has succeeded in generating polarization entangled
photon pairs [Dou10]. Recently, a broadband micropillar design with high extraction
efficiencies of nearly 70 % [Gin22] has been presented, potentially overcoming this
limitation. This remarkably high collection efficiency for a cavity with low quality
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factor can be attributed to a destructive interference effect occurring for certain
ratios of emitter wavelength to pillar size [Wan21].
Rather recently, circular Bragg grating or bullseye cavities have garnered attention
for their broadband operation and Gaussian far-field emission profile [Dav11]. This
cavity design was initially introduced for vertically emitting lasers [Gre04] and later
adopted to enhance the extraction efficiency of quantum dots [Dav11]. Concentric
rings are etched into a suspended semiconductor wafer with the emitter positioned
in the center. Similar to the photonic crystal cavity, in-plane confinement is achieved
via a photonic band gap arising from the periodic changes in the refractive index.
To achieve out-of-plane confinement through total internal reflection, the structure
is suspended by under-etching [Dav11, Kol19]. The collection efficiency can be
further increased by transferring the cavity to a metallic back mirror with a SiO2

spacer as insulator [Liu19]. Both Liu et al. [Liu19] and Wang et al. [Wan19b]
demonstrated a quantum light source based on a quantum dot inside a bullseye
cavity with a photon pair collection efficiency surpassing 60 % (NA= 0.65), high
indistinguishability, and single-photon purity, and entanglement fidelity of 0.88 and
0.9, respectively. Recently, Rota et al. [Rot22] combined a similar sample with
a six-legged piezoelectric actuator to nearly eliminate the fine structure splitting
through strain tuning, thereby increasing the fidelity to 0.96. Similar to the elliptical
micropillar cavity, an elliptical bullseye can eliminate the need for polarization
suppression of a resonant laser [Wan19a, Bar24].

6.2.2 Deterministic fabrication

Most of the enhancement strategies discussed here rely on the precise spatial posi-
tioning of the quantum dot within the microstructure. Additionally, microcavities
also require spectral matching. However exceptions are, bottom-up grown nanowire
quantum dots, as they do not rely on post-growth fabrication, planar cavities, and
macroscopic solid immersion lenses, as they enhance all emitters uniformly. Achieving
a well-positioned quantum dot inside of a photonic structure can be attained through
the fabrication of numerous such structures. Given the random distribution of
quantum dots, some structures statistically align well spatially and spectrally with an
emitter. Alternatively, deterministic fabrication around pre-characterized emitters is
pursued. This involves characterizing the quantum dot in terms of optical properties
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and localizing it with respect to markers [Sap15, Liu17] at cryogenic temperatures.
The desired structures can then be written in non-cryogenic conditions using electron
beam lithography or through in-situ electron beam [Gsc13] or photo [Dou08] litho-
graphy. To achieve reproducible and reliable results, high precision in fabrication
must be met. Unfortunately, the optical properties of the quantum dot may change
after nanofabrication, for instance due to changed strain potentials and charge en-
vironment. Consequently, tuning the emitter into resonance with the cavity mode
is necessary. This can be achieved for example via temperature [Rei04], electric
field [Lau09, Now14, Som16, Liu18a] or strain tuning [Moc19, Moc20, Rot22].
An open Fabry-Pérot cavity [Cui06, Hun10] offers a fully tunable system to address
these challenges. It consists of a planar bottom DBR in the sample below the
quantum dot layer, and an external curved mirror. The external mirror can be
incorporated into the tip of an optical fiber through focused ion beam milling and
applying a dielectric coating [Ste06a, Her18]. Alternatively it can be a SiO2 plate
with a dielectric curved DBR composed of SiO2 and tantalum [Naj19]. By adjusting
the cavity length using a piezo actuator, tuning of the cavity mode in resonance with
a quantum dot has been demonstrated [Mul09b, Bar11]. Especially with the design
by Najer et al. [Naj19], high quality factors of 106 and an outstanding end-to-end
efficiency up to 71 % [Tom21, Din23] are achieved while maintaining near-unity
photon indistinguishability.

6.2.3 Enhancement methods for emitters in two-dimensional
materials

Additionally to quantum dots, some enhancement techniques are also applicable
to quantum emitters hosted by transition metal dichalcogenide monolayers. As
introduced in Sec. 2.2, these emitters can be induced by strain [Kum15], allowing
regular arrays of emitters [Bra17, Pal17].
Bullseye cavities are particularly interesting for those emitters due to their broad
operating bandwidth, with high Purcell enhancement, and relatively easy design
modification to target different wavelength ranges. Seven times higher photolumines-
cence intensity and Purcell factors of about five have been demonstrated with WSe2

monolayers on bullseye cavities [Duo18, Iff21], and even better performance has been
proposed theoretically [Hek23].
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Moreover, an open cavity based on Bragg mirrors demonstrated a collection efficiency
of 42 % and a Purcell factor above seven [Fla18, Dra23]. While this cavity design
allows for wavelength tuning, it does not take advantage of the easy scalability of
quantum emitters hosted by two-dimensional materials on a photonic chip.

6.3 Quantum photonic integrated circuits

In most quantum optics experiments, the quantum light source, manipulation unit
such as interferometers and filters, and the detection unit are separated and connected
by free-space optics or optical fibers, requiring considerable laboratory space and
careful alignment procedures. However, on-chip integration is inevitable to scale up
quantum technology and advancing towards practical applications [O’B09, Sil16].
Quantum photonic integrated circuits [Pol09] are constructed by combining various
elements from different building blocks, including quantum light sources, nonlinear
processes, circuit manipulation elements, memories, and detectors, with waveguides
serving as routing elements for an individual use case. These waveguides consist
of a core with a high refractive index compared to the cladding, enabling in-plane
light propagation through total internal reflection, similar to glass fibers. Recent
review and roadmap papers [Wan20b, Pel22] on quantum photonic integrated circuits
summarize an overview of possible use cases, integration possibilities, and building
blocks.

6.3.1 Material platform

Throughout the evolution of photonic circuits, various material platforms have been
utilized based on specific application requirements. Silicon, being the most mature
material platform in industrial fabrication, owing to its compatibility with CMOS
processes in electronics, is widely used [Sie21, Kim20]. It offers low losses at long
wavelengths and tunable circuits, but lacks direct light sources. Other promising
platforms include InP and GaAs, which provide monolithically integrated high-quality
quantum dots, or LiNbO3 on insulator [Qi20, Zhu21], which offers large second and
third order nonlinearity, facilitating a wide range of on-chip signal generation and
manipulation. In recent years SiN on insulator [Blu18] has gained attention due
to its complementary properties to silicon photonic circuits and CMOS compatible
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fabrication. It offers broadband operation as the transparency window spans from
the visible to the mid-infrared spectral range, and exhibiting very low losses [Sac17].
Especially the near-infrared spectral range around 700 − 950 nm is of interest, as
most of our quantum light sources emit in this range. Additionally, its refractive
index is high enough to combine it with SiO2 as bottom cladding. However, due to
the relatively small refractive index contrast, photonic circuits based on SiN on SiO2

suffer from larger bending radii for waveguides compared to the silicon-on-insulator
platform. In the course of this thesis, SiN on insulator was used in papers 2 and 7.

6.3.2 Quantum emitter integration

The core of a quantum integrated photonic circuit lies in the quantum light source,
with quantum dots being one of the most promising candidates as integrated emitter.
To combine them with the mature silicon and SiN photonic platforms, a heterogeneous
or hybrid integration approach is necessary [Kim20]. In heterogeneous integration,
multiple material platforms, such as a SiN substrate and a III-V semiconductor
material containing quantum dots, are brought into contact, typically through
wafer bonding. Several processing steps create waveguides and emitter-containing
structures enabling evanescent coupling of up to 90 % [Dav17].
In hybrid integration, the emitter is transferred from a separate growth chip after
waveguide fabrication. This is typically accomplished using a pick-and-place device
that allows both deterministic picking and positioning of emitters with sub 100 nm
and sub 1◦ accuracy [Els17, Kat18].
Nanowire quantum dots are well-suited for this transfer technology due to their
geometry, facilitating easy transferability, and their Gaussian emission profile [Cha23].
However, successful transfer of other emitter types, such as quantum dots [Kat19],
and color centers in diamond [Mou15, Wan20a] has also been demonstrated, albeit
requiring the fabrication of an underetched transfer structure to facilitate pick-up.
The individual placement of each pre-selected emitter limits scalability of quantum
photonic integrated circuits. This can be addressed by using emitters embedded in
two-dimensional materials [Cas14]. In this approach, strain-induced emitters are
generated, by transferring a single two-dimensional monolayer flake, resulting in
multiple emitters at the waveguide edges that are multiplexed into the circuit, as we
did in paper 7.
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Transfer can be facilitated using a nanomanipulator based on a fine needle (typically
made of tungsten [Zad16] or glass [Cad16]) or an atomic force microscope tip [Sch11a]
mounted on a multi-axis stage. The needle adheres to a selected transferable structure
through van der Waals forces. During transfer, the connection to the growth chip
breaks, and the structure is aligned with respect to markers at the desired location on
the photonic circuit using a microscope. Upon contact with the secondary chip, the
transferable structure remains there, due to greater contact area and hence greater
van der Waals forces. Due to the growth mode, nanowire quantum dots are typically
transferred using such a nanomanipulator as shown by Zadeh et al. in 2016 [Zad16].
In paper 2, we used the same setup to transfer a nanowire quantum dot in front
of a tapered waveguide facet with sub 500 nm and sub 2◦ accuracy. An alternative
method involves using a stamp with a viscoelastic polymer, typically PDMS, enabling
adhesion based on kinetic control [Mei06]. Under fast movements, the adhesion is
stronger, which is exploited when picking up the transferable structure. In the
printing step, the stamp with the attached structure is brought into contact with
the photonic structure by pressing down. By very slowly peeling off the stamp,
the adhesion is lower, so that the structure remains on the new substrate and the
PDMS detaches from it. This method is particularly suitable for transfer of fragile
two-dimensional monolayers. The first integration of single-photon emitters in two-
dimensional materials into a photonic waveguide was demonstrated by Tonndorf
et al. [Ton17]. Since then, several groups, e.g. [Pey19, Li21], have demonstrated
integration of emitters in various two-dimensional materials into different types
of waveguides. We transferred a WSe2 monolayer covering about 20 µm of a SiN
waveguide in paper 7. Other emitters embedded in a transfer structure have been
transferred using both methods.
To improve the coupling from quantum dots to waveguides, several approaches have
been demonstrated. Butt coupling to the end facet of a waveguide can be enhanced
with an adiabatic taper for better mode matching. Evanescent coupling benefits
from long tapered devices, with coupling efficiencies up to 70 % achieved from a
nanowire quantum dot to a waveguide [Mna20]. Structures facilitating transfer of
quantum dots in bulk material often also inherit an adiabatic taper [Dav17] or a
nanobeam cavity [Kat19], which show single-photon source efficiencies above 70 %
and theoretically achievable efficiencies above 90 %. However, the aforementioned
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advantage of easy generation of multiple emitters in two-dimensional monolayers at
the waveguide edges is a disadvantage in terms of coupling efficiency at the same time.
Our 3D FDTD simulations yield a coupling efficiency well below 1 % for a dipole at
the edge of a waveguide, as the field maximum of the fundamental TE00 and TM00
modes of a waveguide is at the center (see Supplementary of paper 7). Inducing
the emitter centered at the top of the waveguide or even encapsulating it would
significantly enhance the coupling. Structured waveguides with pillars [Bra17, Pal17]
or gaps, the use of cavities [Par22] or different types of two-dimensional emitters
could potentially overcome this challenge.

6.3.3 Building blocks

To conduct on-chip experiments in quantum photonic integrated circuits, various
building blocks must be integrated to manipulate the signal. One of the most
important effects to achieve quantum interaction with photons is two-photon inter-
ference [Hon87] (see Chaper 5). Directional couplers therefore serve as one of the
most basic but versatile building blocks for quantum photonic integrated circuits.
They are based on evanescent coupling between two closely spaced waveguides.
The splitting ratio can be tuned by adjusting the distance and the length of the
waveguides in the coupler region [Pol09]. Another critical aspect is spectral filtering
and wavelength-dependent routing of the light, which is essential for cleaning the
signal from background, scattered laser or other emission lines. Structures such
as one-dimensional nanobeam cavities [Che10], Bragg gratings [Wan12b], and ring
resonators [Gra15, Par22], act as notch filters by transmitting the majority of the
signal while filtering out a narrow portion that is on resonance with the resonator
or lies within the stopband of the Bragg grating. These structures can be used to
filter an excitation laser that is spectrally close to the emission lines, for instance
in the case of two-photon or quasi-resonant excitation. Add-drop filters, consisting
of a resonator placed between two waveguides, routes the spectral component of a
signal in resonance with the resonator to the other waveguide, while the rest of the
signal remains in the first waveguide. This way, the filtering of a narrow emission line
and the omission of the rest is also possible. Add-drop filters based on nanobeam
cavities [Yu21], microdisk resonators [Agh19] and ring resonators [Els17] have been
realized.
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6 Tailoring quantum emitter properties

Incorporating single-photon detectors is essential to combine all basic building blocks
on a photonic chip. Superconducting nanowire single-photon detectors are particularly
promising due to the superior performance and compatibility with nanofabrication.
The first on-chip single photon detectors achieved a detection efficiency exceeding
90 % and a timing jitter as low as 18 ps [Per12]. While Reithmaier et al. [Rei13] were
the first to show on-chip generation and detection of quantum light, Schwartz et
al. [Sch18a] proved the single-photon emission. These groups both fabricated the chip
heterogeneously. Najafi et al. [Naj15] were the first to integrate multiple detectors
into a photonic circuit using a transfer printing process. This method allows for the
deterministic transfer of pre-characterized, well-performing detectors, resulting in
a higher yield compared to heterogeneous integration methods. Today, wavelength
sensitive detection has also been demonstrated with an on-chip spectrometer [Che19].
For advanced applications, reconfigurable circuits are essential. This includes, for
example, changing the splitting ratio in directional couplers [Gyg21], adjusting the
phase in phase shifters [Woo00], and tuning the resonant frequency in filters [Els17],
or the emitter wavelength [Far07, Kat20]. Various techniques exist to manipulate
these properties. The tuning methods introduced above to tune emitter properties
or resonances of microcavities such as temperature [Far07, Har14, Els17], strain
and electric field [Ell18] can also be applied in photonic circuits. In particular,
temperature tuning by local heating of a structure, e.g. by current flowing near the
structure, can suffer from crosstalk with nearby structures. However, impressive
pump beam suppression of 95 dB has been demonstrated [Har14, Els17]. In paper 2,
we first demonstrated strain tuning of the emission energy of a waveguide coupled
nanowire quantum dot by 1.6 nm. In a second step, we showed the tuning of a ring
resonator resonance by 0.12 nm. Another tuning method is based on MEMS [Err20],
where mechanical tuning changes the physical position of an element. Actuation
can be achieved via piezoelectric or electrostatic effects, or thermal expansion. The
former two methods hold an advantage over temperature tuning due to their lower
power consumption and thus reduced heat dissipation. Yet another tuning approach
is based on electro-optic effects. Materials such as LiNbO3 change their refractive
index upon application of an electrical field (Pockels effect). This property is often
used to create e.g. phase shifters or adjustable beamsplitters [Sha17].
Coupling to and from the chip is unavoidable, especially for photonic circuits that do
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not contain all the components. In-plane coupling to the cleaved facet of a waveguide
can be achieved using a freespace objective or a lensed fiber. We used the latter with
a photonic probe station (see Sec. 3.3) in paper 2 and 7. To achieve a better mode
match and improve the coupling efficiency, an adiabatic taper was added at the end of
the waveguide in paper 2 [Son18]. A photonic wire bond can provide a non-freespace
connection between two chips [Lin12] or a chip and an optical fiber [Lin15]. For
out-of-plane coupling, periodic structures such as grating couplers [Dak70, Roe07] are
commonly used, theoretically predicting near unity coupling efficiency with inverse
design [Mic18], although they allow only narrow-band coupling. Broadband coupling
has been demonstrated using three-dimensional laser-written waveguide structures
that form an out-of-plane bend [Geh19a, Geh19b].

6.3.4 Fabrication

The sample fabrication process for paper 7 started with deposition of a 3.3 µm
SiO2 layer as bottom cladding on a silicon substrate. Subsequently, a 250 nm thick
stoichiometric SiN film is deposited on the substrate to form the waveguide core.
The fabrication of the waveguied with a cross-section of 250 × 800 nm is achieved
through electron beam lithography, reactive ion etching and resist stripping. By
cleaving the sample perpendicular to the waveguides, we obtain facets that we use to
couple the signal to and from the waveguide. For paper 2 a new method is presented
to fabricate the photonic circuit directly on a piezoelectric crystal. This method
avoids wafer bonding and hence provides better strain transfer. The process starts
with polishing a 300 µm thick PMN-PT crystal. Subsequently, the top and bottom
surfaces of the piezo crystal are metallized by chromium and gold deposition to form
the electrical contacts. For the photonic circuit, a 2 µm SiO2 layer followed by a
230 nm SiN film are deposited by plasma-enhanced chemical vapor deposition. The
waveguides are also fabricated using electron beam lithography, reactive ion etching,
and resist stripping.
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Chapter 7
Summary and Outlook

The efforts in bringing quantum optics experiments from the lab to real world
applications, especially in quantum networks depends on the development of ideal
quantum light sources. Despite notable advancements, such as entanglement dis-
tribution and quantum key distribution via deployed fibers or satellite communic-
ation [Yin20, Neu22], these demonstrations are constrained by the quality of the
quantum light sources.
In this thesis we primarily investigated semiconductor quantum dots emitting in
the near-infrared spectral range under various excitation conditions. Our research
has yielded a fundamentally deeper understanding of quantum two- to four-level
systems, laying the groundwork for future improvements in quantum light sources.
To address a quantum two-level system, we performed s-shell resonant excitation
of neutral and charged excitons in a GaAs quantum dot in paper 3. We achieved
near-unity photon indistinguishabilities with raw Hong-Ou-Mandel visibilities of
up to VHOM = 95.0+5.0

−6.1 %. However, the single-photon purity is limited due to re-
excitation processes. To mitigate the re-excitation, we used the radiative cascade of
a three-level quantum ladder system [Han18], which can be addressed by resonantly
exciting the biexciton under two-photon excitation leading to the highest purity of
single-photons among all quantum light sources today [Sch18b]. But this cascade
also leads to a reduced indistinguishability intrinsically limited by the lifetime ratio
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of the two transitions, as we have shown in paper 6. This limitation is inherent for
all quantum ladder schemes and not only subject to quantum dots, which we used
to prove the theoretical model and quantum optical simulations. The limitation
for the first transition, in our case the biexciton transition, can be understood by
an energy jitter added by the finite linewidth of the intermediate state, here the
exciton. For the second transition, a timing jitter is added to that transition, in
our case the exciton, due to the finite lifetime of the biexciton state, reducing the
indistinguishability of this transition. The lifetimes of the respective transitions in
the quantum dots lead to Hong-Ou-Mandel visibilities limited to approximately 67 %.
The reduced indistinguishability of the exciton photons can be addressed by reducing
the timing jitter. Therefore we proposed a novel excitation method based on two-
photon excitation and subsequent stimulation of the biexciton transition (Paper 8).
By comparing the same quantum dot (in this case an InGaAs quantum dot) under
this and the above mentioned excitation methods we showed, that we reach the near-
unity Hong-Ou-Mandel visibility of the two-level systems while maintaining good
single-photon purity of a three-level system. Furthermore, the polarization of the
stimulation laser allows control of the exciton polarization leading to almost twice the
brightness compared to the exciton in a two-level system, where the excitation laser
is filtered by polarization suppression. Another excitation variation was introduced,
where a control laser was tuned close to either the biexciton or exciton transitions,
offering a virtual state facilitating a stimulated down-conversion process (paper 9).
This allows for laser-controlled manipulation of single-photon energy and polarization.
Additionally, our studies extended to the two-level system in the Rayleigh regime,
where most of the signal arises from coherently scattered laser photons. We addressed
this regime by exciting a GaAs quantum dot under low-power continuous-wave s-shell
resonant excitation (paper 5). While we observed single-photon emission and a
spectral component with sub-natural linewidth, these properties could not coexist
simultaneously. Since the antibunching in this regime comes from interference of
coherently scattered and incoherent photons, the antibunching dip disappeared upon
narrow filtering of the signal.
The other key focus of this thesis was the improvement of single-photon sources to
make them more practical for future real-world applications beyond the laboratory.
One crucial aspect targeted for improvement was the brightness of the single-photon
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sources. In paper 4, we introduced a novel photonic microparaboloid structure, which
shows a nearly Gaussian emission profile and an average six-fold increase in count
rates compared to as grown quantum dots. Moreover, this structure was integrated
onto a piezoelectric substrate enabling stable and reversible wavelength tuning. Such
tunability is essential for applications like coupling quantum dots to atomic quantum
memories or enabling two-photon interference from separate sources. For efficient
long-distance transmission of qubits through optical glass fibers, photons in the
telecom O- or C-band offer advantages due to lower losses. Hence, efforts have been
made to shift the emission wavelength of established InAsP nanowire quantum dots
from the near-infrared to the telecom C-band at 1550 nm (paper 1). In order to
facilitate experiments and applications with more complex architectures, there is
a necessity for miniaturization of setups, making the integration of quantum light
sources into quantum photonic circuits necessary. Nanowire quantum dots emerge as
promising candidates for this purpose, given their capability for deterministic transfer
and positioning. As shown in paper 2, we coupled an InAsP nanowire quantum dot
into a photonic circuit directly fabricated on a piezoelectric substrate, allowing for
tuning of both emitter wavelength and an on-chip optical resonator. Another type of
quantum emitter suitable for integration into photonic circuits are emitters hosted
by two-dimensional materials. We demonstrated this by coupling an emitter in a
WSe2 monolayer to a waveguide and demonstrated propagation of single-photons
and resonance fluorescence in paper 7.
While our studies have already provided insights into quantum-level schemes, it is
crucial to note that experiments conducted on quantum dots hosted in solid state
materials are susceptible to noise originating from phonons and charge carriers in
the vicinity. Embedding quantum dots into a diode structure not only facilitates
energy tuning via the quantum confined Stark effect but also stabilizes the charge
environment. Towards the end of this thesis, preliminary measurements were un-
dertaken, with GaAs quantum dots embedded in a p-i-n diode structure. These
measurements indicate narrow linewidths, with only a factor less than 1.1 above the
Fourier-transform limit, and show no signs of blinking over hundreds of microseconds,
consistent with the results of Zhai et al. [Zha20]. These developments of samples
lead to cleaner quantum-level schemes, thereby paving the way for more fundamental
studies. It enabled us to extensively investigate the coupling of a two-level system
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with phonons in the solid state, and preliminary data were obtained demonstrating
the theoretically proposed reappearance of Rabi oscillations [Vag07]. Moreover, it
should enable homodyne detection, which can restore the antibunching lost upon
narrow filtering, as discussed in paper 5, potentially leading to subnatural linewidth
single photons [Car18]. Additionally, this advancement facilitates the study of other
fundamental processes, such as dark states or light hole-heavy hole mixing. A
comprehensive understanding of the level structures in quantum light sources and
different interaction mechanisms with the environment hopefully yield to better
optimized sources and excitation conditions. The clean level structure also allows
the measurement of two-photon interference with near-unity visibility of photons
with long temporal delays or between separate quantum dots, as demonstrated in
recent works [Tom21, Zha22]. Two-photon interference of remote sources [Zha22]
will enable the demonstration of quantum teleportation or entanglement swapping
of remote sources, which is a prerequisite for quantum repeaters, for example based
on the scheme from Lloyd et al. [Llo01]. Another crucial property of quantum light
sources is the generation of highly entangled photon pairs. Quantum dots are capable
of intrinsically generating polarization entangled photon pairs under two-photon
excitation. However, the excitation scheme introduced in paper 8 overcomes the
reduced Hong-Ou-Mandel visibility for the exciton photon but also sacrifices the
biexciton photon, thus preventing the emission of entangled photon pairs. To combine
all properties simultaneously, it is essential to manipulate the lifetime ratio of both
transitions. This can be achieved by selectively shortening the biexciton lifetime
through an asymmetric Purcell enhancement. Therefore, the quantum dot must be
positioned inside a photonic structure providing strong Purcell enhancement for the
biexciton but not for the exciton, ideally maintaining a high extraction efficiency
for both photons. While the microparaboloid structures from paper 4 feature high
broadband extraction efficiency with a mode profile close to an ideal Gaussian,
they do not exhibit this desired feature. However, deterministic positioning of the
paraboloids and direct fiber coupling hold the potential for a bright fiber-coupled
source.
A platform offering eavesdropping-free quantum communication channels will protect
critical infrastructure such as financial transactions, healthcare data transmission,
and diplomatic communication from cyber attacks. The award of the Nobel Prize in
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Physics in 2022 "for experiments with entangled photons, establishing the violation of
Bell inequalities and pioneering quantum information science", along with significant
funding from various countries, will hopefully push the field further. Despite the
numerous challenges that remain, I am confident that the research on quantum dots
will help in the eventual realization of a quantum internet.
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