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Éric Cassan
Professeur des universités, Université Paris-Sud (C2N) Directeur de thèse
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Résumé en français

La recherche et le développement dans le domaine de la photonique ont connu une crois-
sance considérable durant les dernières décennies [1]. Ses applications ont rapidement été
industrialisées puis commercialisées en ouvrant de nouveaux marchés, comme en attes-
tent par exemple les télécommunications par fibres optiques, les CD/DVD, les lecteurs de
codes-barres ou encore les écrans plats. Dans tous ces systèmes, de nombreuses fonction-
nalités sont présentes : émission, amplification, détection, modulation et transmission
de la lumière. Dans le même temps, la photonique souffre dans son ensemble d’un degré
d’intégration plus modeste que d’autres domaines tels que l’électronique intégrée, lim-
itant aujourd’hui la complexité et le nombre de fonctions ainsi que leur potentiel de
rupture technologique. Depuis quelques années, ce trait caractéristique s’est atténué
avec le développement rapide de la photonique silicium, exploitant à des fins optiques et
optoélectroniques, les processus de fabrication planaires de la microélectronique. Cette
évolution a profité non seulement au développement de nouvelles applications, mais a
aussi ouvert un vaste champ d’investigations dans plusieurs domaines de la physique
(optique quantique, métrologie sur puce, etc), pour lesquels l’intégration photonique
silicium sert de support et se voit simultanément induire par ces défis plus exploratoires
de nouveaux enjeux en termes de développement de composants et de circuits optiques.

La physique quantique a été, quant à elle, au cœur de grandes avancées du dernier
siècle [2]. Les propriétés comme la superposition d’états, la dualité onde-corpuscule
et l’intrication sont complètements contre-intuitives. Pourtant, elles ont été la base
d’une meilleure compréhension physique de la matière. La manipulation directe des
états quantiques permet déjà des avancées technologiques fantastiques, une d’elles étant
le développement de nouvelles fonctionnalités dans le domaine des télécommunications
quantiques. La cryptographie quantique est la technologie quantique la plus proche
des applications [3]. Elle permet de vérifier qu’une clé de cryptage a été échangée de
manière sécurisée. L’étape suivante concerne les communications par canaux quan-
tiques, requérant des sources d’intrication. Néanmoins, la plupart des démonstrations
de systèmes d’optique quantique sont actuellement déployées en espace libre sur des
tables optiques. Ces expériences sont coûteuses et encombrantes, difficiles à envisager
pour des applications à grande échelle. En revanche, ces inconvénients peuvent être
précisément contournés par l’utilisation de la photonique car elle permet assez naturelle-
ment de fabriquer des circuits optiques stables et compacts combinant les fonctions
essentielles nécessaires à la mise en œuvre d’expériences quantiques.

Toute implémentation expérimentale d’optique quantique requiert trois étapes princi-
pales : la production d’états quantiques de la lumière, la manipulation de ces états et
leurs détection. Il est difficile d’intégrer simultanément deux ou trois de ces étapes. Il ex-
iste de nombreuses plateformes technologiques pour l’intégration d’expériences d’optique
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quantique, comme les plateformes III-V [4], niobate de lithium [5], silicium [6], etc. La
plateforme silicium possède en revanche une avance en terme de fabrication car elle
s’appuie sur tous les développements précédents effectués pour la microélectronique qui
offre des possibilités de fabrication et d’intégration à grande échelle. Le choix de cette
thèse a donc été de s’appuyer sur cette voie technologique privilégiant la conception et
l’assemblage, la fabrication, et la caractérisation de composants et de circuits en pho-
tonique silicium. Les étapes de réalisation et de fabrication en salle blanche ont toutes
été réalisées à partir de substrats silicium sur isolant (SOI) au sein de la centrale de tech-
nologie du C2N, essentiellement par lithographie électronique et gravure. Les mesures
d’optiques quantiques ont quant à elles été realisées à l’INPHINI.

0

2

0

2

Générateur d'états nombres annoncés

Générateur de paires de photons intriquées

Source d'un peigne de fréquences

RA

FP
DMU

SFV

RC

Guide d'onde Chaufferette

Pompe Signaux non linéaires

Figure 0.1.: Schéma de circuit photonique quantique possible avec différents composants in-
diqués, réseau de couplage (RC), résonateur en anneau (RA), filtre de pompe
(FP), démultiplexeur (DMU) et diviseur de faisceau ajustable (DFA). Le RA pro-
duit des paires de photons une fois pompé. Les paires sont alors séparées puis
combinées pour produire des états NOON annoncés.

Cette thèse s’inscrit ainsi dans le domaine de l’optique quantique sur puce, et aborde
parmi ses objectifs essentiels la réalisation d’un générateur de paires de photons in-
triqués en énergie-temps sur puce, ressource essentielle pour l’établissement d’un réseau
de télécommunications quantiques ou pour effectuer des calculs quantiques intégrant
des générateurs d’états quantiques. Un schéma représentant une source d’un peigne de
fréquences et son extension en un générateur de paires de photons intriqués est montré
en figure 0.1. La source est constituée d’une cavité en anneau qui produit un peigne
de fréquences centré sur la raie d’un laser de pompe utilisé pour exciter les effets non
linéaires du silicium. Dans notre cas, les paires sont générées par mélange à quatre on-
des spontané (SFWM), processus dans lequel deux photons de pompe sont convertis en
deux photons appelés signal et idler dont les fréquences sont respectivement plus élevée
et inférieure à celle de la pompe. Cependant, une fois générées, les paires de photons
doivent être séparées du laser de pompe. La différence de puissance entre la pompe et la
lumière non linéaire doit être de l’ordre de 100 dB. Une opération de filtrage extrêmement
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Résumé en français

efficace doit donc être implémentée après la cavité. Or, la distance spectrale entre la
pompe et les paires n’est que de quelques nanomètres, ce qui limite la bande passante
disponible pour la réjection optique de la pompe.

La problématique du filtrage d’un signal optique de pompe a été largement explorée
dans la littérature [7, 8, 9, 10, 11, 12, 13]. L’utilisation d’interféromètres ou de résonateurs
en anneaux cascadés permet de réaliser un filtrage optique actif, chaque composant étant
contrôlé séparément pour aligner leur longueur d’onde sur celle de la pompe. Cette solu-
tion fonctionne en effet, mais requiert une grande complexité d’utilisation et de calibra-
tion. Une autre solution consiste à implémenter un long filtre de Bragg (conventionnel)
ne requérant cette fois-ci pas de contrôle actif. Toutes ces approches conduisent cela dit à
de fortes pertes en transmission des paires de photons, rendant inaccessible la réalisation
effective d’une source intégrée incluant un filtrage efficace de la pompe optique. En de-
hors même de ces aspects, les paires de photons produites doivent présenter certaines
propriétés particulières afin de pouvoir les dédier à des applications quantiques. Les
photons de chaque paire doivent être bien sûr intriquées, indiscernables, posséder le bon
type d’état spectral anti-corrélé, mais aussi ne doivent pas se superposer les unes aux
autres. L’indiscernabilité et l’intrication quantiques peuvent être testées par une mesure
de visibilité d’interférences à deux photons dans une expérience de type Franson [14].
Pour caractériser le type d’état à deux photons générés, une mesure de densité spectrale
jointe doit être simultanément effectuée. Finalement, afin de s’assurer qu’une seule paire
est générée, une expérience de corrélation d’ordre deux doit compléter le tout. Toutes
ces expériences, relativement complexes dans leur implémentation du fait des très faibles
niveaux de signaux, ont été réalisées dans le cadre de la thèse.

Le premier enjeu auquel nous nous sommes attachés a été la réjection de la pompe
optique servant à produire les paires de photons, car elle constitue la principale limitation
de l’intégration d’une source paramétrique sur la plateforme silicium. Un autre aspect
a concerné la production des paires de photons par des cavités optiques diélectriques.
Ces dernières doivent à la fois présenter les caractéristiques à même de produire de
manière efficace des paires de photons sur une large bande spectrale (> 40 nm), mais
nous nous sommes également attachés à ce que leurs spectres de résonances optiques
soient compatibles avec les canaux de télécommunication standard internationaux (ITU)
afin d’apporter une démonstration de principe. Finalement, nous avons caractérisé les
propriétés quantiques et statistiques des paires de photons produites.

La thèse s’est articulée autour du schéma de principe représenté en figure 0.1. Les com-
posants et circuits photoniques (silicium) ont été conçus et fabriqués, puis caractérisés
pour réaliser la fonction décrite sur cette figure, nécessitant le développement de réseaux
de couplage, de guides d’ondes, de résonateurs en anneaux, de filtres de Bragg en guide
d’ondes, leur assemblage et l’ajustement de leurs propriétés pour la réalisation d’un
générateur de photons intriqués.

Notre stratégie a été, pour commencer, d’améliorer les structures de filtres de Bragg
proposées dans la littérature et buttant toutes sur deux limitations importantes : un
compromis réjection / bande passante optique très défavorable à l’obtention d’une forte
réjection (� 40 dB) couplée à une faible bande passante (� 10 nm), et par ailleurs un
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Figure 0.2.: (a) Vu schématique du filtre de Bragg multimode cascadé. Le mode fondamen-
tal TE0 est réfléchi dans le mode supérieur TE1. Des guides d’onde monomode
connectent les filtres, ce qui force TE1 à être radier, brisant ainsi la cohérence de
phase entre les filtres. (b) Schéma de la géométrie du guide d’onde de Bragg. (c)
Diagramme illustrant la propagation de la lumière dans le système. (d) Image par
microscope électronique à balayage du filtre fabriqué. [15]

effet de saturation du maximum de réjection optique des filtres, ce, indépendamment
de leur longueur. Pour palier ce problème, nous avons proposé une approche originale
consistant en une mise en cascade non conventionnelle de sections de filtrage garan-
tissant l’indépendance de phase des sections successives entre elles par une ingénierie
modale de la réflexion de Bragg dans un mode d’ordre supérieur du guide faiblement
multimode véhiculant les signaux. Un réseau de Bragg multimode a ainsi été conçu
et implémenté. Par cette stratégie, le mode incident est porté par le mode fondamen-
tal transverse électrique TE0 du guide tandis que le mode réfléchi est le mode d’ordre
supérieur TE1. En plaçant entre les filtres un guide d’onde monomode, qui ne propage à
faibles pertes que le mode TE0, il est possible de laisser radier les signaux correspondant
à la réflexion par une section donnée et ainsi de briser la cohérence de phase globale de
la structure, voir figure 0.2 [15]. Cette stratégie nous a permis de démontrer un filtre
passif rejetant 85 dB (figure 0.4) avec des pertes de transmission équivalentes à un guide
d’onde de même longueur (2 mm).

Grâce à ce filtre, nous avons pu intégrer un résonateur en anneau et le système de
réjection de la pompe optique conçu. Afin de permettre une production efficace de
paires de photons, la largeur des guides d’ondes a été ajustée afin d’opérer dans la zone
classique de dispersion anormale, garantissant la condition d’accord de phase entre la
longueur d’onde de pompe et les résonances de la cavité nécessaire au renforcement des
effets nonlinéaires d’ordre 3. Les cavités réalisées ont été légèrement surcouplées afin
de permettre une meilleure extraction des paires de photons depuis le guide adjacent
à chaque résonateur en anneau. Un intervalle spectral libre (ISL) de 200 GHz a été
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Résumé en français

choisi afin d’assurer la compatibilité avec les 100 GHz des canaux ITU, comme indiqué
précédemment, visible dans la figure 0.4.

RARC

DMU FP

Entrée

Sortie

Contrôle

RA

FP
RC

Guide d'onde ChauffrettePompe Signaux non linéaires

DMU

(a)

(b)

Sortie

Contrôle

Figure 0.3.: (a) Schéma de la source de peigne de fréquence avec (b) une image microscopique
du circuit fabriqué, sont indiqués : les réseaux de couplages (RC), résonateur en
anneau (RA), le démultiplexeur (DMU) et le filtre de pompe (FP). La lumière
est injectée à gauche puis récoltée à la sortie. Le contrôle permet de vérifier la
transmission et l’alignement de la cavité dans le filtre.

En associant ces deux composants, nous avons pu produire un peigne de fréquences de
paires de photons, voir figure 0.3. Ces paires ont été analysées afin de vérifier leur possible
utilisation dans un système quantique sur puce plus complexe. La première étape a été de
vérifier la statistique des paires de photons afin de s’assurer que deux paires n’étaient pas
produites simultanément. Nous avons donc mesuré la fonction de corrélation temporelle

d’ordre deux des photons (g
(2)
h (0)), un photon ’signal’ étant annoncé par un photon

’idler’. Cette mesure a donné un g
(2)
h (0) ' 3.07 · 10−3, correspondant à une probabilité

négligeable que deux photons ’signal’ soient annoncés par un seul photon ’idler’.
Dans un second temps, nous avons vérifié la qualité et les propriétés des états à deux

photons produits. Une fonction d’onde présentant une anti-corrélation spectrale est
le signe d’une intrication en longueur d’onde prédite par le modèle [16]. Cette anti-
corrélation est dûe au type de pompe utilisé, dans notre cas un laser continu. Pour
mesurer la fonction de corrélation spectrale des photons produits, nous avons utilisé une
technique par stimulation du mélange à quatre ondes, forçant ainsi la longueur d’onde
du photon signal. Nous avons alors pu relever un spectre des photons ’idler’ produits afin
de remonter aux corrélations à la longueur d’onde du photon signal. En répétant cette
opération pour différentes longueurs d’onde du photon signal, nous avons reconstruit la
fonction corrélation spectrale désirée des états à deux photons. Nous avons alors observé
une grande concordance avec le modèle avec une forte anti-corrélation et un nombre de
Schmidt Kexp = 5.5 (Ksim = 107), voir figure 0.5. La disparité entre les deux valeurs
a été attribuée à la résolution de la mesure, limitée, lors des expériences menées, par
l’utilisation d’un filtre optique ajustable de 6 pm. Le modèle développé a aussi permis de
prédire qu’en modifiant le signal de pompe d’un laser continu à un laser pulsé, il serait
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Figure 0.4.: (a) Spectre de transmission de la source de peigne par la sortie (transmission) et
par le contrôle, avec (b) la résonance pompée. (c) Spectre d’émission du peigne de
fréquence quand la cavité est pompée et le bruit si le laser est hors de la cavité.

probablement possible de produire des paires de photons séparables. Ces investigations
par simulation ont ainsi mis en avant la versatilité des circuits photoniques réalisés au
cours de la thèse, qui pourraient être utilisés pour la réalisation de sources de photons
uniques annoncés.
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Figure 0.5.: (a) Modèle théorique de la corrélation spectrale des photons de chaque paire et (b)
donnée ajustée de la mesure de corrélations spectrale. Les axes correspondant aux
longueurs d’onde des photons de la paire et leur forte anti-corrélation en longueur
d’onde indiquent un état intriqué.

Finalement, nous avons vérifié l’intrication des paires de photons en énergie-temps
produites. Ce type d’intrication est un des modes d’encodage fondamentaux en op-
tique quantique. Pour cela, nous avons mesuré la visibilité des franges d’interférences à
deux photons dans un interféromètre de Michelson en configuration Franson [14]. Cette
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expérience nous a donné à la fois des informations sur la qualité de l’intrication des
paires de photons, mais également sur la qualité du filtrage réalisé de la pompe optique.
Une visibilité proche 100% indique une bonne intrication mais aussi que la pompe a bien
été rejetée par le filtrage sur la puce. Les paires de photons de la source de peigne de
fréquences ont donc été testées, ce qui a conduit à des visibilités de 98% et 97% pour les
résonances distantes de 2 et 3 ISL de la pompe, voir figure 0.6. Ces visibilités élevées
indiquent une forte intrication des photons de chaque paire mais aussi une réjection très
efficace de la pompe. Nous avons également exploré les résultats de cette même mesure
pour les résonances plus éloignées, et nous en avons déduit une visibilité au-delà de 92%
pour tous les ISL mesurés.

Figure 0.6.: (a) et (b) correspondent au nombre de cöıncidences par seconde pour 2 et 3 ISL
respectivement. Les côtés indiquent la stabilité de la mesure. On peut alors évaluer
la visibilité des interférences à deux photons pour les deux cas qui indiquées en
haut.

En associant les points d’étapes précédents, nous avons pu montrer l’intégration d’une
source de peignes de fréquences utilisable pour des applications quantiques, à base de
circuits photoniques planaires en photonique silicium. Ceci a conduit à poursuivre dans
la perspective d’une intégration de l’ensemble des éléments, en ajoutant une étape de
démultiplexage en longueur d’onde sur la puce, située après la source, l’ensemble for-
mant alors un générateur de paires de photons intriqués. Un tel circuit sépare les photons
’signal’ et ’idler’ des paires produites ; ils peuvent alors être envoyés directement aux util-
isateurs du réseau de communications quantiques, par exemple. Au final, notre étude
a montré qu’il était possible d’intégrer un système de réjection très efficace du signal
pompe optique permettant de générer les paires de photons par mélange à quatre ondes
spontané (SFWM) sans affecter les propriétés des paires de photons. Les travaux de
la thèse apportent une contribution vers l’intégration de sources de paires de photons
intriqués reposant sur des technologies très proches des circuits intégrés silicium de la mi-
croélectronique, pouvant donc être intégrées et produites à échelle industrielle et induire
un développement important des applications de l’information quantique. Il resterait
à combiner plusieurs de ces générateurs de photons dans un système plus complexe tel
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qu’un générateur d’états quantiques annoncés. L’ensemble dessine une perspective très
prometteuse pour le développement de la photonique quantique.
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Introduction

Research and development in photonic technologies have witnessed quite fast and durable
growing advances in various fundamental and applied areas [1]. It goes from the most
mundane item of our daily life to industrial or military applications. A few notable
examples are in the telecommunications, optical fibers are now connecting all of us.
They allow to transfer terabits per second of information over lengths larger than 15 000
km [17] while the miniaturization of lasers and photo-diodes has now brought the optical
fiber into our home.

In each of these systems, a lot of components are working together to provide their
functionality. Light emission, amplification, detection, modulation, and transmission are
integrated on chips of a few millimeters length. They are cheap and can be produced in
industrial quantities. Fabrication improvements in microelectronicd has been transferred
to photonic platforms, pushing the miniaturization limit and making structures only
hundreds of atoms long, with still improving reproducibility.

Quantum physics has been at the heart of major technological advances in the last
century [2]. Properties like the superposition of the states, particle-wave duality, or en-
tanglement are completely alien to common sense. Yet they are the basis of a better
understanding of physics. Quantum mechanics is the best tested theory with extraordi-
nary precision [18]. The application of quantum mechanics in optics has shown marvelous
promises. As photons interact less than charged particles, they are perfect to exploit
long range quantum effects. Quantum Information Science (QIS) such as Quantum Key
Distribution (QKD) [3] or boson sampling are powerful tools coming from quantum op-
tics [19]. QKD provides a substantial improvement in secure communications. As the
encryption key is protected by the laws of physics: it is possible to know if the com-
munication has been eavesdropped, so a new key can be chosen [20, 21]. The next step
is quantum communications, where not only the keys are sent via a quantum channel
but the messages as well [22, 23]. This breaks the paradigm of encryption, as so far
non-reversible mathematical operation is the norm for securing information. Thanks
to the quantum communication properties, the transmitted information is destroyed by
the reader, making it almost perfectly secure [22]. Boson sampling, on the other hand,
opens the way for quantum computing. It is used to simulate complex systems much
faster than with a classical computer [24]. For the moment, the main application is for
protein folding [24]. All these systems can be realized with bulk optical elements, but
this leads to large and heavy systems that are cumbersome and awkward to use which
restrict potential applications and markets. In brief, such an approach is not scalable.

Photonics provides platforms to integrate quantum optics into stable, easy-to-use, and
reproducible components. Thanks to their small size, quantum photonic circuits are
tolerant to large thermal fluctuations, scalable and easy to combine into more complex
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systems. Monolithic components are naturally aligned, and insensitive to vibrations.
However, the challenge is to make the jump from the optical table to the chip. Integration
requires to completely rethink these complex systems.

As such, we will describe the development of quantum photonic circuits on the Silicon-
On-Insulator (SOI) platform. This platform is compatible with industrial processes and
the goal is to keep this compatibility not only for the fabrication but also when used.
Plug-and-play approaches will be prioritized, i.e. only standard fibered ”off-the-shelf”
telecom components are preferred. All of this while keeping everything compatible with
photonic industrial fabrication processes.

In this context my PhD project is devoted to the emerging field of quantum informa-
tion on scalable and flexible silicon photonic chips. Its aim is to exploit the particular
capabilities of dense functionality integration achievable using the silicon photonic plat-
form to push quantum-enabled technologies one step further, by merging quantum light
sources and single photon manipulation stages in both the wavelength and spatial do-
mains and to develop advanced quantum circuits.

Two circuits will be presented: (i) A micro-ring based entangled photon-pair source
creating a comb when pumped and outputting a wavelength comb of photon pairs. The
pairs can be entangled (distant correlation) so they can be used in QKD systems. (ii)
In the integrated entangled photon-pair generator, pairs will be separated into different
channels. Signal and idler photon pairs can directly be sent to users, or depending on the
pump, the idler can be detected, to make it a heralding source of single photons. They
are the basis to build a heralded photon-number state generators, capable of generating
complex quantum states.

This thesis was done at both the Centre de Nanosciences et de Nanotechnologies (C2N)
in Palaiseau and the Institute de Physique in Nice (InPhyNi). The design, fabrication
and classical experiments were performed at the C2N. The quantum experiments and
interpretations were performed at the InPhyNi.

− Chapter 1: It will introduce some fundamentals of quantum mechanics. We will
go over the different properties of quantum states and how to test them, as well
as through the main types of entanglement. We will also introduce non-linear
processes allowing to create non-classical states of light.

− Chapter 2: We will introduce integrated telecom components, like ring resonators,
filters and others, and redesign them to suit our platform and quantum require-
ments. A first source of correlated pairs will be designed, then active tuning,
grating couplers, routing will be implemented.

− Chapter 3: We will then tackle the problem of on-chip pump rejection, which is a
main limitation of integration of quantum circuits based on the spontaneous four-
wave mixing process. This will be done with Bragg filters. We will see different
possible design strategies for waveguide corrugations to tailor the performances
of the components. Finally, we will see how to limit the effect of their optical
saturation for large rejections.
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− Chapter 4: Fabricated of quantum circuits will be presented using the developed
library of components. First, classical performances will be assessed. Then the
quantum performances of the samples will be evaluated with a statistical study, a
state tomography, and indistinguishability measurements.
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Chapter 1.

Fundamentals for Integrated Quantum
Photonics

1.1. Quantum information

1.1.1. Classical information

The bit is the fundamental unit of information used in computers systems and communi-
cation. It is a two-state unit, with a 0 and a 1 or True and False. A bit of information can
be encoded into any binary physical systems, such as: holes (punch cards), magnetiza-
tion (hard drive or floppy disk), height (CD or DVD), voltage (RAM or processors), etc.
This two-level system allows for a simple and robust way to store and move information.
It keeps the computer architecture simple when processing, without introducing large
amounts of errors. Arithmetic in base two can be achieved using Boolean operations.
Encoding text can be done by assigning a sequence of bits to a letter/symbol. Usually,
for simplicity, bits are combined into fixed length groups, usually but not exclusively,
powers of 2 (e.g. 8-bit 23, 16-bit 24, 32-bit 25, 64-bit 26), for better efficiency. For in-
stance, ASCII (American Standard Code for Information Interchange) started as a 7-bit
code, only needing 128 characters.

Whatever the compression or amount of information, it is mostly the media that
is changing and getting denser over the years. Information is now written on smaller
objects reaching the limit of the classical world. But they still are at the same type,
nothing has fundamentally changed. Until we reach the quantum world.

1.1.2. Quantum states and information

Quantum information is fundamentally different form the classical one. Due to the
few principles that rule all of quantum physics. A quantum bit (qubit) is also made
of a two level system. We will describe it by |0〉 and |1〉, corresponding to a state 0
(False), 1 (True), respectively. They represent any two-level system: spin (spin up |↑〉
and spin down |↓〉), energy level (fundamental |f〉 and exited |e〉), polarization (vertical
|V 〉 and horizontal |H〉), etc. Of course, they can have more than two levels, such as
the photon number in a pulse, or can have even continuous, with position/momentum
quantities. These ”new” two-level systems do not behave as the classical ones. They
cannot be thought of as simply 0 or 1 but complex vector. Each qubit gives us a bit
when measured. Only the values 0 or 1 are accessible when measuring a qubit.

24



1.1. Quantum information

It is also important to acknowledge that a quantum object is not a wave or a particle.
It does not behave like a particle sometimes and like a wave in others. It is a new type of
object that is both a particle and a wave. It is a quantum object. This is well illustrated
in the delay choice or quantum eraser experiments [25, 26], where in a single experiment
it is possible to see both wave-like and particle-like behaviors.

Quantum Bit

Quantum bit is the fundamental unit of quantum information called also qubit. It is
different from a classical bit. Its state is defined as a unitary vector which can take
an infinite amount of values. However, only a single classical bit of information can
be accessed with it. As, when a qubit is measured, the state collapses into 0 or 1. Its
value is only defined after it is measured. When using qubits to transport information or
perform computation, the goal is to make qubits interact in a way that only the wanted
state (i.e. the solution) constructively interfere.

All the following properties introduced in this section are making qubits more powerful
than their classical counterpart. However, errors can accumulate much faster, making
error correction a fundamental step to create useful quantum technologies. To make a
single effective qubit, one requires about 1000 physical qubits due to error corrections
[27]. Moreover, decoherence of the qubit is also a limitation. In some technological plat-
forms, interaction with the environment can over time destroy the information contained
in the qubits.

The information can be encoded on any physical properties. For light, there are
four discrete variables: polarization, path, time-bin, energy, orbital angular momentum,
see figure 1.1 [28]. Polarization encoding is straight forward, any orthogonal pair of
polarization of a single photon (Fock state) can be a basis of a Bloch sphere, see figure
1.2. Path encoding is when the photon is separated into at least two spatial modes. A
controllable beam splitter and a phase shifter allow to reach the whole sphere. Time-bin
on the other hand is a bit more abstract as it spreads the photon into two or more
pulses with different delays, referenced as early and late states. They can interact in the
same way on the Bloch sphere. Similarly, energy-time adds another layer to this scheme
where the arrival time, or delay, depends on the energy of the photon. Lastly, there is
the orbital angular momentum which is encodes using field spatial distributions of light,
i.e. its wavefront.

Representation

All of these states can be represented in the so-called bra-ket notation. They can be
understood as complex vectors (Eq. 1.1 and 1.2)

|0〉 =

(
1
0

)
, |1〉 =

(
0
1

)
(1.1)

|ψ〉 =

(
a
b

)
= a |0〉+ b |1〉 , a, b ∈ C (1.2)

25



Chapter 1. Fundamentals for Integrated Quantum Photonics

Figure 1.1.: Discrete variable Encoding quantum information in a single photon exploiting dif-
ferent degrees of freedom. Possible choices include polarization (only a qubit of
information can be carried in this case), path, time-bin and orbital angular mo-
mentum (larger dimensionalities can be riched). Legend - QWP: quarter-wave
plate, HWP: half-wave plate, PBS: polarizing beam splitter, BS: beam splitter,
phi : phase shift, SLM: spatial light modulator. Reproduced from Ref. [28]

So that any state can be written as a sum of the base vectors. Any physical state
must be normalized1 such as written in equation 1.3. Another important change is that
the components a and b of the state (vector) |ψ〉 can be complex numbers.

〈ψ|ψ〉 = |ψ|2 = |a|2 + |b|2 = 1 (1.3)

Such a state can be represented on a sphere of unitary radius (Bloch-Poincaré sphere).
It represents all the possible combinations of |0〉 and |1〉 that |ψ〉 can take. We can rewrite
the state as a function of the angles on the sphere with θ, φ ∈ R from equation 1.4, shown
in Figure 1.2

|ψ〉 = cos(θ/2) |0〉+ sin(θ/2)eiφ |1〉 (1.4)

The poles are the vectors of the basis. The states along the equator of the sphere
are the combination of the base, shown in equations 1.5, 1.6, 1.7, and 1.8. Any basis2

of measurements used can represent the poles. (The other points must be changed
accordingly). For example, choosing as base |0〉 = |H〉 and |1〉 = |V 〉, means that in the
x-y plane the polarization diagonal, anti-diagonal, circular right, circular left are on +x,
−x, +y, and −y points (Eq. 1.5, 1.6, 1.7, and 1.8), respectively.

1The notation 〈ψ| correspond to the vector conjugated and transposed
2Set of unitary orthogonal vectors
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Figure 1.2.: Bloch-Poincaré sphere representation of the qubit state.

+x : 1/
√

2 |0〉+ 1/
√

2 |1〉 = |D〉 (1.5)

−x : 1/
√

2 |0〉 − 1/
√

2 |1〉 = |A〉 (1.6)

+y : 1/
√

2 |0〉+ i/
√

2 |1〉 = |R〉 (1.7)

−y : 1/
√

2 |0〉 − i/
√

2 |1〉 = |L〉 (1.8)

The measurement of the single photon is done on the basis (i.e. polarization |V 〉 and
|H〉). The state vector is projected on it. This results in a probability |a|2 of getting
|V 〉 and |b|2 of getting |H〉.

One can also define operators, written as a capital letter (e.g. unitary operator U).
They represent physical processes or measurements applied on the qubit. They can be
thought as matrices that are applied to the vector state. The conjugated of an operator
is U † with U †U = I, the identity matrix.

Measurement

When a state is measured, it is projected onto one of the (orthonormal) eigen-states, i.e.
on the basis. There is no way to know onto which eigen-state it will be projected. This
is a random process with the probability being the squared norm. Quantum physics
does not explain where these properties come from, but to date no experiment has
contradicted this statement. If we look at the Bloch sphere, and we want to measure θ
for a fixed state that we prepared, we have to measure multiple times. In the case of
polarization, it would be a horizontal polarizer. We get |H〉 (e.g. transmission of the
photon) with probability p0, else it means we measured |V 〉 or that the measurement
failed (loss of the photon).
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p0 = |〈0|ψ〉|2 = cos2 θ

2
(1.9)

p1 = |〈1|ψ〉|2 = sin2 θ

2
(1.10)

After the state projection, any repetition of the same measurement results determin-
istically in the same outcome. The fact that the quantum state is projected means, in
general, that information about the initial quantum state is irreversibly lost. So we can
only ”measure” θ once per qubit. To reconstruct its value we have to repeatedly prepare
and measure the same state.

Superposition of states

A particle has the ability to be in multiple states at the same time. As we saw before,
it is in a superposition of the basis3. This is well demonstrated with a single photon in
a Mach-Zehnder interferometer (figure 1.3) or with the two-slit experiments [29].

Figure 1.3.: Schematic of a Mach-Zehnder interferometer, the photons can take path a and
path b.

If we send a single photon in the interferometer, ”classically”, one could think it can
only go in one arm. At BS1, it goes either to path a or b. When the photon gets to BS2
it just goes through since there is nothing on the other path. Thus there should be a 50%
chance to detect something in the output c whatever the phase ϕ of the interferometer.
But this is not at all what happens, the detection rate in fact sinusoidally oscillates with
the phase. The single photon takes both path a and b at the same time as probability
amplitudes. On each path, it picks up a different phase resulting in a phase shift ϕ. The
states in each path a and b are |a〉 and |b〉, respectively, with values:

|a〉 =
eiϕ√

2
(|0〉+ |1〉) (1.11)

3The Copenhagen interpretation of quantum mechanics is used throughout the thesis.
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|b〉 =
1√
2

(|0〉+ |1〉) (1.12)

These probability waves then interfere on the BS2, creating oscillations in detection
at the output. These are single photon interferences. The states at the output c and d
are then |c〉 and |d〉, respectively:

|c〉 =

(
1

2
− 1

2
eiϕ
)
|0〉+

(
1

2
+

1

2
eiϕ
)
|1〉 (1.13)

|d〉 =

(
1

2
+

1

2
eiϕ
)
|0〉+

(
−1

2
+

1

2
eiϕ
)
|1〉 (1.14)

If we look at the probability to have a photon at the output c, we get a sinusoidal
variation as a function of the phase shift ϕ.

|〈1|c〉|2 =

(
1

2
+

1

2
e−iϕ

)(
1

2
+

1

2
eiϕ
)

=
1

2
(1 + cosϕ) (1.15)

This is not restricted to photons and similar experiments can be done with electrons
or atoms [30, 31]. Superposition happens anytime a particle/quantum object has an
interaction (”a choice”). It becomes a superposition which depends on probability am-
plitudes. For instance the superposition of states after a 50:50 or a 10:90 beam splitter
will not be the same.

No-cloning theorem

The no-cloning theorem is fundamental in quantum mechanics and easy to show. It is
impossible to make a perfect copy of a state without changing the original. Let define
the cloning operator C with the property : C |φ〉 |ψ〉 = C |φ〉 |φ〉, assuming 〈ψ|ψ〉 = 1.
Then we can write:

C |a〉 |ψ〉 = C |a〉 |a〉
C |b〉 |ψ〉 = C |b〉 |b〉

Starting from the definition with arbitrary states, we can write the following equations
1.16, 1.17, and 1.18. In that case, | 〈b|a〉 | is equal to 0 or 1. Thus by the Cauchy-Schwarz
inequality either a = eiβb or a is orthogonal to b. This cannot be the case for two
arbitrary states. This makes a universal cloning operation impossible.

〈ψ| 〈b|C†C |a〉 |ψ〉 = 〈b| 〈b|C†C |a〉 |a〉 (1.16)

⇔ 〈ψ| 〈b|a〉 |ψ〉 = 〈b| 〈b|a〉 |a〉 (1.17)

⇔ | 〈b|a〉 | = | 〈b|a〉 |2 (1.18)
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It is however possible to clone states in very specific conditions. It is also possible
to make imperfect copies of states without affecting them too much. This is the ba-
sis of quantum telecommunication hacking, which is possible when the states used for
telecommunications are not well prepared [32].

1.1.3. Entanglement and its applications

In classical encoding, combining two bits increases the number of possibilities to 22 with
the possible combinations 00, 01, 10, and 11. When combining two qubits, we get a
superposition of all the possible combinations. The most general two qubit state is

|ψ〉II = α |0〉a |0〉b + β |0〉a |1〉b + γ |1〉a |0〉b + δ |1〉a |1〉b (1.19)

with the normalization |α|2 + |β|2 + |γ|2 + |δ|2 = 1. However, there are special cases
where this state cannot be written as a product of two individual qubits4. In these cases,
the state is called entangled. If it can be factorized, it is a separable state.

In a two level system, there are 4 states maximally5 entangled. They are called Bell’s
states and are as follows:

|Ψ+〉 = 1√
2
(|01〉+ |10〉) if α = δ = 0, β = γ = 1√

2

|Ψ−〉 = 1√
2
(|01〉 − |10〉) if α = δ = 0, β = −γ = 1√

2

|Φ+〉 = 1√
2
(|00〉+ |11〉) if α = δ = 1√

2
, β = γ = 0

|Φ−〉 = 1√
2
(|00〉 − |11〉) if α = −δ = 1√

2
, β = γ = 0

(1.20)

Here, we simplify the notation with |X〉 |Y 〉 = |XY 〉. These 4 states form a basis, so
they are orthogonal to each others.

Entanglement is in every natural state of matter. There is no good analogies in the
classical world. It is when two or more states become correlated, for instance the state
|Φ+〉 gives a 0 (resp. 1), the other must be in 0 (resp. 1) without needing to measure it.
Most quantum states in nature are partially entangled. The most interesting ones are
the separable states (no entanglement) and the maximally entangled states (completely
entangled). This can happen naturally thanks to conservation laws/symmetries. For
instance energy-time entanglement created from the energy-conservation.

Once two particles are entangled they become a single entity. They will stay as such
regardless of the distance that may separate them. This ”spooky” distant interaction
allows to collapse a state instantly at an arbitrary distance. However, this does not
break the speed of light, as no information can be transmitted by entanglement alone.
Without knowing the original measurement from the first particle, the second state
looks just random. Meaning another channel is necessary to transfer information, which
is constrained by the speed of light.

4This is the tensorial product of the two Hilbert space. We will leave the tensorial product out as it
simplifies the notation. It can be understood as a product between vector states.

5Perfect correlations between the measurements of the two photons
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1.1. Quantum information

There are multiple types of entanglements. Next we will see the entanglement available
with light. All the properties previously cited can generate entanglement. More than
one property can be entangled, like polarization and energy-time or path and time-bin,
this is refereed to as hyper-entanglement.

Polarization

Polarization is the most used type of entanglement (figure 1.1) as it is easy to generate us-
ing bulk nonlinear crystals with the Parametric Down Conversion (PDC) process [33]. It
can be of two types Type I is when the polarizations are opposed 1/

√
2 (|H〉 |V 〉+ |V 〉 |H〉),

and type II is when they are aligned 1/
√

2 (|H〉 |H〉+ |V 〉 |V 〉). For instance, in type I,
if photon 1 is measured as H (V), then photon 2 is in state V (H resp.) without the
need of a second measurement. Polarization entanglement is also easy to manipulate and
detect with half-wave plates and polarization beam splitters. However, its integration
is difficult as most platforms are polarization sensitive and thus require special designs
or specific technologies. Polarization entanglement is very easy to transmit over long
distances. Light polarization is indeed weakly affected by the large distance as long as
the propagation channel is relatively stable and invariant in time. Many of the first
quantum telecommunication and cryptography experiences were demonstrated with po-
larization entanglement for these reasons [34]. Finally, thanks to 2D grating couplers, it
is simple and natural to go from polarization to path encoding when passing from the
fiber network to the chip [35].

Path encoding

Path encoding is the simplest way to consider entanglement on chip, as the number of
waveguides that can then be implemented is large, over hundreds or even thousands
(figure 1.1). The photons are delocalized over multiple waveguides. On a single chip,
they are perfectly stable thanks to monolithic fabrication and the small size of the whole
ensemble limits overall fluctuations. Path encoding happens any time a photon has
a path choice, e.g. in beam splitters [36, 37]. An interesting state is the NOON state
written as |ψ〉N00N = 1/

√
2 (|N〉 |0〉+ |0〉 |N〉), where each ket is a path/channel taken by

either N or 0 photons. However, it is a poor choice for long-distance telecommunications
as all paths must be perfectly stable in time (no index, temperature, length variations),
fibers are not suitable for it. But as previously mentioned, it is natural to go from path
to polarization encoding by accepting some losses from the network to the chip. This
type of entanglement is mostly used for quantum walks of entangled photons [38], Boson
sampling [39, 40], and quantum teleportation [41].

Time-bin

Time-bin encoding uses time instead of space. Multiple time-bins (time-delays) are
defined so that a photon is in a superposition of multiple delays (figure 1.1). This
happens when light can take multiple paths with different delays. As long as the photons
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cannot interfere, when the path are recombined, they are in a superposition. In the case
of 2 time-bins, they can be called early |e〉 (short path) and late |l〉 (long path) states.
They are generated by a Mach-Zehnder Interferometer (MZI) with a delay on one arm
larger than the coherence time of the single photon, to avoid single photon interferences.

Figure 1.4.: Schematic of the principle for generating and analyzing energy-time entangled
photons. The pairs are photons are generated by Parametric Down Conversion in
a χ2 nonlinear crystal by strong Continuous Wave laser. Entangled pairs of photons
are sent to two unbalanced interferometers. This is a Franson configuration [42] as
the number of photons at the output is constant as a function of the phase. These
interferometers can be placed arbitrarily far from each other. Reproduced from
Ref. [43].

Photons created during the same process, they are entangled in time. So using two
MZI, one can create a state |ψ〉 = 1/

√
2 (|e〉 |e〉+ |l〉 |l〉) if they are indistinguishable

from one another, see figure 1.4. This type of encoding is very robust, to dispersion,
polarization change, path difference, it works on chip and in long distance fibers. How-
ever, it is more difficult to measure it, compared to polarization encoding, as a MZI
and a time-to-digital conversion scheme must be used. Nevertheless, a lot of time-bin
experiments have been demonstrated in fibers and on chip [44, 45, 46].

1.1.4. Bell type violation

Quantum mechanics has many concepts and philosophical implications were considered
as unsettling for many people. But the most problematic is called entanglement. This
property, as we have seen it, exhibits a distant and instantaneous ”interaction” between
distant objects, in which correlation appears without any apparent physical interaction.
Many funders of quantum mechanics (e.g. Einstein, Podolsky, Rosen [47], Schrödinger)
argued against it by developing the local6-realism7 theory of hidden variables. It states
that correlations are generated by hidden variables that are inaccessible to the observer.
But also, that the results of observations exist regardless of the observations8.

This was also tied to the completeness of quantum mechanics. If a hidden variable
exist, then the model would not be complete since it would not take it into direct account.
Bell replaced these postulates by a physically reasonable condition of locality. Bell’s

6There is no communication between systems, no-signal that could be faster than light
7That the system are not fundamentally random but deterministic
8e.g. the property (position, spin, etc.) has a defined value even if we do not measure it.
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1.1. Quantum information

theorem tells that no local hidden-variable theory can reproduce all of the statistical
predictions of quantum mechanics [48]. Also that either locality or realism must be
dropped to explain entanglement. This is thanks to Bell’s inequality.

Bell’s inequality

There are in facts an infinite numbers of Bell’s inequalities. They are constructed from
the properties of the system being probed [49, 50]. However, the first inequality was
proposed by Clauser, Horne, Shimony, and Holt (CHSH) [51] to test the hidden-variable
model. The following demonstration shows the Bell’s inequality for two level systems
[52].

Let us define two sets of particles A and B. Their properties depend on the parameters
a and b, respectively. Each set, once measured, can give a results {A1, A2, ..., An} and
{B1, B2, ..., Bn}, respectively, depending on the value of a and b. Measurements of the
particles give only two possible outcomes ±1, i.e. |Ak| = 1 and |Bk| = 1. P (a, b) is
the correlation function between of the results A and B. It is defined as the average
product of the results obtained by the joint measurements. In the most general case,
−1 ≤ P (a, b) ≤ +1 as AkBk = ±1.

P (a, b) =
1

n

n∑
k=0

AkBk (1.21)

Now, by considering the hidden variable model, we can define λ which is a parameter
that fixes all measurements if it is constant. It can take any value in the set Λ. So the
probability density over this set is ρ(λ).∫

Λ
ρ(λ)dλ = 1 (1.22)

As the measurements depend on λ, we can write the new functions A(a, λ) and B(b, λ),
which are discontinuous, and can only have the values ±1. The correlation function (Eq.
1.21) then becomes

P (a, b) =

∫
ρ(λ)A(a, λ)B(b, λ)dλ. (1.23)

This is a local expression as A does not depend on b, nor B depends on a. If we repeat
the experiment with new variables of a′ and b′, we could define the quantity ∆ and try
to explore the boundary of its values.

∆ = |P (a, b)− P (a, b′)|+ |P (a′, b) + P (a′, b′)| (1.24)

Using the properties |A(a, λ)| = 1, we can find an expression for the two terms of
equation 1.24.
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|P (a, b)− P (a, b′)| =
∣∣∣∣∫ ρ(λ)A(a, λ)(B(b, λ)−B(b′, λ))dλ

∣∣∣∣ (1.25)

≤
∫
ρ(λ)|A(a, λ)||B(b, λ)−B(b′, λ)|dλ (1.26)

≤
∫
ρ(λ)|B(b, λ)−B(b′, λ)|dλ (1.27)

Similarly to equation 1.27, we get equation 1.28.

|P (a′, b) + P (a′, b′)| ≤
∫
ρ(λ)|B(b, λ) +B(b′, λ)|dλ (1.28)

Since |B(b, λ)| = |B(b′, λ)| = 1, the sum of the right-hand side of equations 1.27 and
1.28 is constant.

|B(b, λ)−B(b′, λ)|+ |B(b, λ) +B(b′, λ)| = 2 (1.29)

This gives us the Bell’s inequality, equation 1.30. It is a criteria using correlation be-
tween measurements only based on the fact that a common unknown parameter controls
the outcome of the measurements.

∆ = |P (a, b)− P (a, b′)|+ |P (a′, b) + P (a′, b′)| ≤ 2 (1.30)

We now consider the quantum mechanical correlation function between the two states
|a〉 and |b〉. We now get the following equation 1.31 for P . If we consider all the possible
states, one may find states |a〉 and |b〉 with rotation of π/4 between them. This would
give to their correlation function the value

√
2/2.

P (|a〉 , |b〉) = −〈a|b〉 = −(a∗1b1 + a∗2b2 + ...+ a∗pbp) = −~a ·~b (1.31)

The criterion ∆ thus becomes equation 1.33. By carefully choosing |a〉, |a′〉, |b〉, and
|b′〉 (or by starting with orthogonal states and inducing a rotation of π/4), it is possible
to have ∆ > 2.

∆ = |P (|a〉 , |b〉)− P (|a〉 ,
∣∣b′〉)|+ |P (

∣∣a′〉 , |b〉) + P (
∣∣a′〉 , ∣∣b′〉)| (1.32)

= | 〈a|b〉 −
〈
a|b′
〉
|+ |

〈
a′|b
〉

+
〈
a′|b′

〉
| = 2

√
2 (1.33)

Any system or experiment that exhibits this property, cannot be explained by a hidden
variable model. This shows that the true nature of the entanglement correlation is not
classical but something never seen before, purely coming from quantum mechanics.
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Bell test experiments

The most famous test of the Bell’s theorem is the demonstration of Alain Aspect in
1982 [53]. Many other experiments have been conducted to show violation of the Bell’s
inequality, increasing distance [54, 55, 56], using electrons [57], photons [54], and other
particles [58, 59, 60]. In all these experiments, Bell’s inequality was violated.

In some experiments, require random setting to be performed. Random numbers can
be used to choose the base of polarization or the orientation of the magnetic field in the
experiment without introducing a bias. Which type of random numbers are then used
can be important. Usual random numbers are pseudo random: they are generated by
complex functions with a changing seed (typically time). They are not, mathematically,
true random numbers and may contain statistical artifacts [61, 62]. It is also possible to
use physical random numbers coming from the natural properties, like atom decays or
beam splitters. They have been considered as a loophole in the model, since they could
be ”selecting” the data as they are dependent themselves on physical laws. Since both
pseudo and physical random numbers exhibit Bell violations, it has been tried to only
use human choices to set the experiments. People were asked numbers that were then
used to make simultaneous experiments around the world for 12 hours continuously. The
results were Bell violations in all cases [63].

Moreover, recently loophole-free9 experiments have been conducted [57, 64, 65], mak-
ing criticism against the Bell’s theorem even more difficult. All experiments pointing in
the same direction, there is no hidden variable. Locality10 cannot be kept if one wants
to save the realism interpretation11, and vice versa.

1.1.5. Non-linear processes

In the last few years, entanglement went from demonstrations to resources. Generating
entangle states has become a necessity for applications of quantum mechanics, from
telecommunications to computation, metrology, and more. Atom-like structures are
one way to produce quantum states. Another is using nonlinear processes that rely on
conservation laws.

Nonlinear optical properties are present in all materials. Optical nonlinearities arise
from the crystalline structure of the materials and their atomic and electronic responses
to an electro-magnetic field. This response can affect electro-magnetic waves and change
their properties. As it starts as an unknown function, we can describe the response by
a Taylor series expansion. If we call the dielectric polarization density (the response to
the electric field) ~P (t) at time t and the electrical field ~E(t), one can write,

~P (t) = ε0(χ(1) ~E(t) + χ(2) ~E2(t) + χ(3) ~E3(t) + . . .) (1.34)

9Critics of Bell’s theorem used loopholes in the experimental demonstrations which were the inefficiency
of the detection and random number generation. This made it possible for the detector to ”select”
the results which could have created the statistical anomaly, e.g. Bell violation.

10No instantaneous information exchange between system.
11The system is predetermined regardless of the observation.
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with ε0 the vacuum permittivity and the coefficients χ(n) are the n-th-order susceptibil-
ities of the isotropic medium. The first term χ(1) is the linear optical susceptibility. It is
linked to the index of the material, dispersion, etc. All others are the nonlinear coeffi-
cients. They have much smaller effect than χ(1), and large fields must be applied to take
them into account. The higher order coefficients make the field response change such
that new frequencies can emerge. χ(2) is the second-order nonlinear term : it describes
processes such as second harmonic generation or parametric down-conversion. It exhibits
a 3-photon interaction, the decay of a photon into two others or the merge of two photons
into a higher energy one. χ(3) is the third-order nonlinear therm, it describes processes
such as third-harmonic generation, four wave mixing and the intensity-dependent refrac-
tive index. Some are 4-photon interaction, with inelastic scattering of light changing two
photons into two new ones with different frequencies or three photons merging into one.
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Figure 1.5.: One example of χ(3) effect Spontaneous Four Wave Mixing (SFWM) process

A single photon is often thought as a particle with a set energies, which is the ideal case
or at least a classical approximation. It has in fact a spectrum. Its state is represented
by

|ψ〉 =

∫ ∞
0

φ(ω)a†ω |vac〉 dω (1.35)

where a†ω is the photon creation operator at frequency ω, satisfying [aω, a
†
ω′ ] = δ(ω −

ω′). It is applied on the vacuum represented by |vac〉. Finally, φ(ω) is the spectral
distribution function normalized such that

∫∞
0 |φ(ω)|2dω = 1. An ideal photon with a

single frequency would be

|ψ〉ideal = a†ω0
|vac〉 . (1.36)

Here a photon is created from the vacuum with the frequency ω0. Two-photon states
can also be produced. The most common way is to use Spontaneous Parametric Down
Conversion (SPDC) or Spontaneous Four-Wave Mixing (SFWM). The generated pairs
are generally non-separable states (i.e. entangled) [66].

Yet just because an energy exchanging process is possible, it does not mean that
it is efficient. The conversion efficiency of a process can be limited by fluctuations in
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the incident field(s). (For instance, the polarization induced by the incident field(s) is
composed of many local polarizations, which may or may not be radiating in phase.)
Nonlinearly-generated fields at different points within the material accumulate phase
as they travel. They may add constructively or destructively at the exit surface of
the material. The technique of phase matching ensures that: for at least one energy
exchanging process, the sum of these fields at the exit only increases with increasing path
length, through the nonlinear optical material. Thus, phase matching can determine
which energy exchanging processes are most efficient. All others will have sums of
locally-generated fields that at some point decrease with increasing path length [66].

The phase matching condition means that the sum of the wave-vectors in the process
must be null, ∆k = 0, such as described by equation 1.37, where kp are the annihilated
(pumps) photons and kn are the created (signals) photons.

∆k =
∑
p

kp −
∑
n

kn = 0 (1.37)

For SPDC and SFWM processes, the conditions are simply equations 1.38 and 1.39,
respectively, with kp the pump, ki the idler, and ks the signal photons.

kp − ki − ks = 0 (1.38)

2kp − ki − ks = 0 (1.39)

The nonlinear process generates a two-photon wave-function,

|ψ〉II =
1√
2

∫ ∞
0

∫ ∞
0

φ(ωi, ωs)a
†
ωia
†
ωs |vac〉 dωidωs, (1.40)

containing frequency correlations between the two photons. The biphoton wave func-
tion (BWF) φ(ωi, ωs) is normalized

∫∞
0

∫∞
0 |φ(ωi, ωs)|2dωidωs = 1. In the general case,

it cannot be factorized into a product of a function of ωi and a function of ωs, i.e.
φ(ωi, ωs) 6= fi(ωi)fs(ωs) [66]. This is, at least, partial entanglement of the two photons.
The BWF gives its properties to the two-photon state. It can go from a separable state
(φ(ωi, ωs) = fi(ωi)fs(ωs)) to a maximally entangled state.

Nonlinear processes occur both in free space and guided-wave configurations. In the
latter case, not only the energy conservation must be satisfied, but the momentum
condition is now tied to the properties of the available modes. We still want ∆k = 0. It
is now decomposed, in the following way :

∆kB + ∆kWG + ∆kMat + ∆kP = 0. (1.41)

Here, ∆kB is the wavevector mismatch being induced by the waveguide birefringence,
∆kWG by the waveguide dispersion, ∆kMat by the material dispersion, and ∆kP by the
self-phase modulation of the pump wave and the cross-phase modulation of the sidebands
due to the pump wave. In the normal dispersion regime of the material, 0 < ∆kMat.
So we must design our waveguide to operate in the anomalous regime ∆kWG < 0 to
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compensate for it and the pump contribution. When the nonlinear susceptibility has
positive sign, which is the case in silicon, 0 < ∆kP . The birefringence contribution
can be positive or negative depending on the relative polarization of the sidebands with
respect to the pump [67]. The amount of light being converted in a waveguide by SFWM
over the spectrum is approximately

Pwg =
hω2

p

6π2
(γPpL)2 (1.42)

with L the length of the waveguide, h Planck’s constant, ωp and Pp the pump’s frequency
and power, respectively [66]. γ is the usual nonlinear parameter [68] which can be
approximated to

γ =
n2ωp
cA

(1.43)

where n2 in the nonlinear refractive index, c is the speed of light in a vacuum and A is
the effective area of the waveguide.

The nonlinear generation is broadband over all the phase matching conditions. But
the power conversion can be improved by using a cavity. In a ring resonator, the power
converted is enhanced by the photon cavity increased field and recycling effects, giving
equation 1.44,

Pring = h(γPp)
2

4ν4
p

π3ω3
p

(
Q3
p

R2

)
(1.44)

with R as the ring’s radius, Qp the pump quality factor of the loaded cavity, and νp
the group velocity. Both expressions 1.42 and 1.42 neglect the free carrier effects in the
materials. This approximation does not hold at high input powers when Two-Photon
Absorption (TPA) occurs. The equations 1.42 and 1.44 does not indicate which frequency
is converted. This is deduced from the phase matching condition 1.37, as long as it is
true there is frequency conversion. It is difficult to compare directly the two expressions
as they do not have the same behavior. All other parameters being fixed, enhancement
from a cavity can be further increased by tuning its quality factor [66]. In a ring, photon
generation preferentially happens in the resonances, meaning a wavelength comb of light
is emitted over the full phase matching condition range.

1.2. State of the art: Quantum characterizations

Quantum characterization or state tomography is fundamental to make use of generated
states. Not only do we need to know the state we are creating to use it, but we also
need to know its performances, as they limit the application we can target. There are
multiple properties that can be investigated: spectrum, statistics, indistinguishability,
entanglement.
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Photon statistics

The statistics of the photon states determines the nature of the generated light. Since we
work here in a discreet variable scheme, we will not consider the coherent state statistics.

Single photons are characterized by their non-classical statistics. Indeed, to be single
photon, they should be anti-bunched, i.e. they must be separated in space/time and
not bunch. This is not a trivial behavior to obtain and usually requires single photon
sources [69]. Statistical characterization of single photon sources is done with a second-
order correlation (g(2)) measurement (see section 4.2). To do so a Hanbury-Brown-Twiss
(HBT) type experiment must be realized [70]. A beam splitter sends the light beam to
two photo-detectors. The correlations between the two detector’s measurements inform
on the statistics of the light [70]. The criterion is the level of correlations at zero delay,
which for a beam of single photon should go down to zero (anti-correlation).

Such measurement is the first proof that a quantum emission has been achieved.
[71, 72, 73, 74, 4, 75, 76, 77]. Below a value of 0.5 at zero delay, it is considered as a
quantum light source. However, for a source of single photon, its g(2) must be close to
zero, see table 1.1.

Spectrum & Joint spectral amplitude

The spectrum of the emitted photons determines the platform on which it can be ma-
nipulated but also what type of interactions are available. At telecom wavelength, the
photons can be guided in optical fibers and transmitted over a few km with minimal
loss. In the near infrared (700-900 nm), they can be used with high efficiency single
photon detector made of silicon working at room temperature [78].

The spectrum of the photon states also determines the type of interaction that a
photon can have. Two photons with identical spectra (as well as all other properties)
can interact and interfere.

Finally, there can be correlations within the spectra mode of different photons. In
this case the photons are entangled. The Joint Spectral Amplitude (JSA) measures
the spectrum correlation level between two photons. It is the probability to have a
frequency of the first photon as function of the frequency of the other. The JSA can
be performed with correlation measurements using dispersive fibers [79], narrow filters
[80], interferometry [81]. Seeding of the photon pair is possible, a single spectrometer is
needed and allows to retrieve the JSA [82]. There are then two extreme cases depending
on the JSA shape: Separable photons or Entangled photons [83].

Indistinguishability

Indistinguishability tests the possibility of labeling different object. If there is no way
to label them as photon A or B, they are indistinguishable. The indistinguishability
depends on the type of measurement performed on the photon; they are indistinguishable
with respect to a measurement. Any two photons interference can provide information
on the indistinguishability of the interfering photons [42, 84]. Indistinguishability has
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been characterized in polarization [85], time-bin [86, 46], path with an Hong-Ou-Mandel
(HOM) experiment [87].

In this last case, each photon is sent at the input of a perfect beam splitter. Depending
on the time delay between the two incoming photons, a dip in the coincidence can be
measured. These coincidences arise between the two outputs of the beam splitter. At
zero delay, the coincidences should go to zero if the photons are perfectly indistinguish-
able as the photons bunch. This type of experiments has been performed between pairs
of photons [88], which were generated with quantum dotes [89, 90], or point defects [91].
In all these cases the photons had a highly indistinguishability (>80%).

1.3. State of the art: Integrated quantum photonics

The combination of photonics and quantum optics is promising. It allows stable optical
circuits, compact, scalable, and amenable to large scale production. Numerous function-
alities have been integrated from photon sources [4, 92], to quantum calculators [39, 93],
and quantum memories [94, 95], to name a few. The main limitation is the difficulty
to combine them all into a single device. However, multiple strategies and technological
platforms exist. We will see here the current state of the art of Quantum Integrated
Photonics (QIP).

QIP exploit the fundamental properties of quantum physics to code and manipu-
late quantum states. QIP are regarded as the one of most promising pathway towards
disruptive technologies, envisioning major improvements in processing capabilities and
communication security [96, 97]. However, practical implementations, such as quantum
key distribution systems or quantum processors, require a large amount of compatible
building-blocks [98, 99, 100, 101]. Integrated photonics provides efficient and reliable
solutions for realizing advanced quantum communication systems based on both linear
and nonlinear elements [102, 103, 104, 105, 106, 107, 108]. One of the crucial limitation
of all these realizations is the on-chip filtering. Pump lasers are used to excite/generate
nonlinear light. This pump light has much higher intensity then the generated photon
state. So it must be removed. Most of the time, this operation is externalized, using
fiber or bulk optical components, and hinders the benefit of both the compactness and
stability of the whole system [109].

The three stages of quantum photonics are the generation, manipulation, and detection
of quantum light states. We will go through the state of the art of the three.

Single photon sources A fundamental component is the single photon source. It
needs to send photons with a large rate, predictable in time, and generate pure single
photons. They need to be indistinguishable, in the same spatial, temporal, polarization,
and spectral mode [77], see table 1.1. Multiple platforms have developed these sources,
we will see a few of them below. There are multiple types of sources, some generating
a unique photon, some a pair of photons each time, see figure 1.6. There is also on-
demand sources where a state is generated after a trigger pulse and heralded sources
where a quantum state is generated at a random time.
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Figure 1.6.: Examples of structures used for the generation of single photons: (a) Defects in
bulk 3D crystals and nanocrystals that emit single photons when excited with
sub-bandgap light (illustrated with a green incoming laser beam). The insets show
the most studied crystals — diamond, silicon carbide (SiC), yttrium aluminium
garnet (YAG) and zinc oxide (ZnO). (b) Emitters in 2D hosts. Single-photon
emission at cryogenic temperatures was realized from localized excitons in sev-
eral transition metal dichalcogenide monolayers including WSe2 and MoSe2, as
shown in the confocal map (left). Room-temperature operation was realized from
defects in monolayer hBN and few-layer flakes of hBN (right). (c) Single-photon
emission was recorded from excitons localized at oxygen-related defects in single-
walled carbon nanotubes. (d) Nitride Quantum Dot (QD) embedded in a nanowire
waveguide in order to enhance emission. (e) Self-assembled InAs QDs. Both
QD systems are representative of epitaxial (non-colloidal) QD-based single pho-
ton emission platforms. The InAs QDs were the first system used to demonstrate
triggered single photon emissions. Examples of structures used for the genera-
tion of photon pairs: (f) photonic crystal waveguide, (g) coupled photonic crystal
cavities, (h) ring resonator, (i) waveguide with polarisation rotator, (j) two-path
source with a 2D-grating combiner, (k) coupled ring resonator optical waveguide,
(l) coupled one-dimensional photonic crystal resonators, (m) microdisc resonator,
(n) bidirectionally, non-degenerately pumped all-pass ring, and (o) bidirectionally,
non-degenerately pumped add-drop ring. Reproduced from Ref. [77, 110].

Manipulation Once we can generate well defined states, we need to be able to change
them, i.e. to make them interact in a controlled way. Wavelength (de)multiplexing is an
important tool separate or combine photon pairs at different frequencies. Actively tuned
components are fundamental to direct dynamically photons together. For instance, a
photon can be sent to a quantum memory for storage or re-routed to be processed.
The processing is done differently depending on the encoding. It is done by gates in the
circuit. They can be static or reconfigurable. Since we are using light, these gates consist
of optical elements like phase shifters and beam splitters. The idea is to apply a linear
matrix operation of the photon states. For instance, in the case of path encoding, the
most useful gate is the Controlled NOT gate. It requires two input photons, a control
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Photon purity g(2)(0) Indistinguishability Efficiency η Repetition rate

Quantum key < 0.1 Not critical, photons > 0.5 > GHz
distribution must be uncorrelated
Cluster-state < 0.001 > 0.99 > 0.99 Ideally > GHz to

quantum computing avoid long buffers
All-optical < 0.001 > 0.99 > 0.99 > GHz

quantum repeater
Bell-state sources for < 0.01 > 0.9 > 0.9 Ideally > GHz

memory-based repeaters

Table 1.1.: Summary of source requirements for different applications. Photon purity describes
how close the produced states are from the modeled ones (here how close we are
from a single photon). Indistinguishability reflects how subsequent photons can be
recognized, i.e. how identical they are. Efficiency is simply the probability to have
a photon when we expect one. Repetition rate is the number of times we get a
photon per second. Table reproduced from Ref. [77]

Figure 1.7.: (a) Optical micrographs of programmable nanophotonic processor, the system is
4.9 mm by 1.7 mm and is composed of 56 Mach-Zehnder interferometers, 213 phase
shifters, and 112 directional couplers. Waveguides are outlined in black. (b) RBS
unit cell with two directional couplers and two internal (θ1,2) and two external
(φ1,2) low-loss, thermo-optic phase shifters. (c) Thermo-optic phase shifter. Heat
is localized to the waveguide using narrow thermal bridges. Reproduced from Ref.
[111].

photon and a target photon. The target state will be flip (reverse the values of |0〉 and
|1〉) if and only if the control qubit is |1〉. The gate is composed of a Mach-Zehnder
interferometer, to act as a controllable beam splitter, and a phase shifter, see figure 1.7
[112, 111]. However, depending on the level of precision, more complex circuit must
be used to achieve a Controlled NOT gate [113, 114, 115]. Nonlinear gates can also be
considered, like two-level or multi-level systems. These types of interactions between
photons can be expended to created more complex architectures [112].

Detection Finally, after the states have been manipulated in the desired way, one
needs to measure the results by detecting photons. They are absorbed into a detecting
structure (PN junction, superconducting nanowires, ...) that transforms the photon’s
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(a) (b) (c)

(d)
(e)

(f)

(g)

(h) (i)

Figure 1.8.: Established photon-counting technologies based on reverse-biased avalanche pho-
todiodes. (a) Thick-junction Si Single Photon Avalance Detector (SPAD), a de-
vice structure optimized for high detection efficiency and low dark counts. (b)
Shallow-junction planar Si SPAD, a device structure optimized for low timing jit-
ter requiring low bias voltages. (c) InGaAs/InP SPAD structure, where the use of
a smaller-bandgap semiconductor extends single-photon sensitivity to telecommu-
nications wavelengths. The evolution of Superconducting Nanowire Single-Photon
Detector (SNSPD) design. (d) An atomic force microscopy (AFM) image of an
early 1.3 µm x 225 nm NbN nanowire. (b) A Scanning Election Microscope (SEM)
of NbN meander SNSPD covering a 10 µm x 10 µm area. (c) A 3 µm x 3 µm
NbN meander SNSPD embedded in an optical cavity, designed for optical illumi-
nation via the substrate. (d) Multiple nanowire elements are biased in parallel via
independent resistors resulting in a photon-number-resolving SNSPD. (e) Ultra-
thin nanowires (30 nm wide) are connected in parallel to improve the sensitivity
(registering efficiency) of the SNSPD. This device is known as a superconducting
nanowire avalanche photodetector (SNAP). (f) A SNSPD fabricated on an optical
waveguide structure to improve the optical coupling efficiency. Reproduced from
Ref. [116, 117].

energy into an electrical current. This current is then can be amplified and used, see
figure 1.8 [116, 117]. Except for the time-bin and time-energy states, we do not di-
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rectly probe the properties of photons. We filter them and see if they pass the test.
Recent developments in detectors have enabled photon-number-resolving detectors to
reach high efficiency > 80%. Such detectors allow to access the photon number with
greater certainty than ever before, opening new experimental possibilities [118, 119].

1.3.1. III-V platforms

Using Quantum Dot (QD) in InGaAs, InAs/GaAs, InAsP, and more, many groups
have been able to generate on-demand single photon sources, see figures 1.6 and 1.8
[71, 72, 73, 74, 4]. These artificial atoms contain at least two energy levels. An electron-
hole pair can be exited and relaxed inside the QD to create a photon [120].

The main difficulty is the integration of the QD into integrated structures. QD are
generally randomly distributed in positions and energy levels. This issue can be resolved
by customizing the lithographic process, sometimes called in-situ lithography. It requires
locating, measuring and patterning the QD in a single fabrication process. The same
optical path is used for all the steps but at different wavelengths. The localization
and characterization of QD is usually made by photoluminescence in the near infrared
(∼900-1000 nm), whereas lithography is realized in the Ultraviolet range [121, 122]. Such
sources yield very efficient single photon generation per pump laser pulse [71, 72, 73, 74,
4]. They require very low amount of pump power (down to the nW) to emit a single
photon. Their firing probability per pulse is also close to one. But both indistinguishably
and multi-photon emission are still problems. They reduce the quantum performance
of the source as the generated states cannot be trusted. They also require very low
temperature to operate (about 4K), thus a cryostat and other adapted equipment are
required. However, this might not be a problem for a fully integrated system as ultra-low
noise detectors also generally require low temperature to operate.

Another way is to manually move the QD to a position suited for integration. This was
shown in the InP platform [123]. The quantum emitter, an InAsP QD, was embedded
in a pure InP nanowire. It was then moved into a site to be integrated into a waveguide.
This allowed for in plane QD excitation and extraction of the generated photons.

1.3.2. Periodically Poled Lithium Niobate

Lithium Niobate has now been used in photonics for almost 50 years. Waveguides and
various active devices on this platform (modulators [124], phase shifters [125], etc [126]).
But the most interesting structures are Periodically Poled Lithium Niobate (PPLN)
waveguides. A high second order nonlinear effective coefficient can be achieved in
them. They are great candidates for frequency conversion, for instance using PDC.
Since Lithium Niobate is a ferroelectric crystal, it has a dipole moment. PPLN are
periodic structures with successive moment inversions.

PPLN are almost working at room temperature (RT). Instead of being cooled, they
must be heated at around 100◦C to 200◦C to achieve the phase matching condition. They
cannot be too compact due to the low index contrast (< 0.1), making turns millimeter
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long, limiting their use [127]. Nonetheless, many applications have been demonstrated
in the approach.

PDC has been used for a long time to generate entangled photons mainly in polar-
ization. The pump laser is converted in the PPLN waveguide into a pair of photons
satisfying the matching phase and energy conditions. This is a broadband process that
creates entangled pairs [5] which can be used for application like QKD [92, 128] or
quantum relays [129]. It is also possible to add a filter after the PPLN waveguide that
narrows enough the emission bandwidth to generate separable states, at the price of
heavy losses. In this case, it becomes a heralded single photon source that delivers single
photons at random intervals. The pumping laser can be in Continuous Wave or pulse
regimes, resulting in high heralding efficiencies (∼ 60% probability). However, a main
limitation is the pair statistics being generated. The probability of accidentally herald-
ing two photons instead of a single one increasing with the rate. The higher the pump
power, the higher photon rate, but also the lower the single photon quality [130]. This
is true for all nonlinear processes.

More elaborated systems can also be implemented: hyper-entangled pairs in time-bin
and polarization have been demonstrated [131, 132]. In this case, each photon of the pair
has both a time-bin and polarization entanglement simultaneously. Path entanglement
demonstrations have been used to produce NOON states, mostly used in metrology [133].
This was achieved by having evanescent coupling between two PPLN waveguides, which
delocalizes the pairs. When properly engineering the coupling constant and the phase
matching condition, path entangled two-photon states are naturally created, i.e. NOON
states or entangled two-photon states [134, 135].

Squeezing is also possible in PPLN waveguides. This is when the fluctuations of one
of the two quadratures of the light electrical field is compressed below the Planck’s con-
stant. Different realizations of squeezing at telecom wavelengths have been demonstrated
[136, 137]. One notable example that makes use of squeezing is in Laser Interferometer
Gravitational-Wave Observatory (LIGO). Its Michelson interferometers use squeezing to
reduce noise in the detection of gravitational waves. Finally, quantum memories can
also be made in PPLN waveguides [138]. The encoding and reading is done by sending
bright pulses along the stored state. Quantum memories are key elements for long dis-
tance quantum communications, to build true quantum networks. The main advantage
here is that the natural acceptance bandwidth of the quantum memory is in telecom
wavelengths.

1.3.3. Diamond Defects, Nanotubes, and Organic Molecules

Other platforms are emerging as quantum photonic platform candidates. They do not
have technological ascendant over the III-V, Lithium Niobate, or Silicon platforms, but
show interesting properties for quantum optics. Among them are a few notable ones,
color centers in diamond, nanomaterials like carbon nanotubes, single-atom layers, or
organic molecules. All of them are alternative routes to a on demand single photon
source but still suffer often from poor light coupling, low indistinguishability, as well as
reproducibility issues.
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The nitrogen-vacancy (NV) and the silicon-vacancy (SiV) defects in diamond have
been the most studied. Their crystallographic and electronic structures are well es-
tablished. At low temperature (<5 K), the emitter’s bandwidth are narrow enough to
allow two-photon interference between different emitters, although poor visibility is then
reached (72± 5% and 66± 10% for the SiV and the NV centres, respectively [139, 91]).
But they have a high-count rates, at the same level as QD. [75, 76, 77]

Nanomaterials such as semi-conductive carbon nanotubes or defects in single-atom
layers also allow to generate single photons thanks to their electronic band structure.
As the others, they work at cryogenic temperatures. Reproducibility and brightness
still remain challenges. Development in the fabrication process may be able to reduce
differences between samples. [140]

Organic Molecules have naturally the needed level structure for quantum emission.
Fluorescent light from molecules provides high photon rate with simple integration ap-
proaches [141, 142], but they also often require to operate at low temperature to reduce
the phonon perturbations. They also present low indistinguishability [143]. However,
thanks to their complex structure, they provide interesting solutions for more complex
interactions such as polarization-controlled emission.

1.3.4. Silica and Silicon

Silicon based platforms (silica on silicon, Silicon on Insulator, Silicon Nitride) are very
promising for large scale applications as they rely on the technological advancements of
the Complementary Metal-Oxide-Semiconductor (CMOS) processes. Fabrication pro-
cesses use for the fabrication of microprocessor and computer systems [144]. CMOS
components have been improved and refined form more than 50 years and has led to
large-scale microelectronic industrial production. CMOS processes has been the ba-
sis of the industrial photonic development. Such commercial platforms allow the large
scale reproducible production of photonic system. Manipulation of quantum states was
demonstrated in previous works with commercially fabricated devices [110, 111]. How-
ever, the generation and detection of photons are still limited by losses and heralding
process. Most of these works make use of the SFWM process as the mean to generate
quantum states. This is the only solution as there is no Parametric Down Conver-
sion (PDC), nor artificial atoms available on these platforms. This is restrictive as it
is a random process. So it reduces the scalability of multi photon states generation.
SFWM comes also from a third order nonlinearity, decreasing the efficiency of the pump
conversion compared to PDC. Finally, the pump and generated pairs are in the same
wavelength range, which makes it difficult to clean up the quantum signal.

Silica on silicon is the most difficult to scale both in complexity and fabrication. The
waveguides are made by doping the silica creating an index change. The index contrast
(<0.1) is low, making compact turns impossible, thus limiting the density of integration.
Silica has also a lower nonlinearity than both silicon and silicon nitride. It has however
extremely low losses (<0.1 dB/cm [145]) and very good coupling to standard single mode
fibers; two very important properties for quantum photonics [146]. Silica waveguides can
also be realized with laser writing. A high power laser is used to heat locally the silica
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and create the waveguide. This restrains the type of possible waveguide/components
geometries compared to other lithographic techniques. But it allows for 3D waveguide
positioning, as the waveguides are basically fibers. This is a industrially compatible each
waveguide been written one by one. However, if the fabrication process does not require
a cleanroom, it makes a more affordable on-site fabrication method.

Material n n2 (m2/W) Transparency (µm) TPA
SiO2 1.44 3× 10−20 0.2 - 4 No

Si 3.47 5× 10−18 1.2 - 8 Yes
Si3N4 2 2.5× 10−19 0.4 - 4.6 No

Platform Lin. losses (dB/cm) Coupling (dB) Typical Q Themo-optical coeff. (RIU/◦K)
SiO2 < 0.1 < 0.1 - 0.95× 10−5

Si/SiO2 > 1 ∼ 3 104 1.9× 10−4

Si3N4/SiO2 < 1 ∼ 3 106 1.45× 10−5

Table 1.2.: Summary of the silicon materials and platforms at 1550 nm. [147, 148, 149]

Silicon-On-Insulator (SOI) allows for ultra-dense circuits, as a result of the large index
contrast between silicon and silica. It also allows for large scale fabrication capability,
thanks to its well-known technology. It has the highest nonlinearity of the three plat-
forms, but suffers from TPA at telecommunication wavelength (in the near-infrared),
which limits the pump power in waveguides. TPA will not be a problem in this work
as the photon rate at low power is enough for our applications. SOI has higher losses
(>1 dB/cm), poor fiber coupling (>3 dB), and still uses random process to generate
states. But SOI is also the main platform of classical photonics. Thanks to this, various
classical photonics functionalities have been already integrated (e.g. lasers, photodiodes,
...) that are not native to silicon. The integration of III-Vs or superconducting mate-
rials on silicon has been demonstrated [110, 150, 151, 152, 153, 154]. They could make
SOI a unifying platform where all other functionalities (generation, manipulation and
detection) are possible.

Silicon nitride has the advantage of silicon (for the production and an acceptable
level of integration of circuits), while having low losses (<1 dB/cm). It has a lower
nonlinearity than silicon. This can be compensated by the higher enhancement of its
cavities (e.g. higher quality factor up to 106), while not being limited by TPA. It has also
been integrated on silicon and is becoming a standard photonic platform in industrial
foundries.

Many quantum demonstrations have been realized on these platforms. Spirals [155,
156], rings [46, 157], and photonic crystals [158] based SFWM emission have been demon-
strated allowing the generation of photon pairs. They can be demultiplexed without
altering their properties [11, 159]. These pairs can then be used in programmable pho-
tonic processors [111] or combined to create multi-photon states [37], all on a single chip.
These developments allowed for the implementation of two photon quantum logic gates
[160].

In all of these platforms, the pump rejection is one of the main limitation. A few
experiments based on this technology have been carried out to address the pump rejection
challenge using on-chip solutions [7, 8, 9, 10, 11, 12, 13]. This is due to the close spectral
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proximity between the pump and the generated light.
For instance, let us compare a silicon ring with a quality factor of 104. If 1 mW of

pump power is injected, 8.1× 106 pairs are generated per second (using equation 1.44).
However, 1 mW of optical power at 1550 nm is roughly 1016 photons per second. We
can see that for the pump to reach the same power level as the light generated, a ∼ 1010

reduction is required. So one way or another a 100 dB filtering must be applied to the
pump light.

The current filtering strategies suffer from two main limitations: i) the continuous
monitoring of the filter response to maintain proper performance [7, 8, 9], and ii) pro-
hibitive additional interconnection losses between components [10, 11] (up to 9 dB [12]).
We will see our strategy to reject the pump in chapter 3.

For all these advantages, we chose to use the SOI platform to develop quan-
tum optical circuits. The well-known fabrication processes will allow us to increment
quickly our designs, while the versatility in the platform allows various functionalities
to be implemented on a single sample. We will be able to design in the next chapters
all the building blocks for the nonlinear generation of light. We will also propose and
demonstrate a solution for on-chip pump rejection. All of this while staying compatible
with the industrial fabrication standards and the telecom channels from the International
Telecommunication Union (ITU grid).
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Chapter 2.

Silicon Photonic Platform

The development of a quantum photonic platform requires a high level of fabrication
control as well as a library of components. The goal is to fabricate reliable devices
with a high degree of reproducibility [110, 161]. We will re-design our platform to be
compliant with quantum needs. The more components are available, the more various
functionalities and versatility are given to the platform. One can implement then dif-
ferent circuits on the same chip with the same fabrication process. Here, we aim at
generating and manipulating non-classical states of light on a single device.

We will first go over the lithographic and fabrication processes. Then, we will see what
are the components and functionalities needed to achieve a complex quantum circuit.
Finally, we will build all the needed components of the platform, including waveguides,
active-tuning, generation of non-classical light, and demultiplexing components to ex-
tract or separate photon pairs, see figure 2.1.

2.1. On-chip quantum circuits

Our goal is first to generate quantum states on chip. Then we will make them usable
by cleaning noise and pump in the signal. This quantum light will then be manipulated
using demultiplexing stages and/or beam splitters for various tasks. The integration
of all the functionalities requires: the development of components, a way to connect
them all, and to control them. Let see all the functionalities we need to achieve a
quantum circuit. More explicitly, this thesis has been largely based on the architecture
presented in figure 2.1. Inside, pairs of photons are generated then manipulated into
different quantum states. The rather crucial aspect of this small circuit on a chip is
a good control of optical losses, an extreme rejection of the optical pump signal (see
chapter 3) and a spectral alignment of the ring resonances with the rejection band of
the pump filter (see chapter 4). In other words, the different sub-blocks that make up
the whole must not only have correct individual performances, but must also be able
to work effectively with the other elements. Without going into a deep level of detail
further at this stage, here are the various optical functions that must be combined to
generate pairs of entangled photons.

Non-linear light generation is done with a ring cavity. This will allow to amplify the
efficiency of the Spontaneous Four-Wave Mixing (SFWM) effect in Silicon waveguides
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Figure 2.1.: Schematic of the target quantum circuit comprising different components: grating
couplers (GC), ring resonators (RR), pump filters (PF), demultiplexers (DMU),
and a tunable beam splitter (TBS). Here a photon-pair comb source outputs multi-
plexed frequency combs of photon pairs; the entangled photon-pairs generator out-
puts in separated waveguides the signals and idlers of the pairs (it can have more
than two outputs); the heralded photon-number state generator outputs NOON
states or pairs of indistinguishable photons when two heralded photons (here idlers)
are detected simultaneously.

(section 1.1.5). It localizes the pump conversion to the cavity’s resonance wavelengths.
This aims at creating a frequency comb of photons pairs. To be compatible with standard
telecom network components, we will stay at telecom wavelengths and try to match our
wavelength comb with the International Telecommunication Union (ITU) standards.
The cavities will thus have to generate light directly in the standard ITU grid channels.
This should allow to use off-the-shelf components when using the nonlinear light being
generated through the SFWM process.

The pump rejection filter cleans the nonlinear light from the pump. The needed
large level rejection (∼ 100 dB [6]) makes it challenging to design and fabricate. In
silicon photonics, we will use an optimized Bragg grating based on an original approach
to remove the pump from the comb (see sections 3.5 & 3.6). At the end, only photon-
pairs are left, ready to be manipulated. This will be addressed and discussed in more
details in a separated chapter, see chapter 3.

De-multiplexing allows to separate the different wavelengths generated in the comb.
Each pair is separated into two channels, they can then be used as resources for different
users. De-multiplexing can be achieved with an active (e.g. add-drop ring), or a passive
solution (e.g. modal add-drop device). The add-drop ring is a cavity with a secondary
coupled output channel. It allows the resonating light to be extracted while the rest
is transmitted. It is very selective with a low crosstalk level but requires active tuning
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of the cavity to work properly (see section 2.7.1). The modal add-drop on the other
hand uses a grating to selectively back reflect the light, which is then coupled into
another waveguide. This strategy can be used without active tuning thanks to its large
bandwidth (see section 2.7.2).

A tunable beam splitter is simply a Mach-Zehnder Interferometer (MZI). It can
tune the power injected into its two outputs. If two entangled photons are sent simul-
taneously in the inputs of the MZI, they can form a number state (e.g. NOON state
[112, 162]) depending on the interferometer’s phase.

Let us call an entangled photon-pair comb source the combination of a ring cavity and
a pump rejection filter (see figure 2.1). Its output is a cleaned comb of nonlinear light.
If we now integrate a demultiplexing stage, we get an integrated entangled photon-pair
generator (see figure 2.1). Its outputs are directly (groups of) photons pairs that can
be sent to users. Depending on the type of pump used for the SFWM process, it can
output entangled-mixed or separable-pure photons. When entangled, they can be used
for quantum telecommunications. Or, if separable, they can be used as a heralded photon
source. In that case, we get a Heralded photon-number states generator by combining
two pair generators with a MZI (see figure 2.1).

When we change the phase imbalance of the MZI (∆ϕ), the splitting ratio at the
output changes. At a fixed wavelength (here the signal wavelength), the output for an
arbitrary phase is

|Φout〉 ' 2i
(
1 + e2i∆ϕ

)
|Φsep〉+

(
1− e2i∆ϕ

)
|ΦN00N 〉 . (2.1)

Here, |Φsep〉 describes the path product state |11〉 (a single photon is in each output of
the chip), while |ΦN00N 〉 describes a two-photon N00N state of the form 1/

√
2(|20〉−|20〉)

(a coherent superposition of 2 photons being delocalized over the two output modes).
So the state generated can be dynamically configured from |Φsep〉 to |ΦN00N 〉 by setting
the phase ∆ϕ to the right value, summarized in equation 2.2 [108].

|Φout〉 =

{
|11〉 , ∆ϕ = 0

1/
√

2(|20〉 − |02〉), ∆ϕ = π
2

. (2.2)

However, this is only the case if we have a trigger (detection of a photon) for both
idlers at the same times. Otherwise, if a single idler is detected, the system outputs:

|Φout〉 ' − sin

(
∆ϕ

2

)
|10〉+ cos

(
∆ϕ

2

)
|01〉 . (2.3)

2.2. Mask conception & Fabrication

To create a circuit we must first design its components. All the dimensions are set then
drawn so that is can be implemented onto a wafer. This process requires various tasks
and iterations that we will see in this section.
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The fabrication of silicon waveguides is a structuration of the materials with nanomet-
ric precision. High accuracy is necessary to obtain reproducible devices. The material
to build the circuit is a planar disk of silicon. It is made of a crystalline layer of a few
hundreds of microns in thickness. This substrate can be uniformly coated with other
materials, like silica, polymers, metals, etc. Then parts of the layers are removed to
create a pattern. There are multiples types of fabrication processes each with different
strategies. Some change the material properties by doping. Others etch it with a beam
of ions to create a pattern. They all have their advantages and weaknesses. We use
lithography which is typically used in planar technologies to fabricate microprocessors.
It is now used to make photonic circuits in the compatible silicon family materials [163].

Since we use silicon, we will work in its low loss transmission window in the near
infrared (∼ 1550 nm). This is also the wavelength for optical telecommunications in
typical fiber network (ITU wavelength range).

Lithography consists of multiple fabrication steps: deposition of a photoresist, expo-
sure of the mask, development of the photoresist. It is similar to a photographic chemical
process but in silicon wafers, see figure 2.4. Photoresist is exposed to light that changes
its chemical properties. If a mask or shape blocks the light, its shadow will form a
pattern in the photoresist. Then the pattern is transferred on the materials by etching.
Finally, a cleaning step removes any unwanted residue. It can then be transferred on
the silicon by a chemical treatment, see figure 2.4. [164, 165]

2.2.1. Fabrication process

The Silicon-On-Insulator (SOI) photonic platform uses silicon wafers for device produc-
tion. They are made of a silicon base (750 µm), with above a Buried Oxide layer (BOX)
made of silica, and on top a thin silicon layer. The silicon base is monocrystalline which
is fundamental when growing materials or making depositions. It avoids mismatches but
also allows clean cleaving of the wafer. Wafers can have various diameters depending
on the fabrication process, from 25 to 450 mm (1 to 12 inches). We use typically 200
mm (8 inches) wafers. The BOX is either 2 or 3 µm thick. We use a top silicon layer
of 220 nm also monocrystalline. This is important for the quality of the photonic struc-
tures. Thanks to the absence of crystalline boundaries or defects, less light scattering or
absorption can occur. Except the wafers, that are commercially bought, all fabrication
processes reported in the presented manuscript have been achieved at C2N. The wafers
were cleaved into rectangles of 1 cm × 1 cm or 1 cm × 2 cm so they could fit in the
Electronic Beam Lithography (EBL) system, be spin-coated, or have chemical bath with
ease. Moreover, such a size was better suited for the experimental measurement and our
setup. Our processes are not industry standard, and our goal is to prototype circuits
that have the same fabrication requirements as in the industry.

After a cleaning in a hydro-fluoric solution, a thin layer of primer was deposited to
help the next layer stick to the wafer. This allowed to spin-coat a 90 nm thick layer
of ZEP520A positive photoresist [166]. The spin-coating created a uniform layer at the
center of the wafer. But close to its edges, the thickness was not homogeneous and
increased (edge effect). In its center, pieces of 1 cm by 1 cm squares or 1 cm by 2 cm
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rectangles were cleaved from the wafer to fit the EBL chamber holder size. The rest of
the wafer is discarded and not used for photonic fabrication. This allows to have a more
homogeneous resit between samples as dozens of them could be extracted from a single
wafer. Moreover, the ZEP520A photoresist being stable over long periods of time when
well stored. We could keep the samples for weeks before doing the lithography. Finally,
the resist was annealed at 180◦C for 3 minutes to make it ready for the lithographic
process step (see figure 2.2a and 2.2b).

As mentioned previously, we are equipped with an EBL Nanobeam NB-4 system [167].
It can go up to an electron acceleration voltage of 80 kV. This insures a penetration of
the beam of a few microns in the planar layer. Loading of the samples is done on a
sample-holder or chuck. Once loaded into the EBL, the writing step starts. Depending
on the step size (2 or 5 nm) and the Graphic Database System (GDS) file size (see
section 2.2.2), it last from a few minutes to more than 24 hours (see figure 2.2c).

(a) (b) (c)

(d) (e) (f)

Si SiO2 Photo-resist

e-
cleaning spin-coat lithography

developement etching cleaning

Figure 2.2.: Schematic view of the silicon photonic fabrication process.

Once the patterns were written, a solution of ZEDN50 was applied for 30 seconds. It
removed the resist that had been exposed to the beam, leaving a protective mask of the
desired structures (see figure 2.2d). To transfer this patterns to the silicon, we used a
dry etching, i.e. reactive ion etching with inductively coupled plasma (ICP-RIE). A mix
of octafluorocyclobutane (C4F8) and sulfur hexafluoride (SF6) gas was used to remove
silicon. An oscillating magnetic field create a ionized gas in the chamber. This process
reproduced well the shapes of the resist on the silicon. Well defined vertical edges in
the resist will result in well defined vertical waveguide edges (see figure 2.2e). A Teflon
(C2Fn) residue was left by the chemical reaction with the resist. It was removed by a
cleaning step using a solution of hydrogen peroxide (H2O2) and sulfuric acid (H2SO4)
(see figure 2.2f).

To actively tune some of the photonic components, we deposited metal layers next to
the waveguides. A thin (∼100 nm) and a thick (∼500 nm) layers of gold were added
as heating elements and electrical contacts, respectively. We repeated the previous
lithographic process with a resist layer of 300 nm. We then deposited 10 nm of Titanium
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on top 100 nm of Gold. The thin layer was then lift-off to remove the excess gold leaving
the heaters on the BOX (see figure 2.3). For the contacts, the resist must be changed
to SML1000, as the resist layers must be thicker than the metal had to deposited. The
lithographic process was repeated for about 2 µm of resist, Ti layer and 500 nm of Gold
were deposited. Finally, the lift-off was performed. The lift-off is a dangerous step as an
insufficient resist thickness, or a metal deposition not directional enough, can prevent
the removal of the excess metal. This effectively destroys the sample as the transparency
is lost.

(a) (b) (c)

Si SiO2 Photo-resist

developement deposition lift-off

Metal

Figure 2.3.: Schematic view of the metal fabrication process by lift-off.

Checks of the dimensions were done using a Scanning Election Microscope (SEM)
Raith150. As the silicon’s dimensions were smaller than the wavelength of light, classical
optical microscopy could not be used to check the fabrication process. But an SEM
allowed to see beyond the rayleigh scattering and diffraction limit of UV light. An
example of image is shown in figure 2.8b. On top of the photonic circuit, a cladding
could be deposited if necessary. In some cases, we spin-coated polymethylmethacrylate
(PMMA) on top as a protective layer. This thickness varied but typically was of a
few microns. PMMA prevents any SEM imaging once deposited. But it can be easily
removed with a bath of acetone and oxygen plasma.

2.2.2. Mask conception

To print the patterns, energy needs to be given to the resist. This extra energy changes
the photoresist chemical composition to allow for the chemical treatments. There are two
main types of lithographic processes: Ultraviolet (UV) or electronic. The first one makes
use of using UV light to give this energy while the second uses an electron beam. The
UV approach allows for a fast exposure that is easily reproduced on large scales. It uses
a hard mask that must be fabricated for each design. This last step is costly and slow,
making it not practical when prototyping. The EBL on the other hand has much higher
resolution (a few nanometers instead 100 nanometers for UV) and does not require a
hard mask, making it very practical for prototyping. It is however not scalable, as the
beam is writing every pixel on the photoresist. The dimensions that can be written with
EBL can be down to 50 nm, i.e. the shortest straight line, while in UV it is typically
100. In situ fabrication, in our case, was only done with electronic lithography so I will
only describe it. That said, it should be noted that all the components designs used in
this thesis are compatible with UV lithography, which means that the proofs of concept
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that will be presented in the rest of the manuscript are all transferable to industrial
fabrication.

Figure 2.4.: Schematic view of the lithography and differences between a positive and a negative
photoresist. (http://www.blackholelab-soft-lithography.com)

There are in fact large similarities between UV and EBL masks. Once the dimensions
of the designed structure have been chosen, via simulations or taken from a reliable
source. They must be implemented into a GDS file. Such a file format contains a series
of points defining polygons, i.e. the geometry of the mask. Each polygon is attached
to a layer and datatype. They are additional informations on the polygons that can be
used for grouping them or realizing operations on them, e.g. boolean ones. The polygons
form the structure geometry in the wafer plane. Whereas the layer and datatype are
used to establish the moment in the fabrication process when a polygon is exposed. This
usually sets the vertical position and thickness of the structure.

There are numerous tools to generate a GDS file, some are free like LayoutEditor or
klayout, others are not, CleWin or AppProcessComposer to name a few. On our side,
we have used klayout for manual changes and the python library gdspy [168] to generate
automatically the GDS files via scripts.

(a) (b)Positive resist Negative resist

Figure 2.5.: Difference between a positive (a) and a negative (b) GDS file of the same grating
coupler.

The GDS files must be fundamentally modified depending on which type of photoresist
is used. It is either a positive or a negative photoresist (figure 2.4). Positive resist
leaves a hole where it is exposed to radiation. Negative resist, when exposed, creates a
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protective layer that prevent etching. To get the same result on the wafer, the geometry
or its outline must be implemented, see figure 2.5.

Figure 2.6.: Screen-shot of the GSD once fractured into mainfields (yellow lines) and subfields
(blue mesh).

Since our lithographic process is electronic, we had faster incrementations with quick
changes between samples (compared to a hard mask). Electron beam lithography is done
with a Nanobeam NB-4 system 80kV, with a step size of 5 nm, or 2 nm in some cases. We
use the ZEP resist which is negative. The Nanobeam writer has limited writing fields, it
can only deflect the electron beam over a limited distance before it gets distorted. They
are rectangles of sides ranging between 100 µm and 500 µm. It is these areas that the
electron beam scans. The points exposed to the beam form the lithographic pattern. In
the mainfields, no mechanical movement of the stage (i.e. sample) is necessary. When
changing between mainfield the sample is moved, so the beam does not have to be
deviated too much from the center. The mainfields are divided into subfields which have
sides ranging between 10 µm and 30 µm, here only the beam moves using magnetic lens.
Due to the stage movement, the precision between the mainfields is lower than between
the subfields. Misalignments of the beam between fields can create discontinuities in the
pattern. Some have only small effects but others can prevent the circuit from working
(e.g. interrupted waveguides, missing structures, deformed corrugations, etc.). When
stitching errors are too large, they can create misalignment between fields, see figure
2.7a. It is then important to have the least number of fields as possible. This is also
to have the smallest fields to limit distortions. Large structures (grating couplers, ring
resonators, etc.) should be kept in a single mainfield to avoid large misalignments.
Waveguides or long structures (Bragg filter, directional couplers, etc.) must be aligned
to the subfield grid to limit stitching effects. The choice of these grids and the positions
of waveguides must then be integers of one another.

Another effect to take into account is the backscattering of electrons during the lithog-
raphy, represented in figure 2.7b. As the electrons are backscattered by the substrate,
they slowly expose the resist. This dose accumulates for every pixel written. It creates
proximity effects where the shapes drawn by the beam are deformed. For instance, sharp
corners can be smoothed and the exposed dimensions tend to increase, see figure 2.8. In
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(b)(a)

Figure 2.7.: (a) Stitching error during the lithographic process, (b) Schematic view of electron
beam scattering during the lithography (henderson.chbe.gatech.edu).

this configuration, the exposed shapes increase in size depending on the dose. For large
areas, it can increase, for example by 25 nm in every direction. Since waveguides are
defined by the negative of GDS file. An exposed rail defines their paths. This makes the
waveguides 50 nm smaller compare to the GDS file. Similarly, for all other structures,
bias values must be used in the GDS files so that fabricated dimensions are the desired
ones.

Depending on the level of precision needed and the smartness of the EBL, one may
need to break a the GDS file apart into individual circuits (waveguides and connected
components). Each one should be prepared into a separate file so the EBL only writes
one at a time, and no writing jump is possible between them. When giving multiple
unrelated structures to the EBL machine, it may (due to proximity between them or
other internal parameters) jump between polygons that are not adjacent. Then when
the beam comes back, misalignment can occur.

(a)

95 nm

158 nm

135 nm

211 nm

225 nm
195 nm

Figure 2.8.: Comparison between the GDS mask and a fabricated structure, (a) GDS mask
with the input dimensions, (b) SEM image of the fabricated structure.

When multiple layers are used, it is important to have alignment marks for all of them.
Each layer must indeed be accurately positioned with respect to a previous one. After
each layer is exposed, the sample must go through a full processing cycle. In some cases,
reaching the desired structures requires these alignment marks. If the writing time is
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long (more than a few hours), the position of the beam drifts from the origin (0, 0).
The last polygon drawn can have drifted by a few microns from the origin, which also
depends on thermal effects, the writing time, and the stage precision. So, aligning the
next layer to the nanometer clearly requires local alignment marks.

Finally, something that can seem trivial but is often overlooked are labels. Labeling
with some dimensions or an id for each device can ease testing and search in the sample.
Similarly, adding some unique markings on each sample avoids any confusion. It can
also save time when one needs to identify a sample. After all of this is done, the GDS
files must be converted into an EBL-compatible file. This depends on the machine itself.
In our case, this is Nanobeam Pattern file (NPF). In it, the grids are set and the GDS is
fractured (spitted) into mainfields and subfields, see figure 2.6. The NPF files were made
automatically with python scripts. The NPF files contain the data but the instructions
(which layer to use, with what grid and dose, etc.) are in separate files, the Nanobeam
job files (NJF). Together they are given to the EBL system, and after an alignment of
the sample, it can proceed to write the GDS file.

2.3. Grating couplers

The first functionality we need is a way to inject and extract the light from the silicon
layer. To do so, we use Grating Coupler (GC), which are periodic structures scatting
the light in specific directions (angles) depending on its wavelength [169].

Figure 2.9.: (a) Schematic of the transmission through a sample using single mode fibers (SMF),
two grating couplers (GC), connected by a waveguide (WG). (b) Picture of the sam-
ple connected by two fibers and two electrical contacts, it is under the microscope
on the stage of (c) the picture of the setup used to measure the sample with a
Continuous Wave tunable laser, a photo-detector (PD), and a power supply (PS).

Two fibers are cut to leave their core exposed. They are mounted at an angle on a
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micro-metric stage, see figure 2.9a. Once the light is injected in the fiber it goes into the
grating where it is diffracted into the silicon layer, see figure 2.9b. This is a practical
way to get the light in and out, as the reverse process is also possible.
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Figure 2.10.: (a) SEM image of the regular grating coupler, (b) focused grating coupler, and
(c) transmission spectrum of two GC connected by a straight waveguide.

The advantages of using GC are numerous. They can be placed anywhere on the
sample, no cleaving is needed. They have a strong polarization dependency, filtering
Transverse-Magnetic (TM) waves. They can be low loss and have do not excite multiple
modes. They can have negligible back reflection into waveguide [170]. But they also
suffer from a limited 3dB-bandwidth (∼ 30 nm), are sensitive to fabrication, and are
intrinsically large, about 500 µm (even if they can be made more compact < 100 µm).

We use sub-wavelength GC to reduce the back reflection and thus their Fabry-Perot
effect [170]. Gratings are achieved by etching holes in the 220 nm thick silicon layer.
As a consequence, the duty cycle and pitch of the rows create an effective material. We
could engineer its effective index to have a good grating directionality and good profile
mode matching with the single mode fiber. Iterations of simulation and fabrication
were done over samples to reduce the coupler losses down to 4.6 dB/coupler, see figure
2.11. A two-stage apodization of the grating was also added improving the coupling to
3.8 dB/coupler. Moreover, to decrease the large size of the taper (500 µm), we used
a focused grating [171] which allowed to decrease by 10-fold the taper length down to
50 µm. This saved a lot of space in our samples without affecting their performances.
This level of coupling performances was sufficient for the physics experiments that were
conducted on the samples.
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Figure 2.11.: Summary of the grating coupler transmission for different design iterations all
along the PhD project.

2.4. Waveguides

Since the height of silicon layer is set by our wafers to 220 nm, we adjust the width of
the waveguide to tailor its properties. To simulate the waveguides, we use Lumerical
MODE Solutions, a 2D eigenmode solver software [172]. The most important is the bus
waveguide, which is the default way for guiding the light between components. It must
be single mode at the operational wavelength of 1.55 µm (only the fundamental mode
can propagate) and low loss. Moreover, we want these properties for Transverse-Electric
(TE) polarization, as its field is along the wafer plane, see figure 2.12. This gives TE a
stronger evanescent coupling with other in-plane waveguides, although, it has stronger
interaction with the side corrugation of the single fabrication step waveguide.

We use both PMMA and air cladding. PMMA is practical to deposit and is removable,
giving flexibility. It provides a symmetric index cladding as its index nPMMA = 1.48 [173]
is close to the index of silica nSiO2 = 1.44. It also protects the photonic structures from
the environment, dust, and rapid thermal changes. Air is used to create an asymmetric
index cladding. This helps to filter TM modes that are coupled to the substrate (see
figure 2.12b). Other materials can be used instead for adding protection but air the
simplest to implement.

At 1550 nm, the waveguide starts becoming single mode around 550 nm width in
PMMA and 650 nm width in air. Increasing the width allows higher order modes to
propagate. It also reduces the optical losses as the mode field gets more confined in
silicon and does not see as much defects (localized at the edges). We thus need the
largest width with single mode property. We choose a 400 nm width which is a good
trade-off for the bus, between a reliable single-mode and a large field confinement. The
bending losses in silicon waveguide are small thanks to the index contrast, even for bends
down to 10 µm radius [163]. The minimum bend radius we have used in all samples is
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Figure 2.12.: Mode profiles of the electric field intensity |E|2 for the fundamental modes (a) TE
and (b) TM with air cladding and (c) TE and (d) TM with a PMMA cladding
at 1550 nm. Waveguide width is 400 nm with a height of 220 nm.

25 µm, which let to negligible bending losses (see figure 2.13a).
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Figure 2.13.: (a) Plot of bending losses for 25 microns radius turns and (b) plot of the linear
losses as a function of the waveguide length.

Meanwhile, the propagation losses are high compared to other platforms like Silicon
Nitride or Silica (<1dB/cm) [174]. These losses are mainly due to the roughness of the
sidewall created by the lithography. In our case, they average to around 11 dB/cm, see
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figure 2.13b, but vary between chips due to variations in the fabrication process.

To measure the bending losses, we keep the length of the waveguide fixed and increase
the number of bends. For the propagation losses, we simply increase the length of the
waveguide. In both cases the effect of grating coupler can be removed by linear fitting
of the data, see figure 2.13. The slops indicates the losses per bend and the propagation
losses, respectively.
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Figure 2.14.: Plots of the waveguide mode chromatic dispersion of the fundamental mode (TE0)
as a function of wavelength for different waveguide widths, (a) with PMMA
cladding, (b) with air cladding.

The SFWM process needs valid phase matching condition to happen. We must engi-
neer the effective chormatic dispersion experienced by the guided mode. As mentioned
in section 1.1.5, we need to tailor the mode dispersion to be anomalous. The single-
mode bus waveguide is not efficient for the nonlinear generation of the photons. It has a
partial normal dispersion1 with PMMA cladding (see figure 2.14a) and is too anomalous
regime2 with air cladding (see figure 2.14b). We need another waveguide that can be
used specifically for efficient SFWM. Changing waveguide width reveals smaller anoma-
lous dispersions for larger waveguides over the S and C band, see figure 2.14. But a too
large waveguide can support more modes and 90◦-bends can then excite them, generating
undesired effects.

As a first approximation, we can only consider the wavevector mismatch from the
waveguide and the self modulation of the pump. In this case, we have to satisfy,

∂2β

∂ω2
∆ω2 + 2γP = 0 (2.4)

where ∆ω2 is the bandwidth of the SFWM process, γ the effective waveguide nonlinear
susceptibility, and P the peak pump power. Reformulating this equation, we can write
that the dispersion Dλ is equal to

1normal dispersion regime in our modeling is for negative values if D
2anormal dispersion regime is at positive values if D
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Dλ =
γP

πc

λ2

∆λ2
(2.5)

The value of γ ' k0n2/Aeff ' 400 W−1m−1 is typical in a silicon waveguide, where
k0 is the wavevector, n2 the nonlinear index, and Aeff the effective nonlinear interaction
area [175]. We take a laser power of 1 mW, since we are using a cavity the power
inside can be approximated by the power injected times the finesse of the cavity F =
FSR/FWHM. If we consider a finesse F = 30 (FSR = 1.5 nm and Full Width at Half
Maximum (FWHM) = 50 pm) with a bandwidth of 10 nm corresponding to 14 ITU
channels, we get a Dλ ' 3.05 × 10−4 s m−2 = 305 ps/nm/km at 1550 nm. This value
would require a very multimode waveguide which not suitable for ring resonator cavities.
A compromise must be made between possible multimode excitation in the cavity (due
to defects and the waveguide bending) and the dispersion condition.

A width of 600 nm is chosen for the nonlinear waveguides. This allows to have a small
anomalous dispersion for both air and PMMA cladding while limiting the multimode
behavior. This type of waveguide will thus be used in the cavity for the generation of
photon pairs. As we will see in chapter 4, it is enough to have a good SFWM process
generation over most of the S and C telecom band.

2.5. Heaters

Heaters are necessary to control the ring resonator cavity, phase shifter, and some de-
multiplexing stages, seen in section 2.1 (figure 2.1). To do so, one needs to change the
effective index of the modes. We exploit the high thermal thermo-optic coefficient of
silicon (dn/dT = 1.8× 10−4K−1). Heaters are therefore deposited as mentioned in sec-
tion 2.2.1. They are composed of 100 µm× 100 µm contact pads made of a thick metal
layer (500 nm) that extends to the heating element. A thin line with 500 nm width is
used as a heater. It can follow the waveguide and is precisely placed with ± 200 nm
position accuracy. The resistance difference between the two layers, confines the heat in
the heating element.

By changing the length of the heating line, we can extract its resistances, see figure
2.15. The contacts resistance is about 39.5 Ω and the linear resistance of the line is 0.458
Ω/µm. However, the maximum supported power density or breaking power varies largely
between devices Wmax = 1.21± 0.88 mW/µm. This can be explained by defects in the
metal lines. They can heat up much faster, lowering the maximum power supported by
the heater.

The maximum temperature supported by the heater is close to 150◦C. However, it is
very difficult to know how much the waveguide is heated. The closer the heater is to the
waveguide, the more efficient it is. To know the closest possible distance, simulations
were made with Lumerical MODE solution [172], see figure 2.16. Losses start to appear
below 800 nm of distance. This is due to the evanescent coupling of the guided optical
mode with the metal. A safe distance of 1 micron is thus chosen for the most efficient
heater distance.
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Figure 2.15.: (a) SEM image of various heater lengths. (b) Plot of the heater resistance as a
function of length giving pad resistance of 39.5 Ohm and the line linear resistance
of 0.458 Ohm per micron. (c) SEM of the Gold heating line.
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Figure 2.16.: (a) Index of the simulated waveguide with Au heater on its side with PMMA
cladding (b) Plot of the simulated mode losses as a function of the heater distance
with the waveguide.

The maximum usable frequency is about 1kHz. This moderate frequency is due to
the thermal relaxation time of a few milliseconds. The ultimate test is to see if the
heater provides a full tunable range. On a ring cavity (or add-drop), it must shift the
wavelength by a full micro-ring resonator Free Spectral Range (FSR). Used in a MZI,
we need a phase-shifter capable of a phase π-shift.

2.6. All-pass ring resonator

A ring resonator is a type of cavity. It is where the SFWM occurs, creating the photon-
pairs mentioned in section 2.1. It is a waveguide folded on itself evanescently coupled
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to an input bus waveguide, figure 2.18 [176, 8, 9]. It works as an interferometer where
the light after each round trip accumulates a fixed phase ∆φ. If ∆φ = βL = 2πm, with
β the propagation constant, and m an integer, light interferes constructively with the
incoming signal from the input bus waveguide. The light that did one round trip is in
phase with the bus, and similarly for two, three, etc. round trips.
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Figure 2.17.: Transmission spectrum of a typical all-pass micro ring resonator. The free spectral
range (FSR) is the spectral distance between the resonances, the resonance depth
is the minimum level at which the resonance gets, the FWHM is the bandwidth
of the resonance at 3 dB of transmission.

The resonance wavelengths are given by:

λres =
neffL

m
(2.6)

with neff and L are the effective index of the mode, and the cavity length, respectively
[163]. For these wavelengths, light is confined in the ring with an increased field, see figure
2.17. The enhanced intensity of the field in the cavity makes it suitable for nonlinear
applications, as they depend on a power of the electric field.

Evanescent coupling is used to inject light in the ring. When the field of the mode
extends outside the bus waveguide up to the ring, they are coupled. This changes the
boundary condition of the field. The waveguides now support super-modes, combinations
of the field in the two locally nearly parallel waveguides (for weak coupling). Light
from the bus waveguide then excites the two supermodes of this coupling region, they
propagate with different phase velocities. This difference creates a beating to the field
going from one waveguide to the other with a spatial period of

Lπ =
λ

2∆n
=

π

2κ
(2.7)
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(a) (b)

Figure 2.18.: Scanning Election Microscope, (a) circular ring resonator, (b) coupler of a race-
track ring resonator.

with ∆n the index difference between the two super-modes, and κ the coupling coef-
ficient. So, to couple more or less power in the cavity, one can increase the length of
interaction or change the coupling coefficient between the waveguides modes.

The power injected in the cavity can be lower (under-coupled), equal (critical cou-
pling), or higher (over-coupled) than its losses. It is fundamental to over couple the
cavity for non linear generation [177, 178]. Over-coupling will reduce the Q-factor of
the cavity as well as the generation rate. But the higher the Q-factor, the longueur the
photon lifetime in the cavity is. This increases the chance that one photon escape before
its twin. This is the jitter of the pairs which, when large, reduces the time-correlation
of the photon pairs. In the worst case the pairs can be lost if one of the photon is
scattered. A small over-coupling gives a good trade-off between these parameters. The
quality factor (Q-factor) of a cavity is defined as

Q =
λres
δλ

(2.8)

with λres the considered resonance wavelength and δλ its FWHM, see figure 2.17. The
Q-factor represents the number of oscillations of the field before the circulating energy
is depleted to 1/e of the initial energy [176]. The Q-factor decreases with the coupling
strength but also with the cavity losses. Our losses are set by our waveguides and the
coupler losses. We can only play with the coupling coefficient of the cavity to get in
over-coupling regime. A slight over-coupling is achieved when the transmission depth
of the resonance is maximum. Similarly, we can define the finesse of the resonances
as F = FSR/δλ, which is between 16 and 32 for rings with Q-factors of 40k to 80k,
respectively.

Finally, the Free Spectral Range (FSR) is the spectral distance between two successive
resonances, see figure 2.17. To be compatible with the wavelength of the telecom channels
from the International Telecommunication Union (ITU grid), we choose a FSR to be a
multiple of 100 GHz. The FSR can be written as
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Figure 2.19.: (a) Plot of the Q-factor and resonance depth of circular rings as a function of
the gap for two samples, on top are linear fit to show the trend. (b) Plot of the
Q-factor and resonance depth of racetrack rings as a function of the gap for three
samples, on top are polynomial fits of the Q-factor and an asymmetric two sigma
fit of the depth to show the trend.

FSR =
λ2

ngL
(2.9)

with ng the propagation mode group index. We will choose a cavity length to be com-
pliant with the ITU grid.

Circular rings were mostly used with PMMA cladding (see figure 2.18a). In this case,
a few microns of interaction are enough to induce light coupling. The gap between the
ring and the bus waveguide is changed accordingly to find the proper coupling strength.
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Figure 2.20.: (a) Spectra at a racetrack ring resonance for multiple coupling length (b) Spectra
of a ring with a radius of 58.5 microns with multiple gaps.

A few geometries have been tested to evaluate the balance between the ring radius
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2.6. All-pass ring resonator

(Pring ∝ R−2), the Q-factor (Pring ∝ Q3), and the FSR (Pring ∝ R−2), see equation
1.44. We need a small radius as it increases the pair generation but as losses increase
with curvature, Q-factor decreases. A compromise was found with a radius around
60 µm and a FSR close to 200 GHz. Accordingly, the source rings have been chosen
throughout this work with radius values of 58.5 or 59.5 µm, which correspond to FSR
of 1.6 and 1.58 nm, respectively. This variation induces a half FSR shift in wavelength,
which is practical to roughly align the ring with other components. To find a good
bus waveguide/micro-ring coupling, a large and then a small variations of the gap are
performed. The critical coupling was found around 140 nm (see figure 2.19a).

Since waveguide loss depends on the sample, it is necessary to have multiple gaps,
±10 nm, to find an over-coupling regime every time. The major problem with rings is
the fine tuning of the resonance must be done actively. Any change in the fabrication
process or changing the gap can shift them by hundreds of pm (see figure 2.20a).
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Figure 2.21.: (a) SEM image of the ring heater and the contact pad junction (b) Plot trans-
mission at 1530 nm as a function of the electrical power.

Since evanescent coupling depends on the field leakage into the cladding, it is very
dependent on its index. Evanescent coupling is much weaker in air due to the greater
index contrast between the waveguide core and cladding material. Different designs of
cavities have thus been used for each cladding condition.

A racetrack ring was used for air cladding. Even with the minimum reproducible gap
of 50 nm (minimum feature size enable by our fabrication process flow), no resonances
were visible. So we needed to move from a classical ring resonator geometry to an
elongated coupling region, i.e. a so-called racetrack ring resonator (see figure 2.18b).
The maximum transmission was achieved for a length of 103.2 µm (First super-mode
effective index n1 ' 2.528, second super-mode effective index n2 ' 2.520, Lπ ' 103.2 µm
at 1550 nm). After fabrication of a range of coupling lengths, over-coupling condition
was found around 16 µm for a gap of 150 nm, see figure 2.19b. As for circular ring,
the coupling coefficient must be adjusted. So a variation of ±4 µm, was made in every
cavity to find appropriate coupling regime in every condition (see figure 2.20b).
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A heater was added next to the ring, as explained in section 2.2.1, at a distance of
1 micron (see figure 2.21a). It followed the ring on two thirds of this circumference. The
large resistance and the large interacting length of the heater allowed to move resonances
over more than a FSR. In figure 2.21, we can see the transmission of the cavity at 1530 nm
as function of the electrical power. We can see two dips in the transmission corresponding
to a resonance passing over the pumped wavelength. We can thus move the ring over
more than a FSR, allowing the ring to be aligned with any pump wavelength.

2.7. Wavelength demultiplexing

On chip demultiplexing enables splitting of wavelengths into different waveguides. Mul-
tiple wavelengths can be multiplexed together or each one must be demultiplexed. It
can be done via a cavity like a ring resonator with a second coupled waveguide or a
Mach-Zehnder interferometer. These are active solutions as they require a heater and a
controller. Other strategies do not need heaters, so less fabrication steps, such as Bragg
gratings.

These components are used to separate produced photons pairs in the circuit. Groups
or each resonances of the ring resonator are selected by the demultiplexing component. In
section 2.1, it is the demultiplexing stage which is fundamental for heralding or sending
the resources to different users.

2.7.1. Add drop ring resonator

By adding a second coupled waveguide to the ring cavity, it becomes an Add-Drop Ring
(ADR). At the resonant wavelengths, light can be coupled back into the second (drop)
waveguide, see figure 2.22. It can also be used to combine wavelengths using the add
port. Since we want to demultiplex pairs from the resonance of the source ring, we
need the FSR to be different from it, to avoid crosstalk. A radius of 28 microns is
chosen to have an FSRadd−drop ∼ 2.1× FSRring. Moreover, to avoid crosstalk between
the idler and signal, their ADR have a radius difference of 2.5 µm (i.e. R = 30 µm,
FSRadd−drop ∼ 1.9× FSRRing).

To get the maximum extinction ratio, we must change the gap of the ring. A minimum
of crosstalk was found to around -20 dB for gaps of 200 nm on both waveguides. However,
as for the source ring, the exact position of the resonances is random. Heaters must be
implemented to control and spectrally align them with the generating cavity. A high
Q-factor is not important here. If it is too high, it may even make it impossible to align
the spectra. The typical Q-factor for the add-drop was thus set between 1000 and 2000.

A line heater was deposited next to the ring, as explained in section 2.2.1, at 1 µm
from the waveguide. Unfortunately, the heated length of waveguide was too short and
did not provide an index change sufficient to have a full FSR shift (see figure 2.23b). It
was possible to shift by 800 pm before the heater burnt, which was less than the 3 nm
needed. Another demultiplexing strategy was thus used.
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2.7. Wavelength demultiplexing

Figure 2.22.: (a) Scanning electron microscope image showing an add-drop ring with the port
labeled. (b) Spectrum of the through and drop ports of the structure with a 150
nm gap.
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Figure 2.23.: (a) Scanning electron microscope image of the add-drop heater, (b) plot of the
wavelength shift as a function of the electrical power.

2.7.2. Modal add drop coupler

A Modal Add-Drop (MAD) device is composed a modal directional coupler [179] and
multi-mode Bragg grating. The coupler creates a phase matching between different
modes (e.g. TE0 and TE1). It is tolerant to fabrication thanks to adiabatic tapering
[180]. When combined with a multi-mode Bragg grating, since the back reflected light
is in a different mode (see chapter 3), it creates a MAD over the bandwidth of the filter
[181]. We have only used the drop configuration of a MAD, i.e. only one modal coupler.

The coupler is made of two waveguides, a multi-mode and a single-mode one, see
figure 2.24. The phase matching condition is achieved between TE1 in wg1 and TE0 in
wg2 during the tapering of the waveguides (see figure 2.25). The two waveguides are
separated by a fixed distance of 160 nm. Wg1 starts with a width of 610 nm and ends
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Figure 2.24.: (a) Scanning electron microscope image of a modal add drop, (b) the beginning
and (c) the end of the coupler.

with 860 nm, whereas wg2 starts with 490 nm and ends with 240 nm.

Figure 2.25.: Mode simulation of the transmission of the coupler, (a) in transmission and (b)
in the drop port after mode conversion. Reproduced from Ref. [180].

Figure 2.26.: Spectra of the through port and the drop port of a modal add-drop.

There are a few advantages to use MAD: tolerant to fabrication, no active tuning
necessary, works for both cladding types, and has a large bandwidth. The lack of active
tuning is thanks to the filter self-aligning in wavelength on the same sample, if the ge-
ometries are similar enough3. Moreover, as they can have large bandwidths, it relaxes

3If the fabrication process affect them in a similar way, they have the same wavelength shift. This can
happen when the geometries are close, with the same density of edges, the same proximity effects,
etc.
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the requirements on the wavelength alignment (as long as we are in inside the band-
width). They are simple to cascade for the same reasons. But they suffer from a poor
crosstalk of -10 dB/-15 dB, at least in our case (see figure 2.26). MAD have been used
for photon demultiplexing, but also to information on the alignment of the ring cavity
with the pump rejection filter. This is necessary when working with deep filters as there
is no way of knowing the exact position inside of it, see chapter 3.

2.8. Mach-Zehnder Interferometers

A Mach-Zehnder Interferometer (MZI) is composed of two Beam Splitter (BS) con-
nected together. It is a very simple structure, of which the most important components
are the BS. We use Multi-Mode Interferometers (MMI) to split the power between two
waveguides (see figure 2.27). It works by allowing the input modes to propagate into a
multi-mode waveguide. The multiple exited modes interfere creating a field interference
pattern that changes with distance. Stopping the propagation when a two-lobe-field pro-
file appears allows to split the power into two single-mode waveguides. These structures
are large band and tolerant to fabrication [182, 183].

To change the phase of the interferometer, a phase shifter is added. This is a waveguide
with a heater on its side. It can tune in which output the light goes out of the MZI.
When it is balanced, a MZI acts as a variable BS.

We use the MZI as a Tunable Beam Splitter (TBS). Depending on the phase shift
applied, the powers at the two outputs can be changed. This is to create number states
on-chip when single photons are injected, as explained in section 2.1.

input 1

input 2

ouput 1

ouput 2

Figure 2.27.: Scanning electron microscope images of the multi-mode interferometer (MMI)
with dimensions.

To test its properties, we use an unbalanced MZI, making easier to see changes in the
phase. Two types of heaters are used: a regular one with just a metal line next to the
waveguide and a heater with a sub-wavelength heat-guiding structure. In both cases,
only one arm of the interferometer was equipped with the heater. The sub-wavelength
pillars are made of silicon which has a better heat conduction than PMMA or silica.
This makes the heat flux increase towards the waveguide. The pillars have a width of
100 nm and are spaced by 100 nm. This pitch is much smaller than the wavelength
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allowing to operate in the sub-wavelength regime. This is when the light is sensitive to
an effective material and is not scattered.

Figure 2.28.: Scanning electron microscope image of a heaters of MZI, (left) regular heater,
(right) heater with sub-wavelength heat-guiding structure.

The splitting ratio of the MMI is shown by the good measurement spectral extinction
ratio >25 dB, see (figure 2.30a). This means that the power imbalance of the MMI is <1
%. Oscillations visible in the spectrum are due to the 40 µm imbalance in the MZI arms.
All the heaters follow the waveguide for 400 µm at various distances. They are made
of the same heating line described previously in section 2.2.1. They make a wiggle as
shown in figure 2.28 of 1.5 µm width. This is to increase the local resistance and thus the
joule effect produced. As previously, the contacts are made of pads 100 µm× 100 µm
reaching the ends of the heater.

Figure 2.29.: Simulation of the heat flow in the sub-wavelength pillar structure with the COM-
SOL software [184].

In figure 2.30b, we can see how much the MZI shifts as a function of considered
electrical power. The shift fraction is simply the wavelength shift normalized by the
FSR of the MZI. As one can see, the closer the heater the more efficient it is, but
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the pillars are the most effective by far. Heaters at 3.5 and 4 µm from the waveguide
and comprising pillars perform better than the closest regular one. They also have the
advantage of being more tolerant to misalignments during the fabrication processes. The
clear winner is the 1.5 µm with pillars as it has both the close distance and the pillar
enhancement effect. It has twice the shift fraction of the others.
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Figure 2.30.: (a) Spectrum of the MZI with and without sub-wavelength pillars, (b) Heater per-
formances shown with the wavelength shift normalized by the FSR as a function
of the input electrical power.

In figure 2.29, we can see why it is more efficient. Simulating the structure with the
COMSOL Multiphysics software [184], we can see a clear asymmetry in the heat flow.
This increases the temperature in the waveguide as the heat transfer is now greater in
its direction.

Since most of the design can reach a shift of at least one FSR, any could be used on
a future MZI. The maximum frequency of use is, like other heaters, close to 1 kHz, due
to the slow thermal relaxation of the structure. MZI will be implemented into a final
design of the chip as a variable BS, which should allow to generate special quantum
states called NOON states (figure 2.1).

2.9. Summary of the performances

We can summarize the performances of all the components we have developed so far, see
table 2.1. We can interconnect all components with the bus waveguides, control them
with heaters, and injection/extraction of the light. The design generates the SFWM in
ring resonators to create photons. They can be manipulated or de-multiplexed with the
MZI or the add-drops resonators.

We are able to inject and extract light from the samples thanks to the grating couplers.
They allow to place the circuits anywhere on the chip while suppressing the TM mode
injection.

We now have a cavity to generate the photon-pairs via SFWM. It has anomalous
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Structure Properties Values

Waveguide Linear losses (dB/cm) ∼10.9
Bend losses (dB/25µm-bend) ∼0.02

Heater Linear resistance (Ohm/µm) 0.458

Contact Resistance (Ohm) 39.5

Ring resonator Q-factor 10 000− 80 000
Resonance depth (dB) 6− 19
FSR (nm) 1.58− 1.6

Add-drop ring Crosstalk (dB) 20
FSR (nm) 3− 4.41

Modal add-drop Crosstalk (dB) 15

Grating coupler Transmission (dB/coupler) 3.8
5dB-bandwidth (nm) 50

MZI Crosstalk (dB) 25
Splitting ratio (%) 49/51

Table 2.1.: Summary of the typical performances obtained for the components introduced in
this chapter. All components have negligible insertion losses which are smaller than
our alignment precision (< 0.5 dB).

dispersion providing acceptable phase matching condition of the nonlinear process. With
the FSR close to the ITU grid, it is easy to demultiplex the different parts of the photon-
pair comb. We can have critical coupling for both the ring and racetrack configurations,
working with PMMA and air claddings, respectively. This is the basis of the photon-pair
comb source of the section 2.1.

This cavity can be controlled with heaters that are placed next to the waveguide. They
allow for a full wavelength alignment control of the cavity, making it easy to spectrally
align with the other components. A heater can also be used in the demultiplexing stage
on the add drop ring. The demultiplexing, with the ADR and MAD, separates part
of the comb photon-pairs to sent them into different outputs. This is important for
heralding or network applications. With this, we can make an entangled photon-pairs
generator (section 2.1 and chapter 4).

Finally, we have a TBS in the form of a MZI. It can be controlled again thanks to a
heating element creating a phase shift in the arm of the MZI. The TBS could be useful
in a heralded photon-number state generator (section 2.1).

So we have almost everything we need to create a full quantum circuit on chip. But
we still need the pump rejection function. This function is quite challenging due to
the quantum requirement imposted on it: very large rejection in a narrow band of a few
nanometers (around 100 dB and 2 nm, respectively). We will use Bragg filters to achieve
the pump rejection. We will see it in the next chapter.
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Chapter 3.

Pump Rejection Bragg Filter

Generating nonlinear light in silicon requires large enough pump power. Even if we
are limited by Two-Photon Absorption (TPA) (in the case of silicon around 1.55 µm
wavelength), we still need mW of pump laser. On-chip pump rejection is challenging
as the typically needed pump rejection levels are larger than 100 dB, as seen in section
1.3 of chapter 1. On top of this, in the Spontaneous Four-Wave Mixing precess, if the
rejection bandwidth is large, the photon source brightness of the nonlinear conversion
is spoiled [6, 185]. With a ring resonator cavity, we want to avoid it as well. So the
rejection bandwidth should be close to the Free Spectral Range (FSR) of the cavity. We
want a 100 dB rejection in a few nanometers bandwidth.

A myriad of optical filters has been reported for the silicon photonics technology,
including Bragg grating filters [186, 187, 188], cascaded micro-resonators [189, 190] and
Mach-Zehnder Interferometer (MZI) [191, 192]. Although theoretical designs can achieve
remarkably large rejection levels, most practical implementations are limited to the 30-
60 dB range [189, 190, 191, 186, 192, 193, 194, 187, 188].

The main limiting factor to the achievable on-chip optical rejection currently lies in
fabrication imperfections. More specifically, the high index contrast of the Silicon-On-
Insulator (SOI) platform makes these circuits very sensitive to fabrication errors. As
small deviations in waveguide width and height strongly affect the propagation con-
stant of light, resulting in large phase errors [195]. This detrimental effect distorts filter
response, thus compromising rejection capability. In the case of cascaded multi-stage
filters, relative phase errors may result in destructive interferences or relative wavelength
shifts that offset the benefits of cascading. These interference effects have been mini-
mized in optical fibers [196, 197, 198] and Si chips [199] by cascading grating sections
with different Bragg resonance wavelengths. Although effective for dispersion compen-
sation or tuning of the filter bandwidth, this strategy does not overcome rejection depth
limitations as each grating section reflects in a different wavelength range. On the other
hand, multistage filters combining nominally identical ring resonators or MZI sections
are strongly affected by fabrication imperfections, as phase errors actually shift the
wavelength response of each filter section offsetting the benefits of the cascading. The
wavelength of the notch in ring resonators and MZIs is determined by the total phase
accumulated along the full optical path. Then, any punctual waveguide error can alter
the accumulated phase, shifting the wavelength of the notch.

These drawbacks have been partially alleviated by implementing active phase-tuning
in multistage filters [6, 185, 200, 201]. For instance, 60 dB rejection has been shown on
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a single chip with cascaded MZI [185], and 100 dB has been demonstrated for a tenth
order micro-ring-based filter [200]. Still, this approach complicates device fabrication and
operation, as it requires implementation of tuning circuitry and continuous monitoring
of the filter response to maintain proper performance.

In this chapter, we use Bragg gratings to reject the optical pump on-chip. We will first
recall the principles of Bragg gratings, then the various ways to tailor their properties.
Finally, we introduce an original approach based on multimode gratings to cascade them
and break the guided waves coherency between successive filter sections [15]. As it will
be shown in section 3.5 of this chapter, they have the advantages to be all-passive, are
easy to spectrally align with one another, and can provide the necessary performance
for on chip pump rejection.

3.1. Introduction to Bragg filters

A Bragg filter is a periodic refractive index change in a multi-layer stack of an opti-
cal waveguide. It can be made of stacks of materials or by periodically changing the
waveguide geometry (e.g. modulating its width).

Let us define a 1D periodic structure of pitch Λ, with N periods. In the most general
case, each period has an index profile function n(x, y, z) = n(x, y, z + Λ), see figure 3.1,
where the x and y coordinates define the waveguide cross section and z is along the
Bragg grating perturbation. This function can be simplified into a series of Q constant
sections with nq(x, y). We can then easily study the interaction between these sections.

(1) (2)

(a) (b)
(1) (2)

Figure 3.1.: (a) Periodic 1D Bragg stack of materials (1) and (2). (b) Waveguide with width
corrugation which acts as a Bragg grating. The z axis is the light propagation axis.

Using the coupled mode theory [202, 203], we can consider the multiple normal modes
that are traveling in the waveguide, in both directions. When a perturbation occurs,
the transition from the unperturbed waveguide to the perturbed one forces the field to
transfer on a new base of normal modes. The field overlap between the two bases allows
for the coupling between the two mode bases. If we consider the field as a projection on
the basis of modes, we can write it as a vector. Then, coupling between mode can then
be written as a matrix M made of the modes coupling coefficients between each period.
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The coupling matrix M contains the effect of the thickness of each layer P and the
effect of each interface transition D. The propagation matrix P mostly adds a phase
shift depending on the layer thickness. The interface matrix D can be found using the
overlap of the modes on each side and applying the boundary conditions from Maxwell’s
equations. For Q sections in the period, we can then write M as,

M = D−1
0

Q−1∏
q=1

DqPqD
−
q 1

DQ (3.1)

Then the N periods are considered by taking the N -th power of the coupling matrix
M . For a set of input modes a0, the output modes after N periods is then aN = M−Na0.
Due to the periodicity, the Block theorem imposes a periodic field, leading to phase factor
e−iKΛ being the eigenvalue of the matrix M .

an = e−iKΛan−1 ⇔Man = e−iKΛan ⇔ det(M − e−iKΛI) = 0 (3.2)

If we consider only two propagating modes, one in each direction, we can simplify it
to

M =

(
m1 m2

m3 m4

)
⇒ e−iKΛ =

1

2
(m1 +m4)±

√(
1

2
(m1 +m4)

)2

− 1 (3.3)

Which gives the following dispersion relation,

K(β, ω) =
1

Λ
arccos

(
1

2
(m1 +m4)

)
(3.4)

|(m1 + m4)/2| < 1 corresponds to a real K, so there is propagation of the Bloch
wave. When |(m1 + m4)/2| > 1, an imaginary part appears in K making the Bloch
wave evanescent. This forces a contra-direction coupling due to the periodicity of the
perturbation. As it adds a wave-vector mismatch, K = 2π/Λ, in the phase-matching
condition, ki − kf + K = 0, only contra-directional modes can be coupled. Finally, if
|(m1 +m4)/2| = 1, we get the Bragg structure band edge.

To simplify the modeling, we can get the properties of the Bragg filter for weak
perturbations δn � 1 model [204]. This gives the following equations that determines
the main optical properties, where n1 and n2 are the effective index of the first and
second propagating modes, respectively.

• The resonant wavelength:

λ0 = Λ(n1 + n2) (3.5)

• The coupling strength:

κ =
2∆n

λ0
sin(πf) (3.6)
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• The 3 dB-bandwidth of the filter:

∆λ =
λ2

0

πng

√
κ2 +

(π
L

)2
(3.7)

• Its power reflectivity:

R = tanh2(κL) (3.8)

Here, ng is the group velocity of the mode unperturbed waveguide, f the periodic
corrugation duty cycle, L = NΛ the length of the filter, and ∆n = |n1−n2| the effective
index contrast. This works for any two modes traveling in the same waveguide with a
large mode overlap. Note that here the coupling coefficient (κ) is mainly governed by
the grating geometry.

Interestingly, we get from equation 3.8 the striking result that arbitrarily large rejec-
tions can be achieved just by implementing a strong coupling coefficient or a sufficiently
long filter, i.e. provided that κ, L� 1. Unfortunately, the achievable rejection saturates
beyond a certain filter length in practice [186, 187, 188].

As a matter of illustration, we plot in figure 3.2 a typical filter reflectivity and band-
width in the simple case of a Bragg mirror. We can see various conditions depending on
the two-period index contrast, the Bragg mirror length, and its duty cycle, respectively.
The bandwidth of the filter decreases with the filter length. It saturates after a certain
value that depends on the coupling coefficient. Changing the duty cycle leads to a re-
duction of the filter bandwidth but also the rejection level. To have the strongest filter,
a 50% duty cycle must be used, see figure 3.2c and 3.2d.

Note that for a fixed length (fixed N), the relation between the bandwidth and the
rejection of the filter is set. We can only play on the length and the group index to
change the bandwidth independently of the rejection. Any Bragg grating with these
same parameters has a bandwidth / rejection relation, whatever the way we change the
coupling strength.

∆λ =
λ2

0

πngNΛ

√
atanh2(

√
R) + π2 (3.9)

3.2. 1D photonic crystal / Bragg filter

As quickly illustrated in section 3.1, to create a Bragg filter using SOI waveguides, a
first obvious approach is to perturb the width symmetrically. The corrugation can be
rectangular, sinusoidal, or of an arbitrary shape [205]. Taking our bus waveguide with a
width of Wwg = 400 nm, we can get an approximate value of the pitch for the resonance
to be around 1550 nm. After simulating the effective index of the fundamental mode, we
get Λ = 1550/(2×2.237) ' 346.5 nm with a polymethylmethacrylate (PMMA) cladding.
To compensate for the corrugation, we can repeat the process with a perturbed waveguide
with a width of 450 nm. We take our smallest repeatable corrugation (i.e. the minimum
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Figure 3.2.: Plots of the Bragg filter behaviors for 1550 nm central wavelength, a group index
of 1, 50% duty cycle and a length of 10 microns, (a) bandwidth as a function of
the index contrast, (b) bandwidth as a function of the filter length, (c) rejection
as a function of the index contrast, (d) rejection as a function of duty cycle.

feature size) of 50 nm as a starting corrugation. We also increase it to 60 and 70 nm.
The duty cycle is fixed to 50%.

We computed the effective index difference ∆neff between the modes of the wide and
narrow regions to estimated the coupling coefficient (Eq. 3.6). We considered a mode
group index ng of 4.2. The calculated bandwidth is 23 nm for the previous geometrical
parameters, and a corrugation width of 50 nm.

We fabricated the devices with lengths ranging between 500 µm to 2 mm, see figure
3.3. A cladding of PMMA was added at the end of the process to protect the devices.
As mentioned previously (Section 2.3), we use sub-wavelength grating couplers. They
have been optimized to reduce Fabry-Perot ripples in the collected signal for an easier
analysis of the transmission spectrum. The couplers were used to inject and extract
Transverse-Electric (TE) polarized light with standard single mode (SMF-28) optical
fibers [170]. We measured the transmission spectra of the filters using a tunable laser
and an associated data acquisition system (Yenista tunics and CT400). We used a
polarization rotator to inject TE-polarized light into the gratings. All filter spectra were
normalized to the maximum transmission to remove insertion loss from the fiber-chip
gratings.

The Scanning Election Microscope (SEM) image of figure 3.3, shows the typical round-
ing in fabricated devices due to the proximity effects (Section 2.2.1). This mainly results
in a blue shift of the resonant wavelength and a slight reduction of the coupling coeffi-
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3.2. 1D photonic crystal / Bragg filter

(a) Symmetric Corrugation (b) One-sided Corrugation

Figure 3.3.: SEM image of a regular Bragg grating implemented with its dimensions. On the
right are the simulated modes in each region of the teeth and waveguide. (a) and
(b) are the schematic of the geometry for the symmetric and one-sided corrugations,
respectively.

cient. But does not alter the operating principle of the Bragg mirrors, nor the desired
function of rejection a pump signal.

As visible a large rejection >40 dB with bandwidth larger than 20 nm can be obtained
for the three corrugations, see figure 3.4a. This is close to the expected value. Since we
do not compensate the average index, the resonance shifts as the corrugation increases.
This is good for broadband application but not in our case. The variation of the rejection
in the spectrum is caused by the normalization. Since the transmission has a Gaussian
shape, we see it imprinted on the fixed noise floor of the detector (around -68 dBm).

To reduce the bandwidth, one can reduce the strength of the grating (see relation 3.7).
One way to reduce the filter coupling coefficient, while keeping the same minimum feature
size, is to implement a one-sided corrugation. This geometry approximately halves the
∆neff , providing a two-fold reduction in filter bandwidth. This has the added effect of
increasing the overlap between the modes.

We fabricated the same filters as before only removing the corrugation on one side of
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Figure 3.4.: Transmission spectra of the (a) symmetric and (b) one-sided corrugation filters for
different corrugation widths, with length of 500 microns and a width of 400 nm.

the waveguide. We indeed got a reduction of the bandwidth and rejection level, as shown
in figure 3.4b. The bandwidth was divided by half to 12 nm as expected since the index
contrast was too. But the rejection stayed the same, due to the rejection saturation.
Because of defects induced in the fabrication process, waves reflected over a given period
are then not all in phase with others reflected over the filter. This effectively reduces
the length of the grating. The overall behavior then does not follow the bandwidth /
rejection relation stated by 3.9 where L is the geometrical Bragg mirror length, meaning
that Leff < L (Fig. 3.7).

3.3. Improved Bragg mirrors based on subwavelength
engineering

To partially resolve the previous limitations, an interesting additional degree of freedom
consists in the use of sub-wavelength guiding structures. This is when a subwavelength
engineering approach is used on the Bragg unit cell [206, 207, 193, 208]. This keeps
relaxed the constraints on the minimum feature size while providing corrugation re-
strained only by the precision of the lithography. Subwavelength waveguides exploit
periodic patterns with a periodicity smaller than half of the wavelength to tune index
values or dispersion properties. Light then only sees an effective material that can be tai-
lored [209]. In subwavelength engineered Bragg filters, the total period is divided in two
subwavelength sub-periods. This mimic the narrow and wide parts of the conventional
Bragg geometry. The pattern variation needed to induce this spatially averaged index
modulation (e.g. the difference between two teeth widths) is limited by the lithography
precision. It is usually 10 times smaller than its minimum feature size. This configu-
ration allows weaker index modulations with comparatively large corrugations, relaxing
minimum feature size constraints.
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Figure 3.5.: Top-view schematics of the subwavelength Bragg geometries, (a) Double Corruga-
tion Width Bragg Filter (DCWBF), (b) Corrugation-Shifted Bragg Filter (CSBF),
(c) One-sided Double Corrugation Width Bragg Filter (ODCWBF), and (d) One-
sided Corrugation-Shifted Bragg Filter (OCSBF), finally (e) and (f) are SEM im-
ages of DCWBF and CSBF with dW = dL = 5 nm, respectively.

We have mainly tested two types of subwavelength geometries, the Double-Width
Corrugation Bragg Filters (DWCBF) [187] and the Corrugation-Shifted Bragg Filter
(CSBF) [206]. In the DWCBF configuration, the index modulation is realized by the
relative width difference between the two subwavelength teeth dW 6= 0 (Fig. 3.5(a)).
Conversely, in the CSBF approach, both subwavelength teeth have the same width, with
the position of one of them longitudinally shifted. This can be seen as a compression of
the sub-period dL = Λ1−Λ2 6= 0 (with Λ = Λ1 + Λ2) (Fig. 3.5(b)). This way, the index
modulation maintains the same amount of Si in both sub-periods. As both teeth may
be affected by proximity effects in the same fashion, this geometry that could provide
relaxed fabrication tolerances of one-side Bragg filters configurations. The two kinds of
Bragg filters has also been included to our study.
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Figure 3.6.: Measured transmission spectra of the different geometries with a pitch of 320 nm,
Wc = 300 nm, W = 150 nm, length of 0.5 mm, (a) dL = dW = 5 nm, and (b)
dL = dW = 10 nm.
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Chapter 3. Pump Rejection Bragg Filter

To compensate for the larger corrugation, the core waveguide width was changed to
Wc = 300 nm. This made the pitch Λ = 320 nm for the subwavelength filters. For
the DWCBF, we fixed a duty cycle of 50% in the sub-periods and a corrugation of
W = 150 nm. We implemented differential waveguide widths of dW = 5 nm, 10 nm,
and 15 nm. For the CSBF, we set the corrugation to W = 150 nm, then scanned the
longitudinal shift dL between 5 nm and 15 nm.

As a first approximation to the problem, we the used coupled mode theory to estimate
the filter bandwidth from the coupling coefficient and group index. For the DCWBF,
we estimated ∆neff by zero-order approximation of the subwavelength index [209]. For
the CSBF, we used 2.5D Finite-Difference Time-Domain method (FDTD) simulation
(Lumerical Mode Solution) to estimate the bandwidth. In both cases, we calculated a
bandwidth of ∼ 6 nm. This was for differential waveguide width and longitudinal shift
(dW and dL) of 5 nm with a group index of ng = 3.5. This represents a 4-fold bandwidth
reduction compared to the conventional approach.

Figure 3.6 compares the measured bandwidths of subwavelength engineered filters in
symmetric and one-sided configurations, with differential corrugations (dW and dL) of
(a) 5 nm and (b) 10 nm. Both symmetric designs provide a bandwidth reduction more
than 5 times greater compared to the conventional design. As previously, the one-sided
design yields a substantial bandwidth reduction.
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Figure 3.7.: Experimental bandwidth and rejection of different Bragg filters based on (a) sym-
metric, and (b) one-sided geometries. All the studied Bragg filters have a length of
500 microns. Labels indicate the different geometries, following notations in Fig.
3.5.

A summary of the Bragg grating properties is shown in figure 3.7. It shows all the
filter geometries studied in terms of bandwidth and rejection levels. The length of all
filters is L = 500 µm, ensuring reasonably compact devices and measurable optical
resonances. As a guide for analysis, we also plot the theoretical bandwidth-rejection
curve from equation 3.9 (dashed line in Fig. 3.7), with a group index of ng = 3.5, which
models subwavelength filters.

In all cases, the one-sided filter configuration provides a great bandwidth reduction,
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3.3. Improved Bragg mirrors based on subwavelength engineering

widening the design space for a given minimum feature size. For instance, both the
symmetric DWCBF with dW = 5 nm and the one-sided ODWCBF with dW = 15 nm,
experimentally provide an order of magnitude bandwidth reduction, compared with the
regular filter geometries. However, the one-sided configuration relies in a three-times
wider differential corrugation, relaxing lithography resolution requirements.

This way, the combination of subwavelength engineering and single side corrugation
provides a useful design flexibility. It allows for ultra-narrowband response with 400 pm
width, or large rejection levels, close to 50 dB. Yet it provides a five-times bandwidth
reduction, compared to conventional Bragg filter counterparts. The behavior of subwave-
length filters follows the trends predicted by coupled mode theory, with experimental
points following the theoretical curves (dashed lines in Fig. 3.7). However, conventional
designs presented here are considerably deviated. The reason for this is while theory
predicts a rejection exceeding 100 dB or even 200 dB. None of the measurement showed
a rejection larger than 50 dB.
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Figure 3.8.: Plot of the rejection as a function of the filter length for all regular and subwave-
length geometries. A rejection saturation around 50 dB is visible for all of them.
Measurement performed with an OSA (-90 dBm noise floor).

To make sure the photon-detector (Yenista CT400) is not a limitation, manual mea-
surements of the rejection using an Optical Spectrum Analyzer (OSA), Anritsu MS9710B,
were performed. The noise floor at -90 dBm was much lower than the CT400 level of
-68 dBm. In figure 3.8, we see the rejection as a function of the filter length. All the fil-
ters saturate around 50 to 55 dB whatever the geometry is. This is due to the fabrication
defects accumulated along the structure as previously mentioned already for the regular
Bragg filters. In spite of their intrinsic merits, subwavelength designs are not immune
to defects. Their optical power rejection tends to saturate as for the Bragg filter regular
designs. There is no solution to the saturation keeping the same strategy. Improving the
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Chapter 3. Pump Rejection Bragg Filter

fabrication process of samples is an option which can constantly be pursued but which is
a long and slow way. Moreover, it is subject to the hazards of clean room maintenance or
machine breakdowns. It cannot, ultimately, lead in itself to a substantial improvement
in the filter rejection rates.
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Figure 3.9.: Transmission (T) and reflection (R) CSBF and the OCSBF, both with a shift dL
of 5 nm and a length of 1 mm.

We can still see the potential of the shifted subwavelength filters in the symmetric
(CSBF) and one-sided configurations (OCSBF) with dL = 5 nm and 1 mm length. Fig-
ure 3.9 shows the transmission and reflection spectra for the two filters. Back-reflections
are collected using a circulator connected to the input fiber. The measured reflection
spectra are processed with the minimum phase technique [210] to remove the direct re-
flection from the input grating couplers. Both filters yield sub-nanometer bandwidth.
The symmetric geometry exhibits a null-to-null bandwidth of 0.8 nm with a rejection ex-
ceeding 40 dB, while the one-sided design provides a bandwidth of 0.6 nm and a rejection
of 15 dB.

Although the bandwidth performances are largely reduced getting closer quantum-
usable filter, the rejection is still too small. The maximum rejection of 50 dB is still not
enough for quantum applications

3.4. Closure of the gap

In the course of our investigation to try overcoming the rejection / bandwidth trade-
off of conventional Bragg filter, we observed a narrowing effect of the filter bandwidth
under non-standard conditions. This effect called hereafter Closure of the Band Gap
(CBG), or simply closure of the gap [211], is a photonic crystal effect occurring for
large corrugations of Bragg filters, i.e. meaning large coupling coefficients. Yet the
photonic stop band vanishes. This effect happens for specific sets of the filter geometrical
parameters, corrugation and duty cycles, see figure 3.10. The CBG allows to create
narrow band filters with large corrugations, i.e. larger than the minimum feature size.
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3.4. Closure of the gap

The only trade-off is that the target filter dimensions must be controlled with high
accuracy to meet the CBG conditions. This effect is known for the non-fundamental
band gap (see appendix A), but is not well modeled for the first band gap.

Figure 3.10.: Schematic of the Bragg geometry used for the closure of the bandgap, the light
propagates along the z axis.

A Bragg grating is a 1D photonic crystal. As mentioned earlier in section 3.1 of this
chapter, it thus supports Bloch modes, periodic with the grating period. The Bloch
modes field, as in waveguides, are normal to each others. The first Bloch mode occupies
the lowest allowed energy (frequency). Then each subsequent mode increases in energy.
They satisfy the propagation equation in the grating, which for each wave-vector β gives
a set of frequency solutions, known as the band-structure. However, some frequencies
may not have any associated k-vector, so they cannot propagate in the grating, it is the
stopband.

3D simulation 2.5D simulation(a) (b)

Figure 3.11.: (a) Screen shot of the 3D simulation realized in lumerical FDTD solution over a
single period. (b) Screen shot of the 2.5D simulation realized in lumerical MODE
solution over 50 microns of filter.

Let us investigate this effect, starting from the previously used Bragg grating geometry.
The Bragg filter pitch is Λ = 340 nm and a waveguide width of Wwg = 400 nm is
considered. We will use at first a duty cycle of 50%. We will then change Wcorr and see
how it affects the transmission

Using Lumerical FDTD solution [172], one can simulate the 3D structure of Bragg
gratings and their band structures, see figure 3.11a. A single period is used with periodic
constrains along the propagation axis and with perfectly matched layer conditions on
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Chapter 3. Pump Rejection Bragg Filter

all others. We excite only the TE modes with a vertical magnetic dipole. We sweep the
k-space and get the resonant frequencies of the crystal. The band diagram is given by
the changes of each resonance frequency as a function of wave-vector k.
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Figure 3.12.: Band structure (TE) of the 1D waveguide grating, with a pitch of 320 nm, a
waveguide width of 400 nm and a corrugation of 100 nm. (a) is a spectrum of the
resonate frequencies as a function of the wave-vector k. (b) Zoom of the first band
gap of (a) with the slit band and the tooth band. (c) and (d) are the Bloch mode
field profiles for the tooth and slit bands, respectively. (e) Map of the refractive
index simulated in (c) and (d), red corresponding to silicon and the blue to the
silica.

As the geometry changes, the frequency of each Bloch mode varies. With the proper
conditions, the eigen-frequency can cross, making the two first Bloch modes swap. Pre-
cisely, at the crossing point, the forbidden photonic gap disappears, no reflection then
occurs. There, two normal modes become degenerate and get the same propagation
constant, rendering their effective index contrast null. This effect can be investigated by
scanning the geometrical dimension, corrugation, duty cycle, pitch, and average waveg-
uide width.

We can write a simple condition for the CBG with a geometrical parameter X for
the edge frequency fn(β = π/2a,X) = fn(X) of band n, with a bandwidth equal to
∆fn(X) = fn+1(X)− fn(X). We can define the variation Dn of the band gap between
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(b)
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(e)

(a)

(f)

Figure 3.13.: (a) Frequency of the slit and tooth band at β = 0.495π/a for different corrugation
widths. A swap of the two band happens around 120 nm of corrugation. (b), (c),
(d), and (e) are the corresponding Bloch modes before and after the CBG. (e)
Example map of the refractive index been simulated, red corresponding to silicon
and the blue to the silica.

the band n and n + 1 as a function of dX. Locally for X small, if Dfn is negative a
CBG can occur.

Dfn(X) =
d(fn+1(X)− fn(X))

dX
=
dfn+1(X)

dX
− dfn(X)

dX
< 0 (3.10)

Then the geometry Xc where it happens is the crossing point. If one has this function
for X0 close to Xc, we get an approximation for it with equation 3.12

fn(Xc) = fn+1(Xc) (3.11)

Xc ' X0 −
∆fn(X0)

Dfn(X0)
(3.12)

For instance, since df2/dWcorr < df1/dWcorr, the CBG can occur between the two first
bands. If for another parameter the energy deformation is identical in the two bands
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Chapter 3. Pump Rejection Bragg Filter

then the bandwidth is constant or increases.

Figure 3.14.: (a) Plot of the simulated (2.5D Lumerical simulation) TE spectrum as a function
of the corrugation, each line is a spectrum of the transmission of a Bragg filter
with an average width of 450 nm, a pitch of 320 nm and a length of 50 µm.
(b) and (c) Plot of the 3 dB bandwidth and rejection, respectively, of (a) as a
function of the corrugation and for different duty cycles.

Simulating the full 3D band structure requires a lot of computational power. We can
reduce the load by doing 2.5D simulations with Lumerical MODE Solution [172]. A
geometry is implemetent over 50 micons with waveguides to connect the grating. An
excitation mode is injected and two power monitors are placed at each ends, to measure
the transmission and reflection. Looking at the transmission of the simulated grating
gives us the band edges and the gap values. Using 2.5D instead of 3D simulation reduces
our accuracy but should retain the geometrical behavior of the CBG.

Let us simulate the regular rectangular Bragg grating from section 3.2. If we change
the corrugation or the structure duty cycle, we do not affect the two Bloch modes in
the same way. As for both parameters, we are compressing one and dilating the other.
This has the effect of moving the bands relative to each others, see figure 3.14). By
looking at the bandwidth, we can directly find the dependency of each Bloch mode to
the geometrical parameters.

The pitch and the average waveguide width (Wavg = Wwg+Wcorr) have similar effects,
see figure 3.15. In this case, the two bands are moved by the same frequency shift. This
can be seen if we look at the field profiles of the two modes. Changing the pitch or the
average width stretches the two modes in a similar fashion. The pitch expends them
along the propagation direction, whereas the average width stretches them perpendicular
to it.

92



3.4. Closure of the gap

Figure 3.15.: Simulated rejection of the filter as a function of its corrugation for (a) pitch
width and (b) different average. It is extracted from simulated spectra with 2.5D
FDTD. Only the deepest rejection is consider whatever the wavelength. In (a)
one can see rejection higher than 1, these are artifacts in the simulation where
numerical errors allow the reflected power to be larger than the injected one.

The shape of the corrugation has also a large role to play in the mode swapping effect.
For instance, going from rectangular to sinusoidal perturbations moves the CBG to a
much larger corrugation, figure 3.16a. This effect and the CBG can be observed in the
other geometries. For instance, multi-mode filters where coupling can occur between two
different modes (e.g. TE0 and TE1). They have an asymmetric corrugation that we will
see in more details in next section 3.5. They exhibit a CBG and the same shape effect can
be seen when using a sinusoidal corrugation, pushing the CBG corrugation from 280 nm
to 110 nm, see figure 3.16b and 3.16c. This is probably due to the smoother transition
between the waveguide widths. This relaxes the pressure imposed by the corrugations
on the Bloch mode fields, allowing for a larger corrugation to be applied.

The cladding has an important effect as well as the set of corrugation/duty cycle that
can lead to the CBG effect. Since the slit mode (mode localized mostly between the
teeth) has a much greater amount of energy in the low index region, any change in this
area affects it much more than the tooth mode (mode localized mostly in the teeth).
Figure 3.17, shows the difference between an air and PMMA claddings. It represents
the rejection of the grating as a function of the corrugation and duty cycle. A valley
can be seen for large corrugations (>50 nm), which corresponds to the CBG dimensions.
Its slope depends on the cladding of the grating, the higher the index, the stronger the
slope. It means that, for the same duty cycle, the CBG corrugation decreases when the
index of the cladding increases. This could even be used for sensing [211].

To show experimentally the CBG effect, we fabricated symmetrical square corrugation
gratings with two duty cycles of 50% and 60%. All the filters are 1 mm long to make sure
a resonance appears close to the CBG. We scanned the corrugation of each to find the
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Figure 3.16.: Plots of the simulated Bragg grating waveguide transmission spectra as a function
of the Bragg filter corrugation, each line is a spectrum of the transmission for a
set corrugation width and a filter length of 50 µm. (a) is a grating with a sinu-
soidal shape with a PMMA cladding. (b) and (c) are for asymmetric multi-mode
gratings with a PMMA cladding with rectangular and a sinusoidal corrugations,
respectively.

Figure 3.17.: Plot of the simulated rejection of multi-mode Bragg filter in the corrugation
dimensions phase space for a fixed filter length of 50 µm, with in x the corrugation
and in y the duty cycle, (a) is with an air cladding (nclad = 1), (b) is with a PMMA
cladding (nclad = 1.44). A line with no rejection appears for large dimensions in
both cases which is the CBG.

CBG conditions. As previously, the considered Bragg filters have a pitch Λ = 320 nm,
an average width of Wavg = 450 nm and a PMMA cladding. Figure 3.18a plots typical
collected experimental results. We can clearly see the CBG when plotting the bandwidth
as a function of its corrugation. As predicted, the corrugation where the bandwidth is
null increases with the duty cycle. A systematic discrepancy of 60 nm between the
corrugations of the gap closing in the 2.5D simulation and the measurement is observed.
This could be due to the rounding of the rectangular shapes. As we have seen the
geometry of the shape is important and changes the condition of the CBG appearance
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3.4. Closure of the gap

and strength.
We also tested the CBG effect for multi-mode grating structures with asymmetric

corrugations (see section 3.5) for both rectangular and sinusoidal gratings. Using now
a pitch Λmm = 290 nm and an average waveguide width Wmm,avg = 1100 nm, we
modified the corrugation and measured the related structure spectra. The filter bandgap
bandwidths are shown in figure 3.18b, for both rectangular and sinusoidal grating. As
visible, the CBG corrugation is larger for the sinusoidal corrugation as predicted by the
simulations. However, just like the regular gratings, although the overall trend is correct,
a systematic error seems to appear between simulation and experimental results.
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Figure 3.18.: Experimental and simulated bandwidth as a function of the corrugation, (a) for
a conventional symmetrical grating with two different duty cycles, (b) for multi-
mode asymmetric gratings with a rectangular and sinusoidal corrugations.

If we return to the more general context of the thesis, using the CBG to realize
narrow-band filters can relax fabrication constraints. For the rectangular geometry, the
corrugation width and the pitch are easy to control. The waveguide width is more
difficult as it depends on the exposition process during the lithography and the etching
processes. However, as we have seen it, this does not affect the CBG. The main limitation
then comes from the duty cycle and the tooth shapes. Any variation on the dose or the
exposition can change the Bragg grating duty cycle. Similarly, the waveguide shapes are
affected by proximity effects, e.g. roundings of the rectangular corrugations, moving the
CBG dimensions. It is yet possible to compensate this in the Graphic Database System
file preparation.

For a rectangular grating, we are trading the large corrugation for the precision of the
duty cycle, so of the fabrication. In an industrial foundry, it is not a problem, as the
reproducibility and precision of the fabrication process is very good, ±5 nm in dimension
between samples. We are in the reversed case; we can achieve much smaller minimum
feature sizes at the cost of fabrication tolerances. This is nonetheless a great tool we to
have to shape waveguide Bragg filters.

A possible solution would be to use sinusoidal gratings. As shown, they have a much
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Chapter 3. Pump Rejection Bragg Filter

higher CBG making them ever further than from the minimum feature size. The lack
or sharp edges make them less sensitive to proximity effects. This could reduce the
fabrication tolerances for such filters.

All the measured filters show a large discrepancy of the CBG corrugations compare to
the simulations. This systematic error of 60 nm in corrugation can be explained by mul-
tiple factors. The strongest one is due to the shape. The fabricated filter are affected by
a rounding (or deformations) due to the Electronic Beam Lithography proximity effect.
This changes their shapes compare to their designs. As we have seen, the exact shape
of the corrugation is critical; going from a perfect rectangle to a sinusoidal more than
double the corrugation of CBG. So that the simulations do not match the fabrication.
Of course fluctuations of the electron beam dose also affect the duty cycle as the teeth
will grow or shrink larger than expected. On top of this the simulation is only 2.5D
which is not as accurate as a 3D simulation. Finally, the mesh used for the simulation is
limited to 10 nm. This pixel size also limit the accuracy of simulated sine corrugations.
All these factors explain the experiment/simulation discrepancy.

However, It is important to refine our simulations in the future. Getting a accurate
simulations of the CBG is fundamental to exploit it. It is also important to fabricate
more geometries (Multimode, 2D map DC/Corr, etc.) to confront the model with as
many fabricated geometries as possible. This would also help understand in more details
its nature.

The CBG strategy of Bragg grating corrugation gives large geometrical parameters
which are easy to fabricate. Typical industrial processes require a minimum feature size
(smallest length of any line) larger than 100 nm. We can see that this is achievable in all
cases, making it very accessible to any industrial fabrication platform while keeping the
flexibility of performances. Unfortunately, this strategy does not address the saturation
of the filter. We are still limited here an issue, that we will tackle in the next section.

3.5. Multimode filters and cascading effect

All the previous strategies to create a Bragg filter still suffer from the filter optical
rejection saturation problem. This limits our ability to achieve rejections larger than
50 dB in our case. To remedy this, it proved interesting to explore multi-mode Bragg
gratings, i.e. gratings where the reflection is achieved in another mode than the incident
one. We will see that such gratings can be cascaded, allowing to break the saturation
limiting us so far.

We can indeed engineer a phase matching between any guided modes of a given mul-
timode waveguide. To do so, we not only modify geometrical parameters but also the
symmetry itself of the grating waveguide [207, 212]. Such multi-mode Bragg gratings
make good selective mode converters, allowing for wavelength (de)multiplexing when
used with a multi-mode coupler [179] (see section 2.7.2). They also have a natural nar-
row bandwidth useful in our case and they provide a possible solution to the rejection
saturation, as seen hereafter.

We have seen that the rejection of the filters was limited. To preserve our all-passive

96



3.5. Multimode filters and cascading effect

filters from actively compensating the phase defects, we can reduce the defect’s effects by
using a multi-modal strategy [15], as shown in figures 3.19(a) and 3.19(b). The waveguide
gratings are shaped to yield back-reflections propagating in a high-order spatial modes.
These back-reflections are radiated away in single-mode waveguides interconnecting ad-
jacent filter stages, precluding coherent interaction. This generic strategy allows the im-
plementation of high-rejection filters by all-passive cascading of modal-engineered Bragg
gratings with relaxed performance requirements. Recently, a similar approach was used
to demonstrate deep rejection with mode separated in space [213, 214]. In these works,
the back-reflections are extracted by a separate waveguide removing interactions between
the filters.

Single-Mode Waveguide

Multi-mode Filters
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TE1TE1
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Figure 3.19.: (a) Schematic view of the proposed cascaded filter approach. Fundamental mode
(TE0) is back-reflected into first order mode (TE1). Single-mode waveguide sec-
tions separating adjacent filters radiate the back-reflected TE1 mode away, pre-
cluding coherent interaction among different stages. (b) Schematic of shifted
Bragg geometry providing Bragg back-reflections in higher order TE1 mode. (c)
Block diagram illustrating the detrimental effect of phase errors in cascaded Bragg
gratings with coherent interaction. (d) SEM image of a fabricated shifted grating.
[15]

Waveguide Bragg gratings reflect light back into the input waveguide by constructive
interference of partial reflections in each period [215]. This resonant back-reflection
occurs when the Bragg phase-matching condition, equation 3.5, is satisfied. To achieve
the theoretical rejection level, partial reflections in all periods of the filter must interfere
constructively. Punctual phase errors in the grating do not have an important effect on
the total resonant wavelength as they do not affect the resonant wavelength of other
periods. However, even very small fabrication imperfections alter the phase along the
filter, distorting the constructive interference. Such errors accumulate when increasing
filter length, setting the saturation level. Cascading conventional Bragg filters does not
address this issue.
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Chapter 3. Pump Rejection Bragg Filter

Conventional cascaded Bragg gratings interfere coherently. This is indeed the prin-
ciple harnessed in Fabry-Perot cavities [216, 217]. Thus, rejection in cascaded Bragg
filters may be degraded by destructive interferences due to the phase shift induced by
propagation through the interconnecting waveguides, see figure 3.19 (c). Even if this
waveguide had the optimal length and width to induce a phase shift producing a con-
structive interference (i.e. free of fabrication imperfections), back-reflections from each
stage still need to propagate in phase through the previous gratings. This has two detri-
mental consequences: first, the effectiveness of cascading is affected by relative phase
shifts between stages; second, fabrication imperfections in each section distort back-
reflections generated by the following sections. Here, Bragg gratings are designed to
yield back-reflections propagating in the first higher order mode.
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Figure 3.20.: (a) Signal to interference ratio calculated from Eq. 3.13 and Eq. 3.14 as a function
of the radiation radio, for different values of the reflectivity (R). (b) Radiation
ratio, calculated with 2.5D-FDTD (see [172]) when the fundamental and first
order modes are injected in the proposed interconnection section, comprising
25-micron-long tapers, S-bends with 15 micron radius and single-mode straight
waveguide section with 20 micron length. (c) shows the propagation for the
fundamental and first order modes at 1550 nm wavelength.

To consider that reflected waves in one filter are not distorted by all other filters
of the cascaded geometry, it is necessary to ensure that the reflection in this filter is
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3.5. Multimode filters and cascading effect

substantially larger than the sum of all reflections arriving from the following filters. Let
the reflection in the first filter be called signal (S), while the sum of the reflection in all
other filters, arriving to the first filter, is I. As schematically shown in the inset of Fig.
3.20(a), the signal and interference can be calculated as:

S = PINR (3.13)

I = PINR
N∑
n=2

(1−R)2n−3 αn−1, (3.14)

where α is the radiation ratio, PIN the incident power, and N is the total number of
cascaded gratings. Figure 3.20(a) shows the signal to interference ratio calculated as a
function of α for different values of the power reflectivity R of each grating. It can be seen
that radiation ratios of 20 and 30 dB yield at least 2 and 3 orders of magnitude difference
between the signal and the interference, respectively, thereby precluding distortion of the
reflection in the first filter.

To radiate the first-order-mode reflection, we introduce tapers to single-mode waveg-
uides, and a cosine-shaped S-bend with a central straight waveguide section. Both the
S-bend and the straight section are implemented with a single-mode waveguide. We
chose a waveguide width of 400 nm, providing single-mode behavior. This interconnec-
tion section should also provide low insertion loss for the fundamental mode outside the
rejection band to avoid degrading the total filter rejection. Hence 25-µm-long linear
tapers are implemented between the filter and the single mode waveguide to achieve
adiabatic transition, thus minimizing the loss for the fundamental mode and the trans-
ference of energy among modes. A 15 µm radius is used in the S-bend to minimize
bending loss for the fundamental mode. Figure 3.20b shows the radiation ratio for the
fundamental and first order modes calculated using 2.5D FDTD [172], considering a cen-
tral waveguide section with 20 µm length. The proposed interconnection section yields a
loss of only -0.05 dB for the fundamental mode and a radiation ratio in excess of -25 dB
for the first-order one, thereby ensuring negligible interference among cascaded gratings.
As an example, the insets in Fig 3.20c show the propagation for the fundamental (TE0)
and first order (TE1) modes at 1550 nm wavelength.

From the coupled mode theory, the rejection of conventional filters ideally scales with
the length following equation 3.8. However, our broken-coherency cascaded filter follows
a different law where each section is independent from the others and the rejections are
accumulated:

R =
[
tanh2(κLS)

]NS , (3.15)

where LS is the section length and NS is the number of sections. For a given length and
coupling coefficient, κ, this law yields a weaker rejection in the ideal case. However, we
show experimentally that the resilience to phase errors in the broken-coherency approach
allows substantial rejection improvement in practical implementations.
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Chapter 3. Pump Rejection Bragg Filter

For the implementation of multi-mode Bragg gratings, we selected a fully-etched pro-
cess and a shifted-teeth geometry, as presented in figure 3.19b. As illustrated in fig-
ure 3.19, the grating lattice is defined by the average waveguide width (WAvg), the
corrugation depth (WC), the length of the teeth (LT ), its gaps (LG) and the period
(Λ = LT +LG). By shifting the corrugation in one side of the grating half a period with
respect to the other, this grating geometry prevent Bragg reflections in the fundamental
mode [212], while providing the asymmetry required to excite Bragg back-reflections in
the first higher order mode [207].

We designed the shifted Bragg grating to operate with TE polarized light near 1550 nm
wavelength using modal analysis and FDTD simulation [172]. An average waveguide
width WAvg of 1150 nm provides a sufficiently multi-mode waveguide. The second TE
mode is well defined but not the higher ones. The two first TE modes (TE0 and TE1)
have effective index values of nTE0

eff ' 2.77 and nTE1
eff ' 2.45, respectively. We see in

equation 3.5 that we need a pitch of ΛM ' 290 nm. A corrugation WC of 50 nm and a
duty cycle of 50% (LT = LG = 145 nm) were considered for testing this strategy. These
dimensions are typically compatible with state-of-the-art immersion lithography. While
the period of 290 nm ensures a spacing between teeth larger than 100 nm, well within
the capabilities of standard deep-Ultraviolet (UV) lithography [218], the 50-nm-wide
corrugation may be challenging to implement. Nevertheless, the design could be easily
adapted to increase the corrugation width to 100 nm.

Figure 3.19d shows the scanning microscope image of one of the gratings. It can be
noticed that the filter teeth are rounded, with local defects. We verified by simulation
that rounding of the grating teeth did not affect the operation principle of the proposed
filter.

First, a series of single-section shifted Bragg gratings with different lengths were con-
sidered to illustrate the effect of optical rejection saturation. Rejection level was es-
timated as the difference between off-band transmission and the peak level inside the
grating reflection band. As shown in figure 3.21a, the rejection level saturates near 40 dB
for filter lengths beyond 300 µm. This weak rejection, compared with state-of-the-art
Bragg filters [188], may be attributed to errors in the electron-beam lithography and to
the strong index contrast between silicon and air that accentuates the detrimental effect
of fabrication imperfections. We compared the optical transmission of the filters to that
of a reference strip waveguide to demonstrate the low insertion loss of this kind of shifted
geometry and showed that the lower transmission at shorter wavelengths mainly arised
from the response of the fiber-chip grating couplers.

The potential of the globally proposed approach for non-coherent cascading was shown
by the characterization of a set of cascaded shifted Bragg gratings separated by single-
mode waveguides. The cascaded filters have the same total lengths as the single-section
structures shown in figure 3.21a, but they are implemented by cascading multiple 50-
µm-long grating sections. The 50 µm section length was chosen just as an illustrative
example, the main conclusions remaining valid for other section lengths. The transmis-
sion spectra of the cascaded filters with total length ranging between 50 µm and 500 µm
(comprising ten sections of 50 µm length) are presented in figure 3.21b. Figure 3.21c
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Figure 3.21.: Measured transmission spectra of (a) single section Bragg filters with increasing
lengths, and (b) proposed cascaded Bragg filter with a fixed section length of
50 micron, and number of sections ranging from 1 to 10. (c) Comparison of in-
band optical transmission as a function of the filter length of single-section and
proposed cascaded geometry, showing a clear rejection saturation only for the
single-section approach.

shows the transmission level within the rejection band as a function of the filter length
for both single-section and cascaded configurations. The 0-filter-length point represents
the transmission for a reference waveguide (without Bragg gratings).

The proposed cascading approach yields a substantial increase in filter rejection, show-
ing no clear evidence of saturation with the filter length. Note that for total lengths
beyond 300 µm, the on-resonance transmission of the cascaded filter lies below the noise
floor level of the automatic wavelength sweeping and detection system (CT400 from
Yenista). The oscillations observed in some cascaded filters were attributed to random
fabrication defects in the taper section that convert the second-order-mode reflection
into the fundamental one and create some cavity effects. These imperfections may be
attributed to local defects in the resist, e.g. due to the presence of dust, or stitching
errors in the electron beam lithography (3σ of 20 nm). The number of non-controlled
errors may be minimized by fabricating the filters using industrial-like processes, e.g. by
multi-project wafers, and deep-UV lithography instead of electron-beam lithography.

In addition to a higher optical rejection, the cascaded filters exhibit a wider bandwidth.
As discussed below, this wider rejection does not arise from relative wavelength shifts
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Chapter 3. Pump Rejection Bragg Filter

among different filter sections, but from the non-coherent nature of their interaction.
From Eq. (3.7) it follows that, for a given Bragg grating geometry (fixed ng and κ),
filter bandwidth decreases with the length. This could be qualitatively explained from
the point of view of Fourier transform, as a longer spatial perturbation results in a
narrower spectral response. However, different sections in the modal-engineered filter do
not interact coherently. Thus, the bandwidth of the proposed filter is not determined by
the total length, but by the length of the sections. This non-coherent interaction effect
can be observed in Fig. 3.21(b), showing that filters comprising 50-µm-long grating
sections have a similar bandwidth, regardless the total length.
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Figure 3.22.: Measured transmission spectra of proposed cascaded filters for (a) fixed section
length, of 25 microns, and increasing number of sections, showing no clear ev-
idence of bandwidth increase with the number of sections, and (b) fixed total
filter length, of 400 microns, and decreasing section length. Filter bandwidth is
determined by section length rather than by total length due to non-coherent
cascading.

Aiming at confirming the incoherent cascading in the proposed approach, we fabricated
and characterized two different sets of filters. Note that while all the devices fabricated
at the same time have a very repeatable response, e.g. central wavelength, due to
variations in the fabrication conditions the response of this new set of filters is not
directly comparable with the ones shown in figure 3.21. First, we fixed a section length
of 25 µm and cascaded different numbers of sections, from 4 to 16, resulting in total filter
lengths ranging between 100 µm and 400 µm. Measured spectra, shown in figure 3.22a,
demonstrate that bandwidths of the cascaded filters do not significantly increase with
an increasing number of sections. Hence, relative wavelength shifts can be discarded
as the major reason for the wider bandwidth in the cascaded filters. Note that all the
sections of the filter were placed close together in the chip, minimizing the effects of
uneven silicon and resist thicknesses, while all sections in the same filter were written
consecutively in the electron-beam lithography, minimizing beam current drifts over the
time. Then, any deviation of the central Bragg grating wavelength was similar for all
filter sections, yielding minimal relative shifts.

Then, we implemented the same total filter length, of 400 µm, by a single-section
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3.5. Multimode filters and cascading effect

device, and by cascading 4, 8 and 16 sections of 100 µm, 50 µm, 25 µm lengths, respec-
tively. The different measured spectra are presented in figure 3.22b. It can be noticed
that, even if the total filter length is always the same, the filter bandwidth increases
with decreasing section lengths. These results clearly demonstrate the incoherent cas-
cading in the proposed geometry, as the total filter bandwidth is mainly determined by
the bandwidth of the individual Bragg gratings sections, rather than by the total filter
length.
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Figure 3.23.: Transmission spectrum of cascaded shifted Bragg filters with total length of
2.5 mm, implemented by 10 modal-engineered Bragg grating sections of 250 mi-
crons length. Measurements are performed with automatic wavelength sweep
and detection system (CT400 form Yenista), PD A, and high-sensitivity photo-
detector, PD B, in OSA (Anritsu MS9710B). Transmission of 3.5-mm-long strip
waveguide is shown for comparison.

Finally, to demonstrate the large rejection capabilities of the proposed broken-coherency
approach, we implemented a 2.5-mm-long filter, comprising 10 modal-engineered Bragg
grating sections of 250 µm length. Rejection in single section filters saturates after
300 µm length, see figure 3.21. Thus, we choose a section length of 250 µm, below
the saturation regime. The length of 2.5 mm was chosen to yield strong rejection. In
this case, we used an optimized grating coupler design allowing a 5 dB improvement in
the transmitted signal, compared to the previous examples. As shown in figure 3.23,
the response of the filters was characterized using an automatic wavelength sweep and
detection system (CT400 from Yenista) and the high-sensitivity photo-detector in OSA
Anritsu MS9710B. For comparison, in figure 3.23, we also included the response of a ref-
erence strip waveguide of 3.5 mm length. This length includes the grating lengths (total
of 2.5 mm), and the lengths of the input/output tapers S-bends and single-mode sec-
tions. The proposed filter exhibits negligible off-band insertion loss, within the variability
determined by fiber alignment precision and fabrication tolerances. The on-resonance
transmission level of the cascaded filter lies within the noise floor of the OSA, with (at
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least) 80 dB of on-chip optical rejection. Such rejection may be suitable for our quantum
system needs.

It is worth noting that in the single-section case the transmission decay saturates
near 55 dBm (i.e. ∼40 dB rejection) for filter lengths beyond 300 µm. Hence, these
results prove the potential of non-coherent cascading to increase filter rejection. Us-
ing the rejection of a single 250-µm-long section to fit the coupling coefficient in Eq.
(3.15), the filter with 10 cascaded sections would have a rejection near 300 dB. Still,
such value might be compromised by imperfections like partial polarization rotation and
radiation due to waveguide roughness. Nevertheless, the measurement of a deeper re-
jection would probably require more sensitive detectors and specific treatment of the
substrate scattering. We used a fiber circulator at the input of the filter to collect all
back-reflections. We retrieved a broadband and quasi-flat signal with no signature of
the Bragg grating resonance and nearly -40 dBm level (mainly arising from reflections in
gratings and backscattering in waveguide roughness). This result further confirms that
back-reflections are effectively radiated away in the single-mode waveguide sections.

3.6. Implementations

3.6.1. Filter strategies

Now that we have a satisfying filter and an efficient strategy to avoid rejection sat-
uration, we can engineer a narrow band deep filter using our all previously mentioned
techniques. Let us try three types of filters, small (triangular1), subwavelength and CBG
corrugations. We can see them all in figure 3.24 (a, b, and c). They all have asymmetric
corrugation allowing the multimode reflection mechanism, i.e. a shift of half a period is
applied between each sides of the waveguide.

We fabricated a series of 500 µm-long filters with various corrugations and average
waveguide widths. The triangular corrugation was increased from 10 nm up to 50 nm,
the subwavelength one from 10 nm (shift) to 100 nm, and the rectangular corrugation
from 50 nm to 300 nm. We can see the shift in wavelength due to the corrugation increase
in figure 3.24 (d), (e), and (f). The triangular and rectangular Bragg grating resonances
shift in the same direction: when the corrugation increases, the bandgap wavelength
decreases, whereas the subwavelength Bragg filter presents the opposite effect. When
plotting filter bandwidth as a function of the rejection, all filters follow a line predicted
by Coupled Mode Theory (CMT) in equation 3.9, see figure 3.24 (g), (h), and (i). We
can see that both the triangular and subwavelength filters have a similar behavior with
a monotonous growth in bandwidth and rejection when the perturbation increases. The
rectangular corrugation starts approximatively where there the triangular ends. But its
strength starts decreasing to arrive to zero before going back up. We clearly have the
CBG effect here (section 3.4).

This allows us to calibrate the dimensions of the filter we want for cascading. No

1A triangular corrugation allows to keep the minimum feature size larger than the pitch while having
a corrugation as small as possible. This is however limited by the lithographic precision
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Figure 3.24.: Schematics and performances of the three Bragg grating strategies. (a), (b), and
(c) are SEM images of the triangular, subwavelength, and rectangular corruga-
tions, respectively. (d), (e), and (f) are transmission spectrum of a few of Bragg
filters with various corrugations for the triangular, subwavelength, and rectangu-
lar corrugations, respectively. (g), (h), and (i) are the filtering bandwidth as a
function of the filter rejection with the corrugation color coded, for the triangular,
subwavelength, and rectangular corrugations, respectively. The blue doted line
is the coupled mode theory (CMT) prediction for a group index of 4.3.

PMMA top cladding was added on the structure in order to reduce residual propagating
Transverse-Magnetic (TM) modes. This prevents photons from getting trapped in the
cladding and simplifying the fabrication process. We also proceeded with corrugations
of 25 nm, 100 nm, and 225 nm, for the triangular, subwavelength, and rectangular cor-
rugations, respectively. This provided a bandwidth of around 1.6 nm for the triangular
and subwavelength grating. This is to avoid destroying the closest resonance from the
pump. It also ensures a bandwidth close to 3.2 nm, for the rectangular grating, so
corresponding to two ring FSR. This sacrifices the two first resonances of the cavity,
in exchange for a deeper rejection. Accordingly, cascaded filters were fabricated with 9
sections of 325 µm.

The fabricated structures have 3.3, 4.3, and 4.7 nm 3 dB-bandwidth corresponding
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Figure 3.25.: Transmission spectra of the pump rejection filter for the three types of corru-
gation, (a) rectangular, (b) triangular, and (c) subwavelength, composed of 9
sections of 325 microns.

to the triangular, subwavelength, and rectangular gratings, respectively see figure 3.25.
But this is not the quantum usable bandwidth. Due to the large depth required by the
quantum application, we can only use the deepest rejection region. In figure 3.25, we can
observe that the rectangular and subwavelength gratings have similar 3 dB-bandwidth
but the 20 dB-bandwidth is much larger for the rectangular grating. Their respective
20 dB-bandwidths are indeed 2.1, 2.2, and 3.3 nm. They are close to the single section
bandwidth values. While the increase in 3 dB-bandwidth compare to the single section
is due to the accumulation of the sidebands, visible on the filter spectrum, see figure
3.24d, 3.24e, and 3.24f.

These filters have a predicted rejection from CMT larger than 180 dB. Measuring large
rejection on chip can be tricky, any noise with a level larger than the filter rejection pre-
vents its measurement. For instance: the polarization of the input light must be perfect
to limit the coupling of TM modes; scattered light along waveguides or at the coupling
stage can be coupled back into the output bypassing the filter; amplified spontaneous
emission from the laser can also create a background residual signal. Detectors without
spectral dependency can detect any residual unfiltered photon. Rather than spending
time measuring the depth of these filters, we decided to directly move to on-chip quan-
tum experiments. Our approach was to indirectly demonstrate the proper operation of
the pump rejection filter by collecting quantum measurements and progress towards the
global objective of our global study.

3.6.2. Interaction with the circuit

At this stage, we finally have all the components to design and create the needed quantum
circuits. Both the photon-pair comb source and the entangled photon-pair generator of
section 2.1 will be constructed. We have seen how to design the pump rejection filter
with 3 corrugation strategies that will be tested in photon-pair comb sources. The cavity,
modal add-drop, and grating couplers seen in chapter 2 are combined with a cascaded
filter. This is the basis of any of silicon quantum circuit that will be studied in more
details in chapter 4. The pump rejection filter stays the pivot of the system, so we will
make three families of circuits based each on a filter design.
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Figure 3.26.: Images of the photon-pair comb sources and a entangled pairs generator on the
left and the right, respectively. The purple lines correspond to the waveguides
while the green ones are Bragg gratings.

To implement these strategies, we fabricated a series of entangled photon-pair comb
sources with different coupling lengths for the ring resonators. A variation from 14 µm to
26 µm was chosen to ensure finding critical coupling conditions within the investigated
devices, see figure 3.26. Three multimode Bragg filters were implemented with triangular
(tri), subwavelength (SWG), and closure of the bandgap (CBG) type corrugations. All
the components used have been described in chapter 2.

Their spectral characteristics are shown in figures 3.27, 3.28, and 3.29. As previ-
ously, they were measured using a tunable laser Tunics paired with a CT400 detection
system. The polarization of the input laser was controlled thanks to a polarization
controller. The cavity resonances were monitored in order to determine their coupling
regime. Bandwidth of the filters were measured both in transmission and with feedback
port (see figure 4.1 page 116) giving access to the rejected light. The feedback signal is
connected to a Modal Add-Drop (MAD) drop port which collected reflected light coming
form the first section of filter. This is also where we could see the pumped resonance
and its spectral alignment with the pump rejection filter.

A heater was deposited on the triangular corrugation sample next to the ring resonator
cavity to align it with the pump filter. Unfortunately, it was not possible to do this for
the other sources, limiting the choice of the full circuit to one cavity naturally aligned
with the filter. However, this did not affect the general behavior of the system.

One circuit was chosen in each series, for the tri sources using the ring with the best
performances, while for the SWG and CBG sources a good filter/ring alignment was
preferred. The sources classical performances are shown in table 3.1. The tri source
has a coupling length of 14 µm and shows well over coupled regime, see figure 3.27.
Similarly, the SWG source has the same coupling length of 14 µm but is not as over
coupled as possible but at least is aligned with the filter rejection wavelength, see figure
3.28. Finally, the CBG source has the worst ring with a close to critical coupling with
an average resonance depth of only 8.2 dB, see figure 3.29.

As mentioned in section 3.6, the tri., SWG, and CBG filters have 20 dB-bandwidths of
2.1, 2.2, and 3.3 nm, respectively. This is the bandwidth usable for the rejection of the
pump. The pumped resonance should be placed in the center of the rejection bandwidth.
However, the 3 dB-bandwidth (3.3, 4.3, and 4.7 nm, respectively) is larger, which limits
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Figure 3.27.: (a) Spectrum of the comb source with triangular fibers, the filter has a 3 dB-
bandwidth of 3.3 nm and a 20 dB-bandwidth of 2.1 nm, the resonances shown
here are the one studied in the other plots. (b) Plot of the resonance depth as a
function of wavelength and its average of 17.9 dB, it is mostly flat even if there are
large variations. (c) Plot of the resonances Q-factor as a function of wavelength
and its average of 29 · 103. (d) Plot of the FSR as a function of theirs number on
plot (a), it increases with wavelength as expected and is close to 200 GHz.
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Figure 3.28.: (a) Spectrum of the comb source with SWG fibers, the filter has a 3 dB-bandwidth
of 4.3 nm and a 20 dB-bandwidth of 2.2 nm, the resonances shown here are the
one studied in the other plots. (b) Plot of the resonance depth as a function
of wavelength and its average of 12.5 dB, there is no tendency even if there are
variations. (c) Plot of the resonances Q-factor as a function of wavelength and
its average of 34 · 103. (d) Plot of the FSR as a function of theirs number on plot
(a), it increases with wavelength as expected and is close to 200 GHz.

the closest pairs that can be collected. Even if the pairs are generated outside of the
deepest region, the filter losses reduce enormously their rate. Moreover, note that we
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Figure 3.29.: (a) Spectrum of the comb source with CBG fibers, the filter has a 3 dB-bandwidth
of 4.7 nm and a 20 dB-bandwidth of 3.3 nm, the resonances shown here are the
one studied in the other plots. (b) Plot of the resonance depth as a function
of wavelength and its average of 8.2 dB, it is mostly constant. (c) Plot of the
resonances Q-factor as a function of wavelength and its average of 46 · 103. (d)
Plot of the FSR as a function of their numbers on plot (a), which increases with
wavelength as expected and is close enough to 200 GHz.

need both photons of the pairs to be transmitted. So, if one of the resonance is lossy,
its partner becomes a noise.

The MAD used for the pumped resonance feedback has a crosstalk of about 10 dB
around the closest resonance filter, as shown in figure 4.2. This is the same component
as seen in chapter 2 section 2.7.2. This is enough as we do not use it to demultiplex the
pairs here.

Filter type Triangular Subwavelength CBG

Filter 3dB-bandwidth (nm) 3.3 4.3 4.7
Filter 20dB-bandwidth (nm) 2.1 2.2 3.3

Coupling length (µm) 14 14 18
Avg. resonance depth (dB) 17.9 12.5 8.2

Mean Q-factor 29 · 103 34 · 103 46 · 103

Table 3.1.: Summary of the classical performances of the three sources.

Due to a lack of time, we have chosen one corrugation strategy to proceed with the
integration and quantum characterization of the full photonics circuits. We will focus on
the CBG in the rest of this work. The other approaches, the SWG and tri filters based
circuits, were considered for future works.

If we now take this source and an integrated demultiplexing stage, we get an on-chip
photon-pair generator, see figure 3.26. At the output, instead of a comb of photon
pairs, pairs are separated into idler and signal ports. They can then be further de-
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multiplexed or directly used. As a demultiplexing stage, we chose a modal add-drop
device (see section 2.7.2). It has the advantage of being fully passive, to have a tunable
bandwidth, and to be amenable to cascaded configurations. If we use the same type
of grating as one of the pump rejection filter, we can easily align them in wavelength
by tuning their respective average waveguide widths. We fabricated such device, see
figure 4.6, with the CBG strategy and a strong filter with Wcorr = 100 nm. These
gratings have a bandwidth of 5.2 nm, they are used for the pump filter (PF) and for
the demultiplexing stages (MAD feedback, signal, and idler). A 2-MAD cascade is used
for the multiplexing of the signal/idler to reduce the crosstalk between the channels to
-20 dB. Due to fabrication problems, the transmission is lowered to -19 dB. But also,
large propagation losses make the signal and idler transmission down to -30 dB. No
heater could be deposited but luckily a ring resonance was well aligned with the center
of the filter response, see figure 3.30.

The grating couplers (CG) are spaced by 127 µm, so a fiber array can be used to
send light in and out of the circuit (figure 4.6). Alignment is done using a reference
waveguide, then the feedback level monitors the transmission.
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Figure 3.30.: Spectrum of the feedback, signal, and idler ports when injecting light in the pump
port. The resonances of the ring are highlighted, in blue, green and orange for
the pump, idler and signal, respectively. The two closest resonances from the
pump (visible in feedback) are not usable as they are rejected by the PF.

The ring resonator has a FSR of 1.57 nm which is close to the International Telecom-
munication Union (ITU) grid allowing to uses standard off-the-shelf components. We
can align the whole spectrum to the ITU grid by heating up the sample with a Peltier
system.

The fiber array has a backward crosstalk of only 90 dB even after 6 channels, making
direct use of the idler/signal output very noisy, on top of any photonic noise due to the
scattering. As a consequence, a filter at the pump wavelength or a de-multiplexing stage
of at least 20 dB is needed at each output.
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3.7. Summary

We have seen in this chapter possible design tools that one can use to change the prop-
erties of conventional waveguide Bragg filters. In particular, with a view to a drastic
increase in their power rejection (� 50 dB), while maintaining a low rejection band-
width, of a few nm at most. One-sided, triangular and subwavelength corrugations
allow to reduce the perturbation seen by the light, providing a reduced coupling and
narrow bandwidth. The closure of the band-gap effect promises a new approach to
realize narrow filters with large corrugations with reduced fabrication constraints. In
the current state of work, the most advanced approach for the production of narrow,
high rejection filter that has been implemented. It is based on a cascading strategy of
multimode Bragg filter enabling to push the limit of the possible rejections of ultra-long
single Bragg filters. This technology-independent proposal indeed precludes coherent
the interaction among nominally identical cascaded Bragg filters sections and provides a
dramatic optical rejection increase. It overcomes one of the major on-chip performance
limitations. While maximum rejection level in conventional wavelength filters is seri-
ously hampered by phase errors arising from fabrication imperfections. Our approach
allows effective cascading of low rejection level stages without the need for any active
tuning. High rejection levels have been demonstrated for cascaded MZIs [185] and ring
resonators [200]. However, these devices required active tuning of each stage in the
circuit to compensate phase errors.

The innovative concept is to separate multi-mode Bragg grating sections by single-
mode waveguides to break the coherency of the interaction. We engineer the grating to
yield back-reflections propagating in a high-order spatial mode, which is radiated away
in the single-mode waveguides. This way, different filter sections are completely inde-
pendent with no phase relationship. It allows effective optical rejection accumulation,
even in the presence of phase errors. Based on this concept, we have experimentally
demonstrated on-chip non-coherent cascading of multi-stage silicon Bragg filters. We
have implemented a notch wavelength filter with an optical rejection higher than 80 dB
solely corresponding to the noise floor level of our experimental equipment. This is the
largest optical rejection ever reported for an all-passive silicon photonic wavelength filter.

The approach proposed here could be translated to any other integrated photonic
technology, as long as it allows the realization of multi-mode Bragg gratings and single-
mode waveguides. Moreover, the concept could be applied to multi-corrugation geome-
tries providing simultaneous Bragg grating resonances for both TE and TM modes [188]
or to contra-directional couplers where reflected light is coupled to a different waveg-
uide [219, 214]. However, special care needs to be taken to fulfill conditions required to
achieve coherent interaction suppression, thereby obviating multi-filter effects that can
affect the spectra of filters [214].

The broken-coherency strategy proposed here releases new degrees of freedom to tailor
the shape of on-chip wavelength filters. More specifically, the bandwidth of the cascaded
Bragg filter is mainly determined by the length of the single section, while the rejection
depth is set by the number of sections.
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Chapter 3. Pump Rejection Bragg Filter

Moreover, we have implemented this pump filtering strategy on both a micro-ring
based entangled photon-pair source and an integrated entangled photon-pair generator.
These devices show premising spectral characteristics and will be tested extensively in
the next chapter.
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Chapter 4.

Silicon Based Integrated Quantum
Photonics

Quantum Information Science (QIS) exploits the fundamental properties of quantum
physics to code and manipulate quantum states. QIS is regarded as the most promising
pathway towards disruptive technologies, providing major improvements in processing
capabilities and communication security [96, 97]. Yet, practical implementations, such
as quantum key distribution systems or quantum processors, require a large amount of
compatible building-blocks [98, 99, 100, 101]. Integrated photonics based on parametric
sources (χ(2) or χ(3)) provides an effective and reliable platform for realizing advanced
quantum communication systems based on both linear and nonlinear elements [102, 103,
104, 105, 106, 107, 108].

In this chapter, we qualify a wavelength multiplexed entangled photon-pair source
fully compliant with fiber telecom networks and semiconductor technology. We use de-
multiplexed entangled photon-pair sources that separate the pairs on-chip. To do so,
we use all the structures designed described in chapter 2 with the filters of chapter 3.
The increment in integration complexity requires proper changes in dimension to achieve
wavelength alignment between the components. Proper interconnection and tapering is
also fundamental to reduce the losses coming with each structure. The rejection filter
cascading strategy has already been shown in chapter 3, showing large rejection [15]. The
next step consists in integrating the entangled photon-pair comb source and entangled
photon-pair generator which are described in section 2.1. The comb source outputs
a multiplexed comb of photon pairs that must be manipulated outside the chip. The
photon-pair generator demultiplexes those pairs into channels that can be sent directly
to the user or used as a heralded single photon source.

All previous realizations face a crucial limitation as soon as on-chip suppression of
photonic noise is concerned due to the substantially higher pump intensity compared to
that of the photon-pairs. This operation is typically externalized, using fiber or bulk
optical components, and removing the benefit of both the compactness and stability of
the whole system [109].

In this chapter, a transmission spectrum is first performed to ensure alignment and
assess the losses of the circuit. Then, nonlinear light is generated by pumping the
ring resonator cavity. A spectral and a correlation measurements are performed to
ensure that the generation process is indeed Spontaneous Four-Wave Mixing (SFWM).
Separable state can be used as a heralded single photons. In this case, the source
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generates idlers that, when detected, herald the signal photons. For this application,
no multi-pairs should be generated as more than one photon is heralded. To quantify
this, we can evaluate the normalized second order correlation function g(2). It allows
to extract the probability of a multi-pair events. To check the versatile nature of the
design, spectral characterization of the nonlinear light is performed. A joint spectral
amplitude measurement can check the spectral correlation between the signal and idler
photons.

Finally, we proceed to the qualification of energy-time entanglement carried by the
photon-pair using a standard Franson-type interferometer [220]. We will characterize
two-photon interference fringes over eleven complementary channels pairs spanning from
both S and C telecom bands [221] along with a coincidence-to-accidental ratio. Such
entanglement can be used directly on chip as a fully functionalized and scalable entan-
glement supplier [222]. As this measurement is very sensitive to residual photonic noise,
it is a good criterion to evaluate the pump rejection. We will also see if the time-bin
entanglement of the pairs is preserved even manipulated on-chip.

Qualifying quantum correlations in a stricter way, i.e. by means of a Bell-type en-
tanglement witness [14], is essential for a large variety of quantum applications such as
secret key distribution [223], superdense coding [224], teleportation [225], sensing [226],
and computing [100]. Such an entanglement characterization remains unanswered what-
ever the exploited integration platform (silicon, III-V semiconductors, lithium niobate)
for stand-alone devices embedding a pump-rejection solution. Yet, the degree of entan-
glement could be reduced by excess background noise or Raman photons induced inside
the on-chip pump filter itself.

4.1. Spectral & correlation characterization

4.1.1. Micro-ring based entangled photon-pair source

We consider the entangled photon-pair comb source designed in the previous chapter in
section 3.6. The source structure can see seen in figure 4.1, with the different components
highlighted. A Modal Add-Drop device was added between the cavity and the filter to
access the pumped resonances and ease spectral alignment, see figure 4.1. Without it,
we can only guess where the desired ring resonance is in the filter, making it tricky to
locate. The resonances exploited for the experiments are shown in figure 4.2a.

The cavity can be tested by measuring the singles (single photons) generated by the
SFWM process inside of the ring. This is measured using a Superconducting Nanowire
Single-Photon Detector (SNSPD) ID281 from ID Quantique and a motorized Yenista
XTM-50 filter with a bandwidth of 400 pm. This combination is equivalent to a very
high sensitivity spectrometer. The singles are generated in the resonances of the cavity
located symmetrically to the pump frequency, see figure 4.2b. The decreasing rate as
the distance from the pump increase is due to the grating coupler transmission. It is
mostly flat when normalized. The pump can be seen through the Bragg filter. This is
invariant to the design of the filter and is most likely due to reflection in the substrate
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Figure 4.1.: (a) Schematic of a photon-pair comb source and (b) microscope image of the comb
source, with highlights of the grating coupler (GC) in red, ring resonator (RR)
in dark orange, the modal add-drop (MAD) device in light orange, and the pump
rejection filter (PF) in yellow. Light is injected from the left via a single-mode fiber
(visible here above the GC) and collected on the right (outside of the picture).

and scattering1. The effective rejection of the pump filter in this case, with a closure
of the bandgap strategy (CBG) (section 3.4), is 85 dB. Additional protection could be
implemented to reduce the residual pump. Absorbing materials, metals, or out-of-plane
scattering gratings could be added on or around the waveguides to help. But since
residual light level is 15 dB stronger than the signal, we can easily remove it during the
de-multiplexing stage.

As shown in figure. 4.2a, the measured rejection of the filter is 60 dB (dark-blue
curve) which corresponds to the noise floor (red dashed line) of our detector and not
the real rejection value. This measured rejection rate is consistent with state-of-the-art
realizations for single-chip pump filters [7, 8, 9].

To make sure we generate time correlated photons, a time correlation measurement
is performed. Looking at the delay statistics between photons reveals a peak of coinci-
dences. This corresponds to the pairs generated simultaneously by the conversion of two
pump photons. Since they are entangled in energy-time, we can measure their travel
time difference. It is constant and set by the length difference after demultiplexing. In
other words, it is the time of flight difference since they were separated.

A Continuous Wave (CW) tunable laser is used to pump the ring. It is cleaned from the
Amplified Spontaneous Emission (ASE) with a passband filter Yenista XTM-50 (50 dB
rejection), then a Polarization Controler (PC) aligns its polarization with a Transverse-
Electric (TE) mode grating coupler. A power detector is used to monitor the feedback
port. At the output, a Beam Splitter (BS) and two Tunable passband Filter (TF), one
for each wavelength, are used to send the signal and idler to different single-photon
detectors (see figure 4.3). Then, a Hydra Harp Time-to-Digital Converter (TDC) allows

1This is also suggested by the increased number of photons measured when misaligned with the output
grating coupler.
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Figure 4.2.: (a) Spectra of the transmission and feedback ports of the comb source with a CBG
filter. The pumped resonance is highlighted in green as well as the first available
pair of signal/idler in red, and second pair in blue. (b) Spectrum of the pumped
resonance showing a Full Width at Half Maximum of 42 pm. (c) Spectrum of the
nonlinear emission of the source when pumped, the generation happens mostly in
the cavity resonances, a background noise is also generated due partially to the
rest of the structure where nonlinear processes can also happen. The pump is still
visible, considering the input power and the losses, and an effective rejection of
∼85dB is found.

to compare the arrival times of each detection. Note that the real coincidences rate is
4 times higher because of the not-optimized demultiplexing strategy. Indeed, it is only
when a single enters the signal TF and an idler enters the idler TF simultaneously, that
we get a detection. All other cases create noise. But it has the advantage to work for
all resonant wavelengths and is easy to reconfigure to other resonances. All the set-
up components are fibered, no free space optics is used, see figure 4.3. The sample is
stabilized in temperature with a Peltier stage set to 20◦C. The whole spectrum can be
shifted by changing the chip temperature with a Peltier system.

We can generate a histogram by selecting the first available resonance-pairs from the
pump. This delay statistic shows the coincidence peak but also the background noise,
see figure 4.4. The Coincidence-to-Accidental Ratio (CAR) gives us a direct insight into
the pump rejection level. This is the ratio between the poissonian statistical noise and
the coincidence peak.

The coincidence peak stands as a signature of the simultaneous emission of the photon
pairs. The width of the coincidence peak is given by the convolution of the coherence
time of the photons ( σcoherence ∼ 110 ps), of the detectors’ timing jitters (σjitter ∼
100 ps), and of the time resolution of the TDC (σresolution ∼ 1 ps). The full width
at half maximum of the coincidence peak is about 160 ps, which is consistent with√
σ2
coherence + σ2

jitter + σ2
resolution ∼ 150 ps.

Tuning of the cavity to get the best pair rate output is not trivial. If we tune the pump
wavelength over the resonance, we see an optical bistability [227, 228, 176]. This is due
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Figure 4.3.: Schematics of the experimental setup. (a) Input laser with associated filter (TF)
rejecting the amplified spontaneous emission and a polarization controller (PC).
Laser light is injected in the ring resonator (RR) through the grating coupler, and
then propagates to a modal coupler (MC) and through the integrated pump filter
(PF). (b) Schematic top-view of one of the cascaded Bragg filters (BF) composing
the PF. The output of the chip is connected to a coincidence setup (c) with a
beam splitter (BS) and bandpass filters to demultiplex signal and idler photons
(TF signal/idler). (d) Spectrum of the signal and idler filters, which exhibit 22 dB
and 25 dB rejection for the 2-FSR shift and 3-FSR shift configurations, respectively.
All the setup is fibered using single mode fibers (SMF) for the experiments.

FWHM = 160 ps

Figure 4.4.: Histogram of the arrival delay statistic between D1 and D2 for the 2-FSR reso-
nances (see figure 4.3).

to free-carrier absorption effect inducing a thermal shift of the waveguide material index
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values. The closer the laser is from the center of the resonance the stronger this effect
becomes. Accordingly, the rate of photon pair generation changes with a hysteresis, see
figure 4.5. Depending on the direction of the scan, the resonance shift changes too. The
stronger the pump, the more extreme the hysteresis is. For low powers, the difference is
almost negligible when aligning spectrally the ring resonance with the pump laser. But
at high power, the bistability effect limits the ability to properly excite the cavity with
the pump laser. To get an efficient photon-pair rate, the pump wavelength has to be
closed to the cutoff, which allows fluctuations in the ring to make the pumping jump.

0 20 40 60 80 100 120 140
Wavelength (pm)

0

50

100

150

200

250

300

350

Co
in
cid

en
ce
s (

Hz
)

10 mW backward
20 mW backward
30 mW backward
10 mW forward
20 mW forward
30 mW forward

Figure 4.5.: Coincidence rates between D1 and D2 as a function of the pump wavelength at
different power settings (external). The internal power can be estimated to -10 dB
smaller, by increasing (forward) or by decreasing the wavelength (backward). A
clear hysteresis is visible between the forward and backward measurements that
increases with power.

We study more in depth the closest resonances from the pump, i.e with a paired
channels distant by two and three Free Spectral Range (FSR). They may suffer preferably
from the pump photonic noise. The related wavelength for the 2- and 3-FSR shift are
highlighted in figure 4.2a. The pump is set to λp = 1534.2 nm (C band) with an input
power of 2.8 mW after the polarization controller (figure 4.3a). Examples of a typical
coincidence histogram is shown in figure 4.4a, where a coincidence peak emerges over a
small background of accidental counts.

We now consider the internal brightness of the ring. The overall losses of the setup,
including the input/output and propagation losses of the chip, are outlined in Table
4.1. The single count rates in the coincidence experiment are of 4 · 104 signal counts
per seconds and 3 · 104 idler counts per seconds, with 20 dB and 27 dB of losses, re-
spectively. Coupling coefficient of the ring was evaluated using the spectral signature
of the resonances. With a finesse of 39.3 and losses of α = 0.16 cm−1, we found a
coupling coefficient k ' 0.38 [176] The overall coincidence peak spreads over several
time bins and shows an average of 120 coincidences per second over a time window of
400 ps, see figure 4.4. With all those figures, we can infer an internal photon-pair rate of
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Table 4.1.: Summary of the losses experienced by the 2-FSR photon pair

Components Signal (dB) Idler (dB) Pair (dB)

Ring coupling 4.2± 0.2 4.2± 0.2 8.4± 0.4
Integrated filter 3± 0.1 (3 + 5)± 0.1 11± 0.2
Grating coupler 5.5± 0.2 6± 0.2 11.5± 0.4
Beam splitter 3± 0.2 3± 0.2 6± 0.2

Bandpass filters 2± 0.5 2.5± 1.5 4.5± 2
SSPD 2± 0.2 (∼ 60%) 3± 0.2 (∼ 50%) 5± 0.4

Total 19.7± 1.4 26.7± 2.4 46.4± 3.8

(4.2± 0.2) · 106 pairs/s. The ring shows resonances of about 42 pm width and the power
in the ring is estimated from the transmission measurements to be 0.9 mW. We esti-
mate an internal brightness of ∼ 500 pairs/s/mW2/MHz. Due to the non-deterministic
wavelength separation induced by the beam splitter (figure 4.3) and the spectral filtering
ensured by the bandpass filters in each arm, the rate at the output of the chip is 4 times
higher, i.e about 480 pairs generated per second for each channel pair. Let us stress
that this coincidence rate, stands among the best values reported for photonic devices
embedding several key components [11, 229, 230, 231, 102, 232, 233]. In comparison,
similar realizations suffer from low coincidence rates due to prohibitive losses, preventing
any further analysis of entanglement [11, 10]. Note that the other interesting feature
reported in Table 4.1 is the 2 dB-loss for the pump filter which is almost only due to
propagation. This low value associated with a high rejection level and a narrow band-
width shows that the proposed pump filtering strategy is a promising basic brick for the
realization of next generation quantum photonic circuits.

4.1.2. Integrated entangled photon-pair generator

The experimental set-up for the photon-pair generator is similar to the comb source one
(figure 4.3). A tunable CW pump laser (Tunics EXFO or Tunics Yenista HP) is cleaned
from its ASE. Then a PC aligns the polarization with the Grating Couplers (GC).
Three outputs are measured simultaneously. The feedback port monitors the spectral
alignment of the ring with the pump and the transmission levels. Signal and idler are
filtered externally with a standard International Telecommunication Union (ITU) Dense
Wavelength-Division Multiplexers (DWDM) to select a pair of resonances and reduce
the photonic noise. Due to the large bandwidth of the filter, the 1 and 2 FSR resonances
from the pump are very lossy. The usable pairs are from 3, 4, and 5 FSR, see table 4.2.

To make sure the ring resonator is working and that the circuit does not affect the
pairs, we perform a coincidence measurement. Each pair of channels is probed separately
with two single-photon detectors ID230 (∼ 20 % eff.) and a TDC Hydra Harp. We see
a clear peak for each one with different rates due to the transmission variations, see
figure 4.7. The CAR for 3, 4, and 5 FSR are equal to 84, 120, and 100, respectively.
Then, the photon-pair rate is also investigated as a function of power propagating in the
waveguide. The coincidences increase quadratically with the pump power until about
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Figure 4.6.: (a) Schematic of the entangled photon-pair generator and (b) optical microscope
image of the photon-pair generator, with highlights of the grating couplers (GC)
in red, ring resonator (RR) in dark orange, the modal add drop (MAD) device
feedback in light orange, the pump rejection filter (PF) in yellow, MAD idler and
signal in blue and purple, respectively. Light is injected and collected on the left
via a fiber array (no visible here). The use of each GC in indicated next to its
waveguide.

2 mW in the waveguide. At which point the Two-Photon Absorption (TPA) process
in silicon starts having a detrimental effect. Then the rate increases linearly with the
power, but it is still advantageous to go slightly beyond. Whenever possible, we will be
around 3 mW of injected power, which provides an increase in pair rate while keeping
the CAR around 100. The CAR, on the other hand, decreases exponentially versus the
power, in good agreement with results reported in previous works [234].

4.2. Photon statistical characterization

There are three types of photon statistics: Poissonian, super-Poissonian, and sub-
Poissonian [69]. They correspond to different types of light generation, coherent (e.g.
LASER), chaotic (e.g. thermal source), or quantum (e.g. single photon light source),
respectively, see figure 4.8. Different laws describe the probability of having n photons
per time interval in the case of monochromatic sources, see table 4.3. The poissonian
statistics are characterized by a constant intensity I(t) = Cte, whereas the thermal one
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FSR λres (nm) ITU channel λch (nm) ∆λ (nm)

-5 1535.812 52 1535.82 -0.008
-4 1537.379 50 1537.4 -0.021
-3 1538.946 48 1538.98 -0.034
-2 1540.513 46 1540.56 -0.047
-1 1542.08 44 1542.14 -0.06
0 1543.647 42 1543.73 -0.083
1 1545.214 40 1545.32 -0.106
2 1546.781 38 1546.92 -0.139
3 1548.348 36 1548.51 -0.162
4 1549.915 34 1550.12 -0.205
5 1551.482 32 1551.72 -0.238

Table 4.2.: Wavelengths of the pump (0 FSR) and the 5 closest pairs or channels with theirs
associated ITU channel and distances from the resonances. All distances are smaller
than 0.35 nm, so none are at the edge of a channel.
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Figure 4.7.: (a) Coincidence histogram of the three available resonances in the photon-pair
generator. (b) Plot of the coincidence rate and CAR of the 3-FSR channel pairs
as a function of the on-chip power. The rate starts by increasing quadratically
before been slowed by two-photon absorption (TPA) limiting its growth. The CAR
decreases exponentially with the power of the pump due to the rapid increase in
background noise.

have fluctuations [235], resulting in bunching of photons. Finally, non-classical photon
sources sends indistinguishable photons at a fixed rate.

The fluctuations in the intensity of a chaotic source has a short memory. This means
that these fluctuations appear if the detection time is shorter than the coherence time
of the light. Otherwise, the photon statistics is poissonian. Similarly, true a single
photon sources never sends two photons at the same time. This implies that the system
has anti-correlations. This is not the case in a poissonian source, as photons are sent
completely independently of the others.
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Super-Poissonian Poissonian Sub-Poissonian

Type Thermal Coherent Quantum

Pn
〈n〉n
n! e

−〈n〉 1
(〈n〉+1)

(
〈n〉
〈n〉+1

)n
1 if n = 〈n〉 else 0

Table 4.3.: Probability distributions of having n photons in a random bin for an average number
of photon 〈n〉.

Here different correlation properties can be observed and where the quality of op-
tical sources depends on it. It is interesting to evaluate the normalized second order
correlation function, which represents the intensity-based time correlations of light:

g(2)(τ) =
〈I(t)I(t+ τ)〉
〈I(t)〉2

. (4.1)

The brackets denote the average over times t. This function is constant for a monochro-
matic coherent light source g(2)(τ) = 1. For a chaotic source, it is g(2)(τ) ≥ 1, the
normalized first order correlation function. For a non-classical light source g(2)(τ) ≤ 1.

This criterion is a way to identify which statistics one is dealing with. In general,
g(2)(τ) ≤ 0.5 is required to claim a single-photon state [236], see figure 4.8d. It can be
measured with a Hanbury-Brown and Twiss (HBT) type experiment [70]. After splitting
light using a 50/50 BS, intensity correlations are recorded at the two BS outputs as a
function of the relative delay between the photons of each pair. However, note that
this is true only for monochromatic light when resolving the fluctuations in intensity
(number of photons). When using single photon detectors, only light with low 〈n〉 can
be properly studied. The average photon number can be increased when using a multi-
photon detector (detector giving the number of photons in the detection) depending on
the maximum detectable number of photons.
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Figure 4.8.: (a), (b), and (c) are probabilities of having n photons when looking at a average
number of photons 〈n〉 = 2. (d) Plot of the value of the normalized second order
correlation function at zero delay g(2)(0) for increasing the average number of
photons. Note that the non-classical g(2)(0) is null only at 〈n〉 = 1. [237]

Developing a true single-photon source [4] is technologically challenging and suffers
from inherent defects as the emitted wavelengths are usually not compatible with telecom
bands and due to a lack of scalability. On the other hand, we can emulate such a source
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by heralding a photon from a parametric source. If a pair of photons is created at the
same time, one photon can be used to announce the other. The proper non-classical
statistics is created by selecting when light is created and arriving at the output. So, an
extra condition is added: the detection of the heralding photon. The arrival statistics
of photons is completely different. Naturally, each signal/idler beam exhibits a thermal
statistic (g(2)(τ) ≥ 1) as a result of the amplification of vacuum fluctuations [237].
However, once heralded, anti-correlations can be measured at zero delay.

We have characterized the statistical properties of photon pairs created by pumping
the ring resonator. A photon pair source can be used as a heralded single photon source,
providing that the pair is in a separable state. This is the case in a ring resonator when
we use a pump with a large enough bandwidth compared to the resonance bandwidth
[238]. The circuit then acts as a heralded single photon source, the signal photon being
detected to announce the idler. However, this is true only if we get pairs of photons,
no double pairs, nor more, simultaneous photons. In those cases, a multi-photon state
is heralded, the output no longer is a single photon. We can evaluate the number of
multi-pairs but also the heralding efficiency of the circuit. The ring produces pairs with
a state:

|φ〉II =

∞∑
n=0

cn |n〉s |n〉i . (4.2)

So that the state of light after the heralding is

|φ〉 = c0 |0〉︸ ︷︷ ︸
removed by heralding

+c1 |1〉+ c2 |2〉+ c3 |3〉+ ...︸ ︷︷ ︸
unwanded

. (4.3)

Here, each of the terms is a Fock state with its corresponding coefficient. The indices
correspond to the number of photons. The vacuum state |0〉 is removed by the heralding
process as we only consider the photons when heralded. Then, we want to investigate
the probability to have any multi-photon state.

The g(2)(τ) function is measured using a beam splitter and two SNSPD (Detection
efficiency ηdet ∼ 60 %). Any double trigger in the idler arm (D2 and D3) can then only
be due to multi-photons states, see figure 4.9. For a perfect on-demand single photon
source, g(2)(0) = 0, meaning that when a photon is detected in one of the detector,
nothing is detected in the other-one.

However, we must differentiate it from a heralded photon source. Such source outputs
a single photon only when a heralding photon is detected. Then the correlation function

becomes g
(2)
h (τ), which is conditioned by the measurement of an heralding photon.

When detector D1 clicks, then we perform the correlation measurement. The detector
D2 is then used as a start (or t0) for a coincidence measurement with D3. The detector
D3 is left in a free running state until another trigger from D1 resets the system (or
the time exceed 100 ns). During the 6 hours of experiment, the TDC records all events.
Then, in a post analysis using a python script, coincidences are extracted. To avoid any
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Figure 4.9.: Schematics of the experimental setup. An input laser with an associated filter
(TF) rejecting the amplified spontaneous emission and a polarization controller
(PC) is used. Laser light is injected in the comb-pair source. The output of the
chip is connected to a corration setup, the signals are sent to D1. The idlers are
sent to a beam splitter (BS) a detector at each output, D2 and D3. D1 is used as
heralding for the detection in D2 and D3. All detector are free running SNSPD
with detection efficiency around 60%.

artifact in the analysis, an all coincidence algorithm is chosen [239, 240]. It records all
stop events in a time window after the start.
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Figure 4.10.: (a) Coincidence histogram between D1 and D2 or D1 and D3, setting the time
for the experiments. (b) Plot of the second order correlation function g(2)(τ)
between the detector D2 and D3, a peak can be seen above one indicating the
chaotic nature of the pair generation process.

First, we simply do a correlation measurement between D1 and D2/D3. This is to
make sure we have a peak of pairs and to set the delays as respective t0 (figure 4.10).
If we look only at the correlations between the D2 and D3 detectors, we see a thermal
statistic of the g(2)(τ), see figure 4.10. We found a peak of g(2)(τ) ' 1.5 showing a clear
thermal signature even if not going up to 2 [241]. This could be due to a second mode
being measured at the same time as:

g
(2)
thermal(0) = 1 +

1

M
, (4.4)
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with M the number of measured thermal modes. A possibility is also that the poissonian
background noise reduces the peak. But the most likely is that we are in between the
poissonian and the thermal regimes. This is because the time jitter of the detector
(Tjitter ≈ 150 ps) and the photon coherence time (Tcoherence ≈ 200 ps) are of the same

order. When we introduce the heralding condition, the correlation function g
(2)
h (τ) is

completely different.

BS
D2

D3

D1 t12

t23

(a)
(b)

(c)

Figure 4.11.: (a) Plot of the heralded second order correlation function g
(2)
h (τ) between (b) the

detector D1, D2, and D3, dip appears at zero delay showing the non-classical
nature of the photon been generated, so only single photons are been sent in each
channels. (c) Zoom around the zero delay of the curve (a).

To construct the g
(2)
h (τ) function, we need to count the number of triple detections

done by the system, i.e. every heralded double. A triple coincidence is counted when a
photon has been detected by D2 in the peak at t12 = 10.8 ns after a D1 trigger, then
we wait for a photon in D3. If it arrives with a delay of t13 = 13.1 ns, it is counted as a
triple coincidence with a delay τ = 0 ns. If it arrives later or earlier, it has a positive or
negative delay, respectively.

The g
(2)
h (τ) function is then estimated as [241]

g
(2)
h (t12, t13) =

R123(t12, t13)

r(0)3g
(2)
12 (t12)g

(2)
13 (t13)

(4.5)

where r(0) is the first-order correlation function, g
(2)
12 and g

(2)
13 are the second-order cross-

correlation functions which are the ratio Rcoinc(τ)/Racc(τ) of the coincidence rates over

the accidental rates. Simply considering g
(2)
h (τ) = g

(2)
h (0, τ), with τ the delay between

the trigger of D2 and D3. After measuring the histograms between D1-D3, D2-D3, and
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D1-D2-D3, we can use equation 4.5 and plot the data, see figure 4.11. We can fit the

data with a bounded Gaussian. We get a g
(2)
h (0) ' 2.52 · 10−5 ± 1.86 · 10−3, which is

much lower than 0.5 and indicates the non-classical nature of the generation process.
This value shows that the number of double pairs, which should be the main limitation

of the g
(2)
h (0), is in fact negligible. The large error rate on the measurement is due to

the small amount of triple events recorded (on average 1.56 per 200 ps bin over the 6
hours). Thus, this should be considered as a best case. A more conservative value can
be found by using the photon number probabilities.

Time interval ∆τ 200 ps 1 ns

Events N12 133413 339722
Events N13 395786 597637
Events N123 1 17

Table 4.4.: Summary of the events measured over 6 hours with N1 ' 4.3× 108 triggers of D1.

We can construct the statistics of generated photons using the number of events.
Once heralded, the probability to get a single photon is P1 ≈ (N12 +N13)/N1 (N1 is the
number of detections in D1 over the 6 hours), since we know that the number of multi
pairs is negligible. We can also approximate the probability to get heralded pairs by

P2 ≈ N123/N1. Since g
(2)
h (0) ≈ 2P2/P

2
1 when P1 is small, we get g

(2)
h (0) ' 3.07 · 10−3

from the values shown in tables 4.4 and 4.5. Most of the time, when a heralding photon
is detected, the source outputs nothing. This is due to the low heralding efficiency
η = (N12 + N13)/(N1ηdet) = 0.15%, with ηdet the detection efficiency of the detector,
due to the poor transmission. But when we get an output it is almost always a single
photon. There are 6 orders of magnitudes between the chance to get a single photon
and getting any other photon state (2, 3, etc. photons).

Properties Value

N1 4.3× 108

P0 0.999
P1 1.23× 10−3

P2 + P3 + ... 2.33× 10−9

Heralding eff. η (%) 0.15
< n > per bin 10−5

Bin size (ps) 200
Int. time (s) 21600

g(2)(0) 3.07× 10−3

Table 4.5.: List of the parameters extracted from the measurements.
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4.3. Joint spectral amplitude measurement

When a pair of photons is generated, they have spectral correlations. Some pairs of
wavelength (λi, λs) are more likely than others. These correlations determine the level
of entanglement of the pair. In equation 1.40, the two photon state |ψ〉II is made up of
the Biphoton Wave Function (BWF) φ(ωi, ωs), which depends on the frequency of both
photons of the pair, seen in section 1.1.5. The probability for having a pair (ωi, ωs) is
then |φ(ωi, ωs)|2, called the Joint Spectral Amplitude (JSA). As mentioned in section
1.1.5, if the BWF is the product of two functions, the pair is not entangled. This can be
translated into a more circular shape of the JSA in the (ωi, ωs) space, in our case. On
the other hand, an elongated JSA indicates an entangled state. This can be understood
as the following: in a (an anti-)diagonal distribution, knowing the x coordinate allows
to deduce the y position, thus there are correlations between the two. While in a
circular distribution, knowing a x coordinate does not provide information on the exact
y position.

The JSA of a ring resonator can be simulated [16] by making some approximations.
The two possibilities are that the ring pumped resonance sees a white light source or a
monochromatic one. Using Lumerical MODE solution [172], the properties of the ring
waveguide are investigated at 1541 nm (pump wavelength), we get an effective index of
2.537, a group index of 4.002, and a dispersion of 1856 ps/nm/km, see figure 4.12. These
values can be used to simulate the ring properties like the FSR, ωFSR = 2πc/(ngL). We
also need the wave-vectors to compute the JSA. For the pump, it is kp = ωp/νp, with
νp = c/neff the phase velocity. For the signal and idler, it can be approximated to ki,s =
kp±NωFSR/νp + (NωFSR)2DGVD, where N is the number of FSR from the pump, and
DGVD is the group velocity dispersion. It can be deduced using DGVD = −Dλ2

p/(2πc)
with D the dispersion from figure 4.12c.

Figure 4.12.: Properties of the ring waveguide as a function of wavelength, Silicon-On-Insulator
(SOI) 600 nm wide with air cladding. (a), (b), and (c) are the effective index,
the group index, and the dispersion, respectively. On each one the values at the
idler, pump, and signal wavelengths are written.

We can now use the model from [16] to simulate the JSA of the ring for two pump
types. The pump can be a pulsed or a CW, with a large and a narrow spectral widths,
respectively. The pulse pump acts as a white source for the ring if pulse duration is
short enough (Tpulse ' 5 ps) compared to the resonance bandwidth (Ω = πc∆λ/λ2

p).
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In that case, we get uncorrelated photons from each pair, see figure 4.13a, spectral
dependency with the signal (idler) can be deduced from a single idler (signal) as the pump
is broadband and any ”pump wavelength” in the resonance could have generated the
pair. A CW laser can be approximated by a very long pulse (Tpulse ' 5 ns), which is well
defined spectrally. This creates a correlation between the two photons, i.e. entanglement,
see figure 4.13b. As now the pump is fixed, knowing precisely the wavelength of a signal
(idler) allows using the conversation of energy to deduce the properties of its sister idler
(signal).

A criterion to characterize the entanglement of the state is the purity P = K−1,
where K is the Schmidt number. This is not the case in general but true in this case
of parametric conversion. The Schmidt number is defined as K = (

∑
n en) where en

are the eigenvalues of the reduced density operator. We get as expected a high purity
96% (K = 1.037) for the pulse pump and a low purity of 0.01% (high Schmidt number
K = 106.8) for the CW pump, indicating a high entanglement of the photon pairs.
Finally, another approach to estimate the JSA is to directly measure the wavelength of
the resonances and convert them to the k-space. In this case, only the group index must
be simulated. This provides very similar JSA and Schmidt number values.

(a) (b)

P = 96%
P = 0.01%

Figure 4.13.: Simulated JSA for, (a) a short pulse approximation with 5 ps pulse duration,
(b) a long pulse approximation (CW) with a 5 ns pulse duration. The purity P
and Schmidt number K are indicated on each plot, as well as the approximation
condition TΩ for the product of the pulse duration and resonance width.

To probe the BWF, we can use the Stimulated Emission Tomography (SET) technique
[238]. Instead of relying on spontaneous emission of pairs to probe the BWF, as each
pair must be spectrally analysed separately, the SET exploits the higher efficiency of
the stimulated four-wave mixing process. A seed laser is injected in the sample with the
pump: this forces photon generation at this wavelength (slice of the BWF) that can be
then spectrally analyzed.

The setup was constituted of two CW Tunics lasers for the pump and seed signals.
After each, a Yenista XTM-50 filter were used to clean them from the ASE. PC where
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Figure 4.14.: Schematics of the experimental JSA measurement setup by SET. The pump and
seed laser are cleaned with filters (TF Pump/Seed), rejecting the amplified spon-
taneous emission and polarization controllers (PC) are used to align them with
the sample input. The lasers are combined using a beam splitter (BS). The out-
put of the chip is connected to a filter to reject the seed light (TF signal) and an
ultra-narrow filter of 6 pm bandwidth is used as a spectrometer. Due to the low
amount of four wave mixing generated, a SPAD ID230 is used to measure the
spectrum.

used to align the polarization with the grating coupler input of the sample. A BS
combined the two lasers before light injection. At the output, a Yenista XTM-50 filter
was used to remove partially the noise from the seed. Finally, an Ultra-Narrow Filter
(UNF) from Advanced Optics Solutions and a Single Photon Avalance Detector (SPAD)
ID230 from IDQ was used as a high accuracy Optical Spectrum Analyzer. The UNF
had a bandwidth of 6 pm or 0.75 GHz and was tunable over 500 pm starting at 1560.2
nm.

The JSA measurements were performed on a comb-pair source to accommodate the
UNF wavelength range. The pump was set at 1541.3 nm and the seed scanned the
wavelength from 1522.4 to 1522.7 nm with a step of 5 pm. For each seed wavelength,
the UNF was tuned over its entire range while the detector measured the light generated.
Each point was integrated for 250 ms. The measured spectrum is plotted in figure 4.15.
We can see a clear anti-correlation between the seed and signal wavelength. The sample
used a ring with a resonance Full Width at Half Maximum (FWHM) of 105 pm and a
FSR of 1.55 nm. The resonances tested corresponds to ±14 FSR from the pump.

We can then reconstruct the full JSA by fitting the data with a 2D Gaussian function

f(x, y) = Ae
−
(

(x−x0)
2

2σ2x
+

(y−y0)
2

2σ2y

)
(4.6)

with A its amplitude, (x0, y0) the position of the maximum, σx and σy the FWHM in the
x and y direction, respectively. From the full JSA, we can extract the Schmidt number.
We get a K = 5.52 which is much lower than the predicted value. This can be attributed
to the large bandwidth of the UNF compared to the JSA’s simulated spectral width.
We also found back the FWHM of the ring resonances of about 100 pm in the JSA.

As shown in figure 4.16, the fit is slightly tilted compared to the anti-diagonal by 5.2◦.
This could be due to instability during the measurements as the total integration time
was more than 2 hours. A thermal drift in the UNF or the sample could result in such
a deformation.

This measurement confirms the entangled nature of the pairs being generated. The
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4.3. Joint spectral amplitude measurement

Figure 4.15.: Raw experimental results from changing the seed λi wavelength and measuring
the spectrum generated λs by turning the UNF. A clear anti-correlation can be
seen, as expected with a CW pump laser.

Figure 4.16.: Fit of the raw date using a 2D Gaussian is 5.2◦ off the anti-diagonal, with
σanti−diag = 44.3 pm and σdiag = 4.0 pm. The Schmidt number K is close
to 5.5, limited by the bandwidth of the UNF.

wavelength correlation is a characteristic of a non-separable two photon state. We were
limited by the resolution of the UNF to determine with accuracy how close the BWF is
to a theoretical state. To push this limit, we could change our strategy and try to create
interferences between the two photons. This is called Franson interferometry, which is
presented in the next section.
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4.4. Visibility measurements

The photon pairs are genuinely energy-time entangled as they are produced by SFWM
[242, 243, 244, 245, 246, 144, 247, 248]. This is thanks to the conservation of energy
but also the simultaneous generation of the two photons. As we know the spectral
properties of the two-photon state that are generated, we can characterize further their
entanglement.

Figure 4.17.: Schematics of the interferometric setup used by Franson [14, 42]: a pair of en-
tangled particles are generated by the source and sent to MZI interferometers.
Then, correlations between the arrival times are measured between the detectors
D1 and D2.

Time-bin entanglement can be qualified by using a Franson-type interferometer setup
[14, 42], see figure 4.17. It is constituted of two Mach-Zehnder (or Michelson) interfer-
ometers, with a large delay in one arm. The delay ∆L between the two arms must be
larger than the coherence length of the individual studied photon Ls,iC � ∆L. This is
to avoid first order interference of each photon, meaning the photon cannot interfere
with itself. Moreover, the delays must also be smaller that the coherence length of the
pump ∆L � LpC . This condition is necessary so that the regardless of which paths
are taken in the interferometers so the two-photon waves can interact. Finally, the two
interferometers must be strictly identical in length, within the coherence length of the
single photon. Any variation creates a partial distinguishability of the two states. This
reduces our ability to measure the entanglement between the pairs. All these conditions
insure that only second order (or two photon) interferences can be measured.

Since each interferometer has a long and a short paths, there are two possible paths
taken by each photon. Either they take the long or the short paths. This creates states
with of an early (short path s) and late (long path l) components, see equation 4.7.

|φ〉 =
1√
2

(|s〉+ eiϕ |l〉) (4.7)

Since each photon can explore both paths, it makes 4 total possibilities. It creates
the two photon state of equation 4.8. The subscript i (idler) and s (signal) indicate
from which photon the component come from and ϕi,s is the phase accumulated by each
photon in their respective Mach-Zehnder Interferometer (MZI).

|φ〉II =
1

2

(
|s〉i |s〉s + eiϕi |l〉i |s〉s + eiϕs |s〉i |l〉s + ei(ϕi+ϕs) |l〉i |l〉s

)
(4.8)
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When measuring the arrival times, |l〉i |s〉s and |s〉i |l〉s are distinguishable but not
|s〉i |s〉s and |l〉i |l〉s. The probability amplitude of the latter ones will interfere leading
to two-photon interference fringes. Their amplitude depends on the sum of the two
interferometers phases ϕi+ϕs. The detection in D1 and D2 can be completely correlated
or anti-correlated depending on the total phase. The minimum amplitude will create
anti-correlation. This is used to determine the entanglement quality of the pairs. A
perfectly indistinguishable pair with perfect detectors and no noise will yield a null
coincidence rate. Thus the visibility V of the measurement would be 100 % since V =
(Cmax − Cmin)/(Cmax + Cmin), with C the coincidence rates.

Entanglement was analyzed using a folded Franson arrangement consisting of an un-
balanced fiber Franson-type Michelson Interferometer (F-MI) (figure 4.18c) [14, 249]. In
this case, pairs are sent to the same Michelson interferometer and are spectrally sep-
arated after. This configuration requires less stabilization. Our F-MI are completely
fibered, with one arm connected to a piezo-electric stage that stretches the fiber. At the
end of each fiber is a Faraday mirror such that the reflected light is always perpendicular
in polarization with the incoming one. This prevents classical interferences from happen-
ing. A piezo-transducer was used to extend the fiber in one arm, changing the imbalance
of the interferometer, and thus the relative phase between the two arms. Everything is
sealed in a box with a large mass, and a polystyrene thermal isolation. This provides a
large thermal inertia allowing a stability of a few minutes without any tuning. Finally, a
heater is added in the interferometer to provide a thermal stabilization when necessary.

Energy-time entanglement is revealed by the coherent superposition of the contribu-
tions coming from identical two-photon paths (short-short and long-long) contrarily to
the contributions coming from different paths (long-short, or conversely). Consequently,
a coincidence histogram with the emergence of 3 peaks is recorded [104](figure 4.19b).
The central peak gathers the two indistinguishable contributions leading to interference.
The total and average numbers of coincidences in the central and side peaks, respectively,
(figure. 4.19(b)) are used to plot the patterns shown in figure 4.20.

As mentioned above, the F-MI imbalance (∼ 350 ps) needs to be greater than the
coherence time of the single photons (∼ 100 ps) to avoid first-order interferences and
shorter than the coherence time of the CW pump laser (∼ 100 ns) in order to have
a coherent superposition between short-short and long-long contributions in the central
peak. By using a narrow coincidence window that excludes the side peaks, entanglement
can be revealed according to the coincidence counting evolution N0(1−V cos(2φ)), where
V and φ represent the fringe visibility and the phase accumulated by the single photons
in the interferometer, respectively. The visibility stands as our main figure of merit, and
correlations described by such a coincidence function with a visibility higher than 70.7
% cannot be described by any local hidden-variables theory [250].

4.4.1. Visibility of the entangled photon-pair source

The full experimental setup is presented in Fig. 4.18. Light from a narrowband tunable
telecom CW laser (Yenista Tunics Plus laser) is coupled to the device. Before the silicon
chip, a tunable bandpass filter (Yenista XTM-50) is used to clean the laser from the ASE,
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which would otherwise be coupled to the chip and not filtered by any other components.
Then, a polarization controller is used to set the laser light to the TE polarization mode
(Fig. 4.18a). The Transverse-Magnetic (TM) polarization is suppressed by both grating
couplers (about 40 dB each) of the circuit as well as by the waveguide itself due to the
asymmetric cladding (silicon waveguide between silica and air layers). Finally, a Peltier
device driven by a temperature controller (Thorlabs TED 200C) is used to ensure a
thermal regulation of the sample to (21± 0.01) ◦C.
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Figure 4.18.: Schematics of the experimental setup. (a) Input laser with an associated filter
(TF) rejecting the amplified spontaneous emission, and a polarization controller
(PC). Laser light is injected in the ring resonator (RR) through the grating cou-
pler, and then propagates to a modal coupler (MC) and through the integrated
pump filter (PF). (b) Schematic top-view of one of the cascaded Bragg filter (BF)
composing the PF. The output of the chip is connected to the entanglement qual-
ification setup (c) in a folded-Franson configuration. (e) Spectrum of the signal
and idler filters, which exhibit 22 dB and 25 dB rejection for the 2-FSR shift and
3-FSR shift configurations, respectively.

For the time correlation measurements, we employ after the sample a beam splitter
followed in each arm by a bandpass tunable filter (OZ optics). Each one has about
600 pm bandwidth and 22 dB extinction ratio (Fig. 4.18a). This is for the demultiplexing
signal and idler photons. One wavelength is being sent to the signal filter and the other
to the idler one (Fig. 4.18d). It is a not an optimized demultiplexing process as only a
fourth of the pairs can be counted. We use two SNSPD ID Quantique ID281 connected to
a TDC (PicoQuant HydraHarp 400) for recording coincidence counts with a bin precision
of 1 ps.

Before addressing entanglement analysis, a relevant figure of merit associated with
time correlation measurements consists in evaluating the CAR. The CAR is between
the coincidence peak and the background noise. In the measurements presented in
Fig. 4.19a, the CAR is greater than 60 for both histograms (2-FSR shift and 3-FSR
shift). Accidental counts mainly come from successive pairs events, when one of the two
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photons has lost its paired companion. This CAR could be improved by using a lower
pump power at the price of reduced coincidence counts and of longer integration times
[251]. There, our strategy is slightly different and promotes pragmatic realizations of
QIS experiments. We emphasize the high-coincidence counts while keeping a moderate
but safe CAR [104].

1000 1500 2000 2500
0

100

200

300

400

500
(a)

C
ou

nt
s 

(1
0s

)

Time bins (ps)

 2-FSR
 3-FSR

1500 2000 2500 3000
0

20

40

60

80

100

(3)(2)C
ou

nt
s 

(5
s)

Time bins (ps)

  = 1.5
  = 0.3750

(b)

(1)

Figure 4.19.: Recorded coincidence histograms. (a) The histograms represent the recorded
coincidences for both 2-FSR shift and 3-FSR shift resonances. The overall inte-
gration time is 10 seconds and the measurements are done with SNSPD detectors
(Fig. 4.3). The 2-FSR rate is of about 116 counts/s with an CAR of 67.5, while
the 3-FSR coincidence rate is of about 151 counts/s with a CAR of 100. The
noise level within the peak is between 1.5 counts/s and 1.7 counts/s. (b) The
histograms represent the coincidences at the output of the interferometric setup
sketched in Fig.4.18 for the 2-FSR shift resonances. They show a maximum and
a minimum of interference (region (1)). Here, the overall integration time is of 5
seconds. The error bars for all points come from Poissonian statistics associated
with the pairs (e.g.

√
N , N being the number of coincidences). Note that similar

histograms are obtained for the 3-FSR shift case.

Exploiting energy-time observable relies on the systematic lack of information of the
pair creation times within the coherence time of the employed CW pump laser. In
practice, the twin photons pass through the unbalanced interferometer (see Fig. 4.18c)
following either the same path (short-short or long- long) or different paths (long-short,
or conversely) [104]. These contributions are distinguished by measuring the arrival
times of the idler photons with respect the signal photons using the TDC. This enables
recording a coincidence histogram comprising three peaks (see figure 4.19b). The side
peaks (labeled (2) and (3)) correspond to the situations where the paths are different.
The central peak (labeled (1)) gathers the two indistinguishable cases (short-short and
long-long) leading to two-photon interferences.

Interference patterns recorded for resonances 2-FSR (Fig. 4.20a) and 3-FSR (Fig.
4.20b) from the pump are obtained with a phase resolution of 2π

20 , compliant with the F-
MI stability. The interferometer 2π-dephasing time-scale is within the hour range which
leaves enough time to perform a scan without being subject to detrimental phase drifts.
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The side peak in Fig 4.19(b) also shows the stability of the photon generation process.
The typical acquisition time for recording two fringes is 6 minutes. The noise figure in
the central peak is of about 0.5 and 0.9 counts/s for the 2-FSR shift and 3-FSR shift
resonances, respectively.
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Figure 4.20.: Plots of the coincidence rates (blue curve) for the central (Region (1) in Fig.
4.19b) and the average of the side peaks (Regions (2) and (3) in Fig. 4.19b).
Each point is obtained with a 5 seconds integration time and the step increment
of π/8. The side peak rates show the stability of the measurement. Here, noise
counts are not removed from the measurements, (a) corresponds to the 2-FSR
shift resonances with a noise of 0.5 counts/s, (b) is the 3-FSR shift resonances
with a noise of 0.9 counts/s. The error bars for all points come from a Poissonian
statistic.

The two-photon interference fringes are fitted with respect to N0(1−V cos(2φ)), where
N0 is the mean number of coincidences, and V the fringes visibility considered as a
free-fit parameter to infer the visibility. Raw visibilities of (98.0 ±2)% and (96.7±3)%
are obtained without subtraction of photonic nor detector noise, for the 2-FSR pairs
(R-squared of 0.96) and for the 3-FSR pairs (R-squared of 0.99), respectively. The
net normalized visibility is obtained by subtracting photonic noise originating from the
detectors’ dark counts (200 counts/s). They correspond to (99.6 ±1.5)% and (98.0
±1.2)% for the 2-FSR shift and 3-FSR shift pairs, respectively.

We extend our investigations according to the same methodology for subsequent
paired-channels within the S-band and the full C-band [221]. More precisely, we explore
the entanglement quality of 9 extra paired-channels, i.e up to 11-FSR. They spread over
40 nm (1515-1555 nm) on both sides of the pump channel, leading to the ability of sup-
porting a high number of users in a multiplexing scenario [104]. The details for the signal
and idler wavelengths correspond to i-FSR, with 2 ≤ i ≤ 11. The raw visibilities for all
the paired-channels exceeds 92% for an internal rate ≥ 1 MHz as shown in Fig. 4.21.

Note that two other photonic noise contributions have been evaluated before being
neglected: multiple photon-pair events and non-perfect overlap between the two identi-
cal two-photon paths (”short-short” and ”long-long”). The former was not considered
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Figure 4.21.: Raw and net normalized visibilities and internal rate plotted as a function of the
signal and idler wavelengths. For the sake of clarity, we associate the signal and
idler wavelengths to their corresponding telecom bands.

because of the low mean number of photon pairs per gate window (n̄ = 3.10−4). The
origin of the latter contribution lies in the wavelength difference between the signal and
the idler over the full range of analysis (∼ 50 nm). This leads to potentially slightly
distinguishable ”short-short” and ”long-long” two-photon paths. The time arrival dif-
ference was evaluated lower than < 10−5 ps, whereas the full width at half maximum of
the coincidence peak was equal to 160 ps (Fig. 4.19a), i.e. several orders magnitudes
higher than the shift between the ”short-short” and ”long-long” paths.

This result not only stands as among the highest raw quantum interference visibility
for time-energy entangled photons from a micro/nanoscale integrated circuit over such a
large spectral window (partially over the S band and fully over the C band) but also as
the first entanglement qualification of a complex integrated circuit including the pump
filter [231, 102, 252]. Furthermore, generating genuinely a pure maximally entangled
state from an integrated source associated with a high coincidence rate is of special
interest for QIS experiments.

4.4.2. Visibility of the entangled photon-pair generator

We have repeated this measurement for the photon-pair generator, which include the
generation, the pump filter and the demultiplexing stages. Although the principle was
the same, its measurement was more complicated simply due to the lower transmission
(-30 dB) of the sample compared to the comb sources (-15 dB). Three different inter-
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Table 4.6.: Summary of signal and idler wavelengths. The pump is set to λp = 1534.2 nm.

FSR λidler (nm) λsignal (nm) Vraw (%) Vnet (%) Rate (MHz)

2 1530.8 1537.4 98.0 99.6 2.1
3 1529.1 1539.0 96.7 98.0 2.5
4 1527.4 1540.8 95.6 96.4 1.4
5 1525.8 1542.4 96.7 97.4 2.6
6 1524.2 1544.1 94.9 95.5 2.0
7 1522.5 1545.8 96.3 97.3 2.0
8 1520.9 1547.5 95.4 96.0 2.6
9 1519.2 1549.2 91.9 92.5 0.8
10 1517.6 1550.9 95.5 96.2 1.7
11 1516.0 1552.6 93.4 94.0 2.1
12 1514.4 1554.3 98.5 99.2 1.5

ferometric setups were used. They were also different from the previous measurement
as, at the output of the sample, the photon pairs were already separated into different
channels by the sample.

Two interferometer configuration

This is the most interesting configuration as it is the closest to the Franson original
experiment [14]. We have now two fibered F-MI. Even if they are identical physically,
it is clear that here the pairs have no classical natural means of interacting. So we can
observe the quantum interferences while moving the interferometer arbitrarily far from
one another. This is indeed the principle behind time-bin encoding in QKD.

The setup, see figure 4.22, is constituted of the same first part as for the correlation
measurement of the photon-pair generator. At the output, we still monitor the power
in the feedback port to insure good coupling with the fiber array and a good spectral
alignment of the cavity with the pump laser. The signal and idler are cleaned from
any residual photonic noises by DWDM at channels 33 and 49, respectively. This noise
comes from scattering in the substrate that is then collected at the grating coupler,
from the cross-talk in the filter array, even from TM or ASE from the laser can still
accumulate. Photons are then sent to the F-MI and its output is directly sent to the
detector. Here, the detectors are ID230 (∼ 20% efficiency). Due to the low rate and
the difficulty to maintain the phase stable, the interferometers are left thermalized and
not actively controlled. Every measurement is effectively marked with a random phase.
It is not possible to make a visibility curve as for the source in section 4.4.1, but we
can estimate it. By making repeated measurements and extracting the minimum and
maximum values, we can get a rough value for the visibility.

The rate of coincidences in the interferogram is only 0.5 Hz, to have enough data an
integration time of 60 seconds is chosen. After 45 measurements, we get a minimum and
maximum in the central peak, as shown in figure 4.23, 68 and 7 coincidences, respectively.
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Figure 4.22.: Schematics of the two interferometer visibility measurement, the pump laser is
cleaned from the ASE with a tunable filter (TF) and aligned in polarization with a
polarization controller (PC). At the output, the signal and idler pairs are cleaned
up from the photonics noise with DWDM, then are sent into interferometers
and single-photon detectors (D1 and D2) ID230 (∼ 20 % eff.). A time-digital
converter is then used to perform the coincidence measurements between D1 and
D2.
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Figure 4.23.: Histogram of the maximum and minimum of coincidences form the two-
interferometer setup. Each measurement has a 60s integration time and was
taken from a set of 45 measurements with random phase.

If we use the side as a reference, we can normalize the central peak by the average of its
sides. Using these values, we get a visibility V = 85.2 ± 6.1%. While not outstanding,
it is clearly in the quantum regime (> 70%).

This configuration is very inefficient as we are losing half of the photons in the inter-
ferometer. Since we are looking at only one output or each BS, half of the signal and
half of the idler are sent back to the DWDM. Moreover, the two phases’ fluctuations
add up, increasing the drift. This requires shorter integration time to be approximated
as constant.
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Single interferometer configuration

To improve the stability and rate of coincidences, we can remove one of the interfer-
ometers and recombine the signal and idler. Figure 4.24 shows this configuration. As
previously, the signal and idler are cleaned with DWDM and sent to the same F-MI. But
this time we add circulators at each output. They collect any light coming back from
the BS and send it to the detectors (ID230).

We collect all the photons we send inside as there is no filtering nor uncollected light.
But this has the consequence to create a second interferogram. We have the 4 possibilities
in the case D1 detect a signal and D2 detect an idler. This is the same as previously.
But we have also the possibility that D1 detects the idler and D2 the signal, which also
has 4 possibilities. This creates 6 coincidence peaks, as visible in figure 4.25a.
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Figure 4.24.: Schematic of the one interferometer visibility measurement, the pump laser is
cleaned from the ASE with a tunable filter (TF) and aligned in polarization
with a polarization controller (PC). At the output the signal and idler pairs are
cleaned up from photonic noise with DWDM, then are sent into the F-MI. Light
is then collected by circulators (C) and by detected single-photon detectors (D1
and D2) ID230 (∼ 20 % eff.). A time-digital converter is then used to perform
the coincidence measurements between D1 and D2.

Each interferogram has a rate about 0.5 coincidence per second. This is still low
but the improvement in stability of the phase allows for a free-phase measurement.
Coincidence measurements are repeated every minute, collecting both coincidence peak.
Since the phase thermally drifts, it is slow enough to continuously see its changes in a
given direction. This reveals the visibility curve from figure 4.25b. We can fit this curve
and get V = 87.5 ± 3.7% (R-square of 0.99). It is improved compared to the previous
setup but is still below 90 %. We can see that the two curves are perfectly synchronized
in both cases and they experience the same F-MI phase. This allows to collect all the
interfering photon pairs and provides the opportunity to double the rate compared to
the previous F-MI as we can simply add the two histograms together. There is also no
need to normalize it by the side peak as the rate is constant, as it can be seen in figure
4.25b.

140



4.4. Visibility measurements

2 3 18 19 20
0

10

20

30

40

50

60

C
oi

nc
id

en
ce

s 
(1

20
0 

s)

Delay (ns)

(a)

0 5 10 15 20 25 30 35 40 45 50
0

10

20

30

40

50

60

C
oi

nc
id

an
ce

s 
(6

0s
)

Phase (arb. unit)

 First peak center      Second peak center
 First peak side         Second peak side
 Visibility Fit (87.48%)

(b)

Figure 4.25.: (a) Histogram of the average interference pattern, taken over 20 minutes: it shows
the 6 coincidences peaks created by the configuration of figure 4.24. (b) Visibility
of both coincidence histograms plotted as a function of the phase. A fit of the
two data sets gives a visibility of 87.5 %. The error bars for all points come from
a Poissonian statistic.

The rate/integration time compared to the stability is still low, limiting the measure-
ment. The period of the visibility was close to 12 minutes during the measurement.
Since the rate was already optimized, the only other new option would be to increase
the interferometric phase stability.

Actively stabilized interferometer configuration

We now inject a reference laser inside the interferometer, figure 4.26. Any change in its
intensity can be dynamically compensated by the piezo-electric stage. This provides a
reduction of phase drift to π/3 over 35 hours. This comes at a heavy cost of increased
losses; the interference coincidence rate is down to 0.13 Hz. Each point requires an
integration time of 40 minutes. Since we use the piezo stage to stabilize the F-MI,
we cannot use it to change the phase. To change it, the simplest solution is then to
change the pump wavelength, with the consequence of also shifting the signal and idler
wavelengths. As the index of refraction is frequency dependent, it effectively changes the
path length seen by the signal and idler. However, we have to deal with a non-constant
rate of pairs as visible in figure 4.5.

In this stabilized setup, photon pairs are directly sent to the F-MI. The reference laser,
ROI Orion, is set to λref = 1560.49 nm. It is cleaned from ASE with a DWDM at channel
21 and sent to a 2:98 BS to be injected in the F-MI. The reference is then collected at
the drop port of the signal DWDM and sent to a photodetector. The output voltage of
this diode is stabilized on a maximum by adjusting the piezo of the interferometer, see
appendix B.

Two filters are added at each output of the F-MI to detect the pairs, a DWDM and
tunable filter (OZ optics) that provide more than 70 dB of rejection. This added filtering
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Figure 4.26.: Schematic of the one interferometer visibility measurement, the pump laser and
reference laser are cleaned from the ASE with a tunable filter (TF) and a DWDM,
respectively. A polarization controller (PC) is used to align the polarization of
the pump with the sample. The reference laser is sent in the interferometer via a
2:98 beam splitter (BS) and is collected by a photo-detector (PD) to compensate
the phase shift of the interferometer. The signal and idler pairs are collected by
circulators (C), then filtered from the reference laser by a DWDM and a TF.
Single-photon detectors D1 and D2 (ID230, ∼ 20 % eff.) are connected to a
time-digital converter to perform the coincidence measurements.

stage is mostly used here to reject the reference laser as no other component removes it
before the single-photon detectors. The pump laser is tuned from 1544.38 to 1544.47 nm
and a coincidence measurement is performed every 2 pm. The resulting measurement is
shown in figure 4.27a but it cannot be used directly to measure the visibility. If we take
the ratio of the side and central peak coincidences, we have to normalize the interference
pattern by the generation rate. This gives us a flat interference pattern, from which
we can apply a fit and extract the visibility. The raw visibility is Vraw ∼ 90 % and
when we remove the background accidental coincidence noise the visibility increases to
Vnet = 99.3± 8.0 % (R-square of 0.925), see figure 4.27.

Even with the large error bars, it is a good visibility close to unity (above > 95 %).
Obviously, the pump rejection properties are not strictly related to the measurement of
the visibility anymore due to the high filtering done out of the chip. But it shows than
the photon-pair generator produces high indistinguishable pairs and that no component
in the chip affects their performances.

4.5. Summary

In this chapter, we have studied the quantum performances of both a comb-pair source
and a photon-pair generator. In both cases, on-chip pump rejection was sufficient to
perform all the required experiments. Rejection above 85 dB was measured probably
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Figure 4.27.: (a) Coincidence rate of the central and side peaks created by the interferometer as
a function of the pump wavelength. The rate rises due to thermal effect pushing
the resonance cavity, the large drop is when the thermal effect is not compensated
and the resonance returns to its resting position. The interference oscillations are
visible. (b) Normalized net ratio between the center and the side of b as function
of the phase, fit of the curve gives a visibility of 99.3 %. The error bars for all
points come from a Poissonian statistic.

limited by on-chip photonic noise.

With a g
(2)
h (0) ' 3.07 × 10−3, the statistical characterization provided evidence that

no multi-pairs were generated. The circuit designed and fabricated was suitable as a
heralding source of single photons. Even if a heralding efficiency of η = 0.15% was
found that limits the extraction of photon states. Improvements in extraction and lower
propagation losses would make the circuit state-of-the-art if a 2 dB total transmission
could be achieved for the photon pairs.

When using a CW laser, generated two-photon states are maximally entangled. This
was confirmed by the state tomography with a good agreement between theoretical and
experimental values of the Schmidt number. Both results indicated an entanglement with
Kexp = 5.5 and Ksim = 107, both values � 1. The experimental value of the Schmidt
number was limited to the spectral resolution of the setup, whereas the simulated one
was limited by the matrix size. For a perfect monochromatic CW laser, the Schmidt
number goes to infinity.

The two-photon interference visibility measurements performed for both the source
and the generator showed high indistinguishability (> 90 %) of the photon-pair. It was
observed over 40 nm of S and C telecom band and that none of the internal components
of the circuits affected the quantum performances. Overall, the results presented in this
chapter show that the integration of the pump filter can be achieved without affecting
the generated states and that multiple sources could be combined in a single circuit to
create more advanced functionalities.
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Conclusion

The integration of quantum optics brings great promises in the telecommunication and
computing fields. However, this integration is still a challenging step that requires re-
designing components or rethinking a platform completely.

Our strategy is geared towards developing ”Plug-&-Play” and scalable quantum pho-
tonic systems by exploiting silicon-based components and architectures combined with
off-the-shelves telecom components [7, 8, 9, 10, 11]. A complete photonics platform was
redesigned with quantum applications in mind. High Q-factor ring cavities with anoma-
lous dispersion waveguides allows for the possible use of a spontaneous four-wave mixing
over a large bandwidth (> 40 nm). This allows the generation of photon-pairs over a
large portion of the S and C telecom bands. Moreover the free spectral range of the
cavity close to 200 GHz makes the resonances naturally aligned with some International
Telecommunication Union (ITU) channels.

The elementary components for on chip manipulation were also tested, with active
and passive de-multiplexing with small (< 200 pm) and wide (> 3 nm) bandwidths,
respectively. Tunable beam splitters were implemented in the form of a Mach-Zehnder
Interferometer (MZI). All these devices allow for a flexible on-chip manipulation of the
pairs generated by the cavity.

Multiple pump rejection strategies were explored. The several corrugation designs
developed propose choices to achieve any bandwidth performance needed. On top of
this, the ability to cascade the filters push further the possible filter rejection. This was
made possible by breaking the phase coherency between the cascaded sections of the
filter and taking advantage of the multimode conversion. Such filter exhibits overall a
very deep rejection > 80 dB suitable for quantum applications.

The integration of the feedback demultiplexing stage allows the exploitation of the
rejected signal, in order to match the frequency combs from the ring resonator with
the pump laser. We used this strategy to demultiplex signal and idler photons in an
all-passive way by cascading several modal couplers of this type. In this case, the period
of the gratings that are part of the pump filter has to be adjusted according to the
signal and the idler wavelengths. Furthermore, the slope of the edges corresponding to
the transition from high blocking to high transmission of the pump filter is evaluated
to be of 22.3 dB/100 pm, therefore being compatible with narrower spectral channels.
Hence, the exploitation of a ring resonator associated with a 50 GHz free spectral range
instead of 200 GHz stands as a relevant improvement in order to enhance the number of
users supported by the chip up to 44 pairwise users [253]. This solution would neither
impact the design of the pump filter nor the demultiplexing stages as 50 GHz stands as
a standard for the ITU channel grid.

By combining all these components, we were able to create two functional circuits: a

144



4.5. Summary

micro-ring based entangled photon-pair comb source and an integrated entangled photon-
pair generator. They provide a base for quantum photonics systems. The quality of
entanglement carried by the photon pairs is fundamental for its use in any complex
quantum systems. Indeed, both the statistic and the entanglement of the photon-pairs
show promising characteristics, with low multi-pair generation and very well entangled
two-photon states, respectively.

Notably, the high coincidence-to-accidental ratio (> 60) and the low noise observed
in both coincidence and interference experiments (figure 4.19 and 4.20) show the effec-
tiveness of our pump rejection solution, achieved in an all-passive manner. Furthermore,
the acquisition time for recording the interference patterns is on the order of several
minutes, allowing a setup free of complex stabilization systems for the Franson type
Michelson interferometer. Note that the on-chip pump rejection is complemented by
two bandpass filters, corresponding to a total amount of 107 dB, which is slightly larger
than the typical necessary value of 100 dB [10].

We have demonstrated near perfect entanglement quality out of a single photonic chip
embedding both generation and pump rejection building blocks. We have measured raw
visibilities exceeding 92 % for 11 channel pairs over telecom bands covering the spectral
range 1515-1555 nm. Our approach, combining high performance, flexibility, scalabil-
ity and compliance with telecom standards, stands promising for operational quantum
information applications. This brings an essential step closer to demonstrate ambitious
photonic quantum devices enabling on-chip generation, filtering and manipulation of
quantum states.

The statistical characterization and state tomography confirmed the type of non-

classical states generated by the circuits. A g
(2)
h (0) ' 3.07 × 10−3 is a promising sign

that the photon-pairs generator could be used as a heralding source of single photons
if the pump laser is changed to a pulsed regime, as no multi-photon are outputted
when heralded. Moreover, the tomography confirmed the state type emitted by the
cavity. With an experimental Schmidt number of 5.5, the entanglement is well defined,
confirming the nature of visibility measurements.

A heralded photon-number states generator (figure 2.1) was also fabricated on the
same samples. As mentioned in section 2.1, it is constituted of two pairs generators
with a tunable beam splitter (i.e. a MZI). It was not possible to deposit the heaters at
the time of writing the manuscript. Since these circuits requires perfect alignment of
the two cavities to work, it is the only circuit that requires active tuning to be tested.
Moreover, the MZI must be controlled to the generate NOON states and other number
states. This is left for future works.
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Appendix A.

Closure of the band gap of higher bands

If we consider a two-index period, a grating that has two mode effective index values
n1 =

√
ε1µ1 and n2 =

√
ε2µ2, and impedance values z1 =

√
µ1/ε1 and z2 =

√
µ2/ε2,

with sub-period lengths L1 and L2, respectively and Λ = L1 + L2 the Bragg period. In
this case, the dispersion relation 3.4 can be simplified as

cos qΛ = cos k1L1 cos k2L2 −
1

2

(
z1

z2
+
z2

z1

)
sin k1L1 sin k2L2 (A.1)

where q is the Bloch wavevector, k1 = ωn1/c and k2 = ωn2/c the wavevectors in region 1
and 2, respectively. We can define some parameters to better understand this expression.

α = n1L1
n2L2

γ = ω
c (n1L1 + n2L2)

τ = 1
2( z1z2 + z2

z1
)

(A.2)

The parameter α is the ratio of the optical path in region 1 and 2, γ is the phase delay
in a unit cell, and τ is the impedance mismatch1. Note that the impedance mismatch is
always equal or larger than one (1 ≤ τ). A bandgap appears in the spectrum whenever
the right-hand side (rhs) of equation A.1 is larger than one or lower than minus one,
making qΛ complex. This happens as soon as we have a perturbation, i.e. z1 6= z2

(1 < τ).
However, we can find a condition where even with a non-zero perturbation no gap

appears. This is the case when α = m1/m2 is a rational number, with m1,m2 ∈ N∗
[254].

To demonstrate this condition, we first consider the sin k2L2 = 0, we see that q is real.
Since for any k1, L1, k2, L2, we have

| cos k1L1 cos k2L2 − τ sin k1L1 sin k2L2| ≤ 1 (A.3)

We follow one band. In this case, we are at the frequency ω = m2πc/(n2L2), so
indeed sin k2L2 = 0 but also cos k2L2 = (−1)m2 and cos k1L1 = (−1)m1 . So that the
lhs of equation A.1 is equal to cos qΛ = (−1)m1+m2 . The Bloch wave vector q is 0 if
m1 +m2 is even and is ±π/Λ if m1 +m2 is odd.

Now, we can rewrite equation A.1 using the identity cos a cos b = cos(a+b)−sin a sin b.

1Note that in the case µ1 = µ2 or ε1 = ε2, the parameter τ = 1
2
(n1
n2

+ n2
n1

)
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cos qΛ = cos γ − (τ − 1) sin k1L1 sin k2L2 (A.4)

In this case, we can investigate two situations (i) γ = (2m − 1)π and (ii) γ = 2mπ,
with m ∈ N∗. The condition (i) imposes that the we are in the band gap since the rhs
of equation A.4 is smaller or equal than minus one.


cos γ = −1

sin(k1L1) sin(k2L2) ≥ 0

τ > 1

⇒ cos γ − (τ − 1) sin k1L1 sin k2L2 ≤ −1 (A.5)

Similarly, the condition (ii) forces also that the we are in the band gap as the rhs of
equation A.4 is now larger or equal than one.

cos γ = 1

sin(k1L1) sin(k2L2) ≤ 0

τ > 1

⇒ cos γ − (τ − 1) sin k1L1 sin k2L2 ≥ 1 (A.6)

This means that if a frequency satisfies γ = mπ (either (i) or (ii)), it must be on the
forbidden band gap. However, if we find a point where this is true, and simultaneously
the guided band condition (sin(k1L1) = 0 or sin(k2L2) = 0) is verified, then there cannot
be a stop band. Since this point is on the band and in the forbidden gap, the two bands
m1 +m2 − 1 and m1 +m2 must be crossing, there is a closing of the band gap.

γ = mπ

sin(k1L1) = 0

sin(k2L2) = 0

⇒ α =
n1L1

n2L2
=
m1

m2
, m1,m2 ∈ N∗ (A.7)

To summarize, the conditions A.7 imposes that no gap can appear. This is because
they force the Bragg mirror eigen-mode frequencies ωm to be both in a guided band and
in the band gap. The frequency of the gap closure between the bands m1 +m2 − 1 and
m1 +m2 is

ωm =
mπc

n1L1 + n2L2
(A.8)

Using the condition A.7, we can predict for which geometries the closure of the band
can appear. Looking at the closure conditions for between the first and second bands,
we see in figure A.1 that the index difference ∆n = n2 − n1 increases the condition on
the duty cycle (L1/Λ) also has to increase. As the average index navg = (n1 + n2)/2
increases, the condition slope gets smaller.
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Figure A.1.: Plots of the geometrical conditions for the closure of the band gap to occur at
different average effective indices when α = 1.
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Appendix B.

Interferometer Stability

The stability of fibered interferometers is fundamental to perform quantum experiments.
Its phase indeed tends to drift over time, setting limitation of what can or cannot be
measured. We present here the properties and settings chosen to improve the phase
stability.

Our interferometers are composed of a Beam Splitter (BS) connected to two Faraday
mirrors. To two other outputs of the BS are connected to the outside. One of the arm
is placed on a piezo-electric stage that stretches the fiber, changing the imbalance of the
interferometer and its phase. Everything is closed in a sealed box with polystyrene walls
for isolation. A large metallic mass of a few kg is placed inside with a flat heater. This
mass increases the thermal inertia of the system.

To measure the phase, we send a Continuous Wave laser in the interferometer at a
fixed wavelength. The fluctuations of the intensity are directly due to the phase shift.
The slower the oscillations, the more stable the phase of the interferometer is.

B.1. Thermal stabilization

The large thermal inertia of our interferometers allows for a good natural stability with-
out any thermal tuning. After sitting in a 2 to 3 days in a climatized room the inter-
ferometer is thermalized. However, temperature changes in the room still induce large
perturbation, see figure B.1. The number of people in the room, the outside temperature
are all factors slowly affecting the heat propagation. We can see, for example, that in
figure B.1 that the frequency of the oscillation spikes at lunch time when people leave
and enter the room much more. Then, when researchers are absent, the frequency goes
back to its stable value.

This is not an ideal situation but for short experiments of a few minutes, it can be
enough provided that one can control the access to the experimental room and have a
stable temperature. We can see that the period, once settled, is relatively stable, at least
for an hour.

To improve the phase stability, one can heat up the interferometer. The larger tem-
perature difference with the environment reduces the effect of thermal fluctuations. This
increased the period of the oscillations to about 1 hour (figure B.2a). Of course, it is still
completely passive so we can add a controller to compensate any heat flux changes. We
re-purposed a TEC controller Thorlabs TED200C to be used with the heating element.
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B.1. Thermal stabilization
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Figure B.1.: Plots of the interferometers output over time with thermal inertia. Large fluc-
tuations can happen quickly due to a change of heat flux. The period oscillates
between 2 to 20 minutes.
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Figure B.2.: (a) and (b) are the fluctuations of a laser light sent in the interferometer over
time; the interferometer is heated with a fixed 2 A current or with an extra
TEC controllers, respectively. The fixed current (a) has a period of 1 hour which
increases to 4h30 when adding the TEC controller, however this also adds smaller
oscillations every 20 minutes.

When a negative current is applied, a diode shorts the heater. This increased the period
to about 4h30 (figure B.2b), but the slow reaction time of the system creates secondary
fluctuations of about 20 minutes period (figure B.3).

In this last case, the TEC max current is set to 200 mA to limit the over shoot. The
P is maximized while the I and D are set to zero. And No temperature changes can be
read from the temperature sensor1 (±0.01◦C).

A better approach would be to use a Peltier system with a TEC controller or a custom

1However, this not optimal either since the TEC is trying the cool down the system, but cannot which
affect it settings.

151



Appendix B. Interferometer Stability
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Figure B.3.: Comparison between the fixed current and the fixed current with the TEC con-
troller, the period of oscillation increases but smaller fluctuations appear.

PID system for only heating. Due to the size of the system, a Peltier might be too small
to be effective, leaving a custom PID controller as the best possible upgrade.

B.2. Actively stabilization

Stabilizing further the phase requires an active compensation. We can use the piezo-
stage inside of the interferometer to compensate thermal fluctuations. In this case, a
reference laser is sent in the interferometer as before. It must be constantly measured,
with a stable wavelength and power output. Light coming out of the interferometer can
be used to tell if the phase shifts. A photo-diode is used to collect it and the voltage
is then sent a lock-in system. The system locks on either a maximum or a minimum
of interference fringe. However, to know which compensation applies requires a know
perturbation. We can either drive the wavelength of the reference laser or drive the piezo
with a small oscillation.

B.2.1. Driving the reference laser

The perturbation can be made by driving the reference laser. A sinusoidal oscillation
is applied to the wavelength. The signal measured by the photo-diode at the output
of the interferometer is sent to the lock-in system. The feedback signal is first filtered
in frequency to reduce its noise. Then the driving sine wave and the derivative of the
feedback signal are subtracted to get the error signal. It corresponds to the deviation
from the equilibrium.

Once we have the error signal, we can use it to compensate the phase. An integrator
plays the role of PI system. It minimizes the error signal by acting on the piezo stage.
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B.2. Actively stabilization
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Figure B.4.: Setup schematic of the interferometric stabilization when driving the reference
laser.

Once stabilized, the interferometer can be considered as stable. If the integrator has to
compensate the phase shift in the same direction for too long it may get stuck. Both the
piezo and integrator have a limited range. To prevent a re-initialization of the system,
a new stability point should be applied.

B.2.2. Driving the piezo-electric stage

We can also instead of changing the reference point, change the phase itself. A small
perturbation compared to the thermal drift can be applied to the piezo stage. A sine
perturbation is used to drive the piezo. Its amplitude must be the smallest as possible
before the signal becomes too noisy. This can generate a feedback signal in the photo-
diode. As before, the feedback and driving signals are used to generate an error signal
sent to the integrator. The integrator both plays the role of the PI controller and add
the sine perturbation to the control voltage of the piezo stage.

Laser Interferometer Lock-in	system Integrator

Oscilloscope
Photo-diode

Input

Input Trigger

Output/Error

Sine	out Mod

Output/Stab

Piezo-stage

Figure B.5.: Setup schematic of the interferometric stabilization when driving the piezo-electric
stage.

Such configuration is used for the stabilization of the interferometer. No difference
between the two configurations could be observed. But a typical stability curve is shown
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Appendix B. Interferometer Stability

in figure B.6. We can see a relatively good stability over 24 h. However, if a shift
is constant in one direction, the reference laser might jump to the next fringe if the
interferometer. This can create a jump in the phase as seen in figure B.6 at around 50 h.
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Figure B.6.: Plot of the interferometer power output for a laser at the signal wavelength when
stabilized with the piezo.
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Appendix C.

Some Principles for Quantum Design

Here are a few advices for the integration of photonic quantum systems. These are mostly
general advices that arise from working with quantum systems and are not usually (such)
a problem in classical photonics.

C.1. There will be noise

Noise is a killer, and it is everywhere. In quantum applications, the typical signal level
is characterized in number of photons or rates. This already says something about the
noise philosophy. Classical applications require laser light or signal measured in mW or
dBm. To give an rough idea, 1 mW of laser light is ∼ 7.8× 1015 photon/s at 1550 nm.
Even -50 dBm, which is considered as a low level, is still ∼ 7.8 × 1010 photon/s. For a
nonlinear signal in the MHz (-90 dBm) range a negligible noise (< 0.1 MHz) would be
lower than -110 dBm. This means that one needs to take much more care in the possible
noise source compared to systems built with classical applications in mind.

Lasers or any light source have background emissions due to secondary processes. For
instance, Amplified Spontaneous Emission in lasers is a broadband signal typically with
a -90 dB level lower than the coherent emission. Not only its level is close to a quan-
tum signal but the broadband nature make it impossible to remove if not preemptively
filtered.

Even thin fibers can be a problem. In a light up room, thin fibers typically used in
telecoms components will not prevent the ambient light to get in the core. The resulting
noise is still low (a few kHz) but can impact long experiments.

It is thus important to separate specially the ”classical” and ”quantum” channels.
Absorbers, tranches, or gratings should be placed to avoid noise from the substrate.
Fibered telecoms off-the-shelf components are not always suitable for manipulation of
”classical” and ”quantum” channels at the same time, even when contra-propagated
between crosstalk between two modes can easily be larger than -90 dB. So, separation
the input/output of the two channel types is important. Using separated components
at large distances is critical.

Finally, polarization control can be tricky. A slight polarization misalignment can
let both polarizations be exited in waveguides. Most photonic platforms have a strong
birefringence. In other words, the transmission and performances of components in
Transverse-Electric (TE) or Transverse-Magnetic (TM) polarizations are different. One
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C.2. The transmitted, the lost and the unwanted

can be filtered while the other is transmitted. Making sure both polarizations are taking
care of out of and on chip can also limit the noise level. This can be achieved by
having either a fully bi-polarization system or a components radiating the unwanted
polarization.

C.2. The transmitted, the lost and the unwanted

Power of quantum technologies grows exponentially with the number of particles inter-
acting in the system, but so does the losses. Let N photons states be used as a cluster
state for computing. They experience the losses of a single photon to the N-th power.
This is simply due to the fact that the N photons must survive for the state to stay
intact. As soon as a multi-photon states looses a photon, it becomes noise as it does
not have the proper superposition of states. Losses not only reduce the signal but they
increase the noise level as well.

Amplification cannot be used on quantum light. Any amplification disturbs or destroys
the photon states, rendering them useless. When used, it can partially clone states
[255, 256] but it reduces their fidelity in the process. This weakens the system. For
instance in QKD applications, it can allow eavesdropping or increase dramatically the
noise level. Keeping the losses as low as possible is fundamental in quantum optics and
quantum photonics. The difference between a working circuits and one that nothing-
can-get-out-of, can be of only 1 or 2 dB.

The inputs/outputs are usually the most lossy parts of the system: they must be
improved on their own. Low losses (typically large multi-mode) waveguides can be a
good solution to reduce the propagating losses. The apodization and tapering at the
beginning of any structure must be standard. The smoother, the transition between one
mode to the other, the better.
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Titre : Photonique silicium intégrée appliquée à l’optique quantique

Mots clés : Photonique, Silicium, Optique quantique, Guides d’ondes, SFWM, Filtre de Bragg

Résumé : La photonique silicium est un do-
maine prolifique de l’optique intégrée. Elle permet
de miniaturiser de nombreuses fonctionnalités op-
tiques, l’émission laser (en considérant les stratégies
d’intégration hybride), la modulation électro-optique,
le routage, la détection, pour les télécoms, les LI-
DAR ou la spectroscopie, la métrologie, les capteurs
et laboratoires sur puce, tout en offrant des possibi-
lités de fabrication à grande échelle avec une grande
précision et à bas coût (grâce au technologies CMOS
de la microélectronique). L’optique quantique, quant
à elle, est un domaine très riche de la physique
mais ses réalisations souffrent d’une grande sensi-
bilité aux vibrations et à l’environnement. Les mon-
tages optiques nécessitent en effet, stabilité, aligne-
ments parfaits et un grand nombre d’éléments op-
tiques, ce qui limite son développement à grande
échelle. Inversement, tous ces aspects sont naturels
en photonique intégrée. Le développement de la pho-
tonique quantique est ainsi susceptible de permettre
l’implémentation à large échelle des systèmes de clés
de cryptage pour les télécoms et le calcul quantique.
Les prérequis de la photonique quantique sont globa-
lement plus sévères que ceux de la photonique clas-
sique. La génération d’états quantiques nécessite no-

tamment un niveau de réjection de la pompe de plus
de 100 dB ; le niveau de bruit photonique ambiant
sur la puce est également un facteur à soigner par-
ticulièrement dans la mesure où les paires de pho-
tons générées par les processus quantiques sont par
principe de très faible puissance. Dans ce contexte,
cette thèse aborde le développement de composants
et de circuits pour la photonique quantique silicium.
Le but est de générer des états intriqués en énergie-
temps et de pouvoir les manipuler sur une puce. Cela
va de la conception à l’utilisation des paires de pho-
tons, en passant par la fabrication des circuits intégrés
optiques. La qualification des propriétés quantiques
est aussi explorée afin de cerner les limitations de
la plateforme silicium pour le domaine applicatif visé.
L’esprit de ce travail est également de proposer des
solutions restant compatibles avec les canaux de
télécommunications standard (ITU), de n’utiliser que
des composants fibrés standards pour les connexions
à réaliser, tout en restant compatibles avec les tech-
niques de fabrication industrielle des grandes fonde-
ries microélectroniques afin de permettre une future
production à grand échelle des circuits photoniques
quantiques.

Title : Integrated silicon photonics for quantum optics

Keywords : Photonic, Silicon, Quantum, Waveguide, SFWM, Bragg Filter

Abstract : Silicon photonics is a dynamic research
field of integrated optics. It allows to miniaturize nu-
merous optical functionalities such as lasers, electro-
optical modulators, routers, detectors, for telecom wa-
velengths, LIDAR, sensing, metrology or even spec-
troscopy, all while being able to propose large scale
production with high precision technologies. On ano-
ther side, quantum optics suffers from difficulties to
scale optical systems, requires extreme stability, per-
fect alignment, and many bulky optical elements,
while solving these issues follows a natural path in in-
tegrated photonics. Development of integrated quan-
tum photonics can thus open the door to cheap, po-
werful, and scalable systems for quantum cryptogra-
phy, telecoms, and computation. In a significant way,
quantum requirements are not the ones of classical
circuits with respect to photonic components and cir-

cuits. The generation of quantum states indeed re-
quires more than 100 dB of pump laser rejection,
while being able to manage ultra-low useful optical
signals and get rid of on-chip optical noise. In this
context, this thesis is dedicated to the study, design,
realization, and characterization of silicon photonic
components and circuits for quantum optics on a chip.
The target goal is to generate entangled states in
energy-time and manipulate them on chip. The qua-
lification of the quantum properties is also explored
to better understand the limitations of the silicon plat-
form in the followed objectives. Another choice of this
work is to stay in telecom wavelengths aligned with
the standard channels (ITU grid), to only use ”off-the-
shelf” components, all while compliant with standard
fabrication processes, this to allow the possibility to
produce on large scales.
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