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Résumé

Depuis la seconde moitié du XXe siècle, une succession d’avancées technologiques ma-
jeures ainsi que l’étude des concepts de la mécanique quantique comme la superposition
ou l’intrication quantique ont marqué le début de la "deuxième révolution quantique" dans
quatre domaines principaux : la simulation [1], la détection [2], la communication [3, 4], et
l’informatique [5, 6] quantique.

Parmi les applications émergeantes, certaines se basent sur la photonique quantique [7] et
nécessitent des sources de photons fiables et efficaces. L’amélioration constante des perfor-
mances des sources semi-conductrices de photons uniques en ont ainsi fait des composants
essentiels pour les applications quantiques nécessitant un flux élevé de photons uniques et
indiscernables [8]. Dans ce travail, nous utilisons des boîtes quantiques couplées à des micro-
piliers optiques développées par l’équipe du Prof. P. Senellart [9]. Dans ce contexte, et au
sein de la start-up Quandela, nous développons différentes techniques pour obtenir une source
efficace, tout en améliorant la facilité d’utilisation pour les utilisateurs non experts.

Dans ce travail, nous détaillons tout d’abord le développement et l’optimisation d’un mi-
croscope confocal stable et compact pour collecter efficacement les photons uniques dans
une fibre monomode pendant plusieurs jours. Ce dernier s’adapte à la fois à différents types
de collection (espace libre ou fibré) ainsi qu’à différentes techniques d’excitation de la boîte
quantique : excitation sous fluorescence résonante, ou assistée par l’interaction et l’émission
de phonons acoustiques longitudinaux. Grâce à des études précises de l’efficacité de couplage
dans une fibre monomode et du filtrage du laser d’excitation, les transmissions totales de ces
systèmes sont de l’ordre de 65%±5%. Dans un second temps et afin d’augmenter la brillance
de nos sources dans la fibre de collection, nous avons étudié un régime d’excitation se basant
sur les interactions entre les transitions de la boîte quantique et les phonons acoustiques longi-
tudinaux (AL-phonons) [10, 11]. Pour cela le laser d’excitation est légèrement désaccordé en
énergie. Il est donc possible de le filtrer spectralement, ce qui permet de collecter tous les pho-
tons uniques émis. Nous démontrons alors une brillance avant la première lentille multipliée
par un facteur trois, ainsi qu’une émission, linéairement polarisée (D > 98%), de photons
uniques et indiscernables. Enfin, afin de fournir une source de photons uniques "plug-and-
play", nous détaillons le développement d’un système complétement fibré afin de s’affranchir
de positionneurs et d’un cryostat à faibles vibrations, volumineux et onéreux. Ainsi, nous
proposons une méthode pour placer et fixer une fibre monomode au-dessus d’un pilier. Ce
projet constitue un défi technique et est toujours en cours. Néanmoins, les premiers résultats
sont très encourageants et démontrent déjà le potentiel de ce développement qui permettra
de placer la source dans un cryostat standard. Il serait ainsi possible de mettre tous les com-
posants, du laser d’excitation à la source en passant par le système optique dans le même
produit à hauteur d’homme.

Ainsi, nous avons développé et optimisé un produit compact, stable et facile d’utilisation
pouvant être mis dans des modules de rack, et dont la brillance fibrée, sous excitation as-
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sistée par AL-phonons, est au moins aussi élevée que celle mesurée avec le plus optimisé des
systèmes d’excitation/collection en espace libre.

Les prochains projets portent sur l’augmentation de la brillance intrinsèque des sources
par l’étude des pertes et du taux d’extractions de la structure semi-conductrice, mais aussi sur
la conversion ou l’émission des photons dans les bandes de longueurs d’ondes télécoms.



Remerciements

Je souhaiterais tout d’abord remercier l’équipe de Quandela dans son ensemble, équipe qui
a bien grandi depuis mon arrivée en 2018. Merci à eux d’avoir fait en sorte que ma thèse se
passe dans les meilleures conditions possibles. Ce fut un réel plaisir et un honneur de travailler
à leur côté et l’aventure continue, encore merci à eux.

Je remercie aussi toute l’équipe GOSS pour m’avoir accompagnée pendant ces trois an-
nées. A leur côté j’ai découvert la physique et l’optique quantique. En observant et en ap-
plicant leur façon d’utiliser les sources de photons uniques, j’ai pu comprendre et mettre en
place des sytèmes efficaces et plus faciles d’utilisation.

Merci aussi aux équipes de la salle blanche (épitaxie, gravure, lithographie, ...) de nous
permettre de travailler avec des sources de photons uniques efficaces. Enfin merci à toutes
les équipes du C2N (l’atelier mécanique, les équipes techniques, informatiques et adminis-
tratives) pour m’avoir permis de travailler dans les meilleures conditions possibles malgré le
déménagement et la crise sanitaire.

Merci à Valérian et Niccolo pour m’avoir fait confiance dès le début de l’aventure Quan-
dela et de m’avoir offert la possibilité d’en faire partie. Le chemin n’a pas toujours été facile
mais il m’a fait grandir scientifiquement et personnellement.

Merci à Pascale pour sa confiance et son soutien, tant scientifique que personnel, qui m’a
permis de m’affirmer dans mon travail.

Merci à Olivier d’avoir accepté d’être mon directeur de thèse. Bien que mon sujet soit
assez éloigné de ses travaux de recherche, il a toujours pris le temps de répondre à mes ques-
tions et m’a beaucoup apporté notamment pour la compréhension de la théorie de l’excitation
assitée par des phonons acoustiques longitudinaux.

Je souhaiterais aussi remercier ma famille qui m’a soutenue et accompagnée jusque là.
Merci plus particulièrement à mes parents, car je n’y serais jamais arrivée sans eux. Merci
aussi à mes frères, mes tantes, mon grand-père.

Merci à Thomas pour nos discussions historiques toujours captivantes qui m’ont changer
les idées tout en élargissant mes connaisances dans ce domaine qui me passionne.

Merci à mes tantes Agnès et Cécile pour leur écoute attentive et toujours bienveillante.

Merci à Thibaut pour son soutien en début de thèse et le jour de ma soutenance. Sans lui je
n’aurai jamais osé commencer cette aventure, il m’a donné confiance et je lui en serai toujours
reconnaissante.

Merci à Katia, pour nos coups de folie, nos sorties mémorables et pour son soutien inde-
fectible.

11



12 CONTENTS

Merci à Clément pour nos balades dans Paris, les expos, les visites, les week-ends, les dé-
gustations de thés. Son soutien et nos escapades nous ont permis de nous évader du quotidien
très très scientifique.

Merci à Martin pour son temps, sa gentillesse, ses connaissances, sa patience, sa table
optique et son cryostat. Ma thèse n’aurait pas aussi bien avancée sans lui. Il a toujours été là
quand j’avais besoin d’aide, un grand merci à lui.

Je souhaiterais aussi remercier Florian. Un grand merci à lui pour son optimisme, son
soutien, sa bonne humeur contagieuse et ses sources fibrées.

Merci à Ilse pour sa gentillesse et son soutien. Nos escapades culinaires (viticoles) et
touristiques resteront toujours gravées.

Je souhaiterais aussi remercier Petr. Arrivé durant les derniers mois de ma thèse, il a
néanmoins été un réel soutien.

Merci aussi à Alexandre, malgré quelques différences de points de vues, son expertise
scientique m’a souvent aidée et permis d’avancer plus efficacement.

Merci à Loïc pour sa gentillesse et le temps qu’il a pris pour répondre à mes questions.
Merci pour nos longues discussions scientifiques (et pas que).

Merci à Mohammed pour son soutien psychologique. Merci pour nos discussions et nos
parties de Plato (sans oublier la flûte bien sûr).

Merci à Sarah, Stephen, Nathan et Hélène pour leur aide et leur soutien. En particulier
concernant la compréhension de la théorie et des résultats de l’excitation assistée par des
phonons acoustiques longitudinaux.

Merci à Nicolas. Cher ancien co-bureau merci pour nos discussions tant scientifiques que
sur d’autres sujets. Partir de notre bureau fut vraiment difficile.

Merci à Matthias qui en mettant en place les améliorations du système nous apprend à
gérer nos stocks.

Merci à Pierre pour nos choco-chauds et son soutien.

Enfin merci à tous ceux qui, par une paroles, une présence, un acte, m’ont permis d’avancer,
un grand merci à vous.

Je dédie cette thèse à mamie et papa, partis trop tôt ils m’ont mis sur les rails. Je suis fière
d’être arrivée jusque là, merci à eux du fond du cœur.



Abbreviations glossary

The abbreviations are listed in the order of appearance.

HBT Hambury and Brown and Twiss

HOM Hong-Ou and Mandel

BS Beam Splitter

PBS Polarising Beam Splitter

P Single photon purity, P = 1− g2(0)

MTh Theoretical mean wave-packet overlap

QD Quantum dot

PDC Parametric Down Conversion

SPDC Spontaneous Parametric Down Conversion

η Extraction efficiency from either the bulk or the pillar

FP,cav Purcell factor of the optical cavity

Q0 Cavity quality factor

Veff Effective volume of the optical cavity mode

ZPL Zero Phonon Line

PSB Phonon Side Band

β Fraction of photons emitted in the fundamental optical mode of the cavity

BFL First lens brightness, BFL = β× η× pe

pe Occupation probability of the excited state

VHOM HOM Visibility

Mexp Experimental mean wave-packet overlap

Mcorr Corrected mean wave-packet overlap

BPFL Polarised First lens brightness, BPFL = BFL× rpol

rpol Fraction of emitted photons in the collection polarisation

BF Fibred lens brightness, BF = BFL(× rpol) ×ηsyst × ηcoupl

13



14 CONTENTS



Chapter 1

Introduction

In the 20th century, we witnessed two quantum revolutions. Each of them has led to a
better understanding of both atomic and solid-state physics and has enabled a succession of
technological breakthroughs. During the first quantum revolution, progresses were achieved
owing to an improved knowledge of microscopic laws and resulting phenomena such as the
electron motion in solids and light-matter interactions. These allowed the development of
practical devices such as the GPS, transistors, and lasers. Furthermore, in the last twenty
years, theoreticians, researchers, and engineers continued to innovate by exploring more ad-
vanced concepts of quantum mechanics including quantum superposition and entanglement.
This started the "second quantum revolution", with the development of four main fields of
applications: quantum simulation [1], quantum sensing, [2], quantum communication [3, 4],
and quantum computing [5, 6]

Starting from theoretical concepts, practical implementations of quantum technologies
have come a long way. In 2019, Google already claimed to have reached a quantum compu-
tational advantage by manipulating superconducting qubits [12]. However, to suppress noise
and decoherence such technology requires an ultra-high vacuum environment and operating
temperatures close to absolute zero. In contrast, quantum photonics does not suffer from these
requirements and photons stand as a promising alternative to matter qubits. Indeed, since pho-
tons do not interact much with their environment, they hardly suffer from decoherence, and
are then low-noise carriers of quantum information [13, 14].

Optical quantum technologies have then shown impressive progresses in the last decade,
as illustrated in the following examples: [7]:

• Regarding quantum computing [13,15], single-photons have already proved their ability
to be used for Boson sampling experiments [16, 17]. In 2019, the group of Prof J.W.
Pan proposed a reliable protocol with 20 photons [18] and has very recently reported a
real quantum computational advantage using a continuous variable protocol [19].

• Optical quantum simulations has also been used in the chemistry field to predict chem-
ical transformations and perform simulations of molecules [20, 21].

• In the sensing field, one can use absorption of two entangled photons to improve spec-
troscopy measurements, in particular on ultrafast timescales [22]. Single-photons can

15



16 CHAPTER 1. INTRODUCTION

also be used in phototherapy, diagnostic and fluorescence microscopy [23]. Indeed, pho-
ton entanglement can lead to a significant reduction of the power needed for imaging. It
is then possible to achieve a better resolution without deteriorating the tissues [24]. For
imaging in general, photon counting can improve image precision [25] and with high
efficiency single-photon detectors, it is also possible to make sub-shot noise measure-
ments [26–28].

• The non-cloning property of single photons and the near-unity sources brightness are
also the basis of secure [14] and long distance [29] communications, and are used for
quantum key distribution (QKD) [30, 31]. With entangled photons, Alice and Bob can
exchange secured keys. Indeed, if a single-photon is intercepted, its absence can be
detected. If it is measured, and if another photon is send at its place, the replacement
can also be identified. Beyond quantum key distributions, reliable building blocks for
quantum networks are developed [32, 33].

• Finally, multi-photon entangled states such as cluster states [34–36] are highly sought
for developing measurement based quantum computing [37, 38] or quantum networks
[36, 39, 40].

To push photonic quantum technologies furthers, large efforts have been made on the
technological side from the quantum-light sources to the detectors and all the components
necessary for photon manipulation and interactions. However, it is still an outstanding goal
to develop an ideal generator of optical qubits, that is an "on-demand" source of single and
indistinguishable photons. The source must be triggered and emits only one photon at the
time with a unity probability. In addition, all emitted photons must be indistinguishable. This
property is essential for application such as quantum computing or quantum relays which are
based on photon quantum interference [8].

For the last twenty years, many groups have then worked on different technologies to
implement such single-photons sources. The most widely used are based on frequency con-
version in non-linear crystals [30,31]. However, such sources suffer from intrinsic limitations
in terms of efficiency. This is why single-photon sources based on single quantum emitters
are explored. These emitters can be either trapped ions [32, 41], trapped atoms [42, 43], NV
or SiC-defects in diamond [39, 44], or quantum dots (QDs) [45–47]. Most implementations
have then demonstrated great progress in fulfilling the requirements of single-photon purity
and indistinguishably. However, combining high single-photon purity and indistinguishability
with high efficiency has long remained a great challenge for many systems [9, 48–53]. One
major issue is that of extracting and collecting all the emitted photons in a well-defined op-
tical mode. Most emitters are then embedded in waveguides or cavities. The latter have the
added benefit of enhancing the spontaneous emission by reducing the decay time of the emit-
ter. The interaction between the emitter and its environment are then reduced, leading to an
improvement of the photon indistinguishability.

This thesis has been carried out in the start-up Quandela in collaboration with the group
of Prof. P. Senellart (at the Centre de Nanosciences et de Nanotechnologies, CNRS-C2N),
and under the supervision of Prof. O. Krebs. The main objective of this work was to im-
plement practical and efficient sources of single and indistinguishable photons for quantum
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applications. The source, developed by the CRNS-C2N group over the past fifteen years, is
based on a InGaAs/GaAs QDs embedded in micro-pillars, and has already proven its ability
to deliver single and indistinguishable photons with a brightness of up to 80% [49]. How-
ever, this is only the brightness before the first lens of the optical system. The source is then
intrinsically bright but when I started my PhD, the transmission of the subsequent optical sys-
tem was a strong limitation to the effective source brightness. In order to perform continuous
experiments lasting days, the optical system also needed to be more stable and easier to use.

My first work was to develop and optimise a confocal microscope able to efficiently collect
the single photons. This has led to a bright fibred-source stable during days under resonant
fluorescence. To go further, we have also developed, and are still working on a technique
to fix a single-mode fibre directly above a source. This is a crucial step towards a "plug-
and-play" system where experimenters only need to plug the output fibre into their quantum
applications and work directly with the emitted single photons. To push the brightness of our
single photon sources even further, we then studied an excitation scheme based on longitudi-
nal acoustic phonons (LA-phonons). This enabled us to overcome the brightness limitation
imposed by the cross-polarisation configuration under a resonant excitation, under which at
least half of the emitted photons are not collected. In contrast to this regime, the LA-phonons
assisted excitation allows the collection of all photons without deteriorating the purity and the
indistinguishability of the emission. Finally, we reported that this excitation regime is a good
way to obtain a high-purity linear-polarisation emission, which is highly required for quantum
applications [54].

This manuscript is organised as follows:

• In Chapter 2, we introduce the single-photon sources. We describe and compare differ-
ent technologies following three benchmarks: source brightness, single-photon purity
and indistinguishability. In this chapter, we mostly report the technical choices and the
fabrication process of the sources developed by the group of Prof. P. Senellart. We
present their conception, from the molecular beam epitaxy to the "in-situ" lithography
and the source characterisation. In the final parts of this chapter, we describe and iden-
tify the two main transitions of the QD, the exciton and the trion, and we describe the
source operation under resonant fluorescent excitation.

• In Chapter 3, we present the development and optimisation of a confocal microscope
for resonant excitation of our single photon emitters. In this chapter the source is excited
and emits in free-space. In the first part of the chapter, we report on the optimisation
of the coupling efficiency between the emitted single photons and a single-mode fibre,
using lenses and collimators. Under this excitation regime both the excitation laser and
the emitted photons have the same energy and the same mode. To obtain an efficient
laser suppression, we also discuss the polarisation selection and the cross-polarisation
configuration. Finally, we detail the characterisation of sources, with a focus on the
measured brightness into the collection fibre.

• In Chapter 4, we introduce the longitudinal acoustic (LA) phonon-assisted excitation
regime. The first part of this chapter is about theoretical considerations: the excitation
process and the expected emission characteristics. In the second part, we detail the
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experimental results obtained with our sources. We report that this excitation regime
has allowed us to demonstrate a factor of two increase in the brightness for sources of
single and indistinguishable photons. We also demonstrate a single-photons emission
with a high linear-polarisation purity, collecting in a parallel-polarisation configuration.
The fibred brightness can be then improved by a factor of at least two in comparison
with the resonant excitation scheme.

• In Chapter 5, we describe the study carried out to set a fibre directly on top of the
source. We present the theoretical and the experimental coupling efficiencies between
different fibre types and sources with various diameters. Standard and “lensed” fibres
are considered. In the second part, we discuss the process of connecting a fibre to
a source. Then, we present the experimental results, and we compare them with the
results measured in the free-space configuration. With the possibility of moving the
sample at 4K, we demonstrate a coupling efficiency close to the theory. Concerning the
process of setting a fixed fibre above the source at room temperature and then cooled
them down, the work is still in progress to reach the theoretical coupling efficiency. The
first results are very promising and close to the state-of-the-art so far only reached with
complex optics and user non-friendly environments.



Chapter 2

Single-photon sources

"Quand on veut on peut, et quand on peut on doit"

attribuée à Napoléon Bonaparte

2.1 Introduction

Many quantum applications based on light require ideal sources of "on-demand" single
and indistinguishable photons. Emitting one and only one photon with a near-unity prob-
ability is the key for applications such as secure and reliable quantum communications [4]
or robust quantum simulations and calculations [1, 6, 29]. Being based on quantum interfer-
ences between single photons, these applications also require indistinguishable photons. This
quantum property demands that all emitted photons have the same physical properties (same
energy, same polarisation, same spatial and temporal profiles).

In the 80’, sources based on non-linear crystal have been proposed and, since then, have
been the most widely used for quantum applications [55–57]. Then, over the past twenty
years, other technologies have been developed to meet the theoretical expectations. These
sources are based on emitters such as trapped ions [32,58], atoms [59], diamond NV, SiC and
SiV-centres [60] or quantum dot (QD) [9, 45, 61–63]. Depending on the applications, each
type of source presents either strength or weaknesses.

In this chapter, we give a rapid overview of single photon sources. We discuss the
various parameters that we use to benchmark the various technologies, yet, our main focus
is on QD-based sources. As we go along, we will detail the fabrication of the single photon
sources developed in the group of Prof. P. Senellart. The technical choices will be presented
and the emission characteristics will be detailed.
Hence, the first part will be about the three requirements that a single photon source must
fulfill: high brightness, high purity and indistinguishability. These will be general parameters
to which sources will be compared to.
In a second part, we will describe the QD as trap for carriers with optical transitions that can
be incoherently or coherently driven to emit single and indistinguishable photons.
The third part will be about the QD control of spontaneous emission using either a 2D- and a

19



20 CHAPTER 2. SINGLE-PHOTON SOURCES

3D-confinement of the optical field. After detailing the quantum electro-dynamics theory, we
will give short descriptions of light confinement solutions explored by many groups.

In the fourth part, we will detail the choices of the Prof. P. Senellart group about the optical
field confinement and their influences on the QD states emission. We will then report their
deterministic fabrication from the molecular beam epitaxy to the in-situ lithography.

Finally, the last part will detail the emission characteristics of our single photon sources based
on self-assembled QD embedded in a pillar. We will more precisely discuss the emission
processes from different QD transitions under resonant excitation.

2.2 Single-photon source benchmarks

A single-photon source can be characterised by three main parameters: the source
brightness, the single-photon purity and indistinguishability. They define the potential of the
source to be used for quantum applications.

Even if it is possible to excite a single photon source with a continuous-wave laser,
certain characteristics such as the purity are not well defined under this excitation regime.
Moreover, most applications rely on clocked emission processes. In the following, we thus
focus on sources operated under pulsed excitation regime.

2.2.1 Brightness

The brightness is defined as the probability of having one emitted photon per laser pulse.
It is the ratio between the number of photons emitted from the source and the laser repetition
rate.

In the ideal case, a deterministic single photon source emits one and only photon per
laser pulse (figure 2.1a). The only possible Fock state is |1〉 and so B = 1, in a given mode.

However, real single photon sources are more likely to be approximations of single pho-
tons sources (figure 2.1b) or lossy single photon sources (figure 2.1c). In the first case, we
consider sources emitting vacuum component |0〉 as well as Fock states with one or more than
one photon. Such approximated single-photon sources are for instance attenuated lasers, or
based on either parametric down conversion (PDC) or spontaneous parametric down conver-
sion (SPDC) processes. On the other hand, sources based on SiV, SiC defects, trapped atoms,
trapped ions, NV-centers or QDs can be considered as "lossy" single-photon sources. Based
on quantum emitters, these sources can reach a near-unity purity with a very low probabil-
ity of multi-photon emission. Still, for various reasons (such as an imperfect population of
the emitter excited state), these sources can still deliver vacuum components with a certain
probability.

To consider the approximated purity of real single photon sources, the brightness is

corrected by a factor
√

1− g(2)(0), assuming a poissonian noise [64].
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Figure 2.1: Drawings of (a) an ideal single photon source and (b), (c) of a real single photon
source. In the ideal case, one photon is emitted and collected at each pulse laser. But, with
real single photon sources, the photon is not always emitted and some pulses contain more
than one photon.

Finally, independently of the emitter, once emitted the single photons must be collected.
We define as "first lens brightness" (BFL), the fraction of extracted and collected photon by
a lens. This requires technological developments to ensure an emission of the single photons
in a well-defined mode in order to obtain a first lens brightness as close as possible to the
intrinsic source brightness.

2.2.2 Single-photon purity

The single-photon purity is defined as the probability of having no more than one photon
per pulse. This is the central characteristic of a single photon source. To measure it, we use
the interferometer proposed in 1994 by Hanbury-Brown and Twiss (HBT) for the study of the
correlation between two photons from the coherent light of two stars [65]. Its application for
the detection of wave-packets containing exactly one photon at the input of a beam-splitter
(BS) has been shown in 1977 [66] and 1986 [67]. Eventually, the characterisation of a single-
photon source based on QD emitters has been demonstrated in 2000 by the group of Prof.
Imamoğlu [45].

In the ideal case (figure 2.2a), input state on the BS can be described as |ψ〉 12 =
|1〉 1 |0〉 2: a one-photon wave-packet |1〉 at the input (1), and the vacuum at the input (2). The
beam is split and then sent to two detectors. We measure the second order auto-correlation
of the signal at zero delay (g(2)(0)) [68]. In other words, we measure the delay between two
detections. When a detector registers an event, a time interval analyser measures the delay
between the latter and the next detection.

Figure 2.2b presents the plot of the second order correlation measurement [45]. The de-
lay between subsequent peaks is linked to the laser repetition rate. The side peaks correspond
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(a) (b)

Figure 2.2: (a) Schematic of the Hanbury-Brown and Twiss experiment applied for a single
photon source. A photon arrives at the input (1) of a beam splitter (BS) and goes out from
either (3) or (4). (b) Second order auto-correlation measurement at zero-delay plot (from
ref [45]). The peak at zero-delay corresponds is written as A0 while the lateral ones are
labeled Ai with i = ±1,±2,±3, .... The laser repetition rate is 82MHz.

to the second photon detected after a certain delay proportional to ±12.2ns, for a repetition
rate of 82MHz. Considering a perfect single photon source, a perfect collection system, and
ideal detectors, we should have only the two first lateral peaks. In practice, photons could
either not be emitted or be lost between the source and the detectors. So, the time delay
between to detection can be higher than 12.2ns. The second order correlation plot has then
several lateral peaks, whose the intensities decrease as the delay becomes large. Hence, for a
near perfect system, the lateral peak intensities quickly vanish.

Around the zero delay, we are counting correlation events for which both detectors
simultaneously detect a photon. The probability of a double-detection is written PC. For an
ideal single photon source, we expect a vanishing height at zero delay, PC = 0. Nevertheless,
this peak could rise because of multi-photons emission during the pulse duration or due to
scattered light from the excitation light source.

To calculate the purity of the emission, we consider peak areas instead of their intensi-
ties. The purity of the source is determined in the following manner:

P = 1− g(2)(0) = 1− A0

Ai
(2.1)

with Ai with i = ±1,±2,±3, ..., the average area of the side peaks (usually three or four on
each side) and A0, the area of the peak into a window of ±1ns.
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2.2.3 Photon indistinguishability

The photons indistinguishability is the last figure of merit. It is a measurement of how
identical are consecutively emitted photons: same temporal and spatial profiles, same energy,
same polarisation, ... To do so, we use the method proposed in 1987 by Hong, Ou and Mandel
(HOM) [69], which allows to measure the mean wave-packet overlap, M. The principle is
based on the interference between two photons sent on a beam splitter (BS). On the latter,
the input state can be written as |Ψin〉 12 = |1〉 1 |1〉 2. At its outputs, three cases can be
considered:

• |1, 1〉, each photon leaves trough an output of the BS and the two detectors register an
event,

• |2, 0〉 or |0, 2〉, the photons interfere and leave together through one of the BS outputs
and are detected by the associated detector

The state at the output of the BS is [70]:

|ΨHOM〉 = (R− T) |1, 1〉+ i
√

2RT |2, 0〉+ i
√

2RT |0, 2〉 (2.2)

with R (resp. T) the reflection (resp. transmission) coefficients of the BS.

(a) (b)

Figure 2.3: (a) Schematic of the Houng-Ou-Mandel effect on the beam splitter. If two indistin-
guishable photons arrive in (1) and (2), they interfere and go out of the beam splitter from the
same output. (b) (from [71]) Time trace plot of the mean wave-packet overlap measurement.
Only the central peaks of each peak groups are considered in the calculation.

Following a pure quantum mechanical effect, when two indistinguishable photons each
enter into one of the two inputs of a perfect BS (R=T), their amplitudes interfere destructively
and the output state |1, 1〉 vanishes (figure 2.3a). So, in the ideal case, it is not possible
to have a double-detection since the source emission linewidth is Fourier transform limited.
However, in general it is not the case with real sources. Figure 2.3b presents the result of the
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mean photon wave-packet overlap measurement. We can notice a non-null peak at zero-delay.
Considering only the single photon source, the mean photon wave-packet overlap is given by:

Mth =
T2
∗

T2
∗ + 2T1

=
T2

2T1
(2.3)

with, T1 is the decay time and T2
∗ is the pure dephasing time, and T2, the coherent time of

the photons, defined as T2 = ( 1
2T1

+ 1
T2
∗ )−1.

A distinguishable emission is due to either interactions of the emitted photons with their
environment [72–76], spectral fluctuations [77–79] or dephasing. To decrease the environ-
ment effect and so improve the photon indistinguishability, we can firstly increase the pure
dephasing time T2

∗ by minimizing sources of decoherence such as the charge noise or the
phonon coupling. We can also decrease the radiative decay time T1 by accelerating the spon-
taneous emission from the QD. The latter is then less prone to feel the environment effects if
the spontaneous emission is faster than the sources of pure dephasing.

Experimentally, the Hong-Ou-Mandel effect is measured by optical systems based on
either Michelson interferometer [71] or Mach-Zender interferometer. The former was used
by Santori et al. [71] in 2002 to demonstrate the first interference measurement between two
photons emitted successively by a QD (figure 2.3b). They reported a mean overlap of single
photons between 0.72 and 0.81 with a QD excited under a quasi-resonant excitation. Due to
the experimental system, peaks 1, 2, 4, and 5 are not considered in the calculation.

2.2.4 Approximated versus deterministic sources

In practice, several technologies of single-photon sources have been developed over the
past twenty years. In this part, there main emission characteristics will be detailed.

Attenuated lasers, and sources based on either parametric down conversion (PDC) or
spontaneous parametric down conversion (SPDC) processes are considered as approximated
single-photon sources. Considering attenuated lasers, which can be modelled by sources of
Glauber states, the average of photon number is written n, and the probability that one pulse
contains exactly k photons is given by the Poisson law, Pn(k) = nk

k! e−n. We then have:
Pn(1) = n e−n

Pn(2) = n2

2 e−n

Pn(k > 1) = 1− Pn(0)− Pn(1), with ∑k>1 Pn(k > 1) < 0.05

(2.4)

With an attenuated laser, the probability to get one photon per pulse is then limited at
1/e = 0.37. Nevertheless, with n = 1, the probability to get more than one photon is then
close to 0.3. To use such a source as an approximation of a single photon source, the mean
number of photons must be set to n � 1 so as to minimise the probability of having more
than one photon. Therefore, attenuated lasers are used in quantum key distribution protocols
but not in quantum computation or simulation. Indeed, the g(2) is given by 2P(2)

[P(1) + 2P(2)]2
(for

n� 1), and always amount to 1 for a Poissonian distribution.
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PDC or SPDC sources are based on the frequency conversion of a laser in a non linear-
crystal which leads to the generation of photon pairs. At low excitation power (η << 1), the
output state can be described as:

|ψ〉 ≈ |0s, 0i〉+ η |1s, 1i〉+ η2 |2s, 2i〉

where the subscripts "i" and "s" stand for "signal" and idler". Such state can be reduced to a
state close to a single photon state by detecting the idler photon of the pair. This removes the
vacuum component of the state so that the heralded signal state then reads as:

|ψ〉h ≈
η

|η| (|1s〉+ η |2s〉)

These sources are then considered as "non-lossy" sources as the heralded state contains almost
exactly one photon with no vacuum component. However, the overall brightness, i.e. the
probability to get a photon on demand scales as η2. In this simple picture, when increasing
the power to increase η, hence the source brightness, the emission purity deteriorates as P =
1− 2|η|2. Even though for such "single photon sources" the theoretical limit of brightness is
25% [80], it is also not possible to simultaneously reach a high brightness and a near-unity
purity. To overcome the probabilistic nature of photon-pair generation, time-multiplexing
techniques were first proposed and demonstrated by Pittman et al. [81] in 2002. In 2019,
Kaneda et al. [82] provided a first demonstration with SPDC sources. They then measured a
purity about 91.2%±0.7% for a single-photon probability of 41.2±1.3% in periodic output
time windows. They also reported a maximum single-photon probability of 66.7±2.4% but
at degraded purity and indistinguishability with a g(2)(0) of 26.9%±0.7%. If this technique
improves the "on-demand" property of the SPDC sources, it does not increase the number of
emitted single-photons in a time window and hence reduces the available photon rate. On the
contrary, by spatially multiplexing the sources, Collins et al. [50] demonstrated an increase
of 62.4% and 63.1% in the heralded single-photon output without an increase in unwanted
multipair generation (g(2)(0) = 0.19±0.02). The former was measured using two separately
pumped sources while the latter considered two sources pumped through a common input.

For sources based on quantum emitters such as NV-centers, SiC−-center in diamond [60,
83–85], or QDs [45], the emission purity is independent from the brightness. These sources
can in principle lead to a deterministic generation of a single photon. Their brightnesses
depend on the excitation scheme and the engineering developed around the emitter to collect
the photons using photonic structure confining light either in 2D or 3D. Indeed, in order to
emit the single photons in a well-defined mode, most of single-photon emitters are embedded
in waveguides or cavities. The light is then extracted preferentially from a precise spot and in
well define mode, whose the numerical aperture is compatible with a lens.

In the following, we discuss the techniques and the different processes used to extract
and collect efficiently the single-photons emitted by such deterministic emitters.
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2.3 InAs QDs: a promising single-photon emitter

2.3.1 A trap for carriers

In this work, we study InGaAs QDs made of an InAs cluster embedded in a GaAs bulk
(figure 2.4).

Figure 2.4: Cross-section view of a TEM image of a QD in a GaAs bulk.

Due to a lower energy of the InAs bandgap compared to the GaAs, the level structure of
a self-assembled QD can be described as charges confined in a potential well both for holes
and electrons [86, 87]. Here, we give a very rough description of the effect of confinement
by considering the trapping of an electron or a hole with a simple model of the rectangular
potential well, with a volume of V=LxLyLz.

To do so, we consider an electron in the conduction band of a semiconductor and de-
scribe it by the function ψ(x, y, z). Using the effective mass approximation [88], the latter is
defined as a solution of the Schrödinger equation:(

− }2

2m∗
∇2 + V(x, y, z)

)
ψ(x, y, z) = Eψ(x, y, z), (2.5)

with m∗, the electron effective mass in the quantum dot and V(x,y,z) = V(x)+V(y)+V(z).
Further simplifying and considering boundary conditions are infinite potential walls for

each space coordinates, we can write:

V(j) =

{
0, 0 6 j 6 Lj, ∀ j = (x,y,z)

∞, otherwise
(2.6)

Under this condition, the state can be considered as separable:{
E = Ex + Ey + Ez

ψ(x, y, z) = ψx(x)ψy(y)ψz(z)
(2.7)

So, the function ψ, for each coordinates, must verify

ψ′′(j) + kj
2ψ(j) = 0 (2.8)

with kj
2 =

2m∗Ej
}2 , ∀ j = (x,y,z).

Since ψ(0) = ψ(Lj) = 0, the solution is [70]:
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 ψ(j) ∝ sin(kj j)

Ej =
}2nj

2π2

2m∗Lj
2 nj > 1

(2.9)

with nj, the number of the confined state in the well and defined as nj =
kjLj

π .
So,

E =
}2

2m∗

(
nx

2π2

Lx2 +
ny

2π2

Ly2 +
nz

2π2

Lz2

)
+ Egap, with Lx, Ly � Lz (2.10)

Considering the x-direction (with Lx = 10nm), this model gives the correct order of
magnitude for the energy gap between the lowest energy level "s" reachable by an excited
electron (nx = ny = nz = 1) and the level just above, often referred to as "p-shell" because
of the symmetry of the envelop part of the wavefunction:

∆Es,p = 3}2π2

2m∗Lx2 ≈ 150meV

E

1.5eV

1.45eV

1.33eV

GaAs Bulk

We�ng Layer
QD

Conduc�on 
band

Valence
band

Figure 2.5: Schematic of a QD energy levels

In the case of an electron, we have k ≈ 109m−1. So, only one electronic state is confined
in the growth direction z (Lz ≈ 4nm) and there are at least two confined electronic states in
the x- and y-directions (Lx and Ly around 10-20nm). The uncertainty about the dimensions,
due to a random shape and size, leads to an uncertainty about the energy confined in the well.
Considering the height fluctuations in the growth direction, the energy fluctuations in this
direction are:

∆Ez
Ez

= 2∆Lz
Lz

With nz = 1 and Lz = 4nm, the energy gap is Ez ≈ 350meV. So, if the height fluc-
tuation is around one atom size (10%), ∆Ez ≈ 70meV. Despite a highly optimized growth
process, this energy uncertainty must be taken into account for the rest of the source manufac-
turing.
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2.3.2 Electronic state occupations in a QD

InAs QDs are traps both for electrons and holes. By exciting it with an energy around
the one of the bulk GaAs or wetting layer (830 - 850nm) and due to electronic and phononic
relaxations, the QD emission can arise from different electronic state occupations. Depending
on its size and the its electronic environment before the radiative electron-hole pair recombi-
nation, the emitted photons can come from four main relaxation phenomena [89–91] (figure
2.6a).
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Figure 2.6: (a) Schematic of the four different QD transitions. (b) Photoluminescent spectrum
from a QD in a planar cavity, under continuous-wave non resonant excitation.

Since the effect of Coulomb interactions depends on the number of trapped charges,
these four states correspond to different emission energies [92,93]. These are clearly visible in
the photoluminescence spectrum in figure 2.6b. The first state, called "exciton" or "excitonic
state" (X), corresponds to an electron-hole pair. By recombination the photon is then emitted
at the wavelength λX. The second relaxation process is from a state called "biexciton" (XX). In
this case, two electron-hole pairs are present at the same time. When the first one recombines,
the photon is emitted at the wavelength λXX, which differs from the exciton wavelength.
This difference of energy is explained by the difference in the Coulomb interactions when
two electrons and two holes are trapped at the same time. Depending on the QD indium
concentration, shape and strain, both configurations EXX − EX > EX and EXX − EX < EX
can be observed [94], with EX and EXX the total energy of the exciton and the biexciton
respectively. Once the first photon is emitted, the recombination of the excitonic state emits a
photon at λX. The two last possible charge states are from a charged exciton (CX), also called
trion [95]. In the first case, an electron can be already present in the conduction band before
the excitation. When the QD is excited, the state is called "negative trion" and the emission
wavelength is at λX-. On the contrary, a hole can be already present in the valence band
before the excitation. The excited state is called "positive trion" and it emits at the wavelength
λX+. These two states depend on the presence of extra-charge before the excitation/emission
process. Nevertheless, it may happen that these charges do not stay trapped. The trion state
is then not stable and the resonant excitation is not efficient. This case is discussed in part
2.6.2.4.

Figure 2.6b shows a typical photoluminescence (PL) spectrum of a QD in a planar cav-
ity. To name the states linked to each line, different physical properties are used. Exciton
(X) and biexciton (XX) emission lines are identified by their behavior during a saturation
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measurement. By increasing the non-resonant laser power, the emission intensity from a biex-
citon follows a quadratic dependence [96, 97] while from an exciton it raises linearly. With
a continuous-wave laser, and at saturation, the biexciton is preferentially re-excited reducing
the emission from the excitonic state. Hence, an exciton saturation curve drops after reaching
the saturation. To distinguish a charged state from a neutral one, a magnetic field [98] or the
excitation polarisation [99] can be used (more detailed in parts 2.6.2.3 and 2.6.2.4).

In the following parts, we will see that a source is designed to enhance preferentially
one of these QD states.

2.3.3 Quantum dot fine structure splitting

Once excited, at least one electron and one hole are simultaneously trapped in the QD.
Coulomb direct and exchange interactions must be then considered to account for the energy
levels [100]. They have been theoretically studied in many works [101, 102] and experi-
mentally probed. Here we only consider heavy holes and electrons to build the exciton and
bi-exciton states [103]. Considering the hole, its spin is written as either |⇑〉 or |⇓〉 and its
angular momentum component along the growth direction is Jh,z = ± 3/2. The electron spin
is then written as either |↑〉 or |↓〉 and its angular momentum component along the growth di-
rection is Se,z = ± 1/2 [104]. So, we obtain four possible spin states along the z-component:

|+1〉 ≡ |⇑, ↓〉 = |+3
2 ,−1

2〉
|−1〉 ≡ |⇓, ↑〉 = |−3

2 ,+1
2〉

|+2〉 ≡ |⇑, ↑〉 = |+3
2 ,+1

2〉
|−2〉 ≡ |⇓, ↓〉 = |−3

2 ,−1
2〉

(2.11)

The |±1〉 states represent bright exciton states while the |±2〉 states denote dark exci-
tons. The difference between the two lies in the spin momentum conservation. Photons carry
a "pseudo-spin" equal to one. So according to spin conservation, only states |±1〉 can be
created by photons absorption and can emit photons by a electron-hole pairs recombination.
However, due to a flip of one of the two spins, the spin conservation makes the |±2〉 transition
optically inactive. Since no photons emitted from a dark exciton state are detected, we only
consider states |±1〉.

In this exciton spin basis, the exchange interaction Hamiltonian can be written as:

Ĥexc =
1
2


δ0 δ2 0 0

δ2 δ0 0 0

0 0 −δ0 δ1

0 0 δ1 −δ0



with


δ0 = 3

2(az +
9
4 bz)

δ1 = −3
4(bx + by)

δ2 = −3
4(bx − by)
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The ai and bi terms are spin coupling constants along each axis. The z-axis corresponds
to the growth axis while x- and y-axis build the QD plane. The diagonal term δ0 traduces
the splitting between the bright and the dark states while the off-diagonal terms traduce a state
mixing and a splitting. δ1 and δ2 represent respectively the mixing and the splitting of the dark
and of the bright states. Considering the latter, the splitting occurs if there is an asymmetry in
the (x,y) plane.

No exchange 
interac�on

D2d symmetry
bx = by

C2v symmetry
bx ≠ by

±1

±2

±1
δ1

δ2

δ0

Figure 2.7: Schematics of the QD energy levels considering various symmetries [105].

As shown in figure 2.7, if the QD is not symmetric in this plane (bx 6= by), there is an
energy splitting between the two states |±1〉. It is the so-called exciton fine structure splitting
(FSS) and it is typically several tens of µeV [106]. Different techniques have been developed
to control it. Thermal annealing method, used in the fabrication process to tune the QD energy,
has been shown to increase the number of QDs with a small FSS [107, 108]. The application
of an external strain with a piezo actuator [109] as well as the addition of an external electric
field [110, 111] or an in-plane magnetic field (B perpendicular to the growth axis) [112] are
other efficient techniques.

Controlling the FSS can have different impacts. The main one is to emit entangled pho-
tons from a biexcitonic state [113]. Indeed, if the FSS is negligible, we can use the radiative
cascade to emit two photons, generally entangled in polarisation.

As shown in figure 2.8a, the FSS must be suppressed to remove the distinction between
the two relaxation paths. If the first photon is emitted with a circular left polarisation, hence
the second one will have a circular right polarisation (and vice versa). But to ensure the
entanglement, the two paths must be indistinguishable.

On the contrary, to increase the brightness of an exciton, during resonant fluorescent
experiments, the FSS must be enlarged. This will be more detailed in the part 2.6.3.3, but
in brief, due to a cross-polarisation selection, all the photons emitted in the excitation laser
V-polarisation are not collected. So, the ratio of photons emitted in the H-polarisation must be
as high as possible. Since a large FSS leads to a faster flip between the eigenstate |X〉 to |Y〉,
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(a)

∆FSS cos(2θ)

|g⟩

|V⟩ |H⟩

sin(2θ)

|H⟩ = cos(θ) |X⟩
- sin(θ) |Y⟩

|V⟩ = sin(θ) |X⟩
+ cos(θ) |Y⟩

(b)

Figure 2.8: (a) Energy level of a radiative cascade, or bi-exciton sate. The polarisation of the
first emission (λXX) set the polarisation of the second emission (λX) (b) Energy level of an
exciton. In both cases, the two eingenstates |X〉 and |Y〉 are split by an energy proportional to
the FSS.

the probability of emitting a photon in the H-polarisation raises and the source has a higher
polarised first lens brightness.

2.4 Enhancement of the collection by coupling the QD to a
photonic structure

QDs can be considered as deterministic single-photons emitters as long as they are prop-
erly excited, i.e. when the excitation bring the QD in its excited state with unity probability.
However in the bulk, due their wide ranges of the emission angles, and total internal reflex-
ions, a low photons rate is extracted from the top and then collected by a microscope objective
with a finite numerical aperture (NA). In these conditions, the maximal fraction of extracted
photons from the bulk is typically:

η ≈ 1
4n2 ≈ 2%

with n ≈ 3.5 for GaAs.
Having an efficient single photon source and an effective photon collection require to

create a photonic structure around the QD.

2.4.1 Cavity Quantum Electro-Dynamics theory (CQED)

Since a QD behaves in many ways as an artificial atom, we can use the tools of cavity
quantum electrodynamics to extract the single photon. We thus consider QDs embedded in a
cavity and describe the QD-cavity interactions.
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2.4.1.1 Jaynes-Cummings model

The Jaynes-Cummings model describes the interactions between a two level-system
atom coupled to a single quantized electric-field mode of a cavity (figure 2.9).

Figure 2.9: Schematic of a two level system in a cavity, excited by a laser (}ωc). "g" is the
light-matter coupling constant of the system.

In other words, it is a simplified model of the light-matter interaction in a cavity without
losses [114]. With this model, the system is determined by the Hamiltonian:

ĤJC = ĤQD + ĤC + ĤI (2.12)

ĤQD = }ωQD |e〉 〈e| and ĤC = }ωc â† â represent respectively the Hamiltonian of the
QD and of the photons in the cavity mode. This model considers part of the light-matter
interaction with the term ĤI defined as:

ĤI = }g
(
|g〉 〈e| â† + |e〉 〈g| â

)
with g, the light-matter coupling constant between the QD transition and the cavity mode.

The total Hamiltonian ĤJC can be diagonalised with the eigenenergies written as fol-
lows:

E± = }
(

ωc −
∆
2
± 1

2

√
∆2 + 4g2

)
(2.13)

with ∆ = ωc − ωQD, the energy detuning between the cavity energy and the energy of the
two level-system atom. The associated eigenvectors are:{

|Ψ+〉 = cos(θ) |g, 1〉+ sin(θ) |e, 0〉
|Ψ-〉 = −sin(θ) |g, 1〉+ cos(θ) |e, 0〉

(2.14)

with θ such as tan(2θ) = 2g
∆ .

These equations have a simpler form at resonance, when ∆ = 0 and ωc = ωQD ≡ ω0.
The states are dressed and we obtain:{

E± = }(ω0 ± g)

|Ψ±〉 = 1√
2
(|e, 1〉 ± |g, 0〉)

(2.15)
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2.4.1.2 Spontaneous emission and Purcell factor

Let us consider a QD, described as an artificial atom, coupled to a cavity and in reso-
nance with the cavity mode. At t = 0, the QD is in an excited state and there is no photon in
the cavity. We write it as |Ψ(0)〉 = |e, 0〉, or as:

|Ψ(0)〉 = 1√
2
(|Ψ+〉+ |Ψ-〉) (2.16)

The evolution from this initial state is described according to:

|Ψ(t)〉 = 1√
2

(
|Ψ+〉 e

−iE+t
} + |Ψ-〉 e

−iE-t
}
)

⇐⇒ |Ψ(t)〉 = e−iωct
(
−i sin

(
gt
4

)
|g, 1〉+ cos

(
gt
4

)
|e, 0〉

)
(2.17)

So, the probability that it makes a transition to the excited state is

pe(t) = | 〈e, 0|Ψ(t)〉 |2 = cos2
(

gt
4

)
(2.18)

The system oscillates from the fundamental state to the excited state by coherently ex-
changing energy among the QD and the cavity. This phenomenon, known as "vacuum Rabi
oscillation", takes place when the cavity losses are negligible. In pratice, the photon inside the
cavity presents a finite decay rate κ so that this coherent exchange of energy is experimentally
achieved under the strong coupling regime (4g > κ). In this case, the losses and the state ra-
diative decay, κ are small enough to allow a re-absorption of the emitted photon. This regime
is not the proper one to obtain a bight single photon source.

Instead, to obtain a single-photon source, the system is operated in the weak coupling
regime condition (4g < κ), where the QD-cavity mode coupling is enhanced but, once the QD
emits a photon, the latter rapidly escapes outside the cavity. The state |g, 1〉 decays towards
the state |g, 0〉 following the decay rate, κ. The cavity is lossy and the relaxation of the
electromagnetic field is efficient. The cavity is then empty most of the time. Since κ is directly
linked to the cavity quality factor, Q0 = ωm/κ, embedding QDs reduces the emission lifetime
and enhances their spontaneous emission into the cavity mode. To evaluate the maximum
amount of spontaneous emission acceleration provided by a cavity, we introduce the Purcell
factor, FP [115]. It is defined as the ratio between the decay rate of the emitter in the cavity
and in the bulk, respectively noted ΓCM and Γ:

FP, cav =
ΓCM

Γ
=

3
4π2

Q0

Veff

(
λ

n

)3

(2.19)

with, ΓCM ∝ 1
κ , Q0, the cavity quality factor, Veff, the effective cavity volume, n, the refractive

index of the QD matrix, and λ, the emission wavelength.
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2.4.1.3 Reducing phonon-induced spectral broadening and decoherence

Once resonantly excited, the QD emits single-photon via an electron-hole pair recom-
bination. As seen in part 2.3.2, the photons energy depends on the transmission which is
enhanced by the cavity at the excited state frequency. Under fluorescent resonance, this emis-
sion is called the "zero phonon line" (ZPL). Nevertheless, the electron-hole pair can interact
with the QD environment. The photons can also be emitted via phonon-assisted processes.
Due to either the absorption or the emission of a phonon, these photons are emitted on ei-
ther side of the ZPL in the "phonon-sidebands" (PSB). Since the PSB emission arises from
incoherent phonon processes, its indistinguishability is deteriorated [116]. Cooling the source
at 4K is a first solution to reduce the crystal vibrations and phonon populations. To further
reduce the effect of phonon-sidebands, the Purcell effect in a high quality factor cavity can be
used. Indeed, the cavity can play a role of a filter whose bandwidth is defined by the DBRs
reflectivity (equ. (2.22)), and so its quality factor (equ. (2.23)) (more details in part 2.5.1).

(a)

(i) QD in a slow-light waveguide
(ii) QD in waveguide with f lter
(iii) QD coupled to a cavity with:
ħg= 50 μeV
ħg= 100 μeV
ħg= 200 μeV
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Figure 2.10: (a) From reference [116]. Theoretical comparison of the emission spectra of a
QD in a bulk (black solid line) and coupled resonantly to a cavity (red dashed-dotted line)
at 9 K. The blue dashed line corresponds to the cavity spectrum. (b) From reference [117].
Theoretical plots of the indistinguishability and the efficiency of a single photon source as a
function of the Q-factor (upper x-axis) and the cavity linewidth (lower x-axis). The QDs are
cooled down at 4K, and embedded either (i) in slow-light waveguide, (ii) in waveguide with a
filter or (iii) in a cavity with various QD-cavity coupling efficiency

Figure 2.10a, from the work of Grange et al. [116], presents the influence of the Purcell
effect in a high-Q cavity on the QD emission spectrum. The solid black line corresponds
to the broad spectral emission of a QD in the bulk with clear phonon sideband emissions.
The ZPL is the peak at zero detuning to which the cavity is resonant (presented by the blue
dashed line). The emission spectrum of the QD coupled to the cavity mode is shown by
the red dot-dashed line. We can clearly notice that due to the QD embedding in the pillar
cavity, the ZPL experience a stronger acceleration of spontaneous emission in the cavity mode.
As a result, most of the emission takes place in the ZPL, with a strong suppression of the
PSB. Nevertheless, the linewidth of the cavity mode is about 100µeV. This remains ten times
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broader than the linewidth of the QD ZPL emission about of few µeV. Hence, the PSB not are
fully filtered.

Figure 2.10b is from the work of Iles-Smith et al. [117]. It plots the photon indistin-
guishability and the source efficiency, η, as a function of the Q-factor (upper x-axis) and the
cavity linewidth (lower x-axis). The evolution of the indistinguishability is a clear indicator
of the PSB filtering efficiency. The theoretical results are calculated with QDs cooled down at
4K, and embedded either (i) in slow-light waveguide, (ii) in waveguide with a filter or (iii) in
a cavity with various QD-cavity coupling constants g. Considering a QD in a (i) waveguide,
the extraction efficiency is unitary but due to a long radiative decay, the indistinguishability is
limited below 85%. On the contrary, under the weak coupling regime and embedded in a (iii)
cavity, the QD emission indistinguishability can reach values above 95%. To filter perfectly
the PSB, the cavity linewidth must be close to the ZPL linewidth, which is about 15µeV. How-
ever, to get a narrow cavity linewidth and so a large Q-factor, the distributed Bragg mirrors
(DBR) reflectivity must be high, reducing the ratio of extracted photons. Following this work,
a cavity-based source cannot simultaneously reach near-unity efficiency and indistinguisha-
bility by simply increasing the cavity Q factor or QD-cavity coupling strength. Nevertheless,
the theory predicts that with the achievable experimental values of }g = 30 µeV and }κ = 120
µeV, we can expectM = 99% and η = 96% at T = 4 K.

Thus, the cavity enables to both accelerate the QD spontaneous emission, increasing
the coherence time of the photons T2 (relatively to the decay time T1 decrease), and filter the
emission from the interactions with the charges environment or with the phonon bath [118].
To achieve the PSB filtering, a Fabry-Pérot etalon can also be added in the collection path.
Nevertheless, since both the etalon and the QD emission have Lorentzian spectral shapes, to
efficiently suppress the PSB, the ZPL is also filtered. As a consequence, the brightness can be
then reduced up to 30%.

2.4.2 Benchmarks of the various structures

2.4.2.1 Waveguides

To extract the QDs emissions in a well-defined mode and from the top, groups such
as the one of P. Lodahl, K. Jöns, or J.-M. Gérard and J. Claudon, decided to work on the
QDs embedded in waveguides [48, 119]. In their sources, almost five or six QDs are located
in Photonics Crystal Waveguide [119] or at the base of Nano-trumpet waveguides [51]
or Nano-wires [48, 120]. Thus, the emissions is guided to the side of the photonic crystal
waveguide or to the top of the nano-trumpet and nano-wire by the periodic holes lattice or by
both the lateral confinement (nGaAs >> nair) and a bottom gold coated wafer respectively.

Considering the nano-trumpet solution, figure 2.11a presents a SEM picture of the
source from the group of Prof. J.-M. Gérard and Prof. J. Claudon. The conical shape of
the GaAs top layer guides the emitted photons until their extraction. The emission is mono-
mode thanks to a base diameter of around 150nm and 200nm [123]. Since there is no cavity
mode, but rather an inhibition of the spontaneous emission, the state lifetime is the same as a
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Figure 2.11: (a) Nano-trumpet waveguide picture [51]. (b) Nano-wire SEM picture [121]. (c)
Schematic of the source proposed by Uppu et al. [122]. The laser excite directly the QD and
the photons are extracted from the side of the photonic crystal via a shallow-etch grating.

QD in a bulk, around 1ns or even longer. But the extraction efficiency is very high. Hence,
the first lens brightness is over 75%. The main issues with this technology is the waveguides
fragility and the vicinity of the QD to etched surfaces. Moreover, since there is more than one
QD embedded in the waveguide and the latter is sensible to the trumpet mechanical vibrations,
the purity and the indistinguishability of the emission are highly limited. Nevertheless, this
sensitivity can be an advantage in application such as a tip coupling to a single-mode fibre for
atomic force microscopy [124].

Regarding the nano-wire, the functioning principle is the same. Figure 2.11b is a SEM
picture of the design proposed in 2010 by the group of Prof. J.-M. Gérard and Prof. J.
Claudon [48] and which is also developed in the V. Zwiller group [121, 125]. The shape of
the waveguide enables a mono-mode emission and a high extraction from the top. The source
brightness can then reach about 0.72 ± 0.09 and has been successfully coupled to a single
mode fibre with a coupling efficiency of 97% [121]. Moreover, with the creation of a larger
waveguide around the nano-wire, this source has been implemented on chip [125]. Finally, the
group of Prof. N. Akopian has very recently demonstrated the first biexciton–exciton cascade
emission via resonant two-photon excitation and resonance fluorescence [126].

Embedding the QD in a waveguide also enables to spatially separate the excitation spot
to the collection’s. For instance, in the work of Monniello et al. [127], the QD was excited
from the side of the structure and the single-photon were extracted from the top. They then
reported a photon indistinguishability greater than 0.7 without any post-selection and a single-
photon purity about 93%. In the same principle, the group of P. Lodahl has recently shown
theoretically the ability of a on-chip waveguide with bottom DBR and a shallow-etch grat-
ing to extract more efficiently the emitted photon in a near-Gaussian mode [122] (figure
2.11c). If the theoretical out-coupling is not reached yet, they show a chip-fiber coupling
efficiency of 28%±1%. The fibred brightness is then BF = 4%±1% for a first lens brightness
of 20%±1%. In the same work, they also reported an emission purity of 98.5%±0.5% and a
non-corrected photons indistinguishability of 93%±2%. We need to notice that this indistin-
guishability value has been measured with a Fabry-Pérot etalon, reducing the fibred brightness
to 3.5%±1%. The same group also published a work in which the design of the chip enables
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to reach the same benchmarks but only collecting Y-polarised photons from an exciton [128].

Source Brightness Single-photon purity Indistinguishability

Nano-trumpet
waveguide [51]

0.75± 0.1 between 0.69 (T1=0.82ns)
and 0.98 (T1=1.26ns)

–

Tapered nanowire
[48]

0.72± 0.09 > 0.992 –

Photonic crystals
waveguide [122]

0.2± 0.01
or 0.04± 0.01

(fibred)

0.985± 0.005 0.93± 0.02

Table 2.1: Figure of merit of the other collection solutions. The reported brightnesses are the
first lens brightnesses, except for the photonic crystal waveguide for which there is also the
fibred brightness.

Table 2.1 summarises the figure of merit of these sources based on QDs embedded in
waveguides. Except for the photonic crystal waveguide, the measurements have been per-
formed under non-resonant excitation. As a result, these technologies enable high extraction
efficiency and purity, but the emitted photons are not always indistinguishable. This is mostly
due to the long lifetime of the state (around 1ns). Indeed, due to an increase of the state’s
dephasing time (equ. (2.3)), the control of the emitted photon properties is degraded [71]. An
alternative is to decrease the lifetime by coupling the QDs to optical cavities.

2.4.2.2 Cavities structures to obtain a 3D optical confinement and a mono-mode emis-
sion

In this PhD work, we study single photon sources based on QDs in micropillar cavities.
These sources have long led the race for the most efficient photon source of indistinguishable
single photons. The technology at the core of Quandela is based on the development con-
ducted at the CNRS-C2N over the last decade. We will present this technology in great details
in the remaining of this chapter. Here we wish to present technologies that are being developed
worldwide, and represent the current state of the art of alternative (competing) approaches.

• Photonic crystals cavity [122, 129–131].

The single QD is coupled to the optical mode of a 2D-photonic crystal. This is usually
a suspended membrane composed of a periodic holes lattice whose shape, distribution
and size are designed at will (figure 2.12). The optical confinement is obtained by set-
ting the holes parameters and varying locally their positions [129, 132, 133]. Due to
their high quality factors and small mode volumes, they are well suited for enhancing
the light-matter interaction and collecting non-classical light. However, the collection is
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(a)

2 µm

QD
M2

M1

Excitation Detection

(b)

Figure 2.12: (a) SEM image of a suspended photonic crystal cavity obtained with a missing
hole in the center of the image, reproduced from [130]. (b) SEM image of the device from
reference [131]. The QD is excited via the cavity and the single-photon emission is collected
from the out-coupler. Inset: A close-up of the cavity.

usually in the plane of the membrane. The photon collection is then deteriorated due to
mismatching issues with external optics. Nevertheless, Madsen et al. [134] measured a
collection efficiency of 0.443±0.021 from a L3 cavity [135]. The single-photon purity
was then 96% ± 5% at 2.1 times the saturation power. Moreover, the planar geometry
of photonic crystals makes them ideally suited for coupling to waveguides and on-chip
photonic circuits [136–138]. Thus, Liu et al. [131] demonstrated recently the generation
of single photons in a cavity coupled to a waveguide with a very high Purcell enhance-
ment (FP= 43±2) and a non-corrected indistinguishability of 89.4%±3.5% for a purity
of 97.3±0.7%.

• Open microcavity [52, 53, 139, 140].

Proposed by the group of Prof. G. Khitrova [141], this solution is based on a minia-
turised Fabry-Pérot cavity composed of a bottom planar DBR on which QDs are grown
and a movable concave top DBR (figure 2.13a). This technique allows to precisely po-
sition the QD in the cavity center and match the resonance energy of the cavity with the
QD’s by tuning the distance to the top mirror. This type of cavity was recently used to
obtain a very bright source of single photons in the group of Prof. R. Warburton. By
controlling its reflectivity, the cavity proposed in the work of Tomm et al. [53] has a
Q-factor of 12600. To obtain a perfect positioning of the top mirror relative to the QD
position, the chip is moved in-situ with piezo actuators. Due to a large energy splitting
between the two cavity polarised-modes, the exciting laser can be a little blue-detuned.
Figure 2.13b presents the energies spectra of the two polarised cavity modes (blue and
green dashed lines), of the excitation laser in orange and of the QD emission in grey.
Being V-polarised, the laser excites one of the modes while the QD state, in resonance
with the second mode H-polarised, emits in the orthogonal polarisation with a probabil-
ity of 86%. Moreover, due to a near-Gaussian output mode, and since the laser is both
filtered in polarisation and spectrally, the fibred brightness reaches 55%±3%. With this
technique, the emission purity is about 97.9% and the non-corrected photons indistin-
guishability is about 92.5%. Finally, the emission and the optical setup enable to get an
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FIG. 1. (a) The microcavity. The semiconductor heterostructure consists of a GaAs/AlAs Bragg mirror, the “bottom” mirror,
and a p-i-n diode. The InGaAs quantum dots are located in the intrinsic region, in tunnel-contact with the Fermi sea in the
n-layer. The position of the heterostructure can be adjusted (↔, l) with respect to the “top” mirror, a concave mirror in a
silica substrate, using an XYZ-nanopositioner. A simulation (red points) shows that the output is very close to a Gaussian
beam (black line). (b) Calculated conversion efficiency, quantum dot exciton to photon exiting the top mirror, as a function
of the microcavity decay rate κ for “atom”-photon coupling g/(2π) = 4.3 GHz and atom decay rate γ/(2π) = 0.30 GHz.
η = κtop/(κ+ γ) · β; β = FP/(FP + 1) with FP = 4g2/(κγ). (c) Excitation scheme. The quantum dot is in resonance with the
H-polarised microcavity mode; the laser is blue-detuned and V-polarised. The driving intensity as experienced by the quantum
dot is shown.

tary Information Sec. II); the “bottom” mirror is a
highly reflective planar mirror, part of the semicon-
ductor heterostructure28 (Supplementary Information
Sec. I). Quantum dots in this structure exhibit close-
to-transform-limited linewidths29. With a highly reflec-
tive top mirror, the microcavity has Q-factors up to 106

and the strong coupling regime of cavity-QED can be
reached29. This allows a precise measurement of the cou-
pling (g/(2π) = 4.0 GHz) and an estimation of the resid-
ual losses in the semiconductor (373 ppm per round-trip).
Here, we use a modest reflectivity top mirror (trans-
mission 10,300 ppm per round-trip according to the de-
sign) chosen such that κ ' κtop � κbottom and κ ≈ 2g
(Fig. 1b). The measuredQ-factor is 12,600, matching the
value expected from the design of the two mirrors (Sup-
plementary Information Sec. V). At these Q-factors, the
residual losses in the semiconductor are negligible. The
heterostructure contains thin n- and p-type layers with

the quantum dots in tunnel contact with the electron
Fermi sea in the n-type layer such that Coulomb block-
ade is established (Supplementary Information Sec. I). It
is straightforward to make contacts to the n- and p-type
layers even in the full microcavity structure. The chip
is positioned relative to the top mirror in situ (Fig. 1a):
this tunability is exploited to ensure a match between a
particular quantum dot and the microcavity mode, both
in frequency and lateral position.

A challenge in all optically-driven quantum dot sin-
gle photon sources is to separate the single photon out-
put from the driving laser light. A standard scheme is
to excite and detect in a cross-polarised configuration32.
Applied to a charged exciton for which the transitions
are circularly polarised, this scheme leads to a 50% loss
in the collection efficiency. Here, we avoid this loss.
We work with the positively-charged exciton, X+. The
microcavity mode splits into two modes, H- and V-
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FIG. 1. (a) The microcavity. The semiconductor heterostructure consists of a GaAs/AlAs Bragg mirror, the “bottom” mirror,
and a p-i-n diode. The InGaAs quantum dots are located in the intrinsic region, in tunnel-contact with the Fermi sea in the
n-layer. The position of the heterostructure can be adjusted (↔, l) with respect to the “top” mirror, a concave mirror in a
silica substrate, using an XYZ-nanopositioner. A simulation (red points) shows that the output is very close to a Gaussian
beam (black line). (b) Calculated conversion efficiency, quantum dot exciton to photon exiting the top mirror, as a function
of the microcavity decay rate κ for “atom”-photon coupling g/(2π) = 4.3 GHz and atom decay rate γ/(2π) = 0.30 GHz.
η = κtop/(κ+ γ) · β; β = FP/(FP + 1) with FP = 4g2/(κγ). (c) Excitation scheme. The quantum dot is in resonance with the
H-polarised microcavity mode; the laser is blue-detuned and V-polarised. The driving intensity as experienced by the quantum
dot is shown.

tary Information Sec. II); the “bottom” mirror is a
highly reflective planar mirror, part of the semicon-
ductor heterostructure28 (Supplementary Information
Sec. I). Quantum dots in this structure exhibit close-
to-transform-limited linewidths29. With a highly reflec-
tive top mirror, the microcavity has Q-factors up to 106

and the strong coupling regime of cavity-QED can be
reached29. This allows a precise measurement of the cou-
pling (g/(2π) = 4.0 GHz) and an estimation of the resid-
ual losses in the semiconductor (373 ppm per round-trip).
Here, we use a modest reflectivity top mirror (trans-
mission 10,300 ppm per round-trip according to the de-
sign) chosen such that κ ' κtop � κbottom and κ ≈ 2g
(Fig. 1b). The measuredQ-factor is 12,600, matching the
value expected from the design of the two mirrors (Sup-
plementary Information Sec. V). At these Q-factors, the
residual losses in the semiconductor are negligible. The
heterostructure contains thin n- and p-type layers with

the quantum dots in tunnel contact with the electron
Fermi sea in the n-type layer such that Coulomb block-
ade is established (Supplementary Information Sec. I). It
is straightforward to make contacts to the n- and p-type
layers even in the full microcavity structure. The chip
is positioned relative to the top mirror in situ (Fig. 1a):
this tunability is exploited to ensure a match between a
particular quantum dot and the microcavity mode, both
in frequency and lateral position.

A challenge in all optically-driven quantum dot sin-
gle photon sources is to separate the single photon out-
put from the driving laser light. A standard scheme is
to excite and detect in a cross-polarised configuration32.
Applied to a charged exciton for which the transitions
are circularly polarised, this scheme leads to a 50% loss
in the collection efficiency. Here, we avoid this loss.
We work with the positively-charged exciton, X+. The
microcavity mode splits into two modes, H- and V-

(b)

Figure 2.13: (a) Schematic of an open cavity (from the ref [53]) (b) Spectra plot of the exci-
tation scheme (from the ref [53]). The cavity polarised-modes are split by about 50GHz (blue
and green dashed lines). The QD is in resonance with the H-mode, while the blue-detuned
laser is V-polarised. This enables an increase the laser extinction while guaranteeing a high
single photons collection efficiency.

operational single photon source over hours. This recent work has set a new record for
bright single photon sources.

• Bulls-eye cavity [62, 142–144].

(a)
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single-photon sources. Therefore, overcoming the outstanding 
challenge of 50% efficiency loss has remained the most difficult and 
final challenge in achieving an ultimate high-performance single-
photon source, both theoretically and technologically.

Theoretical scheme
To develop a polarized single-photon source with simultaneously 
near-unity system efficiency and near-unity indistinguishability,  
(1) we break the original polarization symmetry of the quantum  
dot emission and (2) we develop a new way to achieve background-
free resonance fluorescence without sacrificing system efficiency. 
Here, we propose a feasible proposal that achieves both and report 
its experimental demonstrations. A general framework of our  
protocol is shown in Fig. 1a. The key idea is to couple a single 
quantum dot to a geometrically birefringent cavity in the Purcell 
regime. The asymmetric microcavity is designed such that it lifts the 
polarization degeneracy of the fundamental mode and splits it into  
two orthogonal linearly polarized—horizontal (H) and vertical 
(V)—modes, with a cavity linewidth of δω and a frequency separa-
tion of Δω. Suppose a single-electron charged quantum dot, which 
is a degenerate two-level system, is brought into resonance with 
the cavity H mode, and off-resonant with the cavity V mode with a 
detuning of Δω. The cavity redistributes the spontaneous emission 
rate of the quantum emitter into the H and V polarizations with 
a ratio of 1 + 4(Δω/δω)2:1 (see Supplementary Information). For a 
series of realistic Purcell factors, the extraction efficiency of polar-
ized single photons is plotted in Fig. 1b. For example, with a Purcell 
factor of 20 and Δω/δω = 3, the polarized single-photon extraction 
efficiency is 93%.

Having singled out a polarized two-level system, we also need 
to develop a way to resonantly drive the quantum dot transition 
and obtain near-background-free collection of the resonance flu-
orescence, which is another outstanding challenge in itself. Our 
method is compatible with the cross-polarization technique but has 
little loss of single-photon system efficiency. The excitation laser’s 
polarization is set to be V, while in the output, an H polarizer—
aligned with the dominant polarization of the Purcell-enhanced 
single photons—is used to extinguish pump laser scattering. Note 
that our protocol favours a suitable Δω/δω ratio, practically in the 
range of 1.5–3. As the V-polarized excitation laser off-resonantly 
couples to the V-cavity mode at the emitter’s transition (Fig. 1a), the 
π-pulse driving power needs to be moderately stronger than with an  

isotropic microcavity (the increase factor is calculated and plotted 
in Fig. 1b). For example, at Δω/δω = 2.5, the excitation laser power 
is estimated to be approximately seven times higher.

This protocol is applicable in many photonic structures8,9,10,11, 
including micropillars16,17,20, bullseyes28,29, microdisks30, nanow-
ires31,32 and photonic crystals18,19. Here, we demonstrate our proto-
col by resonant excitation of single quantum dots deterministically 
embedded in two types of polarized microcavity—elliptical micro-
pillars (narrowband) and elliptical Bragg gratings (broadband)—for 
the generation of single-polarized single-photon sources with both 
high system efficiency and near-unity indistinguishability.

Elliptical micropillar
GaAs/InAs micropillars with elliptical cross-section were first stud-
ied by Gayral and others in 1998, who observed a splitting of the 
degenerate fundamental modes of the cavity33. It was shown that 
the two split modes were linearly polarized, aligned in parallel with 
the major and minor axes of the elliptical cross-section34,35. Single 
GaAs/InAs quantum dots embedded in such elliptical micropil-
lars showed polarization-dependent Purcell enhancement36,37 and 
single photons were preferentially generated in a single polarized 
state33,34,35,36,37,38,39 with up to 44% extraction efficiency39. However, 
all previous work with elliptical micropillars was performed with 
non-resonant excitation, which degraded the purity of the emit-
ted photons. Moreover, neither high collection efficiency nor high 
indistinguishability was realized in the first generation of elliptical 
micropillar devices.

In this work, we use two-colour photoluminescence imag-
ing to determine the position of single quantum dots preselected 
with bright emission and narrow linewidth29. With suitably low 
quantum dot density (~4 × 107 cm−2), the wide-field optical imag-
ing method can obtain a position accuracy of ~22 nm (Fig. 2a and 
Supplementary Information). This allows us to deterministically 
etch the micropillar with the quantum dot in the centre of the cav-
ity, which is important for optimal emitter–cavity coupling.

The micropillar devices in our experiment have elliptical cross-
sections (Fig. 2a) with a major (minor) axis diameter of 2.1 µm 
(1.4 µm). The elliptical micropillar is characterized using non-res-
onant excitation with an ~780 nm continuous-wave laser at high 
power. Figure 2b shows the two non-degenerate fundamental cav-
ity modes33,35,36,37,38,39 at 896.54 nm (labelled as M1) and 897.04 nm 
(labelled as M2), respectively, with a splitting of 183 GHz. The M1 
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Fig. 1 | Theoretical scheme of a polarized single-photon source by resonantly pumping a quantum emitter in a birefringent microcavity. a, The 
asymmetric cavity supports two-fold non-degenerate cavity modes, one in the horizontal (H) polarization and the other one in the vertical (V) polarization. 
We bring the emitter into resonance with the H mode, where single photons are preferentially prepared due to polarization-selective Purcell enhancement. 
The V cavity mode, suitably detuned from the emitter, provides laser excitation. A V-polarized laser pulse is weakly coupled to the H mode due to a small 
overlap between the two cavity modes, and thus can pump the two-level system to its excited state with higher power. b, System efficiency of preparing 
polarized single photons as a function of the ratio of the cavity splitting to the cavity linewidth. Examples with four different Purcell factors, FP, are plotted. 
The dashed line shows the increase factor of the pump laser power required for a deterministic π pulse, compared to the case of a micropillar with circular 
cross-section.
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(b)

Figure 2.14: From reference [62] (a) Schematic of a bulls-eye cavity. The QD is placed at
the bull-eye center (red dot). (b) Spectra plot of the excitation scheme. The cavity polarised-
modes are split by about 2.8THz (blue and red dashed lines). The QD state is in resonance with
the H-polarised cavity mode and the excitation is aligned with the energy of the V-polarised
cavity mode. Due to a cross-polarisation selection, most of the emitted photons are collected
while the laser filtering is increased.

Figure 2.14a presents the design proposed by the group of Prof. J.-W. Pan [62]. As
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sketched, the QD is placed in the center of a transverse Bragg grating which ensures the
in-plane confinement of the optical field. The structure is composed of sub-λ thickness
concentric rings [143]. The central disk radius and the grating period ensure the match-
ing between the QD state energy and the one of the structure. Its ellipticity is used
to set the splitting between the two cavity polarised modes. All of these parameters
must be precisely chosen and realised to enhance the QD state emission. For instance,
1nm change in the central disk radius causes a 1.14nm shift in the cavity mode [145].
In this type of design, the Purcell factor can be higher than 20. The collection ef-
ficiency has also been improved by adding a thin low-refractive-index layer of SiO2
and a gold mirror at the bottom of the bulls-eye (figure 2.14a). Due to the splitting
of the two cavity polarised-modes (figure 2.14b), the laser is blue detuned and hori-
zontally polarised while the single photons are emitted along the V-polarisation with a
efficiency of 56%. In this condition, they proved an emission purity of 99.1%±0.3%
and a photons indistinguishability of 95.1%±0.5%. Such sources were also used by
the group of X. Wang [146] to produce entangled photon pairs via a biexciton radiative
cascade. With a collection probability of 65%±4% and a photon indistinguishability
about 90.2%±0.3%, they obtained an entanglement fidelity if 88%±2%.

Q-factor FP Source
brightness

Single-photon
purity

Indistinguishability

Photonic crystal
cavity [131]

43± 2 – – 0.973± 0.007 0.894± 0.025

Open microcavity
[53]

12600 ≈12 0.57± 0.02
(fibred)

0.979 0.925

Bulls-eye cavity
[62]

≈20 – 0.56± 0.02 0.991± 0.003 0.951± 0.005

Table 2.2: Figure of merit of the other confinement solutions. The reported brightnesses are
the first lens brightnesses, except for the open cavity for which this is the fibred brightness.

Table 2.2 summarises the benchmarks of the three solutions. All of them are measured
under resonant excitation and the emission from the open microcavity and the bulls-eye cavity
is polarised. When it is not precised, the given brightness is the first lens brightness and the
indistinguishabilities are not corrected by the purity.

In the following, we describe the technology used in Quandela, based on micropillar
cavities. We describe the cavity modes and the deterministic assemby of the QD-cavity struc-
tures.
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2.5 Deterministic coupling of a QD to a pillar cavity mode

2.5.1 Planar-cavity characteristics

The QDs are embedded in a cavity which can be described as a Fabry-Pérot interferom-
eter composed of a medium with a refractive index ncav and a length Lcav enclosed by two
distributed Bragg reflectors (DBR) (figure 2.15a). The planar cavity is designed to enhance
the emission at λ ≈ λQD ∝ Lcav. The DBRs are composed of layers of GaAs and of AlAs

Lcav

Top mirror
N1 pairs

Bo�om mirror
N2 pairs

air (na)

Substrate (nb)

GaAs

AlAs

θ

(a)

(b)

(c)

Figure 2.15: (a) Drawing of the planar cavity composed of two DBR separated by a distance
Lcav. (b) and (c) are from the thesis of A. Dousse [147] (b) Theoretical plot of a 20-layers-
pairs DBR reflectivity as a function of the normalized frequency. (c) Theoretical plot of the
planar cavity reflectivity as a function of the normalized frequency.

whose optical thicknesses depend on the cavity resonant wavelength. Indeed, they are equal
to its quarter:

LGaAsnGaAs = LAlAsnAlAs =
λcav

4

The individual layer contributions add up constructively forming a high reflectivity stop
band around the cavity wavelength, λcav. Light sent at a normal incidence within the reflec-
tivity stop band is thus highly reflected. The reflectivity depends on the angle of incidence
since the light "sees" a different optical thickness of the layer, proportional to cos(θ)

λcav
. Follow-

ing the angle, the central wavelength is shifted by λcavcos(θ). The range of the high reflected
wavelengths (R≈1) and the associated range of angles are expressed by [148]:

∆ω =
4ωcav

π

nGaAs − nAlAs

nGaAs + nAlAs
(2.20)
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cos
(

∆θ

2

)
≈ 1− 1

2
nGaAs − nAlAs

nGaAs + nAlAs
(2.21)

The maximal reflectivity, RDBR, depends in particular on the number of layer pairs N
[149] and can be written as:

RDBR =

1− nb
na

(
nGaAs
nAlAs

)2N

1 + nb
na

(
nGaAs
nAlAs

)2N


2

(2.22)

with, na and nb respectively the refractive indexes of the medium on top and bottom of the
DBR.

Hence, figure 2.15b, from the thesis of A. Dousse [147], presents the reflectivity as a
function of the normalised frequencies for a 20 layer-pairs DBR. We can see the plateau of the
high reflected wavelength (centred around the design wavelength) determined by the equation
(2.22). On each side, the reflectivity oscillates and dampens.

The cavity, composed of two DBRs separated by a spacer of length Lcav, has a reflectiv-
ity spectrum like the one of figure 2.15c. The latter presents a reflectivity dip at the resonance
wavelength of the cavity. The part which is spectrally matched with its reflectivity dip and
is in the angle range set by the equation (2.21) is locally enhanced. This enhancement is
due to successive constructive and destructive interferences of the reflected and transmitted
part, respectively. The most enhanced signal remains the one emitted following the normal
incidence.

If the number of layer of the top and bottom DBRs is set by the cavity reflectivity (equ.
(2.22)), it also determines its quality factor as follows:

Q0 =
1
2

1− |r1r2|
|r1r2|

c
ncavLeff

(2.23)

with r1,2 =
√

R1,2 (for r1, na = nair, nb = ncav and for r2, na = ncav, nb = nsubstrate),
and Leff the effective cavity thickness. It is defined as Leff = Lcav + LD, and allows to consider
that the field penetrates the mirror to just a certain effective depth [150] defined as:

LD ≈
λcavnAlAs

4(nGaAs − nAlAs)
(2.24)

2.5.2 Pillar characteristics and emission in its fundamental mode

If the embedding in a planar-cavity enhances the QD spontaneous emission, it is only
by a factor 1.2 [151]. Since ΓCM ∝ FP,cav ∝ Q0

Veff
, to increase the extraction (linked to the

Q-factor), and to accelerate the spontaneous emission (linked to the Purcell effect), we can
play with the effective volume of the cavity. In other words, to enhance the emission in a
well-defined mode of the cavity and increase its coherence, the optical field must be confined
in the three directions [45, 152, 153].
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Along the z-axis, the longitudinal confinement is achieved by the top and bottom DBRs.
With the pillar shaped structure, the QD emission is now confined in the x- and y-axis thanks
to the large refractive index of the GaAs (nGaAs = 3.5) compared to vacuum’s one. The con-
finement efficiency, in these two directions, depends on the pillar diameter. Considering a
planar-cavity with a Q-factor Q0, the spatial mode extends on an effective surface charac-
terised by [151]:

Seff =
Q0

2

(
λ

nGaAs

)2

(2.25)

As a result, the lateral confinement becomes effective in a pillar when rpillar < rc ≈√
Seff
π ≈ 9 µm (with Q0 ≈ 7500).

(a) (b)

Figure 2.16: (a) From reference [154], Plot of the influence of the pillar radius on the different
confined modes energies (b) From reference [155] Trace (a): QD emission decay for a QD in
a bulk. Traces (b) and (c): QD emission decay for a QD in a 3µm-diameter pillar. For the
curve b, QDs are in resonance with the pillar fundamental mode energy. Each measurement
corresponds to standard photoluminescence experiment.

Figure 2.16a, from the work of Gérard et al. [154], presents the evolution of the energy
of each confined mode as a function of the pillar radius. As plotted, modes confined in small
pillars have higher energies than in larger ones. By carefully choosing the pillar radius, the
transition energy of QD state located in its center can be matched with the fundamental mode
energy within a certain range [154, 156].

In such a pillar, the spontaneous emission intensity from off-resonant modes is reduced
while the emission from the resonant mode is enhanced [153]. Let us consider an emitter
such as a QD, perfectly matched in energy with the one of the cavity optical mode. Let
us furthermore assume that the QD transition dipole is aligned with the linear polarisation
of the field in the cavity [157]. In this case, the lifetime of the QD spontaneous emission
decreases [155, 158].
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Figure 2.16b is from the pioneer work of Gérard et al. [155]. It shows the influence of the
pillar on the QD state lifetime. This is a pulsed photoluminescence experiment on ensemble
of QDs, embedded in a 3µm diameter isolated pillar. The lifetime of the spontaneous emission
process is measured after the excitation at t = t0. The trace (a) corresponds to the decay of
an emission in bulk while traces (b) and (c) present the emission decay of QDs embedded in
pillars. We can notice that if there is just a slight decay time drop between (a) and (c), while the
trace (b) presents a significant reduction of it. For the latter, QDs were spectrally in resonance
with the pillars fundamental mode. Hence, etching a pillar is not a sufficient condition to
obtain a large emission enhancement. The spectral mode matching is also required.

As consequences, by reducing the spontaneous decay time into the cavity mode, the 3D-
confinement of the optical field and the spectral mode matching lead to a larger spontaneous
emission enhancement than in a 2D-planar cavity. This is controlled by the Purcell factor
defined in the equation (2.19). From this factor, we can calculate the ratio of the photons
preferentially emitted in the coupled mode of the pillar. This parameter is called β and it is
expressed as:

β =
ΓCM

Γtot
=

Fp

Fp + 1
(2.26)

with, ΓCM, the fraction of photons emitted into the cavity mode and Γtot, the fraction consid-
ering all the emitted photons. This formula assumes that the emission of the QD into other
optical mode than the cavity is mostly unchanged as shown in Figure 2.16b traces (a) and (c).

To enhance the spontaneous emission in the cavity fundamental mode, and so to collect
the maximum of photons, we want the highest Fp. For instance, with Fp = 5, we get β =
83%.

To do so and following the equation (2.19), we should increase the Purcell factor by
reducing the pillar effective volume. This is supported by the work of Gazzano et al. [49]
from which figure 2.17b is extracted. The red and black dashed lines represent respectively
the evolution of the Purcell factor and of the pillar Q-factor as a function of the pillar diameter.
The solid green line corresponds to the resulting extraction efficiency. As shown, a decrease
of the pillar diameter leads to a higher Purcell factor. However, this reduction leads also to
a decrease of the pillar Q-factor. Indeed, reducing the pillar radius should only impact the
quality factor for diameter of the order of the diffraction limit. In practice Q 6 Q0 is observed
well above this limit. This is mostly due to etching issues. Indeed, the reactive ion process
does not create smooth etched sidewalls and the imperfections cause diffusion and diffraction
effects. Hence, the total extraction efficiency from the pillar top is reduced for small pillar
(solid green line). The latter follows the equation:

η =
Q
Q0

=
κtop

κtop + κbottom + κloss
(2.27)

with Q (Q0), the pillar (microcavity) quality factor, κtop (κbottom), the escape rate for pho-
tons extracted from the top (bottom) DBR and κloss, the escape rate of photons lost through
absorption and emission through the sidewalls.

κbottom is optimized with asymmetric DBRs so that κtop � κbottom can be reached. How-
ever, the pillar radius must be large enough to minimize κloss. With the current technology, we
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Figure 2.17: (a) Drawing of a pillar with the different parameters which affect the photons
extraction. (b) From the reference [49]. Theoretical evolution of the extraction efficiency as
a function of the pillar diameter (solid green line). Red dashed line: evolution of the Purcell
factor. Black dashed line: evolution of the pillar Q-factor.

have a maximal output coupling of 84% under non-resonant excitation [49] and about 60-65%
under resonant excitation [9].

2.5.3 Deterministic fabrication

2.5.3.1 Molecular beam epitaxy

The first step of the source manufacturing is made by molecular beam epitaxy (MBE)
[159]. It is a standard fabrication technique of semiconductor hetero-structures. The process
of the monocrystal growth is made by a successive deposition of layers with an atomic mono-
layer precision. To do so, a GaAs(100) wafer is placed in a high vacuum chamber. Then, Ga
and As elements are heated and controllably deposed by successive opening and closing of
shutters. The first distributed Bragg reflector (DBR) is deposited on the GaAs(100) wafer and
it is composed of successive GaAs and AlAs layers. The number of layers is determined as a
function of the expected cavity reflectivity. Once this is done, an InAs layer is grown.

Due to a lattice mismatch between the two components (the InAs has a lattice constant
7% higher than GaAs), mechanical stress enables a random creation of InGaAs clusters com-
posed of few thousand atoms. These clusters are so-called QDs and they are embedded in the
InAs layer called the "wetting layer". The self-assembled QDs are covered with a GaAs layer
and then with the layers of the top DBR.

Figure 2.18 shows that like their positions on the wafer, the QDs sizes are random. Thus,
the density is around 100 per µm2 and the height is between 3 and 5nm for a width from 10 to
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Figure 2.18: AFM picture of a part of the wafer. Each cluster is a QD.

20nm [160]. During this step of the fabrication, the QD takes its in-plane asymmetric shape
leading to the exciton FSS (part 2.3.3). Depending on their sizes, the range of exciton emission
wavelength is between 0.9 and 1.1µm at 10K.

2.5.3.2 Pillar manufacturing: in-situ lithography

To obtain the 3D-confinement of the optical mode, a pillar is etched from the planar
cavity. The confinement along the z-direction is ensured by the DBRs. Since the QD position
is random, the probability that the QD is located at the maximum of the optical field in the
pillar center is very low. Yet, the QD-cavity assembling process remains random in many
groups where pillar cavities are etched at a regular distance from each other. However, not
only this leads to get pillars with either no QD or more than one QD, but the spectral matching
is also probabilistic. Overall, to obtain a clean system where the pillar does not contains many
dots, the fabrication yield is around 1/1000 to 1/10 000.

To fix these issues and get a deterministic process, we use the so-called "in-situ" lithog-
raphy proposed by the group of Prof. P. Senellart at CNRS-C2N in 2008 [161]. This tech-
niques enables to precisely measure the QDs positions (figure 2.19) and etch a pillar with the
appropriate energy around them.

As discussed before, the planar cavity wavelength is already defined by the cavity length
Lcav and the DBRs reflectivity. Pillars are defined with a typical range of diameter assuring a
good out-coupling efficiency. This defines the fundamental mode energy range to which the
QD will be put in resonance with. As a result, we need to work with a QD density that is
small enough within this energy range. Spectrally far detuned QDs will not be a limitation.
The as grown sample usually presents too many QDs in this spectral range. To control the QDs
density around the cavity resonance, the wafer is annealed to shift the QD energy to higher
energies [147]. Typically, the obtained density corresponds to around 4 QDs per 400µm2.
Once this step is done, a layer of photoresist is deposited on the planar cavity and the wafer
is put at 4K in a cryostat. The cartography of the QD positions is done via the measurement
of their PL emission. To do so, the wafer is scanned at the nanometer scale in the x-,y-
plane, and a continuous-wave laser, at 850nm, is sent. To be considered promising, a QD
must be spatially isolated, so that there is only one optically active QD per pillar. Moreover,
looking at the photo-luminescence spectrum, one of its state must be spectrally isolated and
bright. Once a QD is selected, a continuous-wave laser, at 530nm, exposes the photoresist.
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Figure 2.19: Schematic of the in-situ lithography. The self-assembled QDs embedded in the
microcavity are excited by a non-resonant laser (850nm) and a laser at 530nm exposes the
photoresits where pillars must be etched.

The latter polymerises as a disc in the resist centered on the QD position with a positioning
accuracy below 50nm [161]. Thus, the QD is placed at the maximum of the electric field of
the pillar fundamental mode, which has a Bessel spatial profile. In the first implementation
of this technique in 2008, the disc diameter was determined by the laser beam diameter, itself
carefully chosen so that the corresponding pillar mode eventually matches the energy of the
QD selected state [162]. The photoresist exposition is done for several QDs before removing
the wafer from the cryostat.

The wafer is then cut into several samples and the polymerised photoresist is removed.
After a metallic deposition and a lift-off step, a reactive ion etching of the pillars around QDs
is done. At the end of the process, a sample is composed of about thirty pillars, each of them
embedding a single QD at its center, with the QD line within 0.3nm of the cavity resonance.

2.5.4 Fine spectral tuning techniques

We saw that the energy of the fundamental mode of the pillar is chosen to match the
QD emission wavelength [155]. However, the errors in the fabrication process, such as the
small error in the pillar size imprinted in the resist, or the non perfect verticality of the etching
process, results in an non perfect QD-cavity resonance. This part will detail two solutions to
finely tune the QD transition energy and put it in resonance with the pillar fundamental mode.
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2.5.4.1 Thermal tuning

The first technique is based on increasing the temperature of the sample.

(a) (b)

Figure 2.20: (a) Reflectivity spectra at room temperature, 293K (red line) and at 4.5K (black
line). The oscillations are due to the LED spectrum. (b) PL spectra at 4.5K (black line) and
at 20K (red line). At 4.5K the QD state emits at a lower wavelength than the cavity mode one
and it is in resonance at 20K.

Figure 2.20a presents the cavity reflectivity spectra before and after a cooling process.
The solid red and black spectra correspond respectively to measurements done at 293K (room
temperature) and at 4.5K. We can then notice that the cavity mode shifts by about fifteen
nanometres towards lower wavelengths during the cooling process. This effect of tempera-
ture is then a intrinsic response of the sample, reflecting the change of refractive index with
temperature. However, between 4.5K and 35K, the energy shift of the fundamental mode is
mostly negligible. On the contrary, the QD states show a stronger dependence with the tem-
perature, following the band-gap change. When heating the sample from 4K to 20-30K, the
QD transitions shifts towards lower energies (so higher wavelengths) faster than the cavity
mode. This is illustrated by the two spectra of figure 2.20b. The photoluminescence of a sin-
gle photon source is plotted at two different temperatures. The solid black spectrum presents
the QD state emission at 4.5K. Its emission wavelength is on the left of the broader cavity
mode (off-resonance situation). When increasing the temperature to 20K, the QD line is put
in resonance with the cavity and its emission is enhanced (solid red line).

However, rising the temperature leads to an increase of the emission via the phonon
side-bands. It is thus not a good technique to get a bright source of indistinguishable photons.

2.5.4.2 Bias application and Stark effect

The second solution to change the QD states energy is based on the change of its elec-
trostatic environment. In other words, we change the energy between the ground state and
the different excited state by applying a bias [163]. Such technique also allows to control
the charge state in a QD, and therefore to work with either neutral or charged exciton transi-
tions [164]. To do so, two main evolutions from the first pillars generation have been realised:
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the doping of the planar-cavity and the connection of the pillar to a larger structure to apply
the voltage as explained below.

Only a few works have demonstrated an electrical control of a QD coupled to a cavity,
showing how challenging such a fabrication is. The first coupling of a QD in a high-Q micro-
cavity with electrical contacts has been showed by Strauf et al. in 2007 [165]. By defining
trenches in the planar cavity, they used a controlled AlOx oxidation to confine the light in the
cavity while the electrical contacts were around the cavity region and placed at few layers of
the QD. The QD layer was then embedded by two n-doped gates.

Another technique consists in creating a gradient of doping concentration during the
MBE process from the bottom layer of n+-doped GaAs, and the n-doped layers of the bottom
DBR, to the p-doped layers of the top DBR. The layer containing the QDs remains undoped.
With such n-i-p doping structure, the energy bands are tilted in the absence of applied bias and
the QD states energy are a little bit lower than their equivalent in a undoped cavity. Due to the
pillar limited lateral size, placing the electrical contact is very challenging without losing on
the extraction efficiency. Therefore, several approaches have been proposed. For instance, the
groups of Prof. J.M. Gérard [166] and Prof. A. Forchel [167] planarised the sample with BCB
to connect pillars from the top by gold contacts. The group of Prof. A. Forchel [168] also
developed pillars contacted from the side by to diametral nano-wires. In our case, we exploit
the techniques proposed in the work of Nowak et al. in 2014 [169] where the micropillars
are connected to large un-etched surfaces with 1D arms in a cross shape (figure 2.21a). The
electrical metallic contacts are then done on the large pads of typically 160µm×160µm. The
electrical wires are bonded on these large surfaces with a Ti/Au Schottky contact.

(a) (b)

Figure 2.21: (a) SEM picture of the current sample. The wire is bonded on the planar cavity
and the pillar are tied to it with the cross shape structure. (b) Drawing of the voltage influence
on the QD states energy levels. Because of the structure doping, the energy bands are already
tilted. A positive voltage increases their energies while a negative voltage decreases them.

We work in a voltage range where the current remains close to zero. Indeed, the source is
a diode [170] and when the current increases, the charges accumulation in the band gap alters
QD states. Figure 2.21b summarises the effect of a bias application. To some extent, it is
then possible to change the energy levels from their initial position. A negative voltage brings
the conduction and the valence bands closer. As a consequence, the energy of the transition
decreases, and the emission wavelength is higher than the one at 0V. On the contrary, a positive



50 CHAPTER 2. SINGLE-PHOTON SOURCES

bias makes them move apart. The energy of the transition increases and shifts the emission to
a lower wavelength.

This solution is more robust and reliable than the temperature change. Most importantly,
it should not affect the photon indistinguishability and we can both red shift and blue shift the
QD wavelength. So, as long as the difference between the QD and cavity resonances is lower
than typically 1nm, the detuning can be compensated with bias application. Beyond this upper
bound, the QD charge state can change because of the tunneling of an electron or a hole.

2.6 Optical study of the sources

We now turn to the optical characterisation of the sources. We discuss their emission
properties both under non-resonant and resonant excitation. We also discuss the differences
of the resonant excitation scheme when studying either an exciton or a trion.

2.6.1 Benchmarks measurements

Our objective is to measure all the important figures of merit of a single photon source.
From β and η parameters (defined in part 2.5.2), we can obtain the "first lens brightness"
of a source. As defined in part 2.2.1, this represents the fraction of photons emitted in the
fundamental mode of the pillar, extracted from its top and collected by a lens. Since pillars
have numerical apertures lower than 0.4, we can consider a lens with a large enough numerical
aperture typically around 0.6. Thus, the first lens brightness depends only on β, η, and on the
occupation probability of the excited state, pe ≤ 1, whose value depends on the excitation
scheme. Independently of the excitation scheme, the first lens brightness is then given by:

BFL = β× η × pe (2.28)

Experimentally, it is estimated from the collected photons rate corrected by the system
transmission and the detector efficiencies.

Concerning the measurement of the emission purity, we use the method described in
part 2.2.2. Figure 2.22a presents the plot of the second order correlation measurement under
resonant fluorescence. The delay between subsequent peaks is linked to the laser repetition
rate. The side peaks correspond to the second photon detected after a certain delay propor-
tional to ±12.3ns, for a repetition rate of 81MHz. Therefore, the calculation considers the
ratio between the area of the central peak over the areas of the lateral ones.

Finally, the mean wave-packet overlap is measured with a system based on a Mach-
Zender interferometer (figure 2.22b). The emitted photons are diagonally polarised by a po-
lariser (P) and sent on a polarising beam splitter (PBS). Thus, they have 50% chance to be
transmitted or reflected. Depending on the taken path, the photon can take the arm whose
length is set to create a delay according to time separating two consecutive photons. It is then



2.6. OPTICAL STUDY OF THE SOURCES 51

(a) (b) (c)

Figure 2.22: Time traces of (a) a second order correlation measurement and of (c) a mean
wave-packet overlap under resonant fluorescence. (b) Schematic of the Mach-Zender inter-
ferometer used to measure the mean wave-packet overlap under resonant fluorescence. It is
composed of a polariser (P), a polarising beam splitter (PBS), two half and quarter waveplates
and a fibred 50:50 beam splitter (FBS).

proportional to the laser repetition rate and enables to send simultaneously two photons at
the two inputs of a balanced 50:50 fibred beam splitter (FBS). In other words, two photons
emitted from two consecutive laser pulses can reach the FBS at the same time. The measured
time trace is plotted in figure 2.22c. For the calculation of the mean wave-packet overlap, the
peaksA±1 are excluded. Indeed, they represent the probability of the event: the "first photon"
does not take the path with the delay and cannot interfere with another photon in the FBS.

The measured HOM visibility is then written as follows:

VHOM = 1− 2
(
A0

Ak

)
(2.29)

with Ak (k = ±2,±3, ...), the average area of the side peaks (usually three or four on each
side), except peaks A±1, and A0, the area of the peak into a window of ±1ns.

We should also consider that, adding to the intrinsic indistinguishability of the emission,
given by Mth (equ. 2.3), the non-null peak at zero delay can also be due to issues with
the optical system. Indeed, coincidences on the two detectors can arise if the FBS is not
perfect (R 6= T), or if the delay and the polarisation between the two arms are not well
controlled. While the latter can be optimised carefully during the experiment, the imperfect
FBS properties can be accounted for by using the following relation:

Mexp = VHOM

(
R2 + T2

2RT

)
(2.30)

with R (resp. T) is the intensity reflectivity (transmission) coefficient of the beam splitter.
When R = T = 0.5, the VHOM visibility is simply the mean wave-packet overlapMexp.

Once corrected from the setup imperfection, the value given by equation (2.30) rep-
resents the effective indistinguishability of the real, non-perfect, emission of single photon
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sources. But, this value is affected by its non perfect single-photon purity. To push fur-
ther the development of the sources, it is very important to be able to identify whether the
limited Mexp arises either from non-zero g(2)(0) or from the limited intrinsic wavepacket
overlap of the single photon part of the field. To access the mean wave-packet overlap
of the single photon part, a recent study was conducted in the group of Prof. P. Senel-
lart [171]. Prior to this work, the corrected mean wave-packet overlap was extracted using
by Mcorr = Mexp − g(2)(0) [172, 173], where Mexp includes the multi-photon compo-
nent. The work of Ollivier et al. [171] proved that the impact of multi-photon events was
underestimated, and that the effect of pure dephasing was milder than previously expected.
Theoretically and experimentally, they proposed a correction equation written as follows:

Mcorr =
Mexp + g(2)(0)

1− g(2)(0)
(2.31)

This correction factor can be applied to any single-photon source excited with fast pulses
(about 10-15ps) and whose emission single-photon purity is above 90%.

Finally, in order to increase the indistinguishability of the collected photons, a Fabry-
Pérot etalon is added in the collection. Its linewidth, about 15µeV [9], is chosen to match the
QD emission and allows to further increase the phonon side-bands filtering.

Figure 2.23: Time trace of mean photon wave-packet overlap measurements. In black (red)
without (with) a Fabry-Pérot etalon in the collection path.

Figure 2.23 presents the measurement with and without an etalon. We can notice the
small area of the peak at zero-delay evidencing a high indistinguishability of the ZPL emis-
sion. Without the etalon, the corrected mean photon wave-packet overlap is 86% while, with
one,Mcorr = 95%. However, the current filtering techniques leads to a significant reduction
of the brightness. Thus, a trade-off must be found between these two benchmarks.
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2.6.2 Non-resonant excitation or Photoluminescence

2.6.2.1 Excitation scheme

The photoluminescence of a single QD is measured by exciting it with a laser whose
wavelength is set to higher energy from the QD transition. Here we discuss excitation schemes
in the GaAs or in the wetting layer, corresponding to wavelength between 830nm and 850nm.
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Figure 2.24: (a) Schematic of the PL emission. An electron-hole pair is created in the wetting
layer or in the continuum of the GaAs bulk. (1. and 2.), the electron and the hole reach
the s-shell states via relaxations and charge carrier captures. (3.) The QD state relaxation
(here exciton) lead to a photon emission. (b) Schematic of the microscope for a non-resonant
excitation.

The emission process is depicted in figure 2.24a. Having a much higher energy than the
QD states, this laser is chosen to create electron-hole pairs in the continuum of the GaAs bulk
or in the wetting layer. The emission takes place after rapid relaxations of electrons and holes
from these energy levels to lower-energy ones. The latter are due to intraband relaxation,
interaction with charge carriers and/or with phonons. Once the electron and the hole have
reached the lowest excited state of the QD, the electron-hole pair recombines and a photon is
emitted.

As shown by the schematic of figure 2.24b, a 90:10 BS enables both to send the ex-
citation laser into the single photon source and collect most of the emitted photons. Since
the reflected laser is also transmitted by the BS, a longpass or a bandpass filter is added to
suppress it before the collection fibre.

2.6.2.2 Emission characteristics

An example of a photoluminescence spectrum is plotted in figure 2.25a. Due to a low
spectrometer resolution (about 12 pixels for 1nm), the lines are broad and not well defined.

This excitation scheme leads to emission signal from multiple QD states (multiexcitons).
We can also notice an emission line at the cavity frequency. This is due to a feed by the
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Figure 2.25: (a) PL spectrum of a QD embedded in a pillar. (b) Saturation curve of an excitonic
state in resonance with the pillar energy excited with a continuous-wave laser at 850nm.

multiple phonon-sidebands of the QD emission lines [174]. This "cavity" line is broader and
does not saturate when the laser power increases. On the contrary, increasing the laser power
leads to a saturation of the QD states emission. This approach enables to distinguish more
precisely the cavity peak from the QD states. In this spectrum, we can distinguish two states.
As explained later (part 2.6.3.4), the emission behavior of state 1, under resonant excitation,
allows to assign it to a trion transition. However, we just worked with this state and we did
not identify state 2.

Figure 2.25b represents the intensity from an exciton line of another source as a function
of the laser power. In this case, a linear dependence is observed as a function of power before
the saturation. If this dependence could also be assigned to a trion transition, the intensity drop
leads to the conclusion that it is an exciton. Indeed, the large laser power leads to an average
occupation of the QD by two-electron hole pairs, and the emission comes then preferentially
from the biexciton transition.

Under this excitation scheme and with isolated pillars, it has been theoretically shown
that it is not possible to obtain both a high brightness and a high photons indistinguishability
[175]. Gazzano and coworkers indeed characterised our single photon sources under this
excitation regime and, for a single-photon purity around 0.95, they obtained results close to
theory with either a brightness of 0.79±0.08 andM = 0.55±0.05 or BFL = 0.53±0.05 and
M = 0.9±0.10 [49]. This trade-off is due to the fact that under this excitation scheme the
highest brightness is obtained by increasing the laser power. But high power non-resonant
excitation leads to an increase of the number of the charge carriers in the wetting layer which
are the origin of fluctuations of the QD electrostatic environment and dephasing. Moreover,
the radiative cascade, leading to a multi-exciton recombination, leads to a time jitter before
the last photon emission which also reduces the photon indistinguishability.
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2.6.3 Resonant fluorescence

2.6.3.1 Excitation scheme

To get a better control of the emission characteristics and mainly to improve its indis-
tinguishability, the sources are resonantly excited [49, 130, 176]. In the last few years, the
resonant excitation of a single QD has been demonstrated and the resonance fluorescence of
QDs was measured [177–179]. Under this excitation scheme, the laser and the QD state cou-
pled to the cavity mode present the same energy. The excitation laser is a 3ps pulsed laser, but
to spectrally match the cavity linewidth, its spectrum is shaped. As a consequence, its pulse
duration is equivalent to a pulse duration of about 15ps. Since the emitted photons have the
same wavelength, we can no longer place a spectral filter in the collection path to suppress the
laser. Instead, a polarisation filtering can be used to suppress the laser and extract part of the
single photon emission. The typical experimental optical system is presented in figure 2.26b,
and is based on a cross-polarisation configuration.
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Figure 2.26: (a) Plot of the cavity splitting. Due to the pillar birefringence modes |H〉 and |V〉,
whose bandwidth is about 150-300µeV, have energies split by about 70-90µeV. (b) Schematic
of the confocal microscope for resonant excitation regime.

As presented in figure 2.26a, the cavity fundamental mode presents two nearly-degenerate
linearly-polarised modes whose energy splitting is typically 30-70µeV. This difference is
smaller than the spectral linewidth of the cavity, which is around 150-300µeV. If the inci-
dent beam is linearly-polarised along one of this two axes, the reflected beam exhibits with
the same polarisation. On the contrary, if it enters with any linear polarisation in between, the
cavity birefringence creates different phase delays between the components projected onto H
and V, resulting in an elliptical polarisation state. As a consequence, a part of the reflected
laser is collected in cross-polarisation. This phenomenon is maximum for a diagonal input
polarisation. We call "cavity rotated light" the part of the beam coupled to the cavity which
sees its polarisation rotated in the Poincaré sphere. The latter is then collected even in a
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cross-polarisation configuration.
As illustrated later on, this rotated light signal is very useful for alignment purposes.

However, it should be strongly suppressed when operating the source under resonant excita-
tion. As a result, the resonant excitation must be performed with a linear polarisation aligned
along the H or V cavity axes.

The optical system, presented in figure 2.26b, is then based on a cross-polarisation con-
figuration. Chapter 3 will more detail its development and characteristics. In brief, in the
excitation path a polariser set the incident beam polarisation to fully reflect it by a polarising
beam splitter (PBS). The two wave-plates (λ/2 and λ/4) before the cryostat enable to correct
any ellipticity and match the incident polarisation to one of the cavity axes (H or V). In the
collection path, the PBS and another polarisation filter (PBS or polariser) enable to collect
only the photons emitted in the orthogonal polarisation.

Under this excitation scheme, we introduce the "polarised first lens brightness" (BPFL).
The latter is distinguished to the first lens brightness by the coefficient rpol which traduces the
fraction of photon emitted in the collection polarisation:

BPFL = BFL × rpol (2.32)

Considering this intrinsic limitation, the resonant excitation scheme works in a cavity
only if the QD transition can emit single photon in a crossed polarisation with respect to the
cavity axes. As discussed now, the rpol coefficient depends on the QD charge state which
emits the photons. Thus, based on the work of the Ollivier et al. [99], parts 2.6.3.3 and 2.6.3.4
will describe the way to distinguish the emission from an exciton to a trion’s under resonant
excitation, and how these different charge state lead to different sources performances.

2.6.3.2 Coherent control of a QD

Here, we first discuss the first coherent control measurements of a QD system [177,179]
evidencing the Rabi oscillations under resonant excitation [180]. The laser is set at the energy
of one of the QD states and the Rabi oscillations are measured by varying either the pulse
duration, with a constant laser power, or the laser power, with a constant pulse duration.
An attractive method to measure this coherent control is to use photo-current measurements,
where the oscillations are observed in the current signal instead of in the emission. Figure
2.27b presents nice oscillations reported in 2010 by Ramsay and coworkers [181]. The ob-
servations using the direct resonant fluorescence signal were reported in 2007 [177–179] by
using an orthogonal excitation and collection configuration: QDs were excited from the side
and resonant fluorescence is collected perpendicularly to sample’s surface.

The optical excitation of the QD transition, modelled as a two-level system composed of
a ground state |g〉 and an excited state |e〉, corresponds to the creation of an electron-hole pair.
Thus, the coherent drive can be seen as a unit-vector displacement on the Bloch sphere [182]
(figure 2.27a). Considering an increasing pulse duration for a constant laser power, Rabi
oscillations can be described as follows. By gradually increasing the pulse duration, the QD
state is driven from |g〉 to |e〉 and the probability of reaching the excited state is maximum for
a certain duration. The system is then in a position called ”π”. Between 0 and ”π”, the pulse
duration is too short to drive the QD efficiently and at ”π” the laser has the correct duration
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(a) (b)

Figure 2.27: (a) Drawing of a Bloch sphere and schematic of the Rabi oscillations phe-
nomenon (b) Theoretical plot (red line) and experimental measurements (rounds) of a Rabi
oscillations of an exciton, as function of the pulse area (from ref [181]). The final occupation
of the exciton is measured using a photocurrent detection.

to do so. If the pulse duration keeps increasing, this probability decreases until reaching a
minimum of emission at a position called ”2π”. Indeed, the system can go back to the ground
state during the pulse. It is possible to increase again the pulse duration and in this case
the probability increases before decreasing again. We then measure Rabi oscillations whose
period is proportional to the dipole moment transition from |g〉 to |e〉 and to the electric field
amplitude. We can write the Rabi frequency as [183]:

ΩR(t) =
µA(t)
} (2.33)

with µ the dipole moment and A(t) the electric field envelope of the laser pulse, defined as
E(t) = 1

2 (A(t) e−iω0t + A∗(t) eiω0t).

The same experiment can be realised by increasing the power of the excitation laser.
The results and the phenomenon description are the same. In this case, the "π-position"
corresponds to the required power to optimally excite the state.

The Rabi oscillations are usually plot as function of the pulse area (figure 2.27b). The
latter is defined as the temporal integral over the Rabi frequency [184]:

Θ =
∫

ΩR(t)dt (2.34)

In figure 2.27b, we can also notice a damping of the oscillations. The latter is due to
the finite lifetime of the two level system [185] as well as its interactions with the phonon
bath [186]. As consequences, the probability of emitting a photon during longer pulses or
under a higher power decreases following the decay of the excited state. The dephasing, due
to phonon interactions, also induces a reduction of the occupation probability or a reduction
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of the coherence. Hence, the oscillations damp until an equilibrium position, corresponding
to populating equally the ground and the excited states for a two-level system.

Such observation is a good evidence that a QD, a semiconductor trap composed of thou-
sands of atoms, can be considered as an artificial atom.

In the following, we present the detailed analysis of the coherent control in our QD
sources, performed with the PhD work of Hélène Ollivier [99]. We discuss the coherent
control of either excitons or trions in pillar cavities.

2.6.3.3 Resonant fluorescence of an exciton

Under resonant excitation, the exciton can be described as a three levels system: a
ground state |g〉 and two excited states separated in energy by the FSS (figure 2.28a). The
latter, labelled |X〉 and |Y〉, are the two intrinsic exciton eigenstates and are linearly-polarised
dipoles.
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Figure 2.28: (a) Energy level structure of a neutrally charged quantum dot, with ground state
|g〉 and two exciton eigenstates |X〉 and |Y〉, separated in energy by the fine structure splitting
(FSS). The resonant excitation process results in an excitation along |V〉 and a photons col-
lection along |H〉. The polarisation rotation is allowed by the FSS. (b) Lifetime of an exciton
state (blue line) under resonant excitation. The orange line corresponds to the excitation laser
With the log-scale, we can see the beating due to the FSS.

The angle θ between the axes of the cavity and of the QD is random. To avoid the
signal coming from the rotated light arising from the pillar birefringence on the input laser
beam and to only collect the emitted photons, the laser is linearly-polarised along one of the
two cavity axes. In this condition, if the excitation is V-polarised, the collection is parallel
to the H-polarisation. Due to a projection onto the exciton linear dipoles, both |X〉 and |Y〉
are excited, as long as the X and Y directions do not coincide with the H and V polarization
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directions of the cavity. The link between these polarisation axes is written as follows:{
|V〉 = cos(θ) |Y〉+ sin(θ) |X〉
|H〉 = −sin(θ) |Y〉+ cos(θ) |X〉

(2.35)

So, let us consider the initial state |Ψ(0)〉 = |V〉. The exciton state is driven at "π-
pulse" and its time evolution follows:

|Ψ(t)〉 = cos(θ)e
−
(

i EY
} + 1

2τ

)
t
|Y〉+ sin(θ)e

−
(

i EX
} + 1

2τ

)
t
|X〉 (2.36)

with ∆FSS = EY− EX, and τ, the total Purcell-enhanced emission lifetime. Since we consider
small cavity asymmetry, it is assumed to be the same for both exciton dipoles.

The probability so that a single-photons is emitted in the H-polarisation mode is then
proportional to:

| 〈H|Ψ(t)〉 |2 = e
−t
τ sin2

(
∆FSS

2} t
)

sin2(2θ) (2.37)

This equation shows that by exciting along the V-polarisation, a part of the single pho-
tons is emitted through the H-polarised mode after a delay inversely proportional to the FSS.
Hence, the highest rate of photons emitted in the H-polarised mode is get when θ = π/4
while it is null for ∆FSS → 0 or if θ = 0. As plotted in figure 2.28b, the exponential decay of
the lifetime also shows oscillations due to the phase dependence of the frequency components
|X〉 and |Y〉 at the rate ∆FSS/2. This behavior is a typical signature of the exciton emission. In
this collection configuration, at least half of the photons are emitted in the same linear polar-
isation as the excitation laser and are not collected. Experimentally, considering the FSS, the
angle between the QD dipoles and the cavity axes, and the relative emission and polarisation
rotation rate, Olliviers and coworkers measured a polarised first lens brightness around 16%
on half a dozen of exciton based sources [99], while BFL ≈ 62%.

Measuring the lifetime and observing these coherent oscillations with ultrafast detectors
is one technique used to evidence whether the state under study is an exciton or a trion. An-
other method is to measure the polarisation dependence of the collected emission spectrum.
The optical selection rule of an excitonic state leads to a change in the collection efficiency by
changing the direction of the linear polarisation of the excitation laser. Figure 2.29a presents
the polarisation directions of cavity axes (V and H), exciton axes (X and Y), and polarisation
of the excitation and collection (resp. Vexc and Hcoll). The half waveplate rotates the linear po-
larisation of the excitation laser so that we note φ the angle between the excitation/collection
polarisation direction and the cavity axes. Figure 2.29b shows the signal collected for two
excitation laser polarisation angles φ. When the polarisation of the excitation is parallel to
one of the cavity axes (φ = 0), the incident laser does not experience the cavity birefringence
and only single photons from the QD are collected. For φ = 114◦ and all other angles φ,
a spectrally broad signal (blue part) appears, corresponding to the light rotated by the cav-
ity birefringence. Therefore, figure 2.29c represents the evolution of the intensity from both
the cavity rotated light and the exciton as a function of this angle. As previously discussed,
the cavity rotated light is maximised when the excitation and the collection have diagonal
polarisations with respect to the cavity axes H and V. The QD exciton emission also show
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Figure 2.29: (a) Polarisation directions: cavity axes V and H, exciton axes X and Y, and polar-
isation of the excitation and collection, Vexc and Hcoll, respectively. (b) Collected signal at two
different angle φ of the half waveplate. It controls the direction of the excitation polarisation.
At φ = 0◦, the excitation is parallel to one of the cavity axes and, only the single photons
from the QD are collected (in green). At 114◦, there is also the cavity rotated light (in blue).
(c) Normalized intensity from the cavity rotated light (blue line) and from the exciton (green
line) as a function of the angle of the half waveplate above the cryostat.

oscillations, corresponding to the angle between the laser polarisation and the exciton polar-
isation axes X and Y according to equation (2.37). These oscillations are the signature of an
exciton.

2.6.3.4 Resonant fluorescence of a trion

We now consider the coherent control of a trion state corresponding to a charged exciton
where an extra hole (positive trion) or electron (negative trion) is trapped before and during
the excitation/emission process. Contrary to a neutral exciton, under linearly-polarised exci-
tation and in the absence of in-plane magnetic field, the trion does not have polarised optical
selection rules.

Considering a positive trion, the ground state is composed by two degenerates energy
levels associated to spin holes |⇑z〉 and |⇓z〉. The optical selection rules can be written in
the circular polarisation basis, but for the sake of simplicity, we write them in the H and V
polarisation basis of the cavity modes, with (H, V, z) a direct orthonormal basis (figure 2.30a).
In this condition we can write [187]:
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Figure 2.30: (a) Energy level structure of a positive charged quantum dot, with two ground
states |⇓H〉 and |⇑H〉 and two exciton eigenstates |⇑⇓↓H〉 and |⇑⇓↑H〉. The resonant excitation
process results in an excitation along |H〉 and a photons collection along |V〉. Since there is
no polarization selection, almost 50% of the photons are emitted along the V-polarization (b)
Lifetime of a positive trion state. With the log-scale, we can see the linear decrease of the
emission probability over the time.

 |⇑H〉 = 1√
2
( |⇑ z〉+ |⇓z〉)

|⇓H〉 = 1√
2
( |⇑ z〉 − |⇓z〉)

The H-polarisation ties respectively the ground states |⇑H〉 and |⇓H〉 to the excited states
|⇑⇓↑H〉 and |⇑⇓↓H〉, while the V-polarisation ties respectively the ground states |⇑H〉 and
|⇓H〉 to the excited states |⇑⇓↓H〉 and |⇑⇓↑H〉. In this condition, if the laser is H-polarised,
and if the spin state is in a statistical mixture of both spin up and spin down, both spin states are
excited and a signal is always observed in the V-polarized collection. However, only half of
the photons are emitted in the V-polarized collection so that the polarised first lens brightness
is around the half of the first lens brightness. Another difference from the exciton is pointed
out by the lifetime plot of figure 2.30b. Since the emission takes place in both polarization H
and V, the emission is not delayed from the onset of the laser pulse (orange line) and the decay
follows only the exponential decay without beatings.

As for the exciton, we look at the emission spectra collected in crossed polarisation for
various excitation polarization angles φ. Figure 2.31a shows the collected spectra for two ex-
citation half-waveplate angles. The QD emission is in magenta while the cavity rotated light
is in blue. Figure 2.31b represents the evolution of these signals as a function of the half wave-
plate angle. As previously, the intensities are normalised by the cavity rotated light maximum.
Due to the optical selection rules of the four trions transitions, the QD trion emission is inde-
pendent of the polarisation angle of the excitation. The collected intensity remains constant
while the cavity rotated light intensity oscillates as before.

These methods allow to identify the state in resonance with the cavity as a trion. But
experimentally, in the sample structure under study, this state is usually obtained and stabilised
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Figure 2.31: (a) Collected signal at two different angles of the half waveplate. At 0◦, only the
single photons are collected (in magenta) while at 120◦, there is also the cavity rotated light (in
blue). (b) Normalized intensity from the cavity rotated light (blue line) and from the positive
trion (magenta line) as a function of the angle of the half waveplate above the cryostat.

optically with the introduction of a hole in the QD.
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Figure 2.32: Schematic of the hole trap in the pillar structure and of the way to create and
excite a positive trion state. The principle is proposed by Hilaire et al. in reference [188]

The method adopted here, and illustrated in figure 2.32, was described by Hilaire et
al. [188]. It is based on a band design relying on an asymmetric tunnelling barrier. To ob-
tain a positive trion, a non-resonant laser is used to create a first electron-hole. It is usually a
continuous-wave laser with an energy close to the p-shell transition energy. After this exci-
tation, the valence band barrier traps the hole while the absence of barrier for the conduction
band lets the electron free to leave the QD. Adding to the fact that the lifetime of a trapped
electron is shorter than a trapped hole, the electron escapes, while the hole stays trapped for
few microseconds after the excitation, which leads to an efficient negative trion resonant ex-
citation.
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2.7 Conclusion
Quantum applications require "on-demand" bright sources of single and indistinguish-

able photons. If several techniques have been developed over the last twenty years to meet the
theoretical expectations, self-assembled QDs embedded in 3D-cavities seem to be the most
promising sources. The group of Prof. P. Senellart developed and optimised a source based
on self-assembled GaAs/InGaAs QDs deterministically embedded in micro-pillars. This en-
abled to reach a first lens brightness about 65%, a purity and an indistinguishably respectively
as large as 99.72%±0.12% and 99.56%±0.45% [9] . Nevertheless, once emitted the single-
photons have to be distinguished from the excitation laser and collected into a single-mode fi-
bre to be used. We then introduce a "polarised first lens brightness" (BPFL) which corresponds
to the fraction of photons emitted in the collection polarisation under resonant excitation. To
quantify the collection efficiency, we also define as the "fibred brightness" (BF), the fraction
of the usable collected photons after considering the optical losses of the collection system
ηloss and the coupling efficiency into the single-mode fibre ηcoupl:

BF = BFL(×rpol)×ηsystem × ηcoupl (2.38)

The "rpol" coefficient is only used under resonant excitation and traduces the "polarised first
lens brightness".

The objective of this thesis was to improve this benchmark without deteriorating the
photons purity and indistinguishability. To do so, we worked on the optical system (chap.
3), we investigated another excitation regime (chap. 4) and finally we developed techniques
to directly place the single-mode fibre above the micro-pillar so as to obtain a fiber-pigtailed
single photon source ready to be inserted in standard cryostats (chap. 5).
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Chapter 3

Efficient and stable single photons
collection under resonant fluorescence
excitation

"Ralliez-vous à mon panache blanc, vous le trouverez sur le chemin de la victoire"

attribuée à Henri IV

3.1 Introduction

The single photon sources based on semiconductor QDs discussed in this work have a
high intrinsic brightness. Nevertheless, the optical system used to excite the system and collect
the emitted single photons presents many sources of losses: optical components’ absorption,
coupling efficiency in a single mode optical fibre, instability, ... Thus, the final count rate
measured in the collection fibre, i.e. "fibred brightness", is much lower than the "first lens
brightness". However, many applications, such as quantum computing [7, 18, 189] or secure
long-distance quantum communication [29], require a near-unity brightness. Moreover, since
such experiments can require hours or even days of constant data acquisition, the device and
optical system must guarantee, at the same time, efficiency and stability.

In this chapter, we will discuss the development of an optimised design of a stable con-
focal microscope for the resonant-excitation regime. Since under this excitation scheme, the
excitation laser and the emitted signal have identical wavelength, a practical way to sepa-
rate both in independent optical path is required. If the dark-field confocal method is well
known in biomedical microscopy field [190, 191], it is already and usually used to carry out
resonant fluorescence experiments based on QDs as single photons emitters. We can cite stud-
ies on interactions between single photons emitters and their environment [192] or in optical
cavity [193]. Like in other work on self-assembled semiconductor QDs under resonance fluo-
rescence [46,194–196], we use a cross-polarisation configuration to ensure the filtering of the
excitation laser and allow for high collection efficiency of the emitted single photons. A first
version of such optical system was developed four years ago and is still used in the academic

65
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group to study the physics of self-assembled QDs embedded in pillars [9, 99] and their ap-
plications [197, 198]. Due to the optical components and its design, the microscope presents
losses, and limited collection efficiency and stability. The aim of this work was to develop a
novel system with improved transmission and stability, and ease of use for non-expert users.

To increase the collection efficiency, we worked on the theory of the coupling efficiency.
The first part will describe the theoretical study and the experimental results we obtained with
fixed focus collimators. It will then broach the need of mode matching with the use of variable
focus collimators.
To increase the laser rejection rate and therefore single-photon purity, we studied the different
sources of depolarisation. The second part will present the changes in the system architecture
to obtain an efficient dark-field confocal microscope.
Finally, the third part will describe in detail the new design which enables to reach a stability
over days and obtain a more "user-friendly" system while in the fourth part, we will detail its
application for single photon sources characterisation and use.

3.2 Coupling efficiency

Beam collimation and fibre coupling efficiencies are essential in the building of fibred
optical systems. To do so, collimators are usually used. This optical component is theoreti-
cally a perfect solution to collimate a beam from a fibre and conversely to couple a beam into
a fibre. In practice, certain parameters must be precisely controlled to approach the best per-
formances. This study aims to model the influence, on the coupling efficiency, of the distance
between two lenses and of the mode matching of optical modes. Once the theoretical model is
established, part 3.2.2. will consider the coupling efficiency between two collimators facing
each other, while part 3.2.3 will be about coupling efficiency and mode matching between a
collimator and a pillar. The goal is, in any of the cases, to maximise the collection efficiency
of emitted single photons.

3.2.1 Simulations

3.2.1.1 Calculation principle

The simulated optical system is described in figure 3.1. It is composed of two optical
fibres placed at the focal point of two lenses separated by a variable distance, D.

The simulations describe the evolution of a beam coming out from a single-mode optical
fibre or from a pillar. The aim is then to model the mode coupling between the latter, after
its propagation, and the beam at the input of the fibre 2. To do so, beams are treated in the
Gaussian beam approximation. Due to the difference between the refraction indices of the
GaAs (n ≈ 3.5) and the air, their diameters (> 1.6µm) or their high quality factor (Q > 5000),
pillars can be considered as waveguides whose fundamental mode is Gaussian [199, 200].
Concerning the beam at the output of single-mode optical fibres, it is also possible to make
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Figure 3.1: Schematic of the simulated optical system. It is composed of two fibres (1 and 2)
separated from two lenses (L1 and L2) by respectively the distances d1 = f1 and d2 = f2. The
two lenses are separated by the distance D.

the same approximation. The study of the electromagnetic field outside such fibres and their
normalised frequency [201] validate it. This frequency, represented by "V", is a dimensionless
parameter which characterises the number of modes in index-jumping fibres following the
equation M = V−2

2 . Since we work with single-mode fibres (V 6 2.405) and pillars, the two
simulations are established from theories of the propagation of Gaussian beams [202] and
from Fourier optics [203] beyond the paraxial approximation [204].

The propagation, outlined in figure 3.1, can be mathematically summarised following
the steps of figure 3.2. To simulate it, two models have been considered. The first one is based
on an numerical model using Fourier transforms while the second one enables to calculate
analytically each Gaussian profile during its propagation.

Both simulations start with an initial scalar Gaussian profile defined as follows:

G0(x, y) = I exp
[
− (x2 + y2)

w0
2

]
(3.1)

In the case of a fibre output, we have,

w0 = rFO

(
0.65 + 1.619

V1.5 + 2.879
V6

)
[205] and V =

πrFONA
λ

with w0, Gaussian profile waist defined as the radius at Imax
e2 , V, the normalised frequency

(V 6 2.4048, for a single-mode fibre), λ, the working wavelength, rFO, the core radius of the
optical fibre and NA, the numerical aperture of the optical fibre.

Concerning the output of a pillar, the waist is estimated from the formalism of the
reference [199] and used in the thesis [200]. The simulation method remains the same but
before part 3.2.3, we will only consider the propagation of beams from single-mode fibres.

The propagation over a distance d is simulated by multiplying, in the Fourier space, the
Gaussian profile to the transfer function of the vacuum:

Hd(νx, νy) = exp [−ikd] exp
[
iπλd (νx

2 + νy
2)
]

with

 k =
√

kx2 + ky2 + kz2 = 2π
λ

νx = kx
2π , νy =

ky
2π
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Figure 3.2: Mathematical translation of the figure 3.1 schematic. Each arrow corresponds to
an action such as a propagation along a certain distance or the passage through a lens. The
calculation in the Fourier space are written in the dark grey rectangle on the left while the rest
corresponds to calculations and Gaussian profiles in the real space.

The passage through a lens is calculated in the real space. To model it, the Gaussian
beam is multiplied by a phase term L(x, y) representing the lens effect and a circular mask
T(x, y) corresponding to its finite diameter. These transfer functions are written as follows:

L(x, y) = exp
[

iπ
λ f (x2 + y2)

]
, T(x, y) =

{
1, inside

0, otherwise.

Considering the first simulation, it is implemented with a software in which each Gaus-
sian mode is defined in two dimensions by a matrix. It will be called "numerical model" in the
rest of this work. If this approach allows for a control of each propagation stage, numerical
edge effects are introduced by the software at each Fourier transformation. Moreover, due to
the 4◦ angle of divergence at the fibre output, there are scaling issues. The beam, which has an
initial diameter of few micrometres, has a diameter of few millimetres after the propagation
d1. Fixing these issues is computationally demanding and requires hours of calculations. For
this reason several simplifications were considered.
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Supposing that all beams remain Gaussian during the propagation [204], it is also pos-
sible to calculate them analytically. In this second model, called "analytical model", each
propagation stage separating the two optical fibres, can be described by an analytical equa-
tion. For instance, equation (6.4) (in Appendix 1) enables to calculate the Gaussian 2D-profile
after the lens 1 without the need of numerically propagate it. A complete list of the equations
can be found in Appendix 1.

Figure 3.3: Schematic of a Gaussian beam propagation. We make the distinction between the
beam radius where R(0) = ∞, w0, and the radius evolution along "z", w(z). Both correspond
to the radius at 1

e2 of the maximum intensity. The Gaussian beam always diverges following a
semi-angle θ.

In the following we will consider two kinds of waist: w0 and w(z). Both are defined as
the beam radius at 1

e2 of the maximum intensity. We call w0 the beam radius where the wave-
front radius of curvature is R(0) = ∞. On the contrary, the evolution of the radius along "z"
is described by w(z) (figure 3.3). For these successive "z"-positions, the wavefront curvature
radius has a finite value, creating the divergence of the Gaussian beam which is ruled by the
semi-angle of divergence θ. The waist w(z) can be directly obtained from each equations of
the "analytical model" since Gaussian profiles can be written as follows:

G(x, y) = I exp [−ikd] exp
[
−
(

1
w(z)2 +

ik
2R(z)

)]
Thus, for each stage and for each equation of this model, the real part of the exponential

corresponds to the waist (profile radius at 1
e2 of the maximum intensity) and the imaginary part

to the curvature radius of the beam. Nevertheless, this model only considers infinite diameter
lenses, not taking into account their real diameters and the diffraction effects that may result
from it. Since in practice such effects need to be neglected, the next part will provide the
condition on the beam diameter, with respect to the lens’, so to overcome them.

To calculate the mode coupling, two equations can be used. The first one enables to
estimate its evolution according to the chosen beam propagation’s parameters. It corresponds
to a scalar product between the incoming mode, Gi, and the target mode , Gt, considered as
Gaussian [206]:

C =

∣∣∫∫ (Gi Gt
∗) dx dy

∣∣2∣∣∣√∫∫ (Gi Gi
∗) dx dy

√∫∫
(Gt Gt∗) dx dy

∣∣∣2 (3.2)

For instance, in figure 3.1, the incoming beam is the one which propagates from the
fibre 1, while the target mode is the one of fibre 2. Since it involves two Gaussian 2D-profiles,
this equation can be used in both numerical and analytical simulations.
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With the analytical model, it is also possible to directly calculate the maximum of cou-
pling efficiency. To do so, we only consider the waists of the two Gaussian profiles (initial
and target) at the position where Ri = Rt = ∞ (resp. w0i and w0t) [205, 207]:

Cmax =

(
2w0iw0t

w0i
2 + w0t2

)2

exp
[
− 2u2

w0i
2 + w0t2

]
(3.3)

with, w0i, the waist of the beam (infinite radius of curvature) of the incoming beam after the
desired propagation, w0t, the waist of the target beam (infinite radius of curvature), and u, the
lateral misalignment between the two waists.

3.2.1.2 Determination of the lens diameters

Choosing the proper lens diameters requires to use both models. For instance, let us
consider the case presented in figure 3.4a. A Gaussian beam exits a fibre and propagates
along a distance d1 before passing through a thin lens (f1), at λ = 930nm. The analytical
model calculates the Gaussian 2D-profile after the infinite diameter lens with equation (6.4)
(Annex 1), while the numerical model is used for diffraction through its diameter (T(x, y)). To
estimate the diffraction issues, the coupling efficiency between the profile through an infinite
diameter (analytical model) and the one through a finite-sized lens (combination of the two
models) is calculated with numerical equation (3.2).

(a) (b)

Figure 3.4: (a) Schematic of the modeled propagation. (b) Losses, due to the lens finite
diameter, as a function of the ratio between the lens diameter and the beam diameter.

Figure 3.4b shows the mode mismatch as a function of the ratio between the lens and the
beam diameters. With this study, we can conclude that we can use the analytical model alone
if the beam has a diameter at least two and a half times smaller than the lens. Diffractions due
to lens aperture are then less than 1% and are considered as negligible.
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3.2.2 Application with two collimators in front of each other

3.2.2.1 Theoretical model

When the output of an optical fibre is placed at the focal point of a lens, the Gaussian
beam exits collimated. However, in practice, a collimated Gaussian beam is slightly divergent:
the half angle of divergence follows θ 6 λ

πw0
.

Fibre 2θ

θ

2w0

L2L1

Fibre 1

Dd1 d2

2w(z)

Figure 3.5: Schematic of a Gaussian beam propagation. It is composed of two fibres (1 and 2)
separated from two lenses (L1 and L2) by respectively the distances d 1 and d 2. The two lenses
are separated by the distance D. A "collimated" Gaussian beam always diverges following a
semi-angle θ .

Even though we use two identical collimators and fibres (d1 = d2 = f 1 = f 2), by
increasing the distance D, the second lens receives a larger beam with a higher curvature
radius (figure 3.5).

Figure 3.6a presents the waist (w(z)) evolution after the second lens as a function of
the distance D separating the two lenses (at 930nm). The lens focal plane is indicated by
the "0"-graduation on the figure horizontal axis. We can notice that at this position (d2 =
f 2 = 12mm), waists w(z) are always equal to 2.8µm. But due to the increase of the distance
D, the latter does not correspond to the position of w(z) = w0 (where R = ∞). Since
the incoming beam diameter and radius of curvature are larger when the distance D becomes
longer, the beam converges after the lens focal point and so after the fibre 2 input. Following
the analytical coupling equation (3.3), the coupling between the mode from fibre 1 and the
one of the fibre 2 is maximum only when the mode matching is done both at their waist
w0 positions (R = ∞). Since, it is no longer the case with the distance D, the coupling
efficiency is affected. Figure 3.6b presents the theoretical coupling efficiency (numerical equ.
(3.2)) between two collimators separated by a variable distance D. Six curves are plotted
for six different values of lens focal length. In each case, the collimators are the same and
f 1 = f 2 = d1 = d2. We can notice that in all cases the coupling efficiency is degraded after a
certain distance D due to the natural divergence of a collimated Gaussian beam. Nevertheless,
the efficiency decreasing depends on the lens focal length. For lengths below 8mm, the beam,
collimated by the first collimator, has a small diameter. Since the natural divergence angle is
inversely proportional to the waist, the beam diverges rapidly. There is then a strong effect of
the distance D as the coupling efficiency decreases fast: from D > 2.5m, it is lower than 80%.
Considering longer focal lengths, the beam divergence is less pronounced, which allows for
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(a) (b)

Figure 3.6: (a) Waist w(z) evolution as a function of the distance d2 after the lens of the
second collimator. Each line represents a different distance D separating the two collima-
tors. The horizontal axis is calibrated from the lens focal plane position (indicated by the
"0"-graduation). In this figure, the simulation considers f 1 = f 2 = d1 = d2 = 12mm,
and w0, fibre1 = w0, fibre2 = 2.8µm. (b) Coupling efficiency as a function of the distance
D separating the two collimators. Each lines corresponds to a different focal length of the
lenses. For this figure, f 1 and f 2 are equal but have different values from 6mm to 16mm and
w0, fibre1 = w0, fibre2 = 2.8µm.

higher tolerances on the distance D. In this case the coupling efficiency is then almost equal
to 100% for D = [0 ; 1]m and lower than 80% for D = 4m in the worst case, f = 10mm.

(a) (b)

Figure 3.7: (a) Waist w0 size, after the lens of the second collimator, as a function of the
distance D separating the two collimators (black line). The red line represents the distance
between the second lens and the waist w0 position. (b) Coupling efficiency as a function of
the distance D separating the two collimators. For the red line (circles) f1 = f2 = d1 = 12mm,
this corresponds to the straight red line of figure 3.6b. To obtain the black line (squares), d2
varies to match the "fibre output position" to the w0 position (figure 3.7b, black line).
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As shown in figure 3.7a, increasing the distance D also reduces the diameter of the beam
waist, w0i. If the fibre 2 is placed at the position of the incoming beam waist, w0i, it receives
a beam which does not match its own mode, w0t, affecting the coupling efficiency. In figure
3.7b, the system is built in a such way that, by varying the distance d2, the fibre 2 input can be
always placed at the incident beam waist, w0i. Since we know its position for each distance
D (figure 3.7a), the coupling efficiency has been calculated via the analytical equation (3.3)
by setting the distance d2 so that the beam waist w0i and the input of the fibre 2 are at the
same position. Figure 3.7b presents the comparison between this coupling efficiency (black
line-circles) and the one obtained for d2 = f 2 = 12mm (red line-squares), from figure 3.6a).
Varying the distance d2 then allows for a higher coupling. Nevertheless, due to a mismatch
between the mode of the incident beam and the one of fibre 2, the coupling efficiency decreases
quickly already after 3m.

We also must keep in mind that these results are upper bounds for each coupling effi-
ciency because in practice, other parameters such as the precision of fibre position and aberra-
tions, degrade the beam during its propagation. Since in our experimental setup we are bound
to work with optical components having such parameters (w0, fibre1 = 2.8µm, f < 12mm), the
entire optical system must be as compact as possible in order to maintain high coupling effi-
ciencies.

3.2.2.2 Experimental validation

To validate the theoretical expectations and find adequate collimators for efficient optical
systems, we studied different types of off-the-shelf collimators (by Thorlabs), whose available
working wavelength is 980nm. In this part, we will present the results of the characterisation
with two different types of fixed focus collimators:

• The first type is composed of an aspheric lens with a focal length of 12mm (Asph980).
The fibre is fixed so that its output is at the lens’s focus point for a working wavelength
of 980nm.

• The second collimator type is called "fixed focus triplet collimator" ("triplet" colli-
mators). To optimise the correction of the spherical and cylindrical aberrations, it is
composed of an optical system of three lenses. The fibre is screwed at its effective
focus point. Some of them have a focal length of 6mm, they are aligned for the stan-
dard working wavelength of 980nm and they are studied at 980nm (T980 @980nm) and
930nm (T930 @930nm). The others have a focal length of 12mm, and a custom working
wavelength: they are aligned and used at 930nm (T930 @930nm).

Since in the optimised optical system, the distance D between the collimators and the single
photon source remain below 30cm, the coupling efficiency is evaluated in this distance range.
The coupling is defined as the ratio between the power measured at the output of the fibre of
the second collimator, Pfibre output, and the one measured in free-space just before the second
collimator, Pfree-space. The ratio is corrected by the system losses due to the collimator and
the fibre adaptor of the power-meter (around 2%). We also consider the reflections at the fibre
output (around 4%) in case of a non-coated PC-fibre. We can then write this "coupling" as:

Cexp =
Pfibre output

Pfree-space×Losses
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(a) (b)

Figure 3.8: Measured coupling efficiency (at 930nm or 980nm) as a function of the dis-
tance D separating two collimators. The values are corrected by the system losses evaluated
around 6%. (a) Each curve corresponds to a different collimator type or a different working
wavelength. The green line (squares) represents the coupling efficiency, at 930nm, between
aspheric collimators aligned at 980nm. Referring to different triplet collimators aligned at
980nm, the red line (circles) corresponds to the coupling efficiency at 930nm while the blue
line (up-triangles) at 980nm. Finally, the pink line (down-triangles) represents the coupling
efficiency, at 930nm, between two custom triplet collimators aligned at 930nm. (b) Each point
represents the coupling efficiency (only at 930nm) between pairs of four different triplet T930.

Figure 3.8a presents the measured coupling efficiency of several pairs of "identical" col-
limators as a function of their separation. The green line (Asph980 (@930nm)) corresponds to
two collimators composed of one aspheric lens, aligned at 980nm and coupled at 930nm. This
difference in wavelength clearly affects the final performance, causing spherical aberrations
and hence limiting the coupling efficiency to a value below 80%. Lines red (T980 (@930nm)),
blue (T980 (@980nm)), and pink (T930 (@930nm)) have been obtained with "triplet" collimators,
which were aligned and tested for two different wavelengths (980nm and 930nm). According
to the data-sheet, these collimators reduce the spherical aberrations and increases the coupling
efficiency. "Triplet" collimators, proposed by Thorlabs, and aligned at 980nm provide a cou-
pling efficiency around 92% when tested at 980 nm (T980 (@980nm)). However, their use at
930nm limits the coupling efficiency well below 75% (T980 (@930nm)). A possible explana-
tion for this strong difference can be due to the structure of the system: combining three lenses
to optimise spherical aberrations makes the system more sensitive to chromaticity. Consider-
ing a system without space between the lenses, the effective focal length can be expressed as
1/ f = 1/ f 1 + 1/ f 2 + 1/ f 3. Working at a different wavelength affects each lens, increas-
ing the chromatic aberrations. Another explanation could be that for aspheric collimators,
aspheric and chromatic aberrations compensate each other enabling better coupling efficiency
at 930nm. In any case, working with custom triplet collimators aligned at 930nm enables us to
obtain a coupling efficiency above 95% at 930nm (T930 (@930nm)). By combining four differ-
ent custom triplet collimators (f=12cm), we could test six different combinations and measure
the coupling efficiency by varying the distance D, at 930nm. As observed in figure 3.8b, we
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could then obtain a coupling efficiency above 93% for all cases, showing the reproducibility
of the approach.

R²=0.985

(a)

R²=0.9988

(b)

Figure 3.9: (a) Gaussian profile from an aspheric collimator (f=12mm, aligned at 980nm). (b)
Gaussian profile from a custom triplet collimator (f=12mm, aligned at 930nm).

The difference between the theoretical result of 100% and the experimental one can
be explain by a non-perfect Gaussian beam at the collimator output (M2 > 1) and a non-
perfect beam collimation. Experimentally, we imaged the beam profiles from both aspheric
and triplet collimators with a CMOS camera, whose 2D-profiles are presented in figure 3.9
insets. We notice that the beam from an aspheric collimator is less Gaussian (R2 = 0.985) than
the one from a "triplet collimator" (R2 = 0.9988). Moreover, experimentally, by plugging and
unplugging the fibre from an aspheric collimator, the beam waist of about 1mm, varies each
time of about±4µm, while the same process causes a variation of about±0.8µm for a "triplet
collimator". This size variation is due to a change in the distance between the fibre output and
the lens. Following the results of figures 3.6a and 3.6b (f = 12mm), a difference of less than
20µm between the lens focal plane and the fibre output is enough to significantly decrease the
coupling efficiency from 100% to 65%. So, the difference in coupling may also come from a
variation in distance between the fibre output and the lens when we unplug and plug the fibre.

3.2.3 Optimisation of the coupling with the fundamental mode of a pillar

3.2.3.1 Replacement of the microscope objective

In the confocal microscope configuration, a lens is positioned just above the source de-
vice to both focus the collimated beam exiting a collimator and collimate the divergent emitted
signal. Combining the fact that pillar sources have a numerical aperture (NA) around 0.35 with
the need to avoid any diffraction issue, the optical component used to focus/collimate beams
needs to have a numerical aperture of at least 0.65 (detailed in part 3.2.1.2).

Figure 3.10 presents the mode matching between the beam emitted by a connected pil-
lar (black profiles) and the beam from the collection collimator (red profiles). Figure 3.10a
refers to the collection through a microscope objective (Olympus LCPLN20XIR, NA = 0.4,
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(a) (b)

Figure 3.10: (a) Comparison between the Gaussian mode from a connected pillar after a
microscope objective (NA = 0.4) (black profile) or (b) after an aspheric lens (NA = 0.65)
(black profile), and the mode from a collimator with a zoom (red profiles).

WD = 8.18-8.93mm) while it is through an aspheric lens (Thorlabs C330TMD-B, NA = 0.68,
f = 3.1mm) in figure 3.10b. Due to a low NA, the diffraction pattern seen in (a) leads to a
reduction of the portion of collected light from the pillar and of the coupling efficiency in the
collection collimator. Following the equation Diasyst = f obj×NA (with Diasyst the diameter
of the system), for a given Diasyst, having a high numerical aperture leads to a decrease of the
focal length of the optical system. Due to the need to optimise components transmission and
the collection stability, we replaced a lossy microscope objective (T≈85%) by an aspheric
lens, directly placed in the cryostat chamber and with >95% transmission. The latter, directly
placed inside the cryostat chamber, allowed for an improved mode matching (figure 3.10b).
Considering the 2D-profiles and the equation 3.2, we can approximate the microscope objec-
tive and aspheric lens coupling efficiencies to respectively 94% (figure 3.10a) and 98% (figure
3.10b). This remains an upper bound because we do not have access to the radius of curvature
but the substitution improves the collection efficiency.

3.2.3.2 Mode size adaptation

We previously considered the coupling efficiency between two identical collimators.
When working with a single photon source, we have to consider the coupling between the fun-
damental mode of a pillar and the mode of the collection fibre (figure 3.11a). So, beyond the
collimator optimisation presented in the previous part, we need to consider a non-symmetric
system whose high coupling efficiency is based on a high mode matching between them.

Considering the output of the pillar, the emitted beam is divergent in accordance with
its numerical aperture. The latter depends on the pillar diameter. For instance, at 930nm, a
pillar with a diameter of 2µm has a numerical aperture of 0.3 while for a diameter of 3µm,
we have NA = 0.2 [199]. To ensure the best coupling efficiency, the beam from collimators
must be focused on the pillar top and their diameters must match the beam size of the pillar
mode. Since a change in the pillar diameter involves a change in the beam waist at its output,
we need to adapt the beam size from the collimators to them. Considering our single photon
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Figure 3.11: (a) Schematic of the pillar coupling. The beam is collimated by the lens L1 and
coupling in the collection fibre via the lens L2. (b) Theoretical prediction of the beam diameter
at the output of a pillar as function of its diameter [199].

sources, figure 3.11b plots the theoretical prediction of the beam diameter at the pillar output
(2w0) as a function of its diameter [199]. Knowing this linear dependence enables to match
the beam size of the collection to the one from the pillar.

In the previous optical system, both the collimator and the lens above the sample had
fixed focal lengths. To ensure the mode matching, a telescope (namely a set of two lenses in
an afocal configuration) is required. To obtain a beam diameter of few micrometres on the
pillar, the ratio of the focal lengths of the telescope lenses are calculated as follows:

f t,1

f t,2
=

w0,FO

w0,pillar

f obj

f coll
(3.4)

with ft,1 (resp. ft,2), the focal length of the telescope lens closer to the sample (closer to
the collection collimator), fobj, the focal length of the focusing optical component, fcoll, the
collimator focal length, and w0,FO (resp. w0,pillar), the waist at the fibre (pillar) output.

Since, the magnification is adapted to the pillar size, a good mode matching requires to
find the right lenses pair for each different pillar size. For instance, considering fobj = 15mm,
fcoll = 11mm, w0,FO = 2.8µm and w0,pillar = 1.1µm, we get ft,1 ≈ 3 ft,2.

This configuration is not optimal because is not always possible to find the correct lenses
pair and also because of the need of constant realignment for each source. To make the optical
system more compact and easier to use, we have combined the collimation process with the
beam magnification requirement. Hence, we now use two collimators with a built-in zoom.
Due to the ability of changing the effective focal length of the system, output beams can have
diameters from 1mm (fcoll = 6mm) to 3mm (fcoll = 18mm). For each, the system is done in
such way that the incident beam is always collimated. So, the excitation laser is well focused
on the pillar and the "emitted" beam is also well coupled into the collection fibre.

In the case of our pillars, to set the right beam size from collimators, we measure the
diameter of the cavity rotated light beam. As detailed in chapter 2 part 2.6.3.1, this beam
corresponds to the light from the excitation laser which enters the pillar, gets a polarisation
ellipticity and comes back out. Since it is not possible to image the single photon emission
with a camera, we use the cavity rotated light to measure the size of the optical mode of the
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pillar. Indeed, it possesses the same characteristics as the single-photon mode. To select this
part of the light, a control on input and output polarisation is required and the incoming laser
needs to be diagonally polarised with respect to the pillar axes.

(a) (b) (c)

Figure 3.12: Adaptation of the collection collimator mode (red lines) to the cavity rotated light
beam size (black lines). The focus lens is an aspheric lens with a focal length of 3.1mm and
NA=0.65. (a) The cavity rotated light has a diameter of 1.4mm and the collimator mode is
at 1.35mm (fcoll = 8mm in this case). The theoretical coupling efficiency is around 93%. (b)
The cavity rotated light has a diameter of 1.2mm and the collimator mode is at 1.2mm as well
(fcoll = 7mm in this case). The theoretical coupling efficiency is around 98.8%. (c) The cavity
rotated light has a diameter of 1.45mm and the collimator mode is at 1.4mm as well (fcoll ≈
8.5mm in this case). The theoretical coupling efficiency is around 96.4%.

This measurement is done with a camera placed in the collection path and a beam pro-
filer software. Once done, we adjust the collimators rings to match the size keeping the beam
collimated. Figure 3.12 shows the mode matching obtained with three different pillars from
three different samples. The focusing lens in the cryostat is an aspheric lens with a focal length
of 3.1mm and NA=0.65. For each pillar, the beam from the collimator has been adapted by
changing its effective focal length. Using the equation 3.2, the expected coupling efficiency
between the cavity rotated light and the beam profile from the collimator has been calcu-
lated. The results are respectively 93% (figure 3.12a), 98.8% (figure 3.12b) and 96.4% (figure
3.12c). Like previously, these indicate upper bounds, and the experimental coupling efficiency
is about 70%± 5%. This includes the components losses (about 9%) and all the coupling is-
sues discussed in previous parts. Still, the measurement shows an improvement of about 27%
compared to the previous case (55%± 5%).

3.3 Polarisation selection and control

In resonant fluorescence experiment, fine control of polarisation is essential to collect
efficiently only the single photons. To effectively filter the excitation laser, which has the same
energy, we use the cross polarisation detection, whose efficiency is assessed by measuring the
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extinction ratio. The latter is defined as the ratio between the maximum transmitted power
in parallel-configuration and the minimum transmitted power in cross-configuration. As seen
before, we choose to implement a confocal microscope based on a cross-polarisation arrange-
ment to increase the coupling efficiency and amplify the laser rejection [208]. As discussed
in following paragraphs, further optimisation of the focusing optical component [209] also
permitted to increase laser extinction.

3.3.1 Polarisation selection

The central part of the polarisation selection in a cross-polarised confocal microscope is
a polarising beam splitter (PBS). In our case it is set to reflect the horizontal polarisation and
transmit the vertical one. So, the system is made in such way that the excitation laser beam
is reflected by the PBS and the single photon signal, having orthogonal polarisation, passes
through it. To do so, a first polariser P, placed in the excitation path, sets the linear polarisation
to fully reflect the excitation laser. Between the PBS and the focus lens, a quarter-waveplate
fixes any remained ellipticity of the incident beam and a half-waveplate sets the wanted axis
of linear polarisation. In the reverse way, some reflected laser and the emitted photons both
arrive on the PBS. The laser should be reflected while a certain ratio of the single photons is
transmitted. Nevertheless, some reflected laser could also be transmitted through the PBS. To
completely suppress it, increasing the extinction ratio, a second PBS is placed just after the
first one as shown in figure 3.13a.

(a)

073905-4 Kuhlmann et al. Rev. Sci. Instrum. 84, 073905 (2013)

laser light is also coupled into the fibre of the vertical mi-
croscope arm. Subsequently, once the confocal condition has
been achieved, the linear polarizer and quarter-wave plate are
aligned to suppress the back-reflected laser light. The linear
polarizer is aligned to define the polarization of the laser to s.
A rough alignment is done by monitoring the transmitted sig-
nal at the PBS as the polarizer is moved. A minimum in trans-
mission is required. The dark-field point is set by monitoring
the back-reflected laser intensity. First, the linear polarizer is
fine aligned by minimizing the back-reflected light, and sec-
ond, the quarter-wave plate. We find that iterative fine tuning
of the polarizer and quarter-wave plate angles enhances the re-
jection further, typically by a factor of 10 after ∼3 iterations.
Piezo-electronics allow remote control of both the angles of
the linear polarizer and the quarter-wave plate. Once the an-
gles are set, the piezos are grounded.

III. DARK-FIELD MICROSCOPE PERFORMANCE

The performance of the dark-field microscope is char-
acterized under real, experimental conditions: the laser is
focused on a quantum dot sample in a low temperature
experiment.

A. Quantum dot sample

The InGaAs quantum dots are grown by molecular beam
epitaxy utilizing a strain-driven self-assembly process and are
embedded in a Schottky diode.25, 26 They are separated from
an n+ back contact by a 25 nm thick GaAs tunnel barrier.
On top of the quantum dots is a capping layer of thickness
150 nm, followed by a blocking barrier, an AlAs/GaAs super-
lattice of thickness 272 nm. The samples are processed with
Ohmic contacts to the back contact, grounded in the experi-
ment, and with a semi-transparent gate electrode on the sur-
face (3/7 nm Ti/Au) to which a gate voltage Vg is applied.
The number of carriers confined to the quantum dot can be
precisely controlled by the applied voltage, allowing the dif-
ferent charged excitons to be addressed. Detuning of the ex-
citon energy with respect to the constant laser frequency is
achieved by sweeping Vg on account of the dc Stark effect.
The laser spectroscopy is carried out at 4.2 K by focusing a
1 MHz linewidth laser to a 0.5 μm spot on the sample sur-
face. A ZrO2 solid immersion lens is mounted directly on top
of the sample in order to enhance the collection efficiency
and to reduce the spot size.27 The signal is recorded with
a silicon avalanche photodiode (Excelitas SPCM-AQRH-16,
photon detection efficiency at 950 nm ∼25%, dark count rate
14 Hz) in photon counting mode.

B. Laser suppression and long-term stability

In order to observe resonance fluorescence with a high
signal-to-background ratio, the microscope’s laser suppres-
sion has to be high. The laser rejection can be determined by
rotating the quarter-wave plate, switching between laser re-
jection maximally on and maximally off. The back-reflected
laser light intensity depends periodically on the quarter-wave
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FIG. 2. Laser suppression. Reflected laser light is monitored at two different
angles θ of the quarter-wave plate. At θRF + π /4 (a) the laser is optimally
transmitted, at θ = θRF (b) it is optimally filtered. The count rate decreases
from 580 MHz to 4 Hz (corrected for dark counts), corresponding to a laser
suppression exceeding 8 orders of magnitude. A silicon avalanche photodiode
in photon counting mode with a dark count rate of 14 Hz (c) is used to detect
the laser light reflected from a quantum dot sample (GaAs plus thin metal
layer, reflectivity ∼50%). The mean laser count rate (4 Hz) is less than the
mean dark count rate (14 Hz). Integration time per point 0.1 s.

plate angle with a period of π /4. A laser suppression exceed-
ing 108, corresponding to an optical density (OD) of 8 is
achieved. (The OD is defined as OD = −log (1/T) with trans-
mission T.) Fig. 2 shows a time trace of the detected laser
light with and without laser rejection. An initial count rate of
580 MHz is reduced to 4 Hz by switching on the suppression.
A single PBS achieves an extinction ratio of OD 5, a sec-
ond PBS enhances the laser suppression. However, it is not
increased by a further 5 orders of magnitude. We believe this
difference is due to a stress induced birefringence of the PBSs,
defining an upper limit for the laser suppression.

The effort to align the dark-field microscope is low. How-
ever, how stable is the alignment? Fig. 3 shows how the op-
tical density depends on the quarter-wave plate angle: it is an
extremely sensitive dependence. A change as small as a few
mdeg can worsen the rejection by one order of magnitude.
On the one hand, it emphasizes the need for a mdeg position-
ing resolution, and on the other hand, the need for an extreme
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FIG. 3. Sensitivity of the laser suppression to the quarter-wave plate an-
gle. The laser light reflected at the quantum dot sample (GaAs plus thin
metal layer) is recorded by a silicon avalanche photodiode in photon counting
mode as the quarter-wave plate angle is varied, and the corresponding optical
density is calculated. At the angle of optimum laser rejection (OD > 8), a
change in angle of only 2.5 mdeg causes the OD to decrease by one order of
magnitude.
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(b)

Figure 3.13: (a) Schematic of the microscope configuration for resonant excitation. The col-
lection (V-polarised) is crossed-polarised from the excitation linear polarisation. (b) From
reference ref [196]. Order of magnitude of the laser extinction as a function of the quarter
waveplate angle. The optical density (OD) is defined as OD = -log (1/T) with transmission
T. To obtain a laser suppression above 108 (OD=8), the required precision is around ±2.5
milli-degree.

Using similar configurations, Kuhlmann and coworkers previously demonstrated an ex-
tinction ratio of 108 [196] while Benalajla et al. recently reported an extinction of 1010 [208]
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by using the confocal configuration. In our case, we obtain a ratio around 106, which we
believe it is limited by the control of the two waveplates angles. Indeed, as presented in figure
3.13b, the extinction efficiency is very sensitive to the angle. The required precision is around
±2.5 milli-degree and reaching it demands motorised mounts. However, the current extinc-
tion ratio is sufficient to filter the excitation laser. Due to the good mode matching between
the beam of the excitation laser and the pillar diameter, the laser spot only covers a small sur-
face, which can be consider as homogeneous. Moreover, due to the high cavity finesse and an
optimal spectral agreement, a very little power (nW) is sent to the device to drive coherently
the QD. Therefore, this strongly limits the amount of scattered laser from the sample and the
photons collection remains efficient.

To obtain maximum polarisation selection, we also experimentally verified the effi-
ciency of a PBS as a function of the angle of the incident laser beam. Indeed, the cross-
polarisation selection is sensitive to the angle of the incident beam. We then investigated the
tolerance of the PBS.

(a) (b)

Figure 3.14: (a) Schematic of the measurement system. A laser is linearly polarised by a
polariser (P) to be fully transmitted by a polarising beam splitter (PBS). At beginning, the
beam arrives orthogonal to the PBS (θ = 0◦). Then, we measure the power in transmission
and in reflection for different angle of the PBS from the initial orthogonal position. (b) Power
measured in transmission (red line with squares) and in reflection (black line with circles)
after a PBS as a function of its angle.

Figure 3.14b plots the measured power transmitted and reflected by a PBS as a function
of the angle of the incident laser beam. With a polariser, we set the polarisation in such way
that the light is fully transmitted at 0◦ when the laser beam is orthogonal to the PBS. We can
notice that the PBS has a tolerance range of incident angle of±2◦. Beyond it the laser is more
and more reflected. Nevertheless, the alignment protocol ensures that the excitation laser and
the emitted single photons remain within this angle range.
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3.3.2 Depolarisation due to focusing optical components

In the previous section, we showed that a lens of relatively high NA is required for effi-
cient single-photon collection. To do so, we replaced the microscope objective by an aspheric
lens. If one of the reasons is to increase the collection efficiency (part 3.2.3.1), another one
concern the polarisation control.

Figure 3.15: Schematic of the depolarisation measurement. A laser, linearly polarised by a
polariser (P), passes through a polarising beam splitter (PBS) and is focused on a silver mirror
by either a microscope objective or an aspheric lens. The depolarised part of the light is
measured in reflection by a power meter.

Figure 3.15 depicts the experimental system used to quantify the depolarisation induced
by either a microscope objective or an aspheric lens. The principle is the following: an incom-
ing collimated laser beam is linearly polarised by a polariser and fully transmitted through a
PBS. The beam is then focused on a silver mirror with either a microscope objective or an
aspheric lens. Since the silver mirror keeps the orientation of the linear polarisation [208],
the reflected beam should be fully transmitted back by the PBS. To estimate the induced-
depolarisation, we measure the power reflected by the PBS. This experiment shows that the
reflected power is four time higher with the microscope objective than with the aspheric lens.
Since the objective also introduces around 15% of losses, this change enables to both increase
the total system transmission and optimise laser extinction by reducing depolarisation.

We then choose to work with an aspheric lens, but we have to keep in mind that it
also induce depolarisation [209]. This phenomenon, theoretically predicted [210] and exper-
imentally verified [211] by Maeckler and Lehmann in 1952, appears when a laser beam is
strongly focused on a dielectric reflective interface or a semiconductor surface such as our
cavity sources.

Figures 3.16a and 3.16b present the theoretical shapes of an in-focus reflected beam after
a lens with a large numerical aperture of 1.4. Figure 3.16a presents the part of the reflected
beam with a polarisation parallel to the incident beam one while figure 3.16b corresponds to
the part with an orthogonal polarisation. We can notice that the two spots are complementary,
and their superimposition gives the entire incoming beam spot. Under a normal incidence
and on a perfect reflecting surface the polarisation remains unchanged and the reflected beam
should have the same shape as the incident one. The depolarisation is due to a dephasing
between the part of the beam reflected on the semiconductor surface and the ones which
enters to a certain depth before being reflected. If this effect is also present for normal incident
beam, the focalisation emphasises it. Each angle, of the incident beam is reflected differently
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(a) (b) (c)

Figure 3.16: Theoretical clover-leaf patterns of the reflected beam with a polarisation (a)
parallel (b) orthogonal to the incoming polarisation. In this model (from [209]), the lens has
a NA of 1.4. (c) Experimental picture of the reflected beam with a polarisation orthogonal to
the incoming beam. The beam, from the collection part, is pictured in the excitation part after
being focused by an aspheric lens (f = 3.1cm, NA = 0.65) and reflected on the planar cavity.

in accordance with the associated Fresnel coefficients of the reflecting surface. Through the
lens, the normal part of the incident beam which passes by its two orthogonal axes, H and V,
is not depolarised. This explains the cross shape of the figure 3.16a. On the contrary, the part
of the beam which passes through the rest of the lens is depolarised. This is from the portion
of the beam which arrives with a non null angle and which interferes with the field reflected
after the interface. Hence, the resulting effect is the clover-leaf pattern presented in figure
3.16b where each "petal" is π-dephased from the others. This phenomenon is also observed
in our system even if the numerical aperture is lower (around 0.65) than in the model. To
acquire the pattern of figure 3.16c, the laser, sent from the collection path, is linearly polarised
to pass through the PBS. It is then focused on the planar cavity. The waveplates angles are set
to let the reflected beam passing back through the PBS. By placing a camera in the excitation
path, we can look at the part of the reflected beam which has been depolarised. Since the
latter is reflected by the PBS, it has then a polarisation orthogonal to the incident one showing
the clover-leaf shape predicted by the theory (figure 3.16b) [209]. The fact that the outer
patterns are not present in the experimental picture is due to the numerical aperture of 0.65,
much lower than the 1.4 of the theory. Since we work with a system based on the confocal
microscope principle, this influence of the lens on the polarisation control is not an issue. The
reason is that the collection fibre, acting as a modal filter, selects the central part of the beam.
Indeed, due to the dephasing, the mode composed of the lobes will not be coupled into the
mode TEM00 of the single-mode optical fibre.

The confocal arrangement enables thus to increase the laser rejection improving the
cross-polarisation extinction ratio [208]. In this configuration, the collection efficiency is in-
creased while the scattered light from laser is reduced. In addition, since the size of excitation
beam focused on the pillar fits its diameter, less laser light is scattered back and depolarised.
Therefore the "fibred" single-photon purity of the emitted light is closer to the intrinsic single
photon source purity.
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3.4 Confocal microscope performances

From the former optical system used by the academic group (figure 3.17a), two 30mm-
cage optical systems have been developed and optimised for resonant excitation.
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Figure 3.17: (a) Picture of the non-optimised system. Still used in the lab, it required to
be more stable and efficient. Schematics of the confocal microscope optimised for resonant
fluorescence. (b) Free-space confocal microscope (c) First fibred design of the microscope.

The first one consists in a complete free-space confocal microscope placed above the
cryostat chamber (figure 3.17b). This was conceived to remove the instabilities of the pre-
vious system caused by optical components set on high posts (figure 3.17a). The collection
collimator is then placed directly on the vertical direction above the cryostat chamber. Hence,
from tens of mirrors usually required, we reduce the amount to only one in the current system,
placed to align the excitation path.

Figure 3.18 presents the stability of the non-optimised optical setup presented in figure
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Figure 3.18: Coupling efficiency of the cavity rotated light as a function of the time. The black
curve corresponds to the stability measurement with the "previous" setup, the one updated in
this work. The red curve corresponds to the current and updated microscope.

3.17a (black line) and the one of the free-space confocal microscope of figure 3.17b (red line).
We can notice that these changes, in the system components and their positioning, significantly
increased the stability of the system.

Since our microscope is used to characterise the samples, collimators with zoom are
required. Nevertheless, in the final applications just one pillar is selected. We could then sim-
plify the system with variable focus collimators which are set to mode match the beam from
the pillar in use. This has been done for the second version of the optical system. It consists
in a combination of a free-space and a fibred excitation/collection scheme (figure 3.17c) with
a variable focus collimator directly placed above the cryostat. The rest of the optical compo-
nents fit in a rack size module and implement "triplet" collimators for an optimised coupling.
This is an intermediate version towards a fibre-coupled source. But thanks to the imaging
system, we can still characterise the samples with a more efficient optical system. To keep the
polarisation selection, a quarter waveplate has been placed between the two PBSs to correct
the remaining ellipticity. Secondly, to keep the polarisation inside the fibre, we use a fibre
paddle. The cross-polarisation selection is then maintained by the control the fibre loops and
their torsion [212, 213].

Finally, in both systems, to increase the collection efficiency, we use a fibre with a
PC-coated connector on the collection collimator side(s) so to reduce reflection compared to
APC-connectors.

Table 3.1 summarises the loss budget of these two optical system designs.

In both cases, the coupling efficiencies include the collimator losses. However, if for the
version 1, the coupling efficiency only considers the coupling of cavity rotated light, for the
second version, we also consider the coupling between the two "triplet" collimators positioned
face-to-face. The optical system has then transmission which are respectively of about 52%
(figure 3.17b) and 63% (figure 3.17c) more than the previous implemented version [99] (figure
3.17a).
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Version 1 (figure 3.17b) Version 2 (figure 3.17c)

Waveplates 97% 95%

PBS 95% 95%

Coupling 70%±5% 76%±5%

Total 64%±5% 68.5%±5%

Table 3.1: Loss budget of the two versions of the optical system developed in this work.

We have then developed and optimised an optical system which is stable during days
and fits in a rack size independent module. With the writing of an alignment protocol, the
microscope becomes also usable by not experienced users.

3.5 Single photon source characterisation under resonant
excitation

3.5.1 Microscope alignment and signal collection

Before working with a single photon source, the confocal microscope is aligned on a
reflective metal surface on the sample. Used as a mirror, this enables to align the excitation to
the collection. Then, the sample is moved to center the laser spot on the pillar (figure 3.19a).

During the alignment, a 3ps pulsed laser is used to optimise the coupling on the pillar via
the cavity rotated light technique. Since the laser spectrum is broader than the cavity rotated
light one, we can spectrally distinguish them. As plotted in figure 3.19b, the laser spectrum
(red dashed line) is around twice as wide as the width of the cavity rotated light spectrum (blue
dash-dot line). To only collect the cavity rotated light, the waveplates placed above the sample
are rotated. The quarter waveplate fixes the polarisation ellipticity and the depolarisation of
the reflected beam while the half waveplate sets the incident beam polarisation at 45◦ from
the pillar axes. Since the collection polarisation is orthogonal to the excitation one, we then
only collect the part of the light whose polarisation is rotated on the Poincaré sphere due to
the pillar birefringence (blue dash-dot line in figure 3.19b).
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(a) (b) (c)

Figure 3.19: (a) Picture taken from the microscope imaging system. The spot of the excitation
laser is on the studied pillar. (b) Analysed spectra during the alignment process. The excitation
laser spectrum (a 3ps pulsed laser) is plotted by the red dashed line. The blue dash-dot line
corresponds to the cavity rotated light spectrum while the black straight line represents the
QD state emission. (c) Rabi oscillation measurement. The intensity is plotted as a function
of the normalised laser power. It is corrected form the background by subtracting laser light,
following a linear dependence, defined by the square root of the laser power. With a non-
corrected intensities at 2π of 5644.5 (arb.u.) and at 4π of 6776 (arb.u.), the correction function
slope is around 500×

√
Plaser.

Figure 3.20: Drawing
of the pillar and QD ex-
citon state axes (resp.
|H〉, |V〉 and |X〉, |Y〉)

Once the cavity-rotated light is maximally coupled to the col-
lecting fibre, we rotate the waveplates to optimise the laser filtering.
By matching the excitation laser polarisation with one of the pillar
axes, the incident and the reflected light have the same polarisation.
Without polarisation rotation and since the excitation is along the
axis |H〉 and the collection along |V〉, the collected signal should
vanish. Nevertheless, considering an exciton whose polarised-axis
does not correspond to the cavity’s (figure 3.20), the excitation po-
larisation has a non-zero projection on both exciton axes, |X〉 and
|Y〉. In a different way, a trion in a zero-magnetic field and excited
with a linear polarisation emits unpolarised light. As a consequence,
even in cross-polarisation, a part of the QD emission has a polarisa-
tion parallel to the collection one. If one of the electronic states is
already in resonance with the fundamental pillar mode, it is not possible to completely vanish
the collected signal by rotating the waveplates. The remaining spectrum corresponds to the
QD emission (black straight line in figure 3.19b). On the contrary, if we can obtain a full
signal extinction, this indicates the need of tuning the QD states in resonance with the cavity
mode. To do so, either the sample temperature is raised or a bias is applied between the top
and the bottom of the pillar (chap. 2 part 2.5.4). As seen in chapter 2, the emission is then
enhanced and the emitted photons are partially collected in the polarisation orthogonal to the
excitation one. The amount of single photons emitted in the collection polarisation is what
defines the "polarised first lens brightness" and depends on the QD electronic state. The max-
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imum brightness value for a trion QD state is almost the half of the emitted photons while for
an exciton, we usually measure a maximum of BPFL ≈ 16% [99].

To obtain the brightest emission and the best laser rejection, we need to calibrate the
right amount of laser power to drive coherently the QD electronic state at its maximum occu-
pation probability. To do so, we measure the Rabi oscillations by increasing the power of the
excitation pulsed laser (figure 3.19c). With optimal excitation conditions, only few nano-watts
are required to reach π and completely invert the QD population toward the excited state. As
the laser power increases, the background signal linearly raises. The plotted oscillations are
then corrected from the background by subtracting an intensity proportional to the laser power
square root.

3.5.2 Single photon emission characterisation

In the following part we detail the characterisation study of four single photon sources,
from four different samples. These sources are respectively based on one trion and three exci-
tons. Since we perform resonant fluorescence, the detected signal is polarised. The polarised
first lens brightness is calculated from the measured fibred brightness (BF) and by considering
the confocal microscope transmission, the coupling efficiency of the cavity rotated light, the
APDs detectors efficiency of about 30% and the laser repetition rate of 81MHz. Concerning
the correction of the indistinguishability measurement, we use the equation (2.31) [171].

Sources A1 and D1 are from the same wafer. They have the same planar cavity param-
eters but they are differently annealed. Hence, we have Q=3000-4000, β=78%, and η=84%.
Sources B1 and C1 are from another wafer. We have Q=10000-14000, β=88%, and η=70%.
Extensive description of those cavity parameters can be found in chapter 2. Briefly, "β" is the
amount of photons emitted in the fundamental mode of the pillar while "η" corresponds to the
pillar extraction efficiency. So, assuming that at "π" the occupation probability of an excitonic
state is 1, the first lens brightness is given by β× η. Hence, the intrinsic source brightness of
B1 and C1 sources is 61%, while it is 65.5% for A1 and D1. However, we must keep in mind
that these are upper bounds; in accordance with the angle θ (chap. 2 part 2.6.3.3) and the FSS,
the exciton occupation probability is usually lower than 1, as for a trion, for which it depends
on the presence of either the extra hole or the extra electron (chap. 2 part 2.6.3.4).

Source QD state BPFL BF P Mcorr

A1 [99] exciton 16% 6.4% 96.5%±1.5% 94%±2.6%

B1 trion 16.3% 11.1% 95% 89.8%

C1 exciton 15.9% 10.9% 93.4% 91.5%

D1 exciton 11.4% 7.8% 98.1% 91.8%

Table 3.2: Sources emission characteristics under resonant fluorescence. The source A1 is
from reference [99]. Sources B1, C1 and D1 are from three different samples.

Table 3.2 summarises the emission characteristics of the studied sources: the polarised
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first lens brightness (BPFL), the fibred brightness (BF), the single-photon purity (P) and the
corrected indistinguishability (Mcorr). The details of the source A1 are extracted from the
reference [99], in which the optical setup had an efficiency of about 40%. Considering the
study of sources B1, C1, and D1, the microscope is the version 2 described in part 3.4 and
has a transmission of 68.5%±5%. For each sources, tens of nanowatts allowed to reach the
"π-pulse".

(a) (b)

Figure 3.21: - Sample D1 - (a) Second order correlation measurement, g(2)(0), and the single-
photon purity is P = 1 - g(2)(0). (b) Mean wave-packet overlap measurement. The experi-
mental setups and measurement protocols are described in chapter 2 parts 2.2.2 and 2.6.1

The second order correlation and the mean wave-packet overlap of source D1 are plotted
in figure 3.21. Measured single-photon purity above 92% for all sources confirms that the
collected light mostly contains single photons and not the reflected laser. The results show
that with our optimised microscope system we could increase the collection efficiency, so that
the fibred brightness, by about 40% from the system used in reference [99], while keeping the
same emission characteristics.

3.6 Conclusion

Critical parameters have been studied to improve the coupling efficiency of single pho-
ton sources emission in a single-mode optical fibre. The current confocal microscope pos-
sesses a total efficiency of 68.5%±5% (version 2). As a intermediate step toward a complete
fibred system, it combines a part which fits in a rack module with a part placed above the
cryostat chamber. We achieve high fibred brightnesses with the same emission characteristics
as in reference [99]. The system described in this chapter is fully optimised for resonance
fluorescence experiments and stable during days. In chapter 4, we will detail the required
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changes to the current version in order to implement a new excitation scheme: LA-phonon
assisted excitation. In chapter 5, we will move toward a compact fully fibred setup optimised
for both resonant fluorescence and LA-phonon assisted excitation schemes.
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Chapter 4

Excitation using LA-phonon assisted
excitation to obtain bright polarised
single-photon sources

"C’est une révolte ? - Non sir, c’est une révolution"

attribuée à Louis XVI et au Duc de La Rochefoucauld-Liancourt

4.1 Introduction

In order to generate indistinguishable photons, it is crucial to perform a coherent pop-
ulation control of the QD. Previously, this was achieved using a resonant excitation, where
the QD state is coherently driven from the ground state to the excited state. At "π-pulse", the
inversion of the population is maximal. The system then relaxes to the ground state and emits
single photons with high indistinguishability [9, 61]. However, the main limitation of this
excitation scheme is the laser suppression. Since the resonant excitation laser is at the same
frequency and in the same mode as the emitted photons, it can only be separated from the
single photons using polarisation filtering. However, in our system this reduces the efficiency
of the single photon collection, significantly limiting the maximum polarised brightness by at
least a factor of two.

To increase it in resonant fluorescence, different strategies have been explored. The
group of Prof. Warburton proposed a polarised cavity constituted of a fibred top distributed
Bragg mirror [53] while the group of Prof. Chan-Yang Lu embedded a QD in an elliptical
micropillar with a high cavity energy splitting [62]. In both cases, the laser is at the energy
of one of these cavity modes and the QD is in resonance with the second. Hence, the single
photons are emitted with a little shifted energy and in the orthogonal polarisation from the
excitation laser. As consequences, in Tomm et al. [53], they enabled to reach a polarised fibred
brightness of 50%, and in Wang et al. [62], they measured a polarised first lens brightness of
60%±2%. Alternatively, methods of efficient, off-resonant coherent single-photon emission
have been studied [214], including off-resonant phonon-assisted excitation [215, 216], two-
photon emission via biexciton radiative cascade [217], adiabatic rapid passage via a chirped

91
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pulse [218, 219] or more recently coherent driving with dichromatic laser pulses [63]. Others
groups also obtained promising results by preparing a biexciton radiative cascade via a off-
resonant phonon-assisted excitation [10, 11, 215, 220].

In this chapter we will focus on the phonon-assisted excitation, which harnesses the
interaction between the QD and the phonon bath. By using an excitation laser detuned from
the ZPL by about 1meV, virtual energy levels corresponding to longitudinal acoustic (LA)
phonons are excited [221]. Since the excitation laser is spectrally detuned in this scheme, it
can be separated from the emitted single photons using spectral filters. Not using polarisation
filtering will allow for the collection of all the emitted photons.

The first part of this chapter will describe in detail the process of the LA-phonon assisted
excitation. The photon emission can be described as a three steps process: (i) the excitation
of an upper virtual energy level, (ii) the phonon-induced relaxation between the two dressed
states of the system and (iii) finally the photon emission by an adiabatic undressing of these
two states.

In the second part, we will discuss the influence of laser parameters on the excitation effi-
ciency. This part is based on several theoretical works. Each of them will be detailed to
explain the choice of the optimal experimental parameters to get the most efficient excitation.
Theoretical results obtained with our source parameters will then give a range of realistic
values for experiments.

In the third part, we will present the theoretical emission characteristics, such as its coherence
or the emission benchmarks.

Finally, the fourth part will be about the experimental results we got with our single photon
sources. We will then demonstrate the ability of the LA-phonon assisted excitation to get a
bright and linearly polarised emission of single and indistinguishable photons.

4.2 Theory of phonon-assisted excitation: a three-step pro-
cess

The theory of QD LA-phonon assisted driving is based on the evolution of a two-level
system. The QD is described as a ground state |g〉 and an excited state |X〉 driven by a
coherent laser field. The associated Hamiltonian, in Schrödinger’s picture and in the rotating
wave approximation, is:

HQD, Laser = }ωX |X〉 〈X| −
[
}Ω(t)

2
(|X〉 〈g|) + H.c.

]
(4.1)

with ωX, the QD resonance frequency, and Ω(t) ∝ f (t)e−iωLt, the Rabi frequency of
the two-level system. ωL is the laser frequency, and the field strength, f(t), is the real pulse
envelope of the laser, related to its electric field. As seen in chapter 2 part 2.6.3.2, Ω(t) is
linked to the pulse area following Θ =

∫
Ω(t)dt [222].
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The following sections will present the three steps of the process to get a controlled
single photon emission.

4.2.1 Dressed states of the system

When the laser is off, the system is considered as a two-level system (figure 4.1 (i)).
To take into account the detuning of the laser and represent the interaction, we expand the
equations in a new basis called the "rotating frame". The two new states are |gR〉 and |XR〉.
|gR〉 corresponds to the ground state |g〉 detuned by an energy ∆ = }(ωL − ωX), from the
state |XR〉, which corresponds to the exciton state |X〉. For a positive detuning the "ground
state", |gR〉, has a higher energy than the excited state |XR〉 (figure 4.1 (ii)). It is the reverse
if the energy detuning is negative.

Figure 4.1: From [215]. Energy levels represented in (i) the lab frame, and (ii) the rotating
frame. |gR〉 includes the ground state |g〉 and the laser detuning (∆ω = ωL − ωX), while the
|XR〉 corresponds to the excited state |X〉. Once the laser is on, the states are optically dressed
(iii) |α〉, for the upper state, and |β〉, for the lower one, are a superposition of the |gR〉, and
|XR〉.

When the laser is on, the states of the rotating frame are dressed 1 (figure 4.1 (iii)) [10].
Written as |α〉, for the upper state, and |β〉, for the lower, they are a superposition of the ground
state, |gR〉, and the excited state, |XR〉. In the rotating frame basis, the latter correspond to
eigenstates of the light-matter Hamiltonian described in equation (4.1) and written in this
basis. Considering an excitation laser with a field strength f (t) and detuned by ∆ from the
QD state energy, we can write them as:{

|α〉 = cos(θm(t)) |gR〉+ sin(θm(t)) |XR〉
|β〉 = −sin(θm(t)) |gR〉+ cos(θm(t)) |XR〉

(4.2)

1We use the term "dressed state" as in ref [10], when this would require quantifying the field. But, neglecting
the vacuum Rabi splitting, we assume that under off-resonance the quantum and semi-classical models meet.
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with θm(t), the mixing angle defined by tan(θm(t)) =
} f (t)

∆+}Λ(t) . These equations determine
the phonon-relaxation and the evolution of the occupation probability of the states.

"Λ(t)" represents the effective Rabi frequency [222] and determines the energy splitting
between the two dressed states:

}Λ(t) =
√
(} f (t))2 + ∆2 (4.3)

The corresponding energies of the two dressed states are:

Eα/β(t) =
1
2
(−∆± }Λ(t)) (4.4)

4.2.2 Exciton-phonon interaction

We now consider the exciton-phonon interactions. They can be modeled by a pure-
dephasing Hamiltonian and the free phonon Hamiltonian:

HQD,phonon = }∑
q

ωqbq
†bq + }∑

q
(γqbq

† + γq
∗bq) |X〉 〈X| (4.5)

with bq
† (bq), the phonon creation (annihilation) operator in the mode q coupled to the dot

by the coupling constant γq. The first term corresponds to the phonon bath while the second
describes the exciton-phonon interaction.

The modulus of the exciton-phonon coupling is linked to the spectral density via J(ω) =
∑q |γq|2δ(ω−ωq) [223]. This quantity describes the efficiency of the coupling between the
QD state and the phonon bath, and so the excitation efficiency.

0 1 2 3 4 5
energy ħω (meV)

0.00

0.05

0.10

0.15

0.20

0.25

J(
ω
)
(p
s−

1
)

c)

Figure 4.2: From [10]. Plot of the spectral density J(ω) of a GaAs-based QD as a function of
an energy expressed as }ω at T=1K.

Figure 4.2, from the work of Barth et al. [10], presents the spectral density of exciton-
phonon coupling as a function of the phonon energy }ω at T=1K. For phonon energies close
to h̄Λ, the phonon-assisted transitions between the dressed states (|α〉 and |β〉) are allowed by
the Hamiltonian (4.5), at a rate ∝ J(ω). The exciton-phonon coupling is maximum for }ωmax
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= 2meV. Therefore, for an effective excitation, the goal is to get Λmax = ωmax. So, the control
of the effective Rabi frequency is the key parameter to obtain an efficient LA-phonon assisted
driving of the QD. Following equation (4.3), this is possible by setting the parameters f (t)
and ∆. The laser optimal detuning will then be less than 2meV. Concerning the temperature
dependence of the spectral density while kT < 1meV, so that’s T < 12K, we can assume that
the exciton-LA phonon coupling remains unchanged.

Once the states are dressed, the exciton-phonon coupling leads to the phonon-assisted
relaxation from the upper to the lower dressed state (figure 4.1 (iii)). The state |β〉 is then more
and more populated and the evolution of θm(t) increase the occupation probability of |XR〉.
A positive energy detuning leads to the preparation of the exciton while a negative energy
detuning prepares preferentially the ground state. In the following, we will only consider
positive energy detunings.

4.2.3 Adiabatic undressing of the states and photons emission

When the laser is switched-off, the phonon-induced relaxation is deactivated, and the
dressed states are then transformed back to the exciton bare states. Due to the increase of
the |β〉 state population during the phonon-assisted relaxation, the state undressing boosts the
|XR〉 state occupation, hence the exciton occupation at the end of the pulse. This population
transfer is ensured by an adiabatic state undressing. More detailed in the following, the laser
switch-off must be then long enough to remain in the adiabatic regime, inducing an efficient
process, but short enough not to allow for other relaxation processes. In this condition, for
switch-off durations above few picoseconds, the undressing transforms the lower dressed state
|β〉 to the exciton state |X〉 whose occupation probability is boosted to 1. Finally, the exciton
state relaxes and a photon is emitted at the energy }ωX by an electron-hole pair recombination.

4.3 Optimisation of the excitation laser parameters

In this part, we discuss the parameters which influence the emission efficiency of the
QD state. The excitation with both a continuous-wave and a pulsed laser will be broached. In
each case, the key parameter in determining the efficiency is the effective Rabi energy (equ.
(4.3)) which is reminded just below:

}Λ(t) =
√
(} f (t))2 + ∆2

This parameter determines the energy separation between the two dressed states |α〉 and
|β〉. If this separation corresponds to an energy where there is a high spectral density of LA
phonons (typically few meV), then the system can relax to the lower energy dressed state by
emitting a phonon. The effective Rabi frequency determines then the process efficiency. To
get the optimal conditions of the LA-phonon assisted excitation, the pulse strength, f (t), the
pulse duration, τ, and the laser detuning, ∆, must be carefully chosen.
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4.3.1 Excitation via a continuous-wave laser and the influence of the field
strength

With a continuous-wave laser, inverting a population is more complicated than just ex-
citing the transition from the lower to the higher state. Indeed, due to a competition between
the spontaneous and the stimulated emission processes, semi-classical physics pointed out that
a simple two-level system cannot achieve steady-state population inversion [224]. The usual
way to overcome this is to use a system with multiple levels. Nevertheless, another solution is
to detune the laser energy and exploit the LA-phonon energy level [10, 215, 225].

Let us consider a continuous-wave laser detuned by ∆ = 1meV. In this condition, we
choose the laser field strength, f , which does not evolve after the laser switch-on. The station-
ary exciton occupation is then given by [11]:

CX
∞ =

1
2
(1 +

∆
}Λ

) (4.6)

Following this equation, a low enough field strength should drive the system to a unity
probability.
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Figure 4.3: (a) Evolution of the exciton occupation as a function of the time after the laser
switch-on, at various field strengths f. (b) Evolution of the time required to reach 99% of the
exciton occupation as a function the laser field strength f(t). Inset Evolution of the exciton
occupation stationary state value, CX

∞ as a function of the the laser field strength f(t). From
reference [10]. The calculations are made with a continuous wave laser detuned from the
resonance by ∆ = 1meV.

Figure 4.3 is from the work of Barth et al. [10]. It presents the theoretical influence of the
laser field strength on the exciton occupation evolution (CX) and on its stationary value (CX

∞).
In figure 4.3a, three time evolutions of CX, corresponding to three values of f , are plotted. We
can first notice that this excitation regime really overcomes the exciton occupation issue. The
latter reaches almost 1 for f = 0.5ps−1 (green line), while as predicted by equation (4.6), CX
is lower with f = 1ps−1 or f = 1.5ps−1 (resp. blue and red lines). However, with f = 0.5ps−1,
even after 300ps the system has not yet reached its stationary occupation probability.
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Figure 4.3b represents the required time to reach 99% of CX
∞ as a function of the laser

field strength. The inset of figure 4.3b plots the value of CX
∞ as a function of the field strength,

f . From the inset, we can notice that to reach an occupation probability above 90%, the field
strength should be below 0.5ps−1. However, following figure 4.3b, the required time is about
350ps for f = 1ps−1 and becomes rapidly infinite below it. Hence, for low pulse strength,
the time scale of the population inversion exceeds the radiative decay, and the photon can be
emitted at any time. As a consequence, to achieve a high brightness, and following figure
4.3b, a trade-off can be found by setting f > 2ps−1. If the exciton population is then limited
to a stationary value below 0.8, this could be fixed with an adiabatic laser switch-off. In the
following, the excitation laser will be then pulsed and its parameters will be discussed.

4.3.2 Excitation via a pulsed laser and influence of the pulse parameters

4.3.2.1 Role of the pulse temporal shape

When a pulsed laser is used, the first parameter to control is its temporal shape. Indeed,
under LA-phonon assisted regime, the excitation efficiency is linked to both the laser switch-
on and its switch-off.
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Figure 4.4: From the theoretical work of reference [10]. The left panel presents the influence
of the laser switch-on on the lower dressed state and the exciton occupations (resp. Clow and
CX). Three switch-on duration are considered, 0ps, 3ps and 5ps. The right panel presents
the influence of the laser switch-off on the same parameters. Four switch-off duration are
considered, 0ps, 1ps, 3ps and 5ps. In both panels, Clow and CX are plotted during the pulse
length and for a pulse strength of 2.7ps−1 (about 15π).
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Figure 4.4, also from Barth et al. [10], shows their influence on the exciton occupation
preparation. The impact of the laser "switch-on" and "switch-off" are respectively represented
in the left and the right panels. The bottom panel plots the laser field strength as a function of
time. The middle and the top panels present respectively the evolution of the occupation of the
lower dressed state |β〉 (Clow) and of the exciton occupation (CX) for a given laser temporal
shape. The laser temporal profile and its field strength are important to control the evolution
of the dressed states energy splitting during the pulse (part 4.3.1). It must also be controlled
to reach a high exciton state occupation efficiently and with a high fidelity.

Let us first consider the switch-on dynamics presented in the left column. As plotted,
a sharp switch-on (green line) enables an occupation probability of 1 of the lower energy
dressed state, but the exciton occupation oscillates before reaching the stationary state. We
can make a parallel with a string hit suddenly and which oscillates before reaching its stable
equilibrium position. On the contrary, with a Gaussian slope switch-on (red and blue lines)
Clow remains at 1 and the exciton state also reaches an occupation just about 0.75. However,
the increase is faster and follows a stable rise. This parameter is important to obtain a prepared
state quickly and with a high fidelity.

On the right column, we can notice that both the state undressing and the exciton oc-
cupation CX depend on the way the laser is switched off. Considering a square temporal
envelop (green line), the abrupt switch-off undresses suddenly the dressed states. The lower
state then loses a part of its occupation and the exciton occupation stays at the stationary value
reached before the switch-off. On the contrary, if the temporal envelop follows a "Gaussian"
slope (black, red and blue lines), the lower state keeps its occupation around 1. For switch-off
durations above 3ps, the undressing process is slow enough to smoothly transform the lower
dressed state |β〉 to the exciton state |X〉 whose occupation probability is boosted to 1. How-
ever, we have to be aware that in this paper [10], they consider the ideal case of a two level
system without a cavity and no other relaxation processes, such as the radiative decay. But
the latter must be considered when we want to emit single-photons. Experimentally, the QD
is embedded in a cavity. Since it has non-negligible influences on both the needed exciton
preparation time and its emission quality [214], we must deal with cavity losses and QD ra-
diative decay. For instance, Ardelt et al. [225] measured a maximum exciton occupation of
0.72±0.08. In this work, an individual self-assembled InGaAs QD embedded in a microcavity
was driven by near-resonant 10ps laser (∆ = 0.69meV) whose pulse area was above 10π.

4.3.2.2 Role of the pulse strength

Controlling the laser temporal shape is a first step to obtain an efficient excitation but
this is not a sufficient condition. As with a continuous-wave laser, the pulse strength must be
considered.

Figure 4.5 shows the time evolution of respectively the dressed states energy splitting,
the lower dressed state |β〉 occupation (Clow) and the exciton occupation (CX) as a function
of the laser field strength (bottom graph). The latter is a 20ps pulsed laser, detuned by ∆ =
1meV, with a Gaussian shape to ensure the adiabatic switch-on and -off. According to these
theoretical results, if the laser is not strong enough the states occupation remain limited. The
green line is the result of a 10π pulse ( f (t)max = 1.5ps−1). This corresponds to the pulse
area defined as

∫
f (t) e−iωLt dt. As f (t) varies during the pulse duration, the energy splitting
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Figure 4.5: From reference [10]. Influence of a Gaussian time-shape pulse strength on the
energy slitting between the two dressed states (equ. 4.4), the lower dressed state occupation
(Clow) and the exciton occupation (CX). The pulse areas are 10π (green), 20π (blue) and 30π
(red), and the 20ps pulsed laser is detuned by ∆ = 1meV.

between the two dressed states follows it. However, the highest energy splitting is around
1.4meV. This is below the required 2meV to obtain an optimal exciton-phonon coupling. Thus,
both the lower dressed state and the exciton occupations stay around 0.8. On the contrary,
when the pulse area is above 20π ( f (t)max = 3ps−1) (blue and red lines), it reaches 1. The
occupation evolution also points out that the process is not efficient during the entire pulse
duration. The increase of the CX coefficient is not steady. Indeed, the energy splitting of
the dressed states is above 2meV around the maximum of the Gaussian shape, decreasing the
exciton-phonon coupling during few picoseconds. For 30π ( f (t)max = 4.5ps−1), this is not
yet an issue and CX = 1, but for a stronger pulse, the efficiency is then impacted and CX does
not reach 1. So, to drive efficiently the quantum dot, the pulse area should be at least about
15π and not larger than 30π.
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4.3.2.3 Role of the pulse duration

Since, the population transfer takes place after the LA-phonon relaxation, so at the end
of the pulse, the pulse duration has also an influence on the preparation of the exciton occupa-
tion.
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Figure 4.6: Theoretical exciton occupation as a function of the laser pulse area at various
pulse duration. (a) From reference [11]. The laser has a Gaussian time-shape and its detuning
is ∆ = 1meV. (b) From the theoretical model used in reference [226] applied to our sources
parameters (}γ = 0.66µeV, }κ = 20.6µeV, }g = 6.6µeV). The laser has a Gaussian time-shape
and its detuning is ∆λ = -0.3nm (∆ = 0.43meV).

Figure 4.6a (from Glässl et al. [11]) shows the theoretical exciton occupation CX as a
function of the pulse area at various pulse durations. A GaAs QD is driven by a Gaussian laser
shape, detuned by ∆ = 1meV from the exciton line. For a pulse length lower than 10ps, the
inversion of the phonon-assisted preparation is not efficient and CX stays below 0.9. Moreover,
the process seems to be more sensitive to the increasing of pulse area and it becomes even more
inefficient for pulse areas larger than 12π. On the contrary, pulse durations above 10ps enable
to reach the maximum of almost 1, setting this duration as a lower bound to get an efficient
excitation. Nevertheless, if it is important to reach a high exciton occupation, the photons must
also be emitted with a near-unity probability. This parameter depends on the QD lifetime, and
in this work, they model a GaAs QD without a cavity. So, to fulfill these two requirements,
we need to consider a QD embedded at least in a 2D cavity.

Figure 4.6b presents the theoretical influence of the pulse duration on the relative exciton
occupation, as a function of the pulse area. Here, we consider the typical parameters of our
experiments (an InGaAs QD embedded in a pillar) with a laser detuning of ∆λ = -0.3nm (∆ =
0.43meV). The relative occupation is calculated from the mean photon number of the cavity
multiplied by the cavity decay rate. Considering small g2(0) value, this approximates the
probability of having a photon emitted via the cavity mode. This model, described by Gustin
and Hughes [226], considers a QD and a cavity lifetime equal respectively to 1ns and to 32ps
at 8K, and }g = 6.6µeV. The Purcell factor is about 12.8. For a pulse duration about 10ps, the
exciton occupation only reaches 0.65 and oscillates when the pulse area increases. As shown
previously, this short pulse does not fully allow for an equilibrium to be reached during the
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excitation pulse. From this figure, we can also set the 30ps as an upper bound. Indeed, above
it, the exciton occupation remains below 0.6. Eventually, we can notice that with our QDs
embedded in pillars, the maximum occupation is not 1 but 0.8. This theoretical limitation
will be experimentally validated in part 4.5.2.1. Hence, this excitation scheme is less efficient
than resonant excitation. But, in any case, we will see that it enables a higher single photon
collection.

To summarise the above discussion, the pulse duration must be between 15ps and 30ps
for an efficient source driving.

4.3.2.4 Role of the laser detuning parameter

In previous parts, only positive energy detunings have been considered. This choice can
be explained and experimentally validated.

The spectrum has three features. At zero detuning there is a
pulse width–limited peak corresponding to the zero-phonon
j0i → jXi transition. At positive detuning there is a broad
feature due to phonon emission. The absence of discrete
features in the phonon sideband indicates that phonon
confinement effects are weak, as expected given the similar
lattice properties of the QD and barrier materials. In
principle, there can also be a phonon feature at negative
detuning due to phonon absorption. However, the phonon
absorption is negligible at low temperature. The third feature
is a narrow peak at a pump detuning of −1 meV, corre-
sponding to the two-photon j0i → j2Xi biexciton transition
[32], indicating that the pump pulse is slightly elliptically
polarized.
In the theory, the phonon influence on the dot dynamics

is mediated mainly by the phonon spectral density: JðωÞ ¼P
qjγqj2δðω − ωqÞ, where γq is the exciton-phonon cou-

pling. In the absence of detailed information on the shape of
the QD we consider spherically symmetric, parabolic
potentials. For bulk LA phonons coupled via the deforma-
tion potential we then obtain [23]

JðωÞ ¼ ω3

4π2ρℏv5c

�
Deeð−ω

2a2e=4v2cÞ −Dheð−ω
2a2h=4v

2
cÞ
�
2

; ð2Þ

where ρ is the mass density, vc is the sound velocity, and
DeðhÞ denote the deformation potential constants for elec-
trons(holes). These material parameters are taken from the
literature and are given explicitly in the Supplemental
Material [27], while the electron(hole) confinement lengths
aeðhÞ are used as fitting parameters. Good agreement with
our experiments is obtained for ae ¼ 4.5 nm and
ah ¼ 1.8 nm, resulting in the spectral density shown in
the inset of Fig. 4(a). We note that the low frequency
asymptote ∼ω3 is characteristic for bulk acoustic phonons
and occurs independent of the material or the dot shape.
On the other hand, the Gaussians in Eq. (2) result from the
Fourier transforms of the electron and hole probability

densities, reflecting the assumption of parabolic confine-
ment potentials.
The blue line in Fig. 4(a) shows the theoretical values of

the exciton population generated by the pump pulse, which
excellently replicates the broadband feature observed at
positive detuning. The line shape of this feature is implic-
itly determined by JðωÞ; more detailed information on
JðωÞ can be obtained here than from fitting the intensity
damping of Rabi rotations [19]. Equation (2) shows that the
high frequency behavior of JðωÞ follows the Fourier
transform of the electron and hole probability densities,
and so a line shape analysis in principle provides a way to
obtain insight on the spatial distributions of the electrons and
holes. However, accessing this information would require
more detailed studies, which are beyond the scope of the
present Letter. The asymmetry of the spectrum with respect
to the sign of ℏΔ unambiguously proves that the population
created by the off-resonant pump pulse is the result of
phonon-assisted relaxation into the lower energy dressed
state [33]. This is further demonstrated by a calculation
without exciton-phonon coupling, where no broad sideband
is observed [see inset in Fig. 4(c)]. We also note that the
measured low-energy phonon sideband is stronger than
expected. This may be due to an elevated temperature of
about 6–7 K caused by heating of the sample by the laser.
Figures 4(b) and 4(c) compare the exciton population

generated by the pump pulse measured as in Fig. 4(a) at
different pulse areas with corresponding path-integral
calculations. On resonance, the zero-phonon line exhibits
intensity-damped Rabi rotations. To positive detuning, there
is the phonon-emission sideband that broadens for higher
pulse areas. The calculations are in good agreement with the
experimental data, further confirming the model. Even the
slight shift of the resonant peaks towards higher energies
with increasing pulse area is reproduced by the theory.
In conclusion, we have experimentally demonstrated

the population inversion of a neutral exciton in a single QD
excited by a quasiresonant laser pulse tuned within the

FIG. 4 (color online). (a) Exciton population created by a 7.24π pump as a function of the pump detuning. τdelay ¼ 15 ps. Blue:
calculated CX. Inset: theoretical spectral density of the exciton-phonon interaction JðωÞ. (b) Experimentally obtained CX versus Θ and
ℏΔ with τdelay ¼ 33.6 ps. (c) Path-integral results for the same pulse area and detuning range as in (b). The vertical line is where
ℏΔ ¼ þ0.83 meV and the horizontal line is for Θ ¼ 7.24π as shown in Figs. 3 and 4(a), respectively. Inset: calculated values with no
phonon interaction. All plots in (b) and (c) use the same color scale.
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Figure 4.7: (a) From reference [215]. Exciton population as a function of the laser detuning
from the resonance. The experimental measurements are plotted with the black line and fit
with the theory plotted in blue. For both, the 15ps pulsed laser is detuned by = 0.83meV and
has a pulse area of 7.24π. The source is a InGaAs/GaAs QD embedded in an n-i-Schottky
diode structure. (b) From reference [225]. Measured exciton population as a function of the
laser pulse area for three positive detunings. The pulse duration is about 10ps and the QD is
embedded in a 260nm thick GaAs layer acting as a weak microcavity. A bottom DBR enables
to extract the emitted photon preferentially from the top.

Figure 4.7a, from Quilter et al. [215], presents the fit between the experimental and
the theoretical evolutions of the exciton population as a function of the laser detuning (resp.
black and blue lines). The resonant excitation corresponds to }∆ = 0meV. The InGaAs/GaAs
QD, located in an n-i-Schottky diode structure, is driven by a laser with a pulse duration of
16.8ps and a pulse area of 7.24π. During a pump and probe experiment, the electron-hole
pair recombinations are indirectly detected via the measurement of the induced photocurrent.
As predicted (blue line), negative energy detuning does not allow a preparation of the excited
state. The dynamics due to LA-phonon interactions has a large temperature dependence [223],
and at 4K it is easier to emit a phonon than absorb one. Hence, the exciton state is not
populated during the excitation process. This can be also formally evidenced with the help of
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equation (4.2). The latter expresses the dressed states as a superposition of the exciton states
in the rotating frame. Following the relation of |β〉, a negative energy detuning leads to an
increase of the coefficient associated to |gR〉 and a decrease of the |XR〉 coefficient. Hence,
the system remains in the ground state, |g〉 and no electron-hole pair is created. If the energy
detuning is positive, the QD states in the rotating frame are inverted (figure 4.1) and the excited
state |XR〉 is preferentially prepared. Since it is linked to the exciton excited state |X〉, the
latter is indirectly populated. As seen before, the exciton population is less than the equivalent
under resonant excitation, and it decreases when the detuning increases. The phonon spectral
density, plotted in the inset, gives an explanation of this occupation behavior. For fixed pulse
duration and strength, increasing the detuning enlarges the distance between the two dressed
state energies. When it goes above 2meV, it reduces the coupling between the QD and the
phonon bath. The preparation process is then less efficient. Following the experimental line,
the highest excitation occupation is 0.67±0.06 for a 15ps laser detuned by 0.83meV and with
a pulse area of 7.24π [215]. The main limitation of the exciton occupation in this work is the
laser power, but, with this indirect measurement, this sample allowed to prove an occupation
probability higher than 50%.

Figure 4.7b, from Ardelt et al. [225], shows the measured exciton occupation as a func-
tion of the laser pulse area for three positive laser energy detunings. In this case, the mea-
surement is based on the single-photon detection. The InGaAs QD is embedded in a 260nm
thick GaAs layer acting as a low-Q microcavity, whose DBRs asymmetry enables to extract
the emitted photon preferentially from the top. The laser is shaped by a 4f line to obtain
a pulse duration of about 10ps. In these conditions, they measured a maximum population
of 72%±8% for a detuning of ∆ = 0.69meV. As seen previously, this exciton occupation is
reached for a pulse area larger than 10π, and, if the detuning is above 1.5meV, the excitation
is less efficient, limiting the source brightness.
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Figure 4.8: Theoretical exciton population as a function of the detuning at various pulse du-
rations. The probability of occupation is normalised with the one under resonant excitation.
The model parameters are: QD and the cavity lifetime equal respectively to 1ns and to 32ps
at 8K, QD-cavity coupling is 6.58µeV, and so the Purcell factor is 12.8.

Figure 4.8 presents the simulated exciton occupation, normalised with the maximal oc-
cupation under resonant excitation, as a function of the laser detuning at various pulse du-
rations. The theory, based on the work of Gustin and Hughes [226], is used to predict the
results we can obtain with our sources. We then consider an InGaAs/GaAs QD embedded
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in a micropillar whose parameters are detailed in the figure caption. The excitation power
is optimised to maximise the exciton occupation for a fixed Gaussian pulse. Not only is the
exciton occupation higher with longer pulses but the detuning range becomes larger. The set-
ting of this parameter is then less critical but the maximum efficiency remains about 85%. It
should be possible to increase it by using longer pulse duration and stronger pulse strength.
For instance, with a pulse of 60ps at 60π and for a detuning of ∆λ = -1nm (∆ = 1.43meV),
the maximum occupation efficiency should be about 0.9. However, in this regime, we expect
that both the g(2)(0) and indistinguishability will be poorer. Hence, we will not consider these
large values for the following experiments.

To summarise this section on the optimisation of the excitation parameters, with QDs
in micropillars, the best LA-phonon assisted driving is obtained with a Gaussian laser time-
shape. The pulse area and duration must be above respectively 10π and τ = 19ps. Only
positive energy detunings are relevant and they must be between ∆ = 0.21meV(≈-0.15nm)
and ∆ = 1.15meV(≈-0.8nm).

4.4 Theoretical prediction of the emission characteristics

In this part, we will discuss the coherence of the LA-phonon assisted excitation, as
well as the purity and the indistinguishability of the emitted photons. These figures of merit
characterise the quality of the emission and enable a right comparison with the resonant exci-
tation regime. This part is also based on theoretical works. They give an idea of the expected
experimental results we could obtain with our sources.

4.4.1 A controlled inversion population to emit indistinguishable pho-
tons

Under resonant fluorescent experiment, the system is coherently driven from the ground
state, |g〉, to the excited state, |X〉. This can be illustrated using the Bloch sphere picture.
The state is then represented by a unitary vector travelling on the sphere from |g〉 to |X〉
and inversely, creating the so-called Rabi oscillations. On the contrary, a LA-phonon assisted
driving involves decoherence [221,223]. The length of the vector reduces along the trajectory
and can even vanish before reaching the upper pole |X〉.

Figure 4.9 shows (a) the vector trajectory in the Bloch sphere and (b) its length evolution
during a LA-phonon assisted driving. The theoretical results are obtained after the excitation
of the two-level system by a detuned 20ps Gaussian pulse (∆ = 1meV) with various pulse
areas. Due to the phonon-assisted relaxation process, decoherences lead to a fast decrease
of the vector length. The time needed to reach the minimum depends on the pulse area.
For a pulse duration of 20ps, a larger pulse area induces a faster relaxation process. The
Bloch vector length drops faster. Nevertheless, we can notice that the minimum has a finite
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Figure 4.9: From reference [10]. (a) Drawing of the system trajectory in the Bloch sphere
between the ground state, |g〉, and the excited state, |X〉. (b) Time evolution of the Bloch
vector length under three different pulse areas. The 20ps pulsed laser detuning is ∆ = 1meV.

value. The Gaussian pulse, which is not perfectly adiabatic, generates coherence between the
dressed states. This drives the state slightly off the (time-dependent) axis defined by the states
|α〉 and |β〉, so that it starts to precess about this axis. In the same time, the phonon-assisted
relaxation takes place along this axis, but the trajectory does not go through the center of the
sphere because of the initial off-axis. At the end of the pulse, the state which is now close
to |β〉 evolves smoothly toward |X〉 thanks to the adiabaticity of the Gaussian pulse. Above
20π, the vector length re-approaches 1 when it reaches the excited state, |X〉. This reflects
the almost complete occupation of the lower dressed state and its transfer to the bare exciton
state. As seen previously, a weaker pulse (Θ = 10π) does not allow a complete relaxation and
the vector stays inside the sphere with a length around 0.65. These theoretical observations
reveal the possibility to induce a controlled population inversion. Even though the LA-phonon
assisted excitation is incoherent during the phonon-relaxation process, the adiabatic switch-off
of the laser leads to a coherent evolution to the excited state at the end of the pulse.

In this regime, Gustin and Hughes [226] did simulations to quantify the expected indis-
tinguishability of the emitted photons. Since the excitation scheme involves phonon-assisted
relaxation, which is source of decoherence, this raises the question of the emitted photons
indistinguishability. Theoretically, they considered a QD embedded in a cavity, whose param-
eters are }g = 20µeV and }κ = 50µeV. With a QD lifetime of 660ps without cavity coupling,
the Purcell factor is 4g2/κγ = 32. The pulse duration is 20ps and the laser is detuned by
1meV. Due to the effective coherent population transfer to the excited state [10], they pre-
dicted an indistinguishability of 98%. This excitation regime seems not to deteriorate this
emission property which remains similar to the one measured in resonant fluorescence [9,61].
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4.4.2 Prediction of the single-photon purity

Concerning the expected emission purity, Cosacchi et al. [227] demonstrated that this
excitation regime should allow to reach higher purity than under resonant excitation. This is
explained by exploiting the three-steps process principle of the LA-phonon assisted scheme.

(a) (b)

Figure 4.10: From reference [227]. Comparison of the time-dependence occupations (a) under
resonant excitation, at "π" and (b) under LA-phonon assisted excitation. The 7ps laser pulse
is plotted by the black dashed lines. The first excitation/emission process corresponds to the
states |X, 0〉 (blue) and |G, 1〉 (yellow) while the QD re-excitation is represented by the states
|X, 1〉 (green) and |G, 2〉 (red). The two insets are scale enlargements between ±20ps.

Figure 4.10, from Cosacchi et al. [227], shows the comparison of the different excitation
steps time dependence, between the resonant and the LA-phonon assisted schemes. They
considered a GaAs QD embedded in a cavity and excited with a 7ps pulsed laser. The cavity
parameters are }g = 25µeV and }κ = 50µeV, while QD lifetime is 33ps. Hence, the Purcell
factor is 2.5. The occupation of the successive QD states are plotted as a function of the delay
after the laser pulse (black dashed line). In blue, this is the occupation evolution of the state
|X, 0〉, where the number (0,1 or 2) refers to the photon number in the Fock state basis. It
corresponds to the QD excitation before any photon emission in the cavity. In yellow, the
electron-hole pair recombines and a photon is emitted (|G, 1〉). The two last states correspond
to the re-excitation process. In green, the QD state is excited after the first photon emission
(|X, 1〉) while |G, 2〉 represents the relaxed state after the second photon emission. Let us
now consider the LA-phonon assisted excitation (figure 4.10b), even though the occupation
of the state |X, 0〉 increases straight after the begining of the laser pulse, it reaches quickly
a plateau during which the phonon-assisted relaxation occurs. Then, as previously discussed
with the population transfer from |β〉 to |X〉, it keeps building up at the end of the laser pulse,
which causes a delay of the photon emission (|G, 1〉). This delay significantly reduces the
probability of re-excitation. A comparison with the plots of figure 4.10a enables the authors
to conclude that the expected single-photon purity of the emission could then be higher than
under resonant excitation.

However, we cannot directly apply their conclusions to our experimental work. It seems
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they considered parameters to obtain a clear increase of the emission purity under a strong
coupling regime. Indeed, under resonant fluorescence, the highest purity is 90.7%, which is
lower than the experimental state of the art of about 99% [9, 61]. Moreover, the laser pulse
duration is about 7ps, and it seems they intentionally reduced the source brightness by setting
the energy detuning a little above or below 1meV. We can then notice that decreasing the first
lens brightness by about 18% enables them to increase the purity by about 7%. So, even if
they estimated a maximum purity under LA-phonon assisted regime at 98.8%, this is only
in this particular case and at the cost of the brightness. However, this work pointed out the
ability of the LA-phonon assisted excitation scheme to improve the purity of a source in some
unfavourable conditions. In our case, we always opt for the highest brightness. Hence, the
excitation laser parameters are optimised with a pulse area above 10π, a detuning by about
1meV and a pulse duration above 19ps. Moreover, with a Purcell factor about five times
higher, the spontaneous emission of our sources is then more enhanced. The higher Purcell
factor and the longer pulse duration might allow QD re-excitations although the three-step
process of excitation should avoid it. As a consequence, the gain in single-photon purity
might be more limited than in the work of Cosacchi et al.

In any case, the LA-phonon assisted excitation is theoretically a promising way to invert
the population of a two-level system and have a coherent transfer to the QD excited state at
the end of the pulse. We can then have an emission of single and indistinguishable photons
with a high brightness. Next parts will focus on the experimental results we obtained with our
source, using the excitation parameters as previously discussed.

4.5 Characterisation of the source under LA-phonon assisted
excitation

4.5.1 Adaptation of the optical setup

In chapter 3, the described confocal microscope was optimised for resonant fluores-
cence experiments. This excitation scheme required a polarisation selection to filter the laser.
This was ensured by a PBS. Since under LA-phonon assisted excitation the laser is spectrally
filtered, the optical system design is then different.

The first design is directly based on the free(space microscope optimised for resonant
fluorescence experiments. As shown in figure 4.11a, the PBS is replaced by a 90:10 BS. It
ensures a high single-photon collection but only 10% of the laser power is sent to the source.
In part 4.3.2.2, we concluded that this excitation scheme requires, at least, a pulse strength
around 10π. With our system, due to the high coupling efficiency of the excitation beam and
the laser repetition rate of 81MHz, the power corresponding to the "π-pulse" is about few
nanowatts. It is then easily possible to reach pulse strengths above 10π. The other change is
about the insertion of three or four high transmission bandpass filters in the collection path.
The latter have a bandwidth of 0.8nm. To filter the laser, detuned by about 0.6nm from the
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Figure 4.11: Schematics of the confocal microscope optimised for LA-phonon assisted ex-
citation. (a) Free-space microscope based on the RF design (b) First fibred design of the
microscope.

ZPL, without reducing the collection of the single photons, they are tilted in relation to each
other. Although the polarisation is no longer used to filter the laser, the excitation polarisation
must be still controlled to allow for a precise excitation of one of the QD linear dipole, and
a polarised emission. A polariser, a quarter and a half wave-plates are then used to set the
linear polarisation in accordance with the QD polarised-axis. The quarter waveplate allows
the correction of any ellipticity to have a pure linear-polarisation. Since, the pillar mode
matching and the high transmission are still required, the rest of the optical system remains
the same.

Version 1 (figure 4.11a) Version 2 (figure 4.11b)

Waveplates 97% 97%

90:10 BS 80% –

Bandpass filters 80%±2% 80%±2%

Coupling 70%±5% 76%±5%

Total 44%±5% 59%±5%

Table 4.1: Loss budget of the two versions of the optical system.

Table 4.1 summarises the loss budget of the two optical system versions. Due to the
tilted bandpass filters and the fact that in practice, the BS has a transmission of 80%, the
free-space system has an efficiency around 43%±5%. Since the transmission is still less than
the one for resonant excitation, some changes have been made to fix the source of losses,
leading to the fibred setup presented in figure 4.11b. Removing the 90:10 BS and using a less
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lossy collimator enable to reach a transmission of 59%±5%. For this system, the coupling
efficiency takes into account both the collimator/collimator coupling efficiency and the cavity
rotated light coupling into the collimator placed above the cryostat. Other changes, such as
bandpass filter with higher transmission or less lossy fibre to fibre connectors, should increase
the microscope transmission by at least 10%

Thanks to the spectral filtering of the excitation laser, this microscope has been proven
to work in "parallel-polarisation" configuration. Under this excitation regime, the polarisation
ellipticity of the reflected laser, due to the pillar birefringence, is no longer an issue. Both the
excitation and the collection can be set along the same polarisation axis, for instance, along
one of an exciton linear dipole (|X〉 or |Y〉). To do so, the polariser placed in the excitation
path, and the waveplates above the cryostat chamber allow to set and rotate the laser linear-
polarisation to match it with one of the QD dipoles. To find the proper angle, we temporarily
add a polariser in the collection path to collect only the orthogonal polarisation.
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Figure 4.12: (a) Plot of the collection intensity as a function of the angle of the linear polar-
isation of the excitation laser. Due to the cross-polarisation configuration, exciting along one
of the dipole vanishes the collection. (b) Collected signal from either an exciton (blue line) or
a trion (red line) as a function of the half waveplate angle. The system is in cross-polarisation
configuration.

Figure 4.12a plots the collected signal intensity from an exciton as a function of the half
waveplate angle. The two dipole axes |X〉 or |Y〉 are represented by arrows. On this figure,
we can notice that the signal vanishes when the excitation has a linear polarisation along one
of the QD dipoles, |X〉 or |Y〉. Indeed, due to the cross-polarisation collection, once the
excitation polarisation set along X or Y, almost no signal is emitted by the other dipole (more
detailed in next part). For any linear polarisation in between, a part of the emitted photons
are collected in the orthogonal polarisation from the excitation’s. We then measure the signal
oscillations presented by the blue line of figure 4.12b. On the contrary, since a trion emits
unpolarised light under linearly polarised excitation, rotating the half-waveplate should not
drastically affect the collected signal intensity (red line).

When we measure oscillations, we set the half waveplate angle to collect a minimum
of signal from an exciton, while with a trion its angle is not an important parameter. Then,
we remove the collection polariser. In this condition, the QD is optimally excited and all the
emitted photons are collected.
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Finally, in order to control the laser pulse duration, different solutions have been con-
sidered such as the use of a "homemade" monochomator based on the 4f principle.

  

Half 
mirror

Beam expander
Grating

To 
the source

From 
the laser

Slit
Mirror

L1 L2

L3

(a) (b)

Figure 4.13: (a) Schematics of the homemade monochromator based on the 4f principle. The
focal length of the lenses are f1 = 3.5cm (for L1), f2 = 15cm (for L2) and f3 = 40cm (for L3)
(b) Pulse duration of the unshaped laser (yellow rounds), and of the shaped laser for three
different slit apertures. Closing the slit makes the pulse longer.

As depicted in figure 4.13a, the 4f-line pulse shaper is composed of a beam-expander,
to illuminate the grating with a 2cm diameter spot, a grating, and a lens, to focus each wave-
length in the Fourier plane where a slit and a mirror are positioned. In usual 4f optical setup,
all the components are doubled to generate a spectrally uniform collimated beam. To make
it more compact, we place a mirror right after the slit with a small angle with respect to the
orthogonal position. It then reflects the selected wavelength which comes back with a slight
angle. This allows to spatially separate the shaped beam from the incident beam. A "D-
shaped" mirror is then placed on the reverse way to send the shaped laser beam to the source.
Thanks to a precise control of the split lateral position and of its aperture, we can respectively
spatially select the central wavelength of the shaped laser and change its pulse duration (figure
4.13b). By filtering specific frequency components in the Fourier plane, closing the slit allows
to increase the laser pulse duration. To make the system even more compact and increase
its transmission, we also studied fibred Bragg grating. This system looks like a fibred beam
splitter whose central part is manufactured as a grating. The shaped laser is then transmitted
and goes out from one output while the rest of the spectrum is reflected and send in the second
output of the filter. The central wavelength can be slightly tuned by applying a stress on the
grating or by changing the temperature. But, with this solution the pulse duration is fixed.
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4.5.2 Measured emission from a QD under LA-phonon assisted excita-
tion

4.5.2.1 Comparison with the resonant excitation

To validate the LA-phonon-assisted excitation scheme as a way to get a bright source of
single and indistinguishable photons, the performances have been measured. According to the
theory, the occupation probability of the exciton is expected to be lower than under resonant
excitation. Experimentally, we estimated it from the intensities obtained at "π" (resonant
excitation) and at maximum fluorescence intensity (LA-phonon assisted excitation).

To compare the resonant and the LA-phonon assisted regimes, the measurements have
been performed in the cross-polarisation configuration. We worked with an InGaAs QD em-
bedded in a pillar and excited by a 16ps pulsed laser. Since the theory only considers a
two-level system, a charged exciton in zero magnetic field has been used. Indeed, in the cross-
polarisation configuration, a trion can be considered as a two-level system while, due to the
FSS, an exciton is a three-level system.
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Figure 4.14: Measured relative state occupation probabilities under resonant and LA-phonon
assisted schemes at 7K. We considered a charged exciton excited in cross-polarisation config-
uration by a 16ps pulsed laser. Four laser detunings have been used under LA-phonon assisted
excitation. The error bars are within the size of the plotted points. The emission intensity is
normalized to the maximum achieved under resonant excitation to allow comparison of the
relative occupation probability between the two schemes. The solid lines give the theoretical
prediction based on the model in reference [226]. The considered cavity parameters are }κ =
20.6µeV, }g = 6.58µeV and }γ = 0.658µeV, so Fp = 12.8.

Figure 4.14 presents the relative occupation probability as a function of the laser pulse
area at various laser detunings. The pulse area is proportional to the square root of the intra-
cavity power. We estimate it by correcting the power measured above the cryostat chamber
by the cavity transmission. The latter depends on the pillar quality factor and plays a filtration
role on the excitation laser depending on the detuning. As a consequence, increasing the laser
detuning from resonance leads to an increase of the required laser power to reach maximum
fluorescence intensity. The experimental results are plotted with squares, whose size includes
the error bar. The solid lines show the theoretical prediction from [226] using the experimental
parameters of our system. They reproduce qualitatively well the experimental data. The
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considered cavity has a lifetime of 32ps, a QD-coupling rate of }g = 6.58µeV and the QD
lifetime is about 1ns (}γ = 0.658µeV) without the cavity coupling. Hence, the Purcell factor is
12.8. The Rabi oscillations measurements (black squares and lines), in resonant excitation, are
used as reference to convert the fluorescence intensity into relative occupation of the excited
state. For the considered range of detuning the LA-phonon assisted excitation is predicted
to stay highly efficient. This is confirmed by our experimental results which show almost no
change of the occupation probability as a function of the detuning. Remarkably, we obtained a
reduction of the maximum occupation probability as compared to resonant excitation of only
15%±1%. This demonstrates that the off-resonant phonon-assisted excitation scheme is very
efficient, in agreement with the various theoretical works described above.
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Figure 4.15: Plots of the second order correlation (red traces) and the mean wave packet
overlap (blue traces) measurements under resonant and LA-phonon assisted excitations. The
measured system is an exciton excited in cross- (RF) and parallel-polarisation (LA-phonon)
configuration with a 16 ps laser. Under LA-phonon assisted excitation, the laser detuning is
∆λ = -0.6nm.

The purity and indistinguishability of the emitted photons for the two schemes have
been compared. Since for these measurements we considered an exciton, under LA-phonon
excitation they have been performed in the parallel-polarisation configuration. Figure 4.15
presents the g2(0) (in red) and the HOM visibility (in blue) traces under both excitation
regimes. Between the resonant and the LA-phonon assisted excitations, the purity is respec-
tively 0.989±0.001 and 0.943±0.001 while the corrected indistinguishably [171] is 0.915±0.001
and 0.920±0.005. As expected, the LA-phonon assisted excitation does not affect the photon
indistinguishability. However, the g2(0) under LA-phonon assisted excitation is significantly
higher than under resonant excitation. We do not fully understand the reason of this increase.
It may be due to imperfect suppression of the laser, or due to re-excitation processes when
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using long pulse durations. As seen previously, opting for the highest brightness may limit the
photons purity from an exciton which is now considered as a two-level system.

4.5.2.2 Linear polarisation purity from a linear dipole

Since the laser is spectrally filtered, the cross-polarisation configuration is no longer
required. As seen in the two previous chapters, the pillar, and the QD have polarised axes.
Under resonant excitation, the laser polarisation is set to one of the pillar axis, |H〉 or |V〉.
In this condition, the laser light remains linearly polarised along this axis and only the single
photons emitted in the orthogonal polarisation are collected.

Under LA-phonon assisted excitation, it is possible to align the laser polarisation along
one of the dipole axis, |X〉 or |Y〉. As seen in chapter 2 part 2.6.3, according to the considered
QD state, the selection in polarisation is different. An exciton presents two linearly-polarised
dipoles separated in energy by the fine structure splitting, while there is no strict selection
rules in linear polarisation basis for a trion. Some quantum applications require bright sources
of polarised single photons [54]. So, to fulfil it with a trion, which emits unpolarised light
(under linearly polarised excitation), we must add a linear polariser and then we lose half
of the photons. However, the parallel-polarisation configuration enables us to set the linear
polarisation of the laser along one of the exciton dipoles (|X〉 or |Y〉) (part 4.5.1). As a
consequence, the selected exciton dipole becomes a genuine two-level system. Since only one
dipole is excited, the emitted light must have a high degree of linear polarisation, which is a
key component in optical quantum technologies.

(a) (b)

Figure 4.16: (a) Schematic of the exciton excitation scheme in parallel-polarisation configura-
tion. The excitation laser, polarised along X, is detuned by ∆LA from the resonance. After the
phonon emission, the exciton dipole |X〉 emits a photon along the X polarisation. (b) In red
(black), the signal is measured when the excitation laser is aligned on one of the two exciton
dipole axis, and the collection polarisation is aligned parallel (orthogonal) to this direction.

To measure the linear polarisation purity of the emission, a half-waveplate followed by
a polariser is placed in the collection path. When the linear polarisation of the excitation is
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aligned with one of the dipole axes, for instance |X〉, the emission has the same polarisa-
tion. The collection polariser is aligned along this linear polarisation. The half-waveplate is
used to rotate the direction of the analysed polarisation. In figure 4.16b, the red solid line
corresponds to the situation when the exciting laser has a linear polarisation along the dipole
|X〉, and when the collection is parallel. Then, by rotating the half-waveplate, we set a cross-
polarisation configuration. Since the laser excites precisely the dipole |X〉 and there is no
exciton spin flip during the exciton lifetime, no signal is emitted along the orthogonal polar-
isation corresponding to the dipole |Y〉. In collection, the "almost-flat" black signal is then
measured. The degree of linear polarisation is calculated following D =

I//−I⊥
I//+I⊥

. From the
measurement of three sources, we obtain an average of D = 98.2%±0.4%. This method en-
ables to work in parallel-polarisation configuration and then have the bright sources of highly
polarised single photons required for quantum applications [54].

4.5.2.3 Benchmarks of a linear dipole emitter

To completely fulfil the quantum application requirements, this linear dipole must emit
single and indistinguishable photons wit a high efficiency. In part 4.5.2.1, we made a compar-
ison between the resonant and LA-phonon assisted scheme in cross-polarisation. The goal
now is to fully characterise our source in parallel-polarisation configuration. Figure 4.17
presents the first lens brightness (a), the second order correlation (b) and the corrected mean
wavepacket overlap (c) [171] measurements as a function of the laser pulse duration at various
laser detunings. The polarisation of the excitation laser is aligned with one of the two exciton
dipoles and the power is adjusted to maximise the emission.

As discussed above, the occupation probability when using LA-phonon assisted excita-
tion is around 15% less than under resonant excitation. However, due to parallel collection
and the spectral suppression of the excitation laser, all of the photons can be collected. Hence,
we no longer consider the polarised first lens brightness which is the main collection limita-
tion in resonance fluorescence experiments. According to figure 4.17a, a short detuning (∆λ

= -0.4nm) and a long pulse duration (τ ≈ 22ps) enable to get a first lens brightness above
50%±1%. Even though it is still limited by the extraction efficiency of the connected pil-
lars cavities, with a confocal microscope transmission around 59%±5% (version 2), we are
then able to get a fibred brightness of 30%±5%. This is about a factor of three higher than
that we could achieve in resonant excitation, evidencing the potential of LA-phonon assisted
excitation as a route towards bright single-photon sources.

Figure 4.17b considers the influence of the same parameters on the mean wavepacket
overlap measurement. As predicted by Gustin et al. [226], it is above 90%. The plotted
values are corrected by the second order correlation of the emission following the model of
reference [171]. After this correction, the photon indistinguishability does not seem affected
by neither the pulse duration nor the laser detuning.

Finally, figures 4.17c and 4.17d report the second order correlation measurement. Figure
4.17c plots the influence of the detuning and the pulse duration while figure 4.17d plots it as
a function of the measured first lens brightness. We can then notice that optimising the first
lens brightness deteriorates the single-photon purity. As discussed previously, even if a small
detuning seems to allow for higher purity, a trade-off needs to be found between first lens
brightness and emission purity. Concerning the limitation of the purity around 96%, even for
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(a) (b)

(c) (d)

Figure 4.17: Plots of (a) the first lens brightness (BFL), (b) the corrected mean wavepacket
overlap (Mcorr) and (c) the second order correlation (g(2)(0)) as a function of the pulse dura-
tion at various laser detunings for the resonance. The emission is from one of the two exciton
dipole and is collected in parallel-polarisation configuration. The mean wavepacket overlap is
corrected by the g2(0) values with the equation from reference [171]. (d) Plot of the purity as
a function of the first lens brightness (BFL).

shorter pulse durations, this is mainly due to a non-optimised laser filtering. Indeed, adding
a Fabry-Prérot ethalon in the collection path enables us to reach purity above 98% for 19ps
laser pulses.

In conclusion, our results show that we have significantly increased the fibred brightness
of our sources, while maintaining high their other qualities for quantum applications.

4.5.3 Experimental results from several sources and limitations

Given the right range of values for the laser parameters, multiple sources have been
characterised and used with the fibred optical system presented in part 4.5.1 (version 2). In
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order to work in parallel-polarisation configuration and have linearly-polarised emitted pho-
tons, only excitons are considered. We then detail the emission characteristics from sources
A2, B2, C1 and D2 (table 4.2). The emission indistinguishabilities are corrected following
reference [171].

Sources A2 and B2, and sources C1 and D2 are respectively from the same wafer. They
have the same planar cavity parameters but they are differently annealed. Considering A2 and
B2, the wafer parameters are Q=3000-4000, β = 78% and η = 84%. For C1 and D2, they are
Q=10000-14000, β = 88% and η = 70%.

Source First lens brightness Fibred brightness Purity Corr. indistinguishability

A2 49% 28.9% 95.5% 91.5%

B2 13.8% 8% – –

C1 28.5% 16.8% 94.7% 95%

D2 19.1% 11.3% 96.8% –

Table 4.2: Emission characteristics of different sources under LA-phonon assisted excitation.

.
The source A2 is the one presented in part 4.5.2.3. To get a purity above 95.5% and a

corrected indistinguishability above 90%, the laser detuning is -0.4nm and the pulse duration
is 18ps. The associated first lens brightness is then 49%. To calculate its fibred brightness
(BF, LA), we consider the transmission of the fibred optical system, Tsetup = 59%±5%.

Considering sources B2, C1 and D2, they are excited by 19ps pulsed laser whose the
detuning is about ∆λ = -0.5nm. The source C1 is the same as the one presented under resonant
excitation (chap 3, part 3.5.3.2). Since, source D2 was not annealed, the bias of -1V enables
us to stabilise the QD state and the temperature is set at 15K to put it in resonance with the
pillar energy. The fibred brightnesses (BF, LA) are calculated from the measured photon count
rates corrected by the APDs efficiencies. The first lens brightness (BFL, LA) is then estimated
with the microscope transmission, Tsetup = 59%±5%.

We can notice that, excluding source A2, the exciton occupation probabilities did not
actually reach 85% of the occupation under resonant fluorescence, being limited to about
60%. For the moment there is no clear explanation of this effect. But as a consequence, the
fibred brightness remains intrinsically limited by a less efficient excitation regime. In any
case, except for source B2, the first lens brightnesses (BFL, LA) are higher than the polarised
first lens brightnesses (BPFL, RF) from excitons under resonant excitation (chap 3, part 3.5.2).
This still leads in the end to higher fibred brightnesses (BF, LA).

Considering source B2, the low brightness is due to the excitation of two close QD tran-
sitions. Since, the laser energy does no longer correspond to one of the QD state energy, two
of them can be excited. As plotted in the inset of figure 4.18a, there is a sort of competition and
the emission is from two QD transitions. Figure 4.18a presents the occupation probability of
the QD state as a function of the pulse area. The probability is normalised with the maximum
intensity obtained under resonant excitation. Even though the laser detuning is small (∆λ =
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(a) (b)

Figure 4.18: (a) - Sample B2 - Comparison of the state occupation probabilities under resonant
and LA-phonon assisted schemes. The measured relative emission intensity for an exciton
collected in cross-polarisation are plotted as a function of the 22ps laser pulse area. The error
bars are within the size of the plotted points. Inset QD emission under LA-phonon assisted
excitation, and in parallel-polarisation configuration. The laser is detuned by ∆λ = -0.5nm.
Two states are in resonance with the cavity. (b) - Sample C1 - Plots of the second order
correlation (red trace) and mean wave-packet overlap (blue trace) measurements. The HOM
visibility line is 2ns offset for clarity. It is from an exciton emission collected in parallel-
polarisation configuration with a 19ps laser (∆λ = -0.6nm).

-0.37nm), the state occupation probability under LA-phonon assisted excitation is about 25%
of the occupation at "π". The excitation is not efficient. Finally, since the emitted photons are
from two states, the indistinguishability is below 80%.

Figure 4.18b presents the emission purity (red trace) and indistinguishability (blue trace)
of the source C1. Considering sources A2 and C1, the corrected emission indistinguishability
is above 90%, as predicted by the theoretical paper [226]. Nevertheless, as discussed above,
the purity of each source stays below 96%.

4.6 Conclusion

The LA-phonon assisted excitation is a three-step process which has been well theoret-
ically described from 2010 to 2019, showing successively the possibility to efficiently excite
the QD, to improve the single-photon purity and to reach high indistinguishability. Our work,
implementing this excitation scheme for a QD in a cavity, and exploiting the exciton transitions
is the first one to demonstrate the interest of this approach for efficient single-photon sources.
This excitation scheme is all the more efficient when the laser parameters are carefully chosen.
For our sources a pulse duration above 19ps, a pulse area above 10π and a detuning between
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-0.15nm to -0.8nm from the resonance enables us to reach an occupation probability around
85% of the occupation under resonant fluorescence. Thanks to a continuous optimisation of
the optical system and the parallel-polarisation configuration, the fibred brightness reaches
values from 11% to 29% in accordance with the source first lens brightness. Concerning the
photon indistinguishability, it follows the theoretical expectation and is above 90%. Never-
theless, the photon purity remains below 96%. Finally, the parallel-polarisation configuration
enables us to collect all the photons emitted with a high linear polarisation purity. This exci-
tation regime is very promising, and allows to overcome the brightness limitation imposed by
the resonant excitation while guaranteeing a high photon purity and indistinguishability.
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Chapter 5

A fibre-coupled source: collection of the
emission in a single mode fibre

"De l’audace, encore de l’audace, toujours de l’audace !"

attribuée à Danton

5.1 Introduction

Up to this point, the source devices were controlled with a free-space confocal micro-
scope. After working on the optical system optimisation (chap. 3) and on another excitation
scheme (chap. 4), this chapter will broach the study of fibre-coupled sources. The aim is now
to overcome the need of a large, complex and expensive low-vibration cryogenic system and
nano-positioners in order to provide a "plug-and-play" single photon source. This chapter will
describe the way to implement a single-mode fibre above a pillar source to directly collect
single photons. An optical system is then used to filter the remaining excitation laser either
with cross-polarisation or with spectral filters. This module fits in standard racks [228, 229],
and permits to significantly increase single-photons collection.

Many attempts to precisely fix a fibre above a single photon source have been under-
taken. Due to the high precision positioning requirement and the need, in most cases, to cool
the source at 4K, this technique remains challenging. The group of H. Sasakura [230] pro-
posed a source/fibre coupling with two collimating lenses but the system required an active
positioning at low temperature. Other groups obtained very promising results of direct cou-
pling between the source and the single-mode fibre: G. Shambat et al. [231] and D. Cadeddu
et al. [124] proposed respectively photonic crystal cavities or nano-trumpets attached to fi-
bre tips. Recently, H. Snijders et al. [207] succeeded in embedding a source between two
single-mode fibres. They measured a fibred brightness of 5%±2% with a cavity-mode-to-
fibre coupling of 85%, showing the ability to get a bright source of single and indistinguishable
photons.

In this chapter, we report the results of fibre-coupling self-assembled InGaAs/GaAs QDs
deterministically embedded in pillars in different types of cryostats.

119
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The first part will set the different optical components used in this study. We will also detail
the validation of the analytical model used to estimate the coupling efficiency between a fibre
and a pillar.

In the second part, we will discuss how to optimise the coupling configuration. This part will
detail the results obtained with either so-called "lensed fibres" or standard fibres.

Finally, the third and fourth parts will present the experimental results measured with fibre-
coupled sources. The third part will consider a fibre set above the source in a low-vibrations
cryostat while the fourth will present the performances in a standard cryostat. In both cases,
emissions and coupling results will be detailed and compared with the free-space perfor-
mances.

5.2 Description of the studied components and experimen-
tal validation of the theoretical model

In chapter 3, we measured coupling efficiency in between two collimators in front of
each other. However, measuring the coupling efficiency between the single photons at the
pillar output and a single-mode fibre is more challenging. Indeed, this is the ratio between the
pillar emission and the output of the single-mode fibre placed at few microns above it, when
both are in a cryostat at 4K.

First, the components used for both the theoretical and the experimental studies are
described. In the second part, we detail the validation of the theoretical coupling efficiencies
by considering standard fibres coupled at room temperature.

5.2.1 Theoretical and experimental studies

In order to estimate pillar to fibre coupling, pillar diameters must be considered. Ex-
perimental measurements estimate them between 2µm and 3.4µm, permitting to calculate the
emitted beam sizes at the output of the pillar following the work of A. Yariv [199] and of
Nowak et al. [169]. Table 5.1 summarises the data for the four pillar sizes which will be
considered in this chapter.

The numerical apertures are estimated by propagating the beam and fitting its divergence

angle, while the Rayleigh distances are calculated following zr = π w0
2

λ .

In this chapter, two kinds of single-mode fibres will be considered. The first is a standard
fibre used in laboratories, optimised to work at 930nm and with a core diameter of 4.4µm; it
will be called SM(4.4µm). The second is a fibre with a high numerical aperture (NA) and will
be called SM(hNA). To achieve this large numerical aperture whilst working in the range of
near infrared wavelengths, the core and the cladding of such fibres must have wide different
refractive indexes [232]. Different techniques have been developed such as chalcogenide glass
cores (AsSe) and a GeAsSe cladding glass [233] or claddings with high air-filling fraction
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Connected pillar
diameter

Emitted beam di-
ameter ( Imax

e2 )
Pillar numerical
aperture

Rayleigh distance

2µm 1.85µm 0.37 2.9µm

2.3µm 2.22µm 0.3 4.16µm

2.8µm 2.59µm 0.25 5.66µm

3.4µm 2.96µm 0.2 7.4µm

Table 5.1: Emitted beam diameters at Imax
e2 and the numerical apertures of the four pillars

which will be considered in the theoretical predictions of this chapter.

[232, 234]. The fibre studied in this chapter has been chosen for its NA of 0.35 and its core
diameter of 1.8µm. As shown in figure 5.1, contrary to SM(4.4µm) fibre, with this NA and
an output beam diameter equal to 2.16µm, the beam propagation is similar to the one from
a pillar. This can be interesting to perform coupling without a lens. In this case, the system
must be as symmetrical as possible.

Figure 5.1: Beam waist as function of the propagation distance from pillars of different diam-
eters or fibres.

In this study, we will consider coupling efficiencies between fibres and pillars. Never-
theless, to validate these experimentally, as shown in figure 5.1, pillars will be emulated by a
high-NA fibre with a 1.8µm core. To make the distinction between a fibre with a high numer-
ical aperture used to fibre a pillar and the same fibre used to emulate a pillar, the fibre will be
respectively called SM(hNA) and SM(emulated).

Considering either single-mode fibres or pillars, all studies have been carried out in the
Gaussian approximation [199, 201].
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5.2.2 Validation of the analytical model used to estimate the coupling
efficiency

To validate the theoretical predictions given by the analytical model (detailed in chap.
3), the coupling efficiencies between fibres with different core diameters have been measured;
SM(4.4µm) and SM(hNA) fibres are considered. The system theoretically simulated and ex-
perimentally used is drawn in figure 5.2a.

Experimentally, two fibres are placed in front of each other: one is set on a fixed support
while the other on a translation stage. The coupling efficiency is defined using:

Cexp = Pout
Pin×Tfibre

with Pin, the power at the output of the "Source" fibre, and Pout, the one at the output of the
"Collection" fibre. The latter is corrected by the "Collection" fibre transmission, Tfibre. Since,
this depends on the fibre type and its connectors (PC or APC), the value is measured at the
beginning of each experimental study. For instance, the SM(hNA) fibre is always spliced to a
SM(4.4µm) fibre and the transmission measured to be in between 57% and 95% in accordance
with the splice quality.

(a) (b)

Figure 5.2: (a) Schematic of the system. Two fibres are place in front of each other; the laser,
used for the study, is a continuous-wave diode at 930nm. (b) Coupling efficiency between
(grey lines -squares-) two SM(4.4µm), (blue lines -circles-) a SM(4.4µm) and a SM(hNA),
and (orange lines -diamonds-) two SM(hNA), as a function of the distance. The theoretical
results are plotted in solid lines while the experimental measurements are in dashed lines with
symbols. When not visible, the error bars are within the size of the symbols size.

Figure 5.2b presents the theoretical (solid lines) and experimental results (symbols) of
the coupling efficiency as a function of the distance between the two fibres. Each step, of
about 3µm, is measured with the micro-metric screw of the translation stage. Due to the
large beam divergence at the "Source" fibre output, the highest coupling efficiency is always
obtained when the fibres are in contact. Considering two identical fibres, the coupling effi-
ciency can theoretically reach 100% while the mode size mismatch limits it to about 43% for
a SM(4.4µm) in front of a SM(hNA).
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5.3 Comparison of different optical coupling systems

In this part, we discuss the coupling efficiency between either lensed or standard single-
mode fibres, and pillars with various diameters.

5.3.1 Coupling efficiency with lensed fibres

A lensed fibre is a standard single-mode fibre, SM(4.4µm) in our case, with one of the
output modified to focus the output beam. Over the past 50 years, several processes have been
developed depending on the needs. We can cite the creation of either a fibre-ended micro-lens
by photolithography [235], or by photopolymerisation [236], or the addition of a graded-index
(GRIN) lens [237].

In this work, three types of lensed fibres are studied: one attached to an aspheric lens,
one with a GRIN lens, and one whose output is modeled in conic shape.

5.3.1.1 General theoretical considerations

To model the effect of a "lensed output" on the beam free-space propagation, the ana-
lytical model of chapter 3 is used. This also enables us to study the influence of such output
on the coupling efficiency with a pillar.

From a fibre with a core diameter of 4.4µm, to obtain a focused spot with a diameter
about the pillar size, the magnification of the focusing element should be around 0.5. In the
Gaussian approximation, the latter is linked to the lens focal length, f , the Rayleigh distance
from the fibre, zr, fibre, and the distance, d, between the fibre and the lens. The magnification
can then be written as follows [238]:

w0, pillar

w0, fibre
=

1√(
1− d

f

)2
+
( zr, fibre

f

)2
(5.1)

With a waist of 2.76µm and a working wavelength of 930nm, the Rayleigh distance is 25µm.
So, due to the divergence of the beam, to obtain the required magnification, we must have
d 6=0 and d > f (same for the distance D). Indeed, this equation is presented by a simple image
using a thin lens, but it allows to explain that a space between the lens and either the fibre
output or the pillar is required.

The modeled system is depicted in figure 5.3. It is composed of a SM(4.4µm) fibre
placed at a distance d from a lens. The divergent beam from the fibre is then focused on a
pillar. The distance between the lens and the pillar, also called working distance, is labelled
D. The reverse direction can also be simulated.

As seen in chapter 3 part 3.2.1.2, the beam size must be taken into account. To avoid
losses due to finite aperture, beams must have diameters at least two and a half times smaller
than the lens diameter. For instance, as shown in figure 5.1, to fulfill the size condition with
a lens clear aperture of 85µm, the beam diameter must satisfy 2w(z) < 34µm, with z = (d,
D). As a result, the maximum propagation distance D is between 53µm to 85µm with pillar
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Figure 5.3: Schematic of the system used for theoretical estimations

diameters respectively between 2µm and 3.4µm. Due to a lower divergence, the maximum
distance d from the SM(4.4µm) fibre is about 150µm.

To optimise the parameters of an ideal "lensed" fibre, and calculate the required magni-
fication (equ. (5.1)), we consider the beam waists of both the fibre and the pillar. From figure
5.1 and the lens aperture, we can also deduce both the upper bound of the distance separating
the fibre output to the lens, and the distance between the pillar and the lens, from which it
is then possible to estimate its focal length. To do so, the calculations consider a fixed dis-
tance d whose value is chosen according to the lens aperture. We then estimate the coupling
efficiency between this "lensed" fibre and a pillar for variable distance D and focal length.
In figure 5.4, the calculations consider a lens clear aperture of 85µm, and d = 120µm. Each
coupling efficiency estimation is theoretically calculated with equation (3.2).

(a) (b)

Figure 5.4: Theoretical results. The SM(4.4µm) is separated from the lens by d = 118µm. (a)
Coupling efficiency (black squares) and normalised waist size (red circles) as a function of
the focal length. The coupling is calculated with a 2µm pillar diameter. For each focal length,
the distance between the lensed fibre and the pillar is set to maximise the coupling. The
normalised waist is the ratio between the waist from the lensed fibre, after the propagation,
and the beam diameter at the pillar top. For both, curvature radius are infinite. (b) Coupling
efficiency as a function of the distance between the lensed fibre and different pillar sizes. The
lens focal length is optimised for each pillar diameters.
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The black line (squares) of figure 5.4a presents the theoretical coupling efficiency be-
tween the focus spot from the lensed fibre and a 2µm pillar diameter as a function of the
lensed fibre focal length. The distance between the two is set to optimise the coupling effi-
ciency whilst satisfying the beam size condition. The red line (circles) represents the ratio of
the focused spot waist and the beam waist of the pillar. Since both correspond to the posi-
tion where the radius of curvature is infinite, the coupling efficiency is close to 100% when
the ratio is about 1. When the spot is smaller or larger than the pillar mode, the mode mis-
match quickly limits the maximum coupling efficiency. In any case, the coupling efficiency is
above 90% on a focal lengths range of about 10µm. This calculation, which can be done for
each pillar size, allows to find the custom focal length and the working distance D adapted to
optimised the coupling efficiency.

Figure 5.4b presents the coupling evolution as a function of the distance between the
pillar and the lens. The calculations have been done for four different pillar sizes and their
respective optimised focal lengths. As plotted, we can find a distance range of few microns
in which the coupling efficiency is above 95%, whatever the pillar size. We can also notice
that the larger the pillar diameter is, the broader this range is. As plotted, the range is only
2.4µm for a pillar diameter of 2µm while it reaches 6.7µm for a diameter of 3.4µm. It is
due to a lower beam divergence when the pillar is larger. Even though the fibre positioning
is challenging, 100% coupling efficiency seems to be achievable, whatever the pillar size, as
long as a customised lensed fibre is used.

In practice, this method would require a customised fibre per pillar. However, as shown
in figure 5.4a, a ratio between 0.75 and 1.25 between the two waists allows coupling efficien-
cies above 90%. Thus, a trade-off can be found by using only one fibre for all pillars, while
keeping a high coupling efficiency.

Pillar diameter Coupling

2µm 80%

2.3µm 91%

2.8µm 98%

3.4µm 99.9%

Table 5.2: Theoretical maximum coupling efficiency between pillars of different diameters
and a lensed fibre designed for a spot size of 3µm.

Considering a lensed fibre which gives a 3µm focused spot, table 5.2 summarises the
expected coupling efficiencies with several pillars. These coupling maxima are calculated
with equation (3.3). Since most of the pillars have diameters between 2.3µm and 2.8µm,
the lensed fibres studied in the following parts have been chosen to satisfy this focused spot
diameter. Accordingly, the choice of the distances d and D, like the focal length f, will depend
on the lensed fibre we will consider.
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5.3.1.2 Experimental results using lensed fibres

The first type of lensed fibre is not strictly speaking a lensed fibre as it consists in an
aspheric lens (f=2.76mm) set to a certain distance from a SM(4.4µm) fibre (figure 5.5) to
obtain the right focus spot diameter.

Figure 5.5: Schematic of the lensed fibre (type 1). A SM(4.4µm) fibre is placed in a ferrule
and a tube which holds an aspheric lens. The position of the lens is determined according to
the size of beam at the fibre output, the focal spot diameter and the lens focal length. The
coupling efficiency is theoretically estimated and measured with a SM(emulated) fibre.

To measure the diameter of the beam at the focal point, a camera is placed in front of
the fibre. Using a translation stage, five beam profiles are measured at five different positions.
The focus spot diameter is then deduced by the extrapolation of the beam convergence and the
divergence, with a beam propagation simulator. We obtained, 2w0, spot = 2.6µm.

Experimentally, pillars are emulated by a SM(emulated) fibre. The working distance D
is measured while the distance d is deduced from the other parameters. To compare with the
theoretical estimation, the data used in the simulation are summarised in table 5.3.

diamode
SM(4.4µm)

diamode
focused
spot

diamode
SM(emulated)

Distance
SM(4.4µm)/Lens

Distance
Lens/SM(emulated)

5.76µm 2.6µm 2.16µm 8.83mm 4mm

Table 5.3: Data used in the analytical calculation of the coupling efficiency between the con-
sidered lensed fibre and a SM(emulated) fibre. The mode diameter of the focus spot and the
image working distance are measured and the object working distance is deduced from the
latter data.

The experimental setup consists in a lensed fibre, fixed, and the SM(emulated) fibre
placed in front of it, and translated. This is the same configuration as in figure 5.2a, where
"source" fibre is represented by the SM(emulated) fibre and the "collection" fibre by the
"lensed" fibre. In the same way, the experimental coupling efficiency is defined as the ra-
tio between Pout and Pin, but without considering the lensed fibre transmission.



5.3. COMPARISON OF DIFFERENT OPTICAL COUPLING SYSTEMS 127

(a) (b)

Figure 5.6: Comparison between the theoretical (black lines) and the experimental (red dashed
lines) coupling efficiencies between a SM(emulated) fibre and the lensed fibre. (a) Coupling
as percentage ratio from the input power. (b) Normalised coupling

Figure 5.6a presents theoretical (black lines) and experimental (red points) results of the
coupling efficiency for a beam from the SM(emulated) coupled into the lensed fibre. The first
observation is about the theoretical maximum coupling. Due to a size mismatch between the
focused spot diameter and the mode of the SM(emulated), the coupling is theoretically limited
to about 94%. A clear point emerging from the plot is the reduced experimental maximum
coupling efficiency by about 25%. Nevertheless, from the normalised curves presented in
figure 5.6b, we can notice that the experimental values follow the theoretical evolution along
the distance separating the two fibres. We did not find the cause(s) for these additional losses,
but one of them is probably due to the lensed fibre itself. Due to a working distance of 4mm,
the beam from the SM(emulated) has a a diameter about 2.8mm when it reaches the aspheric
lens, which has a clear aperture of 4.16mm. In this condition, the beam size does not satisfy the
diameter requirements and the diffraction effect cannot be neglected. Theoretically, the losses
due to diffraction through the aspheric lens are at least 2%, while experimentally we measured
5% of losses between the lensed fibre connector and the lens output. Moreover, an aspheric
lens is usually optimised to focus a collimated beam: there can then be "natural" aberrations
due to the beam divergences. Despite the other origins of losses were not determined, due to
the measured experimental coupling efficiency about 70%, this lensed fibre approach cannot
be considered acceptable for implementation.

The second type of lensed fibre consists in a single-mode fibre, SM(4.4µm) in our case,
attached to a silica spacer and a graded-index (GRIN) fibre (figure 5.7). This principle has
been already proposed in the work of G. Nemova and R. Kashyap [237] and the group of S.A.
Boppart reported a numerical analysis of the beam propagation inside and after the fibre [239].

The characterisation is done for two lensed fibres, labelled A and B, keeping the required
focused spot diameter of 3µm.

The waist size of the focused spot is measured using the "knife edge" technique [240,
241]. The diameters of the focused spots are 4.6µm for the fibre A and 3µm for fibre B.
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Figure 5.7: Schematic of the second type of lensed fibre. A SM(4.4µm) fibre is extended by a
silica spacer and a GRIN lens. Their lengths are determined according to the size of the focal
spot and its distance from the GRIN lens output. In our case, the silica spacer and the GRIN
lens have a thickness about respectively 500µm±10µm and 400µm±10µm. The SM(4.4µm)
fibre has a core of 4.4µm and the GRIN lens has a core of 85µm.

According to equation (3.3), the maximum coupling efficiency between fibre A and a typical
pillar should be limited to values in between 48% and 83% depending on its diameter. Ex-
perimentally, we measured the coupling efficiency between these lensed fibres and a pillar
emulated by a SM(emulated) fibre.

(a) (b)

Figure 5.8: Experimental coupling efficiencies as a function of the distance between a
SM(emulated) fibre and the lensed fibres (a) A and (b) B. Black lines: From the lensed fi-
bre A (or B) to the SM(emulated) fibre. For this coupling, the power at the output of the
SM(emulated) fibre is corrected by the fibre transmission. Red lines: From the SM(emulated)
fibre to the lensed fibre A (or B).

The results with the fibre A are plotted in figure 5.8a while figure 5.8b corresponds
to the fibre B. Both figures present the coupling evolution as a function of the distance be-
tween the two fibres (lensed fibre and SM(emulated)). The black lines (squares) correspond
to the coupling efficiencies for a laser beam exiting the lensed fibre and coupled into the
SM(emulated) fibre. This is the ratio between the power measured in free-space after the
lensed fibre, Pin, and the power measured after the SM(emulated) fibre corrected by its losses,
Pout, corr = Pout/TSM(emulated). The SM(emulated) fibre transmission has been estimated by
the measured ratio of the output and input powers. Mostly because of the splice quality be-
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tween the high NA core and the standard one, the transmission was about 57%.
The red lines (circles) represent the reverse direction, where the beam goes from the

SM(emulated) fibre to the lensed fibre. In this direction we want to estimate the real ratio of
collected photons. So, Pout, at the output of the lensed fibre is not corrected by the transmission
factor.

Due to the principle of reversibility of light, all the experimental curves follow the same
evolution as a function of the distance, independently of the direction of propagation. We can
also notice that in each case, coupling reaches the same maximum value despite the fact that
black lines, compared to the red ones, are corrected by the SM(emulated) fibre transmission
(about 57%). The reason for this is not obvious and several reasons can be suggested.

Considering fibre A, due to size mismatch with a SM(emulated) fibre (focus spot di-
ameter of 4.6µm) the coupling efficiency is limited to 60% . If we only consider the black
line of figure 5.8a, this is the main reason of the experimental value limitation. However, this
does not explain the large coupling limitation with the fibre B in both directions. Indeed, its
focused spot diameter is 3µm, and the theoretical maximum of coupling with a SM(emulated)
fibre is then 90%; the reason is structural. To obtain such spot diameters, the silica spacer has
a thickness of 500µm±10µm and the GRIN lens has a clear aperture of 85µm. However, after
propagating inside the spacer, the beam exiting the SM(4.4µm) fibre has a diameter around
105µm, and being larger than the GRIN lens diameter, it gets truncated. This is confirmed
by the 20%±5% of losses from these lensed fibres. Hence, even though it was not verified,
this also probably deteriorates the Gaussian profile arriving on the SM(emulated) fibre. This
profile mismatch could explain the difference between the theory and the experiment (black
squares of figure 5.8b). This spacer thickness issue leads also to high losses inside the fibre.

Figure 5.9: Losses due to an aperture diameter of 85µm as a function of the propagation
distance after either fibres or pillars.

Figure 5.9 represents the theoretical losses due to the GRIN lens finite diameter, as a
function of the distance from the fibre or pillar output. We can notice that for a beam exiting a
SM(4.4µm) fibre, the losses due to the truncation are around 25%. This is consistent with the
measurement of the lensed fibre transmission about 80%±5%.

In the reverse direction (red circles), the beam from the SM(emulated) fibre propagates
over the working distance about 55µm for fibre A and 70µm for fibre B. As shown by figure
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5.9, the GRIN lens does not truncate them. The decrease in the maximum of coupling is
only due to a size mismatch. Indeed, considering a silica spacer with a thickness of 500µm,
a working distance of 70µm and a focal length of 60µm, the spot at the SM(4.4µm) input
has a diameter of 17.6µm, which is about three times larger than the SM(4.4µm) mode. In
this condition, the theoretical coupling efficiency, estimated with the equation (3.3), should
be limited to about 35%, a value which is even below the experimental results. Since the
two simulations used in this work consider thin lenses, this approximation cannot be applied
for GRIN of 400µm length [239]. In any case, considering the measured performances, this
lensed fibre approach also does not present a reliable solution to fibre a pillar.

Figure 5.10: Third type
of lensed fibre.

Finally, we also characterised a SM(4.4µm) fibre whose output
is manufactured in conic shape to allow for beam focusing (figure
5.10). Nevertheless, the experimental transmission of such structure
was around 60% and the coupling efficiency with a SM(emulated)
did not exceed 30%. The latter was mainly due to a focus beam di-
ameter of 6µm, measured with the "knife edge" technique. Consid-
ering these values and the fact that the equation (3.3) even predicts a
coupling efficiency of 40% this solution was not chosen either.

Following the experimental results obtained with the different
kinds of lensed fibres, having a focused spot with a diameter of about 3µm leads to large losses
and the collection efficiencies do not exceed 70%. Hence, these solutions are not implemented
and the coupling efficiency with standard fibres has been further investigated.

5.3.2 Coupling efficiency between a standard single-mode fibre and a
pillar

We consider now a standard single-mode fibre placed above pillars without the use of
any lens (figure 5.11a). As previously, to estimate the coupling efficiency between the fibre
and the pillar, we used equation (3.2) and calculate the mode matching. We also estimated the
coupling efficiency between the pillar and the fibre.

Figure 5.11b (solid lines) and 5.11c (all lines) present the coupling evolution, depending
on the distance between respectively a SM(4.4µm) or a SM(hNA) fibre, and pillars with vari-
ous diameters. Figure 5.11b also shows the coupling evolution for a beam, from a SM(4.4µm),
coupled into a pillar (dashed lines). For both figures, maximum coupling is always found at d
= 0µm. Following equation (3.3), optimal mode matching and so, the best coupling efficiency,
is reached when both curvature radius are at the same position. Since beams from fibres and
pillars are divergent, this condition is only fulfilled when the fibre is in contact with the pillar.
However, depending on the fibre and the Rayleigh length, there can be a tolerance. In fact the
coupling decrease is less sharp with a SM(4.4µm) fibre (zr = 25µm), than with a SM(hNA) (zr
= 4µm). Nevertheless, even being at few microns from the contact point it is not a sufficient
condition to obtain 100% coupling since, accordingly to the same equation, a mode matching
is also required.
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(a) (b) (c)

Figure 5.11: (a) Schematic of the studied system. The fibre is directly placed on the top of
the pillar. (b) and (c) Theoretical coupling efficiencies as a function of the distance between
pillar and fibre outputs. Various pillar diameters as considers. (b) With a SM(4.4µm) fibre.
The calculations have been done from both sides: from the pillar to the fibre and vice versa.
(c) With a SM(hNA) fibre. The calculations have been done from the fibre to the pillar. The
results from the reverse direction overlap.

Considering a SM(4.4µm) fibre (figure 5.11b), the maximum possible coupling with a
pillar diameter of at least 3.4µm is only 66%. Since pillars with such size are rare, in practice
the upper bound of the coupling efficiency should be around 50%. Considering that most of
the pillars have diameters about 2.5µm, this calculation points also out the influence of the
propagation direction on the coupling efficiency. From the fibre to the pillar, coupling drops
below 10% while, in the reverse direction, it stays around 20%. Since the core diameter of the
SM(4.4µm) is about two times larger than the pillar’s, the fibre has then a larger tolerance on
the beam diameter exiting the pillar. On the contrary, the increasing beam size from the fibre
is less and less coupled into the pillar. In any case, losing at least half of the emitting photons
directly from the pillar output cannot be considered as a reliable solution.

On the contrary, with a SM(hNA) it is possible to obtain couplings higher than 90%
independently of the size of the pillar (figure 5.11c). Same results are obtained with a beam
from the fibre and coupled into the pillar because here the system is almost symmetric. Nev-
ertheless, due to small Rayleigh distances, coupling is more sensitive to the distance between
them. After ten micrometers, the coupling drops to 50% due to larger beam divergence from
either a SM(hNA) or a pillar, compared to the SM(4.4µm) fibre. The radius of curvature, like
the beam size, increase faster in both directions.

Despite this sensitivity to distance, with a precise positioning of the SM(hNA) above
the pillar, this approach seems definitely the most appropriate to collect efficiently the emitted
single photons. From this starting point, several technical approaches have been developed to
implement experimentally this configuration, as detailed in next section.
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5.4 Fibre coupling of a single photon source in a low vibra-
tion cryostat

This part describes the insertion of a SM(hNA) fibre in a low vibration cryostat contain-
ing a bright single photon source, fixed on a 3-axes nano-positioners.

Figure 5.12: Pictures of the experimental configuration, inside the low-vibration cryostat
chamber (central picture). The picture on the left is a zoom on the sample holder, where
the fibre is hold by a dedicated mount, while the right picture shows the fibre through the
feed-through hole.

For this experiment, the fibre is hold by a dedicated metal support which is itself mounted
in place of the former aspheric lens set above the source device inside the cryostat chamber.
The other fibre output is spliced to a standard fibre which links the source to the optical sys-
tem via a feed-through hole, made by a specialised company. Figure 5.12 is a combination of
pictures presenting the experimental conditions just described. Depending on the excitation
regime, the optical system is either the one described in chapter 3 (figure 3.17c) or the one
of chapter 4 (figure 4.11b). In each case, the collimator and the wave plates placed above
the cryostat chamber are removed. This configuration is used as an intermediate step before
directly attaching the fibre to the pillar.

5.4.1 Fibre positioning above the sample

In the presented experimental setup, the 3-axis nano-positioners are used to centre, with
high precision, the source device with respect to the SM(hNA) fibre core at 4 Kelvin. This
also enables us to control the distance between the two and optimise the collection efficiency.
Since in this configuration there is no space for an imaging system, we use the reflectivity
spectrum from the pillar to determine where the fibre is located with respect to the source.
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λ1

Figure 5.13: Reflectivity spectra for two different fibre heights from the pillar top. The actual
distances ( 7µm for the black line and 40 µm for the red) are determined from the Fabry-Pérot
oscillation spacing.

By illuminating the source device with a LED, a part of the light spectrum enters into
the pillar and is not reflected. Thus, we get a broad spectrum with a dip corresponding to the
resonance of the cavity. Since the fibre output and the pillar top are parallel, the spectrum
is also modulated by a Fabry-Pérot effect in accordance with the distance between the two.
Figure 5.13 presents two reflectivity spectra obtained for two fibre heights. The distance is
estimated according to this equation:

∆(nm) =
λ1 × λ2

2|λ1 − λ2|
(5.2)

with λ1, the wavelength of the rightmost peak, and λ2, the wavelength of a peak to its left.
Usually, λ2 is measured as far as possible from λ1.

Following the theoretical results presented in part 5.3.2, the highest coupling efficiency
with a SM(hNA) is reached when the fibre is in contact with the pillar. However, in prac-
tice, this is challenging because touching the pillar might damage it or change both the pillar
resonance and the QD emission energies [109]. Thus, we use the Fabry-Pérot interferences
to bring the source as close as possible without touching the fibre. When physical contact is
reached, the reflectivity dip blue-shifts due the applied stress and the sample is moved back of
one step. Once the optimal height is reached with the Fabry-Pérot interferences, the pillar is
properly centred by increasing the dip contrast.

5.4.2 Collection efficiency and emission benchmarks

Once the fibre is placed above the pillar, we compare its performances with respect to
the free-space excitation/collection scheme. Specifically, here we use the source B1 of chapter
3 used under LA-phonon assisted excitation regime: a trion studied in parallel-configuration.
The free-space confocal microscope of reference is the version 1 described in chapter 3. The
fibred system used here is based on the version 2, also presented in chapter 3, except that the
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collimator and the two waveplates above the cryostat are removed. The measured fibred sys-
tem transmission is then Tsetup,fibred = 72%±2%, without considering the fibre/pillar coupling
efficiency. The latter is deduced comparing the first lens brightness obtained in free-space
(BFL, freespace) and the fibred brightness from the fibre-coupled pillar (BF, fibred). The former,
of about 20.5%±2%, is estimated by correcting the measured fibred brightness with the free-
space system, by its total transmission. From the fibred brightness of the fibre-coupled source,
estimated at 12.8%±2%, the coupling efficiency between the pillar and the SM(hNA) fibre is
then calculated as follows:

Cpillar / fibre =
BF, fibred

BFL, freespace × Tsetup, fibred
(5.3)

Following equation (5.3), we then have Cpillar / fibre = 87%±2% . Even though this
value is below the theoretical prediction, it presents an increase of at least 15% with respect
to the free-space coupling of the cavity rotated light; its improvement is in progress. Table 5.5
summarises the emission characteristics of the source B1 excited either in free-space or with
a fibre set above the pillar.

Free-space collection fibre-coupled source

BFL 20.5%±2% 20.5%±2%

Tsetup 60%±5% 72%±2%

Coupling 70%±2% 87%±2%

BF 8.6%±5% 12.8%±2%

Table 5.4: Comparison of the sources collection efficiencies under LA-phonon assisted exci-
tation (parallel-configuration).

The optimisation of the optical system transmission combined with the improvement of
the coupling efficiency enable to increase the fibred brightness by about 49%.

5.5 Pigtailing of the fibre for a standard cryostat

In the perspective of a "plug and play" bright and efficient single photon source, the
fibre-coupled device must be placed in a cost-efficient cryostat which is not isolated from
vibrations. Hence, since the source is no longer set on positioners, we will describe the fibre
positioning and fixing above the pillar at room temperature. The first results measured under
both non-resonant and LA-phonon assisted regime will be also detailed.
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5.5.1 Fixation of the fibre at room temperature

Contrary to the previous situation, the fibre is aligned above the pillar at room tempera-
ture, and must stay fixed during the cooling process. To do so, several approaches have been
considered such as gluing it with the pillar (figure 5.14b) or holding it above with either a
silica or a metallic mount (resp. figures 5.14d and 5.14c). The most challenging steps of the
process are (i) to centre precisely the fibre while controlling the distance with the pillar and
(ii) keep the fibre precisely above the pillar during the cooling.

Considering the first point (i), the technique is the same as the one used for the fibre
inside the cryostat chamber: at room temperature, the sample is set on precise translation
stage and the light from the LED is sent on it. The alignment with the selected pillar is then
done following the Fabry-Pérot interferences (equ. (5.2)) and the reflectivity dip contrast. At
the end of this process, the fibre is centred and about 5µm above the pillar. After this, the
full structure is placed in the cryostat chamber and the fibre is spliced to the one of the feed
through hole which links the source to the optical system module (figure 5.14a).

(a)

(b) (c) (d)

Figure 5.14: (a) Picture of the fibre-coupled source inside a small and low-cost cryostat cham-
ber. The fibre, set above the pillar and hold by a fibre holder, is spliced to the fibre making the
link to the optical system via the feed through hole. Pictures of a single-mode fibre (b) glued
on a pillar or hold above a pillar by either (c) a silica support or (d) a metallic support.

Figure 5.14b is a picture of a fibre glued on a pillar. With this technique the fibre stays
above the pillar during the cooling, but since the glue has a large retraction coefficient, it
applies non-negligible strains, emphasised by the fibre in contact, at 4K. Moreover, this strain
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effect is both not reproducible and not controllable, which is problematic for the single-photon
emission.

(a) (b)

Figure 5.15: Photoluminescence spectra of two pillars, (a) and (b). The black (red) lines
correspond to the sources spectra without (with) the glue. The dashed lines correspond to the
fundamental mode energy which is shifted by about 0.8nm due to the glue-induced strain.

Figures 5.15a and 5.15b present the photoluminescence spectra from two different pil-
lars placed at 4K without or with a droplet of glue (resp. the black and the red lines). For these
measurements, we only consider the influence of the strain due to the glue contraction. But
even without the effect of the fibre, we can clearly notice a blue shift by about 0.8nm of the
cavity energies due to a reduction of the pillar effective volume [154]. The drop of glue has
also a large effect on the QD states energies. If it is not possible to estimate the shift, we can
observe that the initial energy matching obtained during the in-situ lithography is lost. Given
the shifts differences, either any QD states can be put in resonance or if we could tune one,
it would not be the one selected during the in-situ lithography. Moreover, the glue addition
requires to send more power on the source, creating an unstable charge environment around
the QD. As a consequence, the source is no longer efficient. Finally, since the stress is not
quantifiable, it is not possible to anticipate the shift during the fabrication process. If in the
work of P. Stepanov et al. [242], the strain is controlled by the thickness of SiO2, in our case,
the glue leads to undesirable and harmful effects for the source emission.

As a result, the fibre has to be hold by a mount above the selected pillar and its height
must be set as described previously. Figure 5.14c and 5.14d show respectively the fibre hold
by a silica and a metallic support. The glue fixes the latter on the sample holder once the fibre
is aligned. Contrary to the metallic one, the silica support has the same dilatation parameters
as the fibre’s. This leads to less displacement of the fibre due to several contraction effects.
Other mounts are also under study and this solution of fibre holder is still under development.
Indeed, the drift of the fibre in relation with the pillar, and vice versa, during the cooling
remains the main issue.

Figure 5.16 represents the three typical situations we can get during the cooling process
of the fibre-coupled source. The plot of figure 5.16a presents the evolution of the reflectivity
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(a) (b)

(c) (d)

Figure 5.16: (a) Reflectivity spectra during a cooling process. This evolution corresponds
to the case when the fibre remains centre during all the process and is still perfectly above
the pillar at 4K. (b), (c) and (d) First (at room temperature -black lines-) and last (at 4K -red
lines-) spectra of the measurements. (b) First and the last spectra of the evolution presented in
(a). (c) Case when the fibre is not perfectly aligned at room temperature and remains in this
position during the cooling. At 4K, the second mode of the pillar is also collected, reducing
the collection efficiency of the single photons emitted in the pillar fundamental mode. (d) Case
when the fibre moves out of the pillar top during the cooling process. The pillar reflectivity dip
vanishes and disappears. The red line of the insert corresponds to the Fabry-Perot interferences
between the fibre and the wafer.

spectra during a cooling cycle while figure 5.16b plots only the first (at room temperature
-black line-) and the last (at 4K -red line-) spectrum of this process. The spectra succession
over the cooling process allows to clearly follow the blue shift of the pillar fundamental mode
due to the temperature drop. Figure 5.16c and 5.16d present also the first spectrum (black
lines) and the last (red lines) but for two other cases. In figures 5.16a and 5.16b, the fibre
stays perfectly aligned to the pillar all along the cooling. In figure 5.16c, we can notice that
the second mode of the pillar is collected even at room temperature. This could appear when
the pillar diameter is too large. Experimentally, we notice that the second mode is always
collected for pillar diameters above 3µm. Nevertheless, in the presented case, the pillar size
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was 2.5µm, and the second mode collection was most likely due to a lateral misalignment of
the fibre core with respect to the pillar. During the cooling process, the fibre remains at this
position and the second mode is still collected at 4K. As a consequence, the single photons
collection efficiency is reduced. Finally, figure 5.16d corresponds to the case where the fibre
moves out of the pillar, and the red line corresponds to the Fabry-Perot interferences between
the fibre and the wafer. This is an extreme case, as usually the fibre remains above the pillar
arms or above the ring. In any case, due to this complete misalignment, no signal from the
pillar is collected, and the complete alignment process needs to be done again.

The alignment and pigtiling processes are still under development as we have some
issue to keep the fibre perfectly aligned and at the right distance with respect to the pillar
centre. Generally, the fibre is found to be a little misaligned (figure 5.16c) or drifted during
the cooling process. Still, the results we obtained and which are presented in next part are
very promising. In fact, this same technique was used in the work of Ortiz et al. [243] where
phonons in micro-pillar cavity are studied at room temperature. Removing the constraint to
work at 4K proved the reliability and the stability of such fibre alignment.

5.5.2 Results and comparison with a free-space system

Once the fibre was fixed and the structure (fibre and source) cooled down at 4K, the
source emission has been compared to the one obtained in free-space. Specifically, we studied
the photoluminescence of the source E.

(a) (b)

Figure 5.17: (a) Reflectivity spectra of the source E before the cooling process, at room tem-
perature (orange line), 6.5K (red line), and after the warming process of the source, at room
temperature (purple line). For each spectra, the pillar fundamental mode is represented by
the dip at long wavelength energy. The presence of the second mode at shorter wavelength
points out an alignment issue. (b) Photoluminescence saturation curves from the source E.
The source is excited by a continuous-wave laser at 850nm, for free-space or fibred collection
as indicated. See text for details.

Figure 5.17a presents the reflectivity spectra of the fibre-coupled source before the cool-



5.5. PIGTAILING OF THE FIBRE FOR A STANDARD CRYOSTAT 139

ing process (orange line), at 6.5K (red line) and after the warming up of the source (purple
line). Even though the pillar is small enough, we can notice that on each spectra, the second
mode of the pillar is collected. At room temperature, like at 4K, its presence can be attributed
to a misalignment of the core fibre with respect to the pillar. Since the second mode is still
present at 4K, we deduce that no lateral displacement occurred during the cooling process.
Nevertheless, the need of temperature tuning to align the QD transition in resonance with the
cavity could make us conclude that the fibre got closer during it, applying a strain which blue-
shifts the QD transitions. This assumption is also supported by the observed blue-shift of the
cavity modes after the warming up, shown by the difference in energy between the orange
and the purple lines of figure 5.17a. Here, the fibre is still applying a stress even at room
temperature. In any case, a shift lower than 0.5nm allowed to put one of the QD transition in
resonance with the cavity mode by raising the temperature up to 37K. It is at this temperature
that the measurements of the source photoluminescence as a function of the laser power have
been done.

The saturation curves are plotted in figure 5.17b: the black squares and the red circles
correspond to the measurements from respectively the free-space system and the fibre-coupled
source. For most of the points, the error bars are within the symbol’s size. In free-space,
the power is directly measured before the cryostat window. On the contrary, for the fibre-
coupled source, the plotted power corresponds to the measured power at the input of the
optical system corrected by its transmission, of about 30.5%±5%. Concerning the intensities
in free-space, they are corrected by the optical system transmission, which is estimated around
44%±2% (including the cavity rotated light coupling), while the signal intensities from the
fibre-coupled source are just corrected by the optical system transmission. Hence, from the
system transmissions and the measured single photons rates, the coupling efficiency with the
pillar can be determined by the method described in part 5.4.2 and the equation (5.3). We
deduce a coupling efficiency of Cpillar / fibre = 60%±5% .

This value of coupling efficiency is a very promising result: from the previous study
we proved the ability to reach a coupling above 85% with optimal alignment, which could
be reached with better fibre fixation and stability during the cooling process. Concerning the
optical system, the last version has a transmission of about 70%.

Finally, another fibre-coupled source F, from the same wafer as sources D2 (chap. 4) and
E, has been studied under LA-phonon assisted excitation. Since the study in free-space was
not performed, only results with the fibre-coupled pillar are presented. Once again, the applied
bias is used to stabilise the QD states and the temperature required for these measurements is
33.8K because of strain induced by the fibre, likely touching the pillar, as previously discussed.
Despite this, it has been possible to collect single photons.

Figure 5.18a presents the saturation curve of the fibre-coupled source emission mea-
sured on APDs detectors with an efficiency of 30%. The power is corrected by the system
transmission, estimated to about 57.5%±2%. Considering the repetition rate of the excita-
tion pulse laser of 81MHz, the extracted fibred brightness is around BF = 2%±0.1% . Even
though the value is lower than the results obtained with the fibred-source B1 (part 5.4.2), in
this case we use a test sample whose the first lens brightness was not optimised. Moreover, the
optical system presents a lower transmission and the source alignment could not be optimised
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(a) (b)

Figure 5.18: Sample F. (a) Measurement of the emission saturation under LA-phonon assisted
excitation. The 21ps pulsed laser (80MHz) is blue-detuned by 0.6nm from the QD emission
wavelength (at 928nm). (b) Plot of the auto-correlation measurement (g(2)(0)) under LA-
phonon assisted excitation.

once at 4K. Nevertheless, this result is close to the published state-of-the-art of about 5% for a
similar system [207]. Single-photon purity measurements were performed, obtaining a value
around 90% (figure 5.18b), but considering the relative temperature of 33.8K, the emission
indistinguishability is strongly reduced. Despite the source cannot be considered as a perfect
single photon source, these are first promising results.

The best way to align and maintain the fibre above the pillar is still under study and the
optical system transparency is still improving. Studies on the fibre drifts during the cooling
process are also in progress; other sources will be then fibred soon.

5.6 Conclusion

The analytical model described in chapter 3 has been successfully used to estimate
the coupling efficiency between different types of fibres and pillars with various diameters.
Both standard and lensed single-mode fibres were considered. Supported by experimental
measurements, this study allowed to conclude that fibres of high NA are the most promising
due to a high similarity with pillars emission properties, guaranteeing coupling efficiency
above 90%, whatever the pillar diameters.

The first experiment has been carried out with a fibre set above the pillar in a low-
vibration cryostat. The source device, put on a sample holder, could be perfectly centred with
respect to the fibre core at 4K. The coupling efficiency was then estimated around 87%±2%,
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providing an intermediate step and a proof of concept towards a bright fibre-coupled source
of single and indistinguishable photons. Considering fibre-coupled sources with fixed fibre,
the development is still in progress. Even though there are still some technical issues during
the cooling process, the first experiments are promising. It has been then possible to obtain
coupling efficiency around 60%±5%.

Efforts have also been put into the development of new designs for the optical systems:
the optimisation of the collection efficiency is still in progress but the transmission has over-
come 70%. Moreover, the latter, like the cryostat, currently have designs which fit into racks
of respectively 3U and 7U sizes

The following table summarises the expected fibred brightness with a source excited
under the LA-phonon assisted regime with a first lens brightness of about 50% (chap. 4). The
free-space system considered here is the version 2 described in chapter 3 part 3.4.

Free-space Fibre-coupled source

In low-vibrations cryostat In small volume cryostat

BFL 50%±1% 50%±1% 50%±1%

Tsetup 77%±2% 72%±2% 72%±2%

Coupling 76%±5% 87%±2% 60%±5%

BF 29%±5% 31.4%±2% 21.6%±5%

Table 5.5: Comparison of the fibred brightness as a function of the excitation/collection sys-
tem. The source is excited under LA-phonon assisted excitation regime and is supposed to
have a first lens brightness of 50%.

This study presents the potential of the fibred system to reach and overcome the fibred
brightness obtained in free-space. It also showed that we can build a compact, stable, and
"plug and play" product which fits in rack size modules without deteriorating the sources
performances.
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Chapter 6

Conclusion

The main objective of this thesis was to explore different technical solutions to obtain
practical and efficient solid-state sources of single and indistinguishable photons. Ideally,
such sources have a first lens brightness of 1 and the optical system required to use them has
a perfect transmission. Nevertheless, in real experimental conditions, the fibred brightness
remains a limited fraction of the first lens brightness, which is itself limited in accordance
with the excitation scheme. Eventually, the optical system needed to be optimised to become
more efficient, stable, and user-friendly.

The first aim of this thesis was then to develop an efficient compact and stable optical
system based on the confocal microscope principle. The first version has been built for a free-
space excitation and photon collection under resonant fluorescence. This work raised two
main challenges: reaching an efficient coupling of the single-photon beam into a single-mode
fibre, while keeping a high laser rejection. Concerning the coupling efficiency, it required a
careful study of spatial mode matching. To do so, simulations have been implemented (in
the Gaussian beam approximation) to predict the theoretical limitations due to the distance
between the source and the collection collimator or due to a mode mismatch. We also studied
and compared different types of collimators to reach high collection of the emitted single
photons. The polarisation selection is imposed by the excitation scheme. Since under resonant
excitation it is necessary to reject efficiently the laser in the collection mode, the optical system
is based on a cross-polarisation configuration. To reach a high extinction ratio, we identified
different causes of depolarisation and found the right configuration to suppress it efficiently.
Due to this configuration and a high mode matching between the laser beam and the pillar,
an extinction ratio of about 106 was achieved, ensuring high emission purity of the collected
photons. The current system has been developed in three different versions. In the first and
the second versions, the objective placed above the cryostat has been replaced by an aspheric
lens set inside the cryostat chamber. Concerning the first one, it is a fully free-space system,
and its total transmission (including the cavity rotated light coupling efficiency) amounts to
64%±5%. The second version (an intermediate step to the third one), relies on a collimator
directly placed above the cryostat and linked to a compact optical system with a single-mode
fibre. It provides a collection efficiency of about 68.5%±5%. Finally, the last system relies on
a single-mode fibre directly set above the source. Without considering the coupling efficiency
between the source and the fibre, this fibred optical system has a transmission of 81.5%±5%.
After these successive improvements, the confocal microscope gained in coupling efficiency,
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and now can fit in a standard rack module. Still, the resonant excitation scheme imposed a
significant brightness limitation, because under this configuration at least the half the photons
are emitted in the same polarisation as the laser, they are thus rejected.

To overcome this brightness limitation, we investigated another excitation scheme based
on the interaction between the QD transitions and the longitudinal acoustic (LA) phonon bath.
It was recently theoretically proposed that phonons can be used to efficiently excite the QD
in a near-resonant excitation scheme while preserving high single-photon purity and indis-
tinguishability. The laser is then slightly detuned toward higher energy (about 1meV), and
by carefully setting its pulse duration and area, we can have an efficient and indirect excita-
tion of the QD exciton via LA-phonon emissions. This near-resonant excitation also allows
us to spectrally filter the laser and then collect all the emitted photons. Experimentally, we
reported a relative reduction in the exciton occupation probability as compared to resonant
excitation with a pi-pulse of only 15%±1%. The first lens brightness was then shown to reach
51%±1%, which is an improvement of a factor three with respect to the resonant excitation
regime. Concerning the emission purity and indistinguishability, even though this excitation
scheme involves an interaction with the phonon bath, the theory predicted high benchmarks.
We indeed reported a purity of 93.9%±0.1% and an indistinguishability of 91.5%±0.3%,
without any phonon sideband filtering. The indistinguishability is then at a same level as for
the resonant excitation scheme with the same devices. However, the single photon purity is
slightly degraded, probably due to imperfect laser filtering and re-excitation when making
use of longer excitation pulses. Another important result is the high degree of the emission
linear-polarisation. This property is a major result to consider our source as a true building
block for quantum applications. By exciting only one of the two excitonic linear dipoles,
we demonstrated a polarisation purity of 99.4%±0.7%; so that a polarisation selection is no
longer necessary on the collection path to generate indistinguishable photons. Finally, con-
cerning the optical system, the main change is the parallel-polarisation configuration. The
polarising beam splitter has been replaced by a 90:10 beam splitter and band pass filters have
been added to suppress the laser. With a transmission of 59%±5% (version 2 optimised for
LA-phonon assisted excitation and considering BFL = 50%), we can expect fibred brightness
as high as 29%±5%. Note however that this brightness is currently limited by the extraction
efficiency of the connected pillar cavities as well as the setup efficiency. As discussed earlier,
improvements are expected on the setup transmission side. Moreover, a thorough study is
under way at C2N, in collaboration with Quandela, to reduce the losses due to the cavity arms
and the residual absorption in the mirror layers.

Finally, beyond increasing the optical system efficiency and changing the excitation
scheme, we worked toward a fibre-integrated system to remove the need for a large and ex-
pensive system based on a low-vibration cryostat and including nano-positioners. In order
to provide a "plug-and-play" single photon source, we worked on a method to set and fix a
single-mode fibre above a pillar to directly collect the single photons. The coupling efficiency
between different types of fibres and pillars with various diameters has been theoretically es-
timated and experimentally validated. This study enabled to select a single-mode fibre which
should allow a coupling efficiency above 90%, whatever the pillar diameters. The first ex-
periment was carried out with a fibre set above the pillar, and both placed in a low-vibration
cryostat chamber. The source, put on a sample holder, could be perfectly centred with respect
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to the fibre core at 4K. The coupling efficiency was then estimated to be about 87%±2%. This
intermediate step towards a fixed fibre above a pillar was a proof of concept of the ability to
get a bright fibred source of single and indistinguishable photons. Considering fibre-coupled
sources with fixed fibres, the development is still in progress, but the first experiments are al-
ready very promising. So far, it has been possible to get a coupling efficiency about 60%±5%.
For now, despite the need for an additional optical system to suppress the laser either with the
polarisation or with spectral filters (version 3), a significant increase of the overall source
efficiency is expected with this configuration. Hence, we estimate that with this direct fiber-
integration combined and the LA-phonon assisted regime, it should be possible to reach a
fibred brightness of 31.4%±5% (version 3 optimised for LA-phonon assisted excitation and
considering BFL= 50%).

As a result, we have developed and optimised a compact, stable, and "plug and play"
product which fits in rack modules (figure 6.1), and whose fibred brightness is at least as
high as the one from the optimised free-space excitation/collection scheme (version 2) under
LA-phonon assisted excitation.

(a) (b)

Figure 6.1: (a) Prometheus, the new product of Quandela including (b) the fibred source in a
small cryostat, the optical system, the laser and all the electrical components required to drive
the system. With a size of about 1m80×90cm, it is composed of a computer (placed in the top
module), four 3U rack modules and one 7U rack module placed in the bottom for the cryostat.
The latter requires a compressor, which is not on the picture
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Perspectives: Towards sources emitting in the telecom wavelength
ranges

The sources investigated in this thesis, which emits photons of typical 930nm wave-
length, have already been used for Boson sampling applications [16, 18], and are currently
commercialised by Quandela to research groups developing quantum computation and simu-
lation protocols. Nevertheless, to develop quantum networks and remote quantum computing,
the photons must be able to propagate over long distances, in silica fibers, with limited ab-
sorption and wave packet dispersion. Hence, the emission wavelength must be either in the
telecom O-band (1.3µm) or in the telecom C-band (1.5µm) to be compatible with the current
infrastructures [244]. To achieve this requirement, two solutions can be considered: frequency
conversion of the emitted photons or the emission directly in the suitable frequency domain.

Concerning the first solution, several group have proposed to convert the frequency of
photons emitted by either QDs, NV-centers in diamonds [245–248] or SPDC sources [249],
via non-linear crystals and down-conversion process. Since the conversion towards the tele-
com C-band involved large noise counts due to spontaneous scattering processes from the
strong classical pump [247], the first experiments converted photons into the O-band range
[245, 246, 250]. To overcome the spectral filtering issue, several filters (fiber Bragg grating or
bandpass/longpass filters) were placed after the down-conversion components to only collect
the converted single photons. In 2012, Pelc et al. [251] demonstrated a quantum frequency
conversion, towards 1560nm, of single photons emitted at 910nm by InAs/GaAs QDs em-
bedded in planar-cavity. To do so, they used a periodically poled lithium niobate (PPLN)
waveguides and a pulsed pump laser at 2.2µm. The latter enabled to temporally and spectrally
shape the single photons wavepacket. These then allowed for two-photon interferences [252]
and entanglement generations [253–255]. Even though converting the wavelength does not
impact the single-photon indistinguishability [256], their purity is degraded due to the resid-
ual pump laser, and remains below 90% [247, 256]. Moreover, due to low coupling efficien-
cies of the single photons into the waveguide, a non-perfect conversion process and a large
post-conversion filtering, the total conversion efficiency remains limited to about 30% [256].
However, such conversion efficiency combined with the most efficient sources at 930 nm
would still provide a strong improvement compared to SPDC sources operating at telecom
wavelength.

Finally, concerning the second solution, several groups developed growth methods to
obtain high quality quantum dots emitting in one of the telecom bands. The first approach
consists in either increasing the InAs/GaAs QDs size or reducing the strain between them
and the surrounding barrier material [257–260]. The single photons emitted by such sources
have wavelength in the telecom O-band. Alternatively, InAs/InP QDs seem to be promising
emitters of single and indistinguishable photons in the C-band [261–263]. The current main
issue is the insertion of these quantum dots in efficient photonic structure to obtain an efficient
collection of the photons [263–265]. In this perspective, Quandela has launched a new project
with the objective to fabricate a new generation of sources emitting single photons directly at
telecom wavelengths. It will be built on the recent progresses on the growth side, combining
them with the tools of in-situ lithography for efficient photon collection.



Appendix

Analytical model: Gaussian equations for each propaga-
tion steps

The following describes each equation of the analytical model. The propagation follows
the steps of the schematic of figure 3.2.

1. As established in reference [201], the spatial profile at the output of the first single-mode
fibre can be approximated as a Gaussian profile and expressed as follows:

G0(x, y) = I exp [− (x2 + y2)

w0
2 ] (6.1)

To note: For this step and all the others, the waist w0 is defined as the radius at 1
e2

of the maximum intensity.

2. Propagation along a distance d1. To collimate the divergent beam, this distance is equal
to the lens focal length, f 1. The equation (6.1) is written in the Fourier domain and by
multiplying it with the vacuum transfer function. Then the result is written back in the
reel space.

Gd1(νx, νy) = Iπw0
2 exp [−ikd1] exp [−π(πw0

2 − iλd1) (νx
2 + νy

2)] (6.2)

Gd1(x, y) =
Iπw0

2

πw0
2 − iλd1

exp [−ikd1] exp [− π

πw0
2 − iλd1

(x2 + y2)] (6.3)

3. Passage through an infinite diameter lens. This equation was obtained by multiplying,
in the real space, the equation (6.3) with the phase term of a thin lens, with a focal length
of f 1.
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Gl1(x, y) =
Iπw0

2

πw0
2 − iλd1

exp [−ikd1] exp [−π(
1

πw0
2 − iλd1

− i
λ f 1

)(x2 + y2)]

(6.4)

4. Propagation along a distance D separating the two lenses:

GD(x, y) = ID exp [−ik(d1 + D)] exp [−eD(x2 + y2)] (6.5)

with,

ID =
Iπw0

2 f 1
πw0

2( f 1−D)− iλ[(D( f 1−d1)+ f 1d1]

eD = π
λ

λ( f 1−d1)− iπw0
2

πw0
2( f 1−D)− iλ[(D( f 1−d1)+ f 1d1]

This equation was obtained in the same way as for the step 2 equation.

5. Passage through a thin lens with an infinite diameter and a focal length, f 2:

Gl2(x, y) = Il2 exp [−ik(d1 + D)] exp [−el2(x2 + y2)] (6.6)

with,

Il2 =
Iπw0

2 f 1
πw0

2( f 1−D)− iλ[(D( f 1−d1)+ f 1d1]

el2 = π
λ (

λ( f 1−d1)− iπw0
2

πw0
2( f 1−D)− iλ[(D( f 1−d1)+ f 1d1]

− i
f 2
)

This equation was obtained in the same way as for the step 3 equation.

6. Propagation along a distance d2. To focalise the beam, this distance is equal to the lens
focal length, f 2. This equation gives the final profile of this model.

Gd2(x, y) = Gf(x, y) = Id2 exp [−ik(d1 + D + d2)] exp [−ed2(x2 + y2)] (6.7)

with,

Id2 =
Iπw0

2 f 1 f 2
πw0

2[ f 2( f 1−D)−d2( f 1+ f 2−D)]− iλ[ f 2D( f 1−d1)+ f 1 f 2d1+d2( f 2−D)( f 1−d1)− f 1d1d2]

ed2 = π
λ

λ[( f 1−d1)( f 2−D)− f 1d1]− iπw0
2( f 1+ f 2−D)

πw0
2[ f 2( f 1−D)−d2( f 1+ f 2−D)]− iλ[ f 2D( f 1−d1)+ f 1 f 2d1+d2( f 2−D)( f 1−d1)− f 1d1d2]
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This equation was obtained in the same way as for the step 2 equation.

This equation is for the general case but usually the system is symmetric and f 1 = f 2 =
d1 = d2.
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P. Voisin. Manipulating the exciton fine structure of singlecdtezntequantum dots by an
in-plane magnetic field. Physical Review B, 75(19), may 2007.

[113] O. Benson, C. Santori, M. Pelton, and Y. Yamamoto. Regulated and entangled photons
from a single quantum dot. Phys. Rev. Lett., 84:2513–2516, Mar 2000.

[114] E.T. Jaynes and F. W. Cummings. Comparison of quantum and semiclassical radiation
theories with application to the beam maser. Proceedings of the IEEE, 51(1):89–109,
1963.

[115] E. M. Purcell, H. C. Torrey, and R. V. Pound. Resonance absorption by nuclear mag-
netic moments in a solid. Physical review, 69(1-2):37, 1946.

[116] T. Grange, N. Somaschi, C. Antón, L. De Santis, G. Coppola, V. Giesz, A. Lemaître,
I. Sagnes, A. Auffèves, and P. Senellart. Reducing phonon-induced decoherence
in solid-state single-photon sources with cavity quantum electrodynamics. Physical
Review Letters, 118, 6 2017.

[117] J. Iles-Smith, D. McCutcheon, Nazir A., and J. Mørk. Phonon scattering inhibits simul-
taneous near-unity efficiency and indistinguishability in semiconductor single-photon
sources. Nature Photon., 11:521–526, 2017.
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crystal cavity-waveguide couplers. Applied Physics Letters, 90(7):073102, 2007.

[137] A. Faraon, A. Majumdar, D. Englund, E. Kim, M. Bajcsy, and J. Vučković. Integrated
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Titre: Vers des sources semi-conductrices de photons uniques et indiscernables, efficaces
et faciles à utiliser, pour des applications quantiques
Mots clés: Boîtes quantiques, microscope, excitation assistée par des phonons acoustiques longitudin-
aux, sources fibrées

Résumé: L’amélioration constante des perfor-
mances des sources semi-conductrices de photons
uniques en ont fait des composants essentiels pour
les applications quantiques nécessitant un flux élevé
de photons uniques et indiscernables. Dans ce tra-
vail, nous utilisons des boîtes quantiques (BQ) cou-
plées à des micro-piliers optiques ayant déjà prou-
vées leur capacité à atteindre ces exigences. Dans
ce contexte, nous développons différentes techniques
pour obtenir une source efficace, tout en améliorant
la facilité d’utilisation pour les utilisateurs non ex-
perts.

Nous détaillons donc le développement et
l’optimisation d’un microscope confocal stable et
compact pour collecter efficacement les photons
uniques dans une fibre monomode pendant plusieurs
jours. Ce dernier s’adapte à la fois à différents
types de collection (espace libre ou fibré) ainsi
qu’à différentes techniques d’excitation de la BQ:

excitation sous fluorescence résonante, ou assistée
par l’émission de phonons acoustiques longitudin-
aux (AL). Cette seconde manière d’exciter se base
sur les interactions entre les transitions de la BQ
et les phonons acoustiques longitudinaux grâce à
un laser légèrement désaccordé en énergie. Ainsi,
ce dernier est filtré spectralement, et tous les pho-
tons uniques émis sont collectés. Nous démontrons
alors une brillance multipliée par trois, ainsi qu’une
émission, linéairement polarisée, de photons uniques
et indiscernables. Enfin, afin de fournir une source
de photons uniques "plug-and-play", nous détaillons
le développement d’un système complétement fibré
afin de s’affranchir de positionneurs et d’un cryostat
à faibles vibrations, volumineux et chers. Ainsi, nous
proposons une méthode pour placer et fixer une fibre
monomode au-dessus d’un pilier. Ce travail est tou-
jours en cours, mais les premiers résultats montrent
le potentiel de cette technique.

Title: Practical and efficient solid-state sources of single and indistinguishable photons
for quantum applications
Keywords: Quantum dots, microscope, LA-phonon assisted excitation, fibred sources

Abstract: The constant improvement in perfor-
mance of solid-state single-photon sources have es-
tablished them as a prime candidate for quantum
optics applications, whose require high flux of indis-
tinguishable and pure single photons. Here, we use
individual self-assembled quantum dots (QD) cou-
pled to optical pillar cavities which proved their abil-
ities to fulfil these requirements. In this framework,
we investigate different development techniques to
get a practical and efficient source, while also im-
proving the ease-of-use for non-expert users.

The first result is the development and optimi-
sation of a compact and stable confocal microscope
to efficiently collect the emitted single photons into
a single-mode fibre over days, while making it easy
to use. The latter is adapted for both the collection
(free-space or fibred) and the excitation schemes of

a QD: the resonant fluorescence or the longitudinal-
acoustics (LA) phonon assisted excitation. This
second excitation regime is based on the interac-
tions between QDs transitions and the phonon bath
thanks to a slight energy detuning of the excitation
laser. Thus, the laser can be spectrally filtered, and
then all the emitted photons are collected. We then
report a first lens brightness multiplied by a factor
of three, and an emission of single and indistinguish-
able photons with a high linear-polarisation purity.
Finally, to provide a "plug-and-play" single-photon
source, we detail the development of a fully fibred
system to overcome the need of a large and expen-
sive system based on a low-vibration cryostat and
positioners. We then report method to set and fix
a single-mode fibre above a pillar. This work is still
in progress, but the first results already show the
potential of this technique.
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