Laboratoire Kastler Brossel, Université Pierre et Marie Curie,

National Nanotechnology Laboratory, Universita del Salento

Phd thesis to obtain the title of Docteur de 'université Pierre et Marie Curie

and the title of Dottore in scienze e tecnologie multidisciplinari

UP m‘ \ | aboratoire Kastler Brossel
— Physique quantique et applications

iaAi SORBONNE

Single Photon Sources Based on Colloidal

Nanocrystals and Two Photon Polariton Laser

Ferruccio PISANELLO

defended on July 11, 2011

Jury :
Jean-Frangois ROCH, reviewer
Gerd LEUCHS, reviewer
Pascale SENELLART, examinator
Agnés MAITRE, examinator
Luigi CARBONE, examinator
Alberto BRAMATI, Ph. D. advisor

Massimo DE VITTORIO, Ph. D. advisor




11




II1

Acknowledgements

A Ph. D. is certainly not a solo effort. Of course, during these years I acquired strong
experimental skills and knowledge, but such experience allows you to meet a variety of people
in academic and non-academic settings, that have directly and indirectly contributed to this
thesis.

First, I thank Prof. Alberto Bramati and Prof. Massimo De Vittorio for their patience
and guidance. They have given me an amazing amount of academic freedom, allowing me
to pursue a variety of ideas. They were always present during these years and they are
enthusiastic and motivating supervisors. It does not surprise me that I continue to learn from
them as time goes on.

I thank professors Jean-Francois Roch, Gerd Leuchs, Pascale Senellart, Agnés Maitre and
Luigi Carbone for having accepted to be part of the jury of my thesis and for their careful
reading of the text. Their positive comments and remarks were very helpful for producing
the final version of the manuscript. I thank also Paul Indelicato, director of the Laboratorire
Kastler Brossel, for having welcomed me in this fantastic laboratory.

A special thank must be spent for Alberto Amo and Luigi Martiradonna. They have the
merit of setting my scientific aspirations very high, and showing me every day what it takes
to become a truly accomplished researcher. Working with them has been challenging, fun,
and rewarding. The enthusiasm of Alberto and Gigi in doing research is at the same time
stimulating and encouraging, and their optimism has been essential through my graduate stu-
dent experience and my life outside the lab. As well as them, Antonio Qualtieri and Tiziana
Stomeo played a very important role during these years. Their help and their expertise were
essential through the ups and downs of this work, and the scientific knowledge I absorbed
from them is incredible. During this Ph. D. I’ve had the great pleasure to work with Pier-
nicola Spinicelli. When I started in the group, I was several times obsessed about the wrong
details, but Piernicola had every time the good answers to my questions, pushing me toward
the solutions. I thank also Jean-Pierre Hermier, his suggestions on the physics of colloidal
nanocrystals have been essential to obtain several results presented in this thesis. I thank
Elisabeth Giacobino for her comments and thoughts during these years and for the help in

the redaction of this manuscript. Her enthusiasm, even during the times when everything had



vV

mischievously decided not to work as we intended, has been very much appreciated.

I'm grateful to Pietro Lombardi, who helped me a lot during my first year in Paris, also
in furnishing my flat. As well as Pietro, also Riccardo Messina helped in setting up my house,
but I thank him also for the help in choosing the most important purchase of my life. I thank
Giuseppe Patera, in particular because during our long discussions on physics he was able
to stimulate my mind toward new ideas and new research fields. A special thought goes to
Chiara Molinelli: with her we shared the last months before the Ph. D. defense, through
optimism, depression and bureaucracy.

I’'ve had great luck to work with a very talented and motivated young researcher for almost
the whole Ph. D., Godefroy Leménager. He greatly challenged me with his sharp thinking
and richness of research ideas. We worked together days and nights, aligning mirrors and
lasers, moving labs, performing measurements and, most important, drinking coffee!

I thank the various members of the two labs that I had the pleasure to interact with
over the years, for their help and for their good moods: Virginia, Lucile, Rym, Roman, Vera,
Romain, Daria, Michael, Oxana, Panayotis, Pu, Claire, Etienne, Stefano, Marco, Vincenzo
and Pascal in Paris, and Benedetta, Maria, Alessandro, Alessandra, Gianmichele, Serena,
Viviana, Ilaria, Valentina, Leo, Fabrizio, Loris, Valeria, Peppone, Virgilio, Piero, Vittorianna,
Teresa, Paolo, Gianmichele, Tonio, Stefatia, Betta, Elisabetta, Adriana Passaseo, Adriana,
Iolena, Marco Grande, Marco Esposito, Ilaria Ingrosso and Cristian in Lecce.

I thank my parents. From when I was a child, they inculcate in me the right approach to
life, and if I today I had the possibility to reach a Ph. D. degree, a big part of the work is to
be ascribed to them. When the time came to choose a career, they advised me to choose the
field I liked the most. Their support has been unwavering over the years, and I thank them
for being by my side in every moments of my life.

I thank my brother, Marco. The job he did for me during my stay in Paris has been
amazing, proofreading my papers and polishing my presentations. He pushed me forward in
any difficulty that I faced in my research and he was always proud of my every little success.

Finally, I would like to express my deep gratitude to Pamela. No words would be able to
describe what she did for me, without her I would not be what I am today. This thesis is

dedicated to her.



\'%

Abstract: When scaled down up to nanometer size, semiconductors can exhibit quantum
confinement effects for both electrons and photons. One interesting feature of nano-sized
materials is the strong size dependence of their optical properties, that allows to master

classical and non-classical light generation.

This work concerns the development and the characterization of new sources for the gener-
ation of classical and non-classical light states with isolated and coupled confined systems for
photons and electrons. In particular: (i) a new type of semiconductor colloidal nanocrystals
(NCs) is studied with the goal to obtain an efficient single photon generation at room temper-
ature in the visible spectral range and (ii) NCs coupling with photonic crystals nanocavities
has been obtained by using several methods; finally, (iii) in the last part of the manuscript
the development of a two-photons excitation technique for microcavity polaritons is discussed

with the final goal to obtain non-classical light generation.

The first part of the manuscript is focused on the emission properties of a particular type of
colloidal nanocrystals, called dot-in-rod (DR), in which a spherical cadmium selenide (CdSe)
core is surrounded by a rod-like cadmium sulfide (CdS) shell. By virtue of their electronic
properties, colloidal nanocrystals can emit single photons at room temperature. However the
application of colloidal nanocrystals has been so far limited by two phenomena: the blinking
of their photoluminescence and a non-polarized emission. The streaky point of dot-in-rods is
that their emission properties are strongly dependent on their geometrical parameters. Here
we show that by carefully choosing the diameter of the core, as well as the thickness and the
length of the shell, the blinking behavior can be strongly reduced and a high degree of linear

polarization of the emitted photons obtained.

The second part of the thesis is devoted to the development of a silicon nitride photonic
crystals cavity platform for applications in the visible spectral range. The weak coupling of
these nanocavities with dot-in-rods has been achieved by using several deposition methods
and we obtained a modification of the spontaneous emission by means of the Purcell effect.
The possibility to reach the strong coupling regime by using this technology is also discussed
from the theoretical point of view.

The last part of the work studies a semiconductor system in which the strong coupling

between quantum well excitons and a cavity mode gives rise to quasi-particles called polari-
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tons. When polaritons experience a sufficiently strong three-dimensional confinement, they
can exhibit a quantum blockade phenomenon. Indeed, in the case of ultra small cavity modal
volume just one polariton at time can exist in the structure, while the injection of other po-
laritons is forbidden by virtue of strong polariton-polariton repulsive interactions. With the
purpose to reach this operation regime, an original excitation technique based on a resonant
two-photon absorption (TPA) process has been developed. Moreover, TPA has been exploited
to resonantly inject high polariton density in pillar microcavities, reaching an emission regime
called two-photon polariton laser.

Key words: nanocrystal, single photon, photonic crystal, nanocavity, nanolaser, polariton

laser, two-photon.

Résumé : Ce travail est consacré a I’étude de plusieurs types de systémes confinés pour
les électrons et/ou les photons. En particulier : (i) un nouveau type de nanocristaux semi-
conducteurs est étudié pour obtenir une source efficace de photons uniques & température
ambiante dans le domaine spectral du visible ; (ii) leur couplage avec des cavités a cristaux
photoniques en nitrure de silicium est obtenu par plusieurs techniques de déposition. (iii)
Enfin, le développement d’une technique d’excitation & deux photons pour les polaritons dans

les microcavité semiconductrices est décrit dans la derniére partie du travail de thése.

La premiére partie du manuscrit étudie les propriétés d’émission d’un type particulier
de nanocristaux semiconducteurs, appelé dots-in-rod, dans lesquels un coeur de séléniure de
cadmium (CdSe) est entouré par une coquille en sulfure de cadmium (CdS) de forme allongée.
Depuis les année 2000, il est bien connu que les nanocristaux semiconducteurs sont des sources
de photons uniques & température ambiante. Cependant, les applications des nanocristaux
sont affectées entre autre par deux caractéristiques de leur photoluminescence: le scintillement
et I’émission non polarisée. Nous avons montré qu’il est possible de modifier I’émission des
dots-in-rod en agissant sur leurs paramétres géométriques, c’est-a-dire le diamétre du cceur
ainsi que ’épaisseur et la longueur de la coquille, aboutissant & la suppression du scintillement

et & un degré élevé de polarisation linéaire des photons émis.

Dans la deuxiéme partie, la thése démontre la réalisation des cavités & cristaux photoniques

en nitrure de silicium (Si3/N4) pour le domaine spectral du visible. Le couplage de ces cavités
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avec des dot-in-rods a été étudié en régime de couplage faible et nous avons obtenu une
modification de I’émission spontanée par effet Purcell. La possibilité d’obtenir le régime de

couplage fort dans ce systéme est aussi discutée du point de vue théorique.

Dans la derniére partie du manuscrit nous avons étudié des systémes semiconducteurs tels
que les microcavités et le micropiliers dans lesquels le régime de couplage fort exciton-photon
donne naissance aux polaritons. Dans le cas de polaritons confinés, les interactions répulsives
entre polaritons peuvent porter & un régime appelé polariton quantum blockade, dans le quel
un seul polariton peut étre excité dans la structure, ce régime est trés prometteur pour la
réalisation de sources & photons uniques basées sur les polaritons en cavité. Dans ce travail,
nous développons une technique original et flexible basée sur une excitation résonante a deux
photons pour attendre le polariton quantum blockade. Enfin, un nouveau régime d’émission
appelé two-photon polariton laser est étudié toujours a la technique d’excitation résonante a
deux photons.

Mots clés : nanocristaux, semiconducteurs, photons uniques, polariton, excitation a deux

photons, cristaux photoniques

Prefazione: Questo lavoro ha come oggetto lo studio di vari tipi di sistemi confinati
per elettroni e/o fotoni. In particolare: (i) un nuovo tipo di nanocristalli semiconduttori é
stato ingegnerizzato al fine di ottenere la generazione efficiente di un flusso di singoli fotoni a
temperatura ambiente nel dominio spettrale del visibile; (ii) tali nanocristalli sono poi stati
accoppiati con cavita a cristallo fotonico utilizzando varie tecniche di deposizione al fine di
controllarne le proprieta di emissione; (iii) nella parte conclusiva del lavoro ¢ descritto lo

sviluppo di una tecnica di eccitazione a due fotoni di polaritoni in microcavita.

Nella prima parte della tesi & presentato lo studio spettroscopico di una tipologia di
nanocristalli colloidali chiamati dot-in-rod, nei quali un core di selenurio di cadmio (CdSe) ¢
incapsulato in una shell di solfuro di cadmio (CdS) di forma allungata. Dai primi anni 2000
& ben noto che, grazie alle loro proprieta elettroniche, i nanocristalli colloidali sono sorgenti
a singolo fotone a temperatura ambiente. Tuttavia, I’applicazione dei nanocristalli colloidali
come sorgenti a singolo fotone é stata finora limitata da due problemi: la fotoluminescenza

intermittente, chiamata “blinking” e ’emissione non polarizzata. La particolarita dei dots-
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in-rod consiste nella forte influenza dalle loro caratteristiche geometriche sulle loro proprieta
ottiche: questo lavoro dimostra che, scegliendo opportunamente il diametro del core, lo spes-
sore della shell e la sua lunghezza, ¢ possibile ottenere un’emissione fortemente polarizzata e
una drastica riduzione del blinking.

La seconda parte del lavoro concerne lo sviluppo di una piattaforma tecnologica per la
realizzazione di cavita a cristallo fotonico in nitruro di silicio (Si3/N4) risonanti nello spettro
del visibile. L’accoppiamento di queste cavita con i dot-in-rod ¢é stato studiato nel regime di
accoppiamento debole (weak coupling), ottenendo una modifica dell’emissione spontanea delle
nanoparticelle grazie al cosi detto effetto Purcell, mentre la possibilita di ottenere il regime di
accoppiamento forte & discussa dal punto di vista teorico.

La parte finale della tesi si occupa invece dello studio di un sistema semiconduttore nel
quale I'accoppiamento forte (strong coupling) tra gli eccitoni di una quantum well e un modo
di cavita portano alla nascita di nuove quasi-particelle chiamate polaritoni. Come eccitoni e
fotoni, anche i polaritoni possono essere confinati in tre dimensioni. Se tale confinamento &
sufficiente, si possono creare forti interazioni repulsive tra polaritoni, fino al punto di impedire
che due di essi possano coesistere nella stessa cavita. Questo fenomeno, noto come polariton
quantum blockade, ¢ molto promettente per la realizzazione sorgenti a singolo fotone basate sui
polaritoni. In questo lavoro viene sviluppata una tecnica innovativa di eccitazione riosonante a
due fotoni per ottenere il regime di polariton quantum blockade. Infine, il manoscritto descrive
anche un nuovo regime di emissione, chiamato two-photon polariton laser.

Parole chiave: nanocristalli, singolo fotone, semiconduttori, polaritone, eccitazione a due

fotoni, cristalli fotonici
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CHAPTER 1

Introduction

During a class at Caltech, Richard P. Feynman affirmed that to scientist of early 1900’s
it was extremely hard to think to wave-particle duality and that about the double
nature of light “it was jokingly said by someone that light was waves on Mondays,
Wednesdays, and Fridays; it was particles on Tuesdays, Thursdays, and Saturdays,
and on Sundays, we think about it!” [1]. This funny sentence found its fundament in
a general state of confusion, because at that time it looked like that you had to know
which experiment you were analyzing in order to tell if light was waves or particles.

After one hundred years of experiments, the puzzle seems now much more complete,
and advances in nanotechnologies made possible to master classical and non-classical
radiations. One striking feature of nano-sized materials is the strong size dependence
of their physical properties. The first observation of size dependent optical properties
dates the early 80’s [2,3] and the suitability of such small materials to serve as po-
tential building blocks in future applications has driven many research groups to focus
on the study of fully confined semiconductor systems. When scaled down up to De
Broglie wavelength, semiconductors can exhibit quantum confinements effects for both
electrons and photons, forbidding their motion in all or few directions, and, moreover,
making these two particles to interact in several ways.

This thesis focuses on the design, the development and the characterization of new
sources for the generation of classical and non-classical light states with isolated and
coupled confined systems for photons and electrons. The most common ways to obtain
these types of systems are reviewed in chapter 2, with particular emphasis on colloidal

semiconductor nanocrystals, photonic crystals nanocavities and microcavity polaritons.



X1V Chapter 1. Introduction

An example of fully confined systems for electrons are colloidal semiconductor
nanocrystals, i.e. ultra-small compounds composed by tens to thousands atoms ar-
ranged in a crystal structure similar to that of bulk material, but with dimensions of
few nanometers. Although their crystalline structure is the same of bulk semiconduc-
tor, in nanocrystals continuous energy bands are not formed, due to the confinement
potential at sizes lower than De Broglie’s wavelength. The distribution of allowed en-
ergy states for electrons is now discrete and represents an intermediate regime between
single atoms and molecules [4,5]. By virtue of their well separated energy states in
both conduction and valence bands, the quantum confinement in colloidal nanocrystals
is efficient also at room-temperature, making these nanoparticles promising for various
applications such as light emitting devices, nanoelectronic circuits and fluorescence tag-
ging in biological applications [6-10]. It is well known that colloidal nanocrystals can
emit non-classical light also at room temperature [11]. However, in the field of single
photon generation, other nano-materials are considered to be the state of art, includ-
ing color centers in diamond nanocrystals [12], Stransky-Krastanow quantum dots [13]
and organics molecules [14]. This is mainly due to the fact that NCs exhibit sharp
photoluminescence intensity fluctuations, known as blinking [15]. Despite two differ-
ent approaches have been recently proposed to avoid blinking [16,17], no one of them
show blinking-free PL preserving a single photon emission suitable for applications.
The third chapter of this work is devoted to show that by properly surrounding a
CdSe dot with an elongated CdS shell, it is possible to obtain an almost non-blinking
source of single photons at room temperature with a high degree of linear polariza-
tion. The single-photon flux is generated with an efficiency assessed to be ~ 70%, thus

approaching the state of the art of single photon sources based on other materials.

A possible way to confine photons is to use integrated photonics and, in particu-
lar, photonic crystals technology. Photonic crystals are periodic structures made of
dielectric materials: regions with different dielectric constants alternate periodically

with a period of the order of the wavelength of light. By virtue of constructive and
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destructive interferences, they can mold the flow of light by defining allowed and for-
bidden energy states and bands for photons; building up nanoresonators able to confine
light in volumes even smaller than a cubic wavelength is therefore enabled. Photonic
crystals emerged in 80’s, when it was realized that the effect of a three-dimensionally
periodic material can be similar to the effect of semiconductors on electrons [18]. This
opened new perspectives in photonics and nowadays photonic crystals integrated cir-
cuits are well developed in the infrared spectral range. However the interest on linear
and non linear applications in the visible spectral range boosts up research activity on
photonic crystals at these unusual wavelengths [19-21], making technical and scientific
communities asking for a versatile technology able to answer to the needs of this field.
Chapter 4 proposes Silicon Nitride two-dimensional photonic crystal resonators as
flexible technological platform to realize photonic devices based on spontaneous emis-
sion engineering of nanoemitters in the visible spectral range. In order to demonstrate
the versatility of this photonic platform, the resonators have been coupled with (i)
DNA strands marked with Cyanine 3 organic dyes, (ii) antibodies bounded to fluores-
cent proteins and (iii) colloidal semiconductor nanocrystals localized in the maximum
of the resonant electric field, showing also the possibility to use this technology in

biosensing devices.

It has been already mentioned that fully confined systems can make the confined
particles interacting. In semiconductors, the fundamental excitation is called exciton,
i.e. an electron-hole pair bound through Coulomb’s interaction. When this quasi-
particle is fully confined and when it can interact with confined photons, the strong
coupling between them can results in another quasi-particle called polariton. In first
approximation, a polariton can be defined as a quasi-particle formed of half-light and
half-matter. Polaritons so far showed a huge amount of intriguing quantum phenomena
arising from strong polariton-polariton interactions due to their excitonic part. As
in cold atoms gasses, polaritons can condensate in the state with minimum energy

and can behave as a quantum fluid in supersonic, subsonic or superfluid regime [22,
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23]. This quantum fluid can generate turbulences such as vortex singularities [24],
moving vortex pairs [25] or dark solitons propagating within the fluid [26]. Moreover,
when interactions are sufficiently strong, a coherent emission can be recovered from
polaritons states also if the system is optically pumped in an incoherent way. Being also
characterized by a pronounced narrowing of the emission linewidth, this phenomenon
is know as polariton laser and can show thresholds almost two order of magnitude lower
than standard photon laser [27,28].

A phenomenon of remarkable interest obtainable by strongly interacting polaritons
is the so-called polariton quantum blockade, which allows strongly coupled systems to
emit on-demand single photons [29]. A sufficiently strong polariton-polariton interac-
tion can indeed forbid two photons to coexist in the structure: if only one polariton is
excited in the cavity, it can re-emit only one photon, thus resulting in a strongly anti-
bunched radiation. Chapter 5 proposes a coherent two-photon pumping technique to
excite microcavity polaritons in GaAs-based nanostructures, with the goal to obtain
polariton quantum blockade. We also show that the two-photon excitation technique
is effective to obtain a new operation regime which present several similarities with

polariton laser, here called two-photon polariton laser.
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Fully confined systems

Contents
2.1 Multidimensional confinement of electrons . ... ... .. 1
2.2 Multidimensional confinement of photons . . . . . ... .. 10
2.3 Coupling of fully confined systems . ... .......... 19

In the last twenty years the development of nanotechnologies made possible to
realize nanostructures able to confine photons and electrons, freezing their motion in
the space. A consequence of that is a significant enhancement of quantum effects,
that lead to a number of novel physical phenomena in both coupled and uncoupled
systems. When experiencing strong confinement, these two fundamental particles can
interact, giving rise to linear and non-linear effects and making possible to boost up
the performances of several opto-electronic devices, such as lasers, optical amplifiers,
single photon sources, solar cells, biosensor etc. This chapter introduces the working
principle of nanostructures able to confine both photons and electrons and will describe
how the dynamics of the photon-exciton coupling can strongly modify the optical and

electronic properties of these systems.

2.1 Multidimensional confinement of electrons

Although the most important properties of bulk crystalline materials are well under-
stood from solid-state physics, below a certain size, they start to change and become
size-dependent. After a brief review on electronic confinement in nanometer sized semi-

conductors, this section describes a particular type of semiconductor quantum dots,
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(a) 2D System
BULK 4 DOS (Quantum WeII) 4 pos
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Figure 2.1: Sketch of the density of allowed energy states in the conduction band of bulk

semiconductors (a), quantum wells (b), quantum wires (c¢) and quantum dots (d).

also called semiconductor nanocrystals (NCs), composed of a few thousands of atoms
arranged in a crystal structure similar to that of the bulk material, but with dimensions
of few nanometers. At that size, comparable to De Broglie wavelength, semiconductors
exhibit quantum confinement effects and are one of the most promising structures to
realize innovative electronic and photonic devices.

Limiting the electron motion dramatically alters the electron energy spectrum, lead-
ing to a modification the Density Of allowed energy States (DOS), which is defined as
the number of states at a given energy level. Figure 2.1 schematically illustrates the
changes in the density of states when the electrons motion is limited in one, two or
three dimensions. Confinement therefore creates different types of structures known as
quantum wells (electrons free to move in a plane and step-like DOS), quantum wires
(electrons confined in two directions), and quantum dots (electrons confined along the

three cartesian axes and Dirac’s delta-like DOS).
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2.1.1 Bulk excitons

In the case of direct band gap bulk semiconductors (Fig. 2.1(a)), in the vicinity of the
wavevector value k = 0, valence and conduction band dispersions can be approximated
by a parabola and, supposing zero the value of the energy at the maximum of the

valence band, these dispersions are described by the following relations

K K
E(k) = B, + 5= Buk) =5 (2.1)

where E, is the semiconductor energy gap and m;; and m; are the effective mass of the
valence and conduction band, respectively.

The absorption of a photon with energy hw > E, allows the optical excitation
of an electron from the valence to the conduction band, and the free place left by
the electron in the valence band constitutes a quasi-particle called hole, with effective
charge +e and a momentum opposite to the one of the excited electron. In that case a
free electron-hole pair (e-h) is formed in the semiconductor. If the free e-h pair is the
most obvious excitation, however it is not the elementary electronic excitation. Indeed,
by taking into account the Coulomb interaction, the electron and the hole have bound
states, resulting in a quasi-particle called exciton. The exciton energy lies below the
energy gap and is given by the relation

n2k%

Exlkx)=FE,— FE
X( X) g b+2m}7

(2.2)

where Fj is the binding energy, kx the exciton momentum and my its effective mass.
The Hamiltonian of the exciton system is analog to the one of the hydrogen atom and

its levels have the same orbital structure (1s, 2s, 2p, ...).

2.1.2 Quantum wells

In a quantum well the excitons are free to move into the plane of the well, while their
motion is forbidden in the perpendicular direction. Dingle and co-workers [30] were the

first to report about the quantum confinement in a AlGaAs-GaAs-AlGaAs quantum
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Figure 2.2: Schematic of a quantum well bandstructure.

well, showing the existence of four discrete energy levels for both heavy and light-hole!
excitons. This confined behavior can be obtained by inserting a thin semiconductor
layer (with energy gap E;”e”) between two thicker layers of another semiconductor with
larger bandgap (E;’“”ie’"), leading to the heterostructure reported in Fig. 2.2. Because
of the confinement, the energy difference between the maximum of the valence band
the minimum of the conduction band (i.e. the band gap Ej) is shifted with respect
to the bulk material of a value AE, (i.e. E, = EX! + AE). The energy state of the

quantum well excitons can be computed via the formula

0
(n+1/2)2 egme

EYl = EY + AF — Ey, (2.3)

where p is the electron-hole reduced mass, E; = m.e*/(2h?) the hydrogen atom ioniza-
tion energy 2, e? = ¢*/(4meg) the rescaled electron charge, €y the dielectric constant in
the vacuum, and m, the electron mass at the rest. The Bohr radius in quantum wells

is one half of the Bohr radius in bulk materials.

IThe valence band is, in turn, composed of few bands. The two bands with maxima at k = 0 are
the heavy- and the light-hole bands. For instance, in silicon the light hole mass is m; = 0.16myg, while

the heavy-hole mass is mj = 0.46mg, where my is the free electron mass.
2Tt depends on the parallelism with the hydrogen orbitals mentioned in section 2.1.
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In QWs the translational symmetry in the direction of the confinement is thus
broken by the confinement [31], while it is preserved in the in plane direction. It is
important to point out that for confined excitons it is possible to calculate the exciton
radiative lifetime via the Fermi’s golden rule [32]. In order to do that a quantity called
oscillator strength f,s. is usually introduced. f,,. is proportional to the probability for
an electron in the valence band to create an exciton by absorbing a photon and it is

related to the exciton lifetime 7x by the relation [33]

1 e2

TX 260m0C

fose: (2.4)

*

where f7..

is the oscillator strength for surface unity. As detailed in sections 2.3 and
4.5, the oscillator strength is an important parameter to obtain the strong coupling

regime between excitons and photons.

2.1.3 Quantum dots

When charge carriers motion is frozen along all directions, the fully confined system
is called quantum dot (QD), and the quantization take place along all the cartesian’s
axes. In that case the quasi-continuous distribution of states collapses in to a series of
Dirac functions [Fig. 2.1(d)] and in the case of flat potential with infinite boundaries
the level spacing increases with the energy. The energy of the n-th allowed state is [34]

h?m?
Ey=5—— -n?,
mza

(2.5)

where a is the size of the quantum dot?.

Because the energy levels of the quantum dots are discrete rather than continuous,
changes in the box sizes have the effect of altering the boundaries of the bandgap.
Indeed, by changing the geometry of the surface of the quantum dot it is possible to

change the bandgap energy, with the resulting effect of a tunability of the emission and

3Equation (2.5) is derived by solving the basic one-dimensional Schréedinger equation for a flat

potential well with infinite boundaries and for a spherical quantum dot it is valid along the three axes.
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absorption spectra. In particular, the higher the confinement, the larger the energy
gap. It is, therefore, possible to predict that by shrinking the dimensions of a quantum
dot its absorption spectrum will be shifted towards higher energies, as confirmed also
by the eq.(2.5).

Since 1982, when the concept of quantum dots was first proposed by Arakawa and
Sakaki [35], their peculiar properties have been applied to a number of photonic de-
vices, and impressive results in the synthesis and application of these nanostructures
have been demonstrated. Epitaxial QDs, obtained by the Stranski-Krastanov (SK)
self-organized growth method [36], have demonstrated their potential as light sources
for ultrafast semiconductor lasers and optical amplifiers for optical communications,
showing new functionalities and performances such as high gain and efficiency, ultra-
low threshold current densities and weak sensitivity to temperature variations [37-39].
A different approach for the fabrication of quantum dots is based on wet-chemistry for
the synthesis of colloidal QDs. These colloidal nanocrystals (NCs) are good candidates
for photonic applications in different fields such as health, energy, environment and
aerospace due to their low fabrication costs, high quantum efficiency at room tempera-
ture, high versatility in the chemical synthesis, and broad tunable emission range [40].
Both epitaxy and wet chemistry have demonstrated to be valuable for the fabrication
of triggered non-classical sources of single photons based on QDs. However, epitax-
ial QDs exhibit single photon emission only at cryogenic temperature [41], whereas
single colloidal NCs based on II-VI compounds exhibit photon antibunching at room

temperature [11,42] by virtue of their specific electronic properties.

2.1.4 Colloidal Nanocrystals

As already mentioned, an alternative to SK QDs are colloidal nanocrystals. Being
synthesized using wet-chemistry, they are free-standing structures dispersed in solu-
tion. Therefore, they can be produced in large quantities in a reaction flask and can

then be transferred to any desired substrate. Moreover, due to their cheap, easy and
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Figure 2.3: Size-tunable emission properties of quantum dots. (a) Vials of CdSe/ZnS colloidal
nanocrystals having different diameters; (b) and (c) Typical absorption and emission spectra
of CdSe/ZnS quantum dots with diameters ranging from 2nm (blue lines) to 5nm (red line).

[Reproduced from ref. [45]]

high throughput synthesis, colloidal NCs are highly versatile nanoparticles allowing to
arbitrarily engineering the grown structure according to the requested optical proper-
ties [40]. In section 2.1.3 the possibility to tune the QDs absorption band by tuning
their dimension has been mentioned, and colloidal nanocrystals make possible to sim-
ply do that. As an example, Fig.2.3(b) reports several absorption spectra of CdSe
nanocrystals capped by a ZnS shell. It is well known that in bulk CdSe at room tem-
perature the energy gap is B, = 1.75eV. However, by reducing the size of quantum
dots from 5nm (red line in Fig.2.3(b), E, ~ 2eV') to 2nm (blue line in Fig.2.3(b),
E, ~ 2.69¢V) E, can be increased in order to scan the whole visible spectral range.
Similarly, the emission spectra, whose peak position is typically slightly detuned to
lower energies from the absorption peak by a quantity called Stokes shift [43,44], un-
dergoes the same spectral tuning due to the size engineering. Figure 2.3(a) displays
the luminescence of CdSe/ZnS NCs in liquid solution and illuminated by an ultraviolet
source: the whole visible spectral range is easily covered, as confirmed by the corre-
sponding emission spectra in Fig. 2.3(c). By changing the material and therefore the
E;’"”“, NCs emission in the ultraviolet and infrared bands can be also obtained. For

instance, using PbS and PbSe, emission from 800 nm to 1600 nm can be obtained.

As a drawback, being in solution, NCs are not embedded in a semiconductor matrix
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as for SK QDs. The lack of a matrix can cause strong sensitivity of NCs optical
properties to the local environment, leading to the phenomena described in the next

two sections.

2.1.4.1 Spectral diffusion and emission linewidth

This environmental dependence leads to the so-called spectral diffusion of the NC emis-
sion peak: the photoluminescence spectrum of the single particle, which is typically
narrower than 0.1meV at cryogenic temperatures, exhibits significant fluctuations in
time. These spectral shifts are typical small on the scale of 100ps and more pronounced
(~ 80meV') on the scale of seconds [46,47]. The macroscopic effect of this spectral
modifications is the broadening of the FWHM of the single dot PL. when integrated for
long times, and the impossibility to reduce the FWHM of colloidal nanocrystals be-
low several meV. Spectral diffusion is one of the most important causes of line-width
broadening, acting on the emission spectrum of the single nanoparticle. When the
emission spectrum of ensembles of NCs is measured, FWHMs even larger are observed,

due to the size dispersion of the nanoparticles resulting from the synthesis procedure.

2.1.4.2 Blinking

A second spectroscopic feature of colloidal nanocrystals is the photoluminescence blink-
ing: the emission of a single quantum dot exhibits a dramatic on/off behavior, with
off times that may vary from milliseconds to several minutes [15,48|. A typical trace
where blinking is evident is reported in Fig. 2.4. Although the reason for this behav-
ior is still under discussion, the ionization of the nanocrystal is the most commonly
invoked cause. Both the interaction of the nanocrystal with the environment and the
charge-carrier dynamics can lead to the nanocrystal ionization. Indeed, a possible ion-
izing mechanism involves the so-called Auger photoionization: when two excitons are
simultaneously present in the NC, the energy lost in the recombination of the first

one can be transferred to the second one, ejecting one of the carriers into the envi-
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Figure 2.4: A typical photoluminescence time trace of a blinking nanocrystal. [Reproduced

from ref. [51]]

ronment of the quantum dot (for instance on surface traps). The quantum dot is now
charged, and the following excitons created into the QD efficiently recombine via ultra-
fast non-radiative processes involving the ionization charge still present in the dot (for
instance the Auger non-radiative energy transfer described in section 3.4). The dot
remains in the off state until other interactions with the environment or with excitons
neutralize the charged state. This mechanism also explains why multiexciton states
emission is not usually observed in NCs. Several studies are currently analyzing the
relationship between spectral shift and blinking in colloidal QDs [47,49,50]. On the
other hand, recent developments on nanocrystals growth show a clear reduction of the
blinking probability by increasing the shell thickness or properly modeling the potential
well [16,17]. A full comprehension of these mechanisms would allow to prevent these
phenomena, making colloidal nanocrystals optically stable in time and robust as the

epitaxially grown quantum dots.
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2.2 Multidimensional confinement of photons

As electrons, also photons can be confined in low dimensional systems, breaking the
linear dispersion of the vacuum w = ck. From the theory of the electromagnetic
field based on Maxwell’s equations, it is well known that discretized transversal modes
can be guided in metallic structures and that the resonant frequencies in a metallic
resonator constitute an infinite set of discrete values. This section discusses how a
refractive index periodicity in one or two dimensions can induce photon confinement

in ultra small volumes.

2.2.1 Working principles of photonic crystals

Photonic crystals (PhCs) are structures made of different dielectric materials arranged
in a periodic lattice. The striking property of PhCs is that they can act on photons
in the same way as crystals act on electrons [18]. If in crystalline semiconductors the
periodical potential induces an energy band gap, a periodic disposition of materials with
different refractive indexes can induce an interval of wavelengths in which photons can
not exist in the structure. This wavelength range is usually referred to as Photonic
Band Gap (PBG). The refractive-index periodicity can be realized along one or more
axis, leading to the possibility to realize one-, two- or three- dimensional photonic
crystals [18].

The one-dimensional case is the simplest, and relies in the alternation of several
dielectric slabs with different refractive indexes. In the case of non-homogeneous ma-

terials and without applied sources, Maxwell’s equations can be written as

OH

\% tzg(x)%—]f, (2.7)

where x is the position vector, € (x) the dielectric constant and E and H the electric and

magnetic field vectors, respectively. From eq.s (2.6) and (2.7) the following eigenvalue
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Figure 2.5: Structure with a refractive-index periodicity in one dimension. Materials in red

and yellow have different refractive indexes. n € {0,1,2,...}.

problem in the phasorial domaine can be extrapolated

1 w?
H=—H. 2.
. (X)V X > (2.8)

H(x,t) in general depends on both time and position. However, if the eigen-operator

V x

V X ﬁVx is periodic, from the differential equations theory it can be derived that

the eigenfunctions can be written using the Bloch formalism, i.e. as a plane wave

modulated by a periodic envelop Hy(x) [18]
H (x) = **Hy (x) = e**Hy (x + R), (2.9)

where the periodicity vector R depends on the structure. Let us refer to the 1D
periodic structure reported in Fig. 2.5, with €(x) = €(x) 4+ a. Because of the continuous
translational symmetry, the wave vector k can assume any value in the yz plane [18].
Along x the situation is instead different. A key feature of Bloch states along the
direction of the periodicity is that the Bloch state with wave vector k, and k, + m%”
are identical (m is an integer number). The mode frequency is therefore periodic in k,,
i.e. w(ky) = w(ky+m2), and the dispersion diagram assumes the behavior reported in
Fig. 2.6. The representation of the eigenfrequencies can thus be limited to the interval
ks € [0,2%] [18], as well as in the interval k, € [=Z,Z], called irreducible Brillouin
zone, as shown in Fig. 2.7.

These considerations, valid for 1D-PhC, can be extended to two and three dimen-

sions. In the case of two dimensions this can be done by reproducing the same dielectric
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Figure 2.6: Dispersion behavior for the structure reported in Fig. 2.5. [Reproduced from

ref. [52]].
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Figure 2.7: Dispersion curves for free photons (a) and for photons in a 1D-PhC (b). [Re-

produced from ref. [52]].

element in a plane following a defined lattice. For instance, one can periodically ar-
range dielectric columns of infinite height following a square or triangular lattice in the
xy plane, as shown in Fig. 2.8. In such structures the electromagnetic field can be
described as a linear combination of transverse electric (TE) and transverse magnetic
(TM) modes and the Brillouin zone is now defined in two dimensions *. As a con-
sequence, the dispersion diagram, also called photonic band diagram for analogy with
semiconductor crystals, assumes the behavior reported in Fig. 2.8 for a square disposi-
tion of dielectric columns in air [Fig. 2.8(a)] and for a triangular lattice of air-columns

in another dielectric medium [Fig. 2.8(b)|. It has been demonstrated that in the case

of triangular lattices with radius comparable with the period of the structure a, it is

4 The definition of TE and TM modes is ambiguous in the literature and here they will be re-
defined when needed. In this chapter, TE (TM) modes are modes with non-zero components of the

electric (magnetic) field only in the plane in which the Brillouin zone is defined (i.e. the xz plane).
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Figure 2.8: Band diagrams for two dimensional photonic crystals. Reproduced from ref. [52]

possible to obtain hybrid PBGs, valid at the same time for TE and TM modes, while for
the other cases the band gap is obtained only for one of the two modal configurations

(as also shown in Fig. 2.8) [18].

2.2.2 Planar microcavities

Let us consider again the 1D-photonic crystal reported in Fig. 2.5. Due to the PBG,
each photon impinging on the structure with a wave vector perpendicular to the pe-

riodicity is reflected. This layered structure thus behaves as a wavelength selective
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Figure 2.9: Real space refractive index distribution (a) and reflectivity as a function of

photons energy (b) for a Bragg reflector in the near infrared. [Reproduced from ref. [53].|

mirror called Bragg reflector (an example of its reflectivity is reported in Fig. 2.9).

The reflection band corresponds to the PBG defined in previous sections.

So far only structures with a perfect periodicity have been discussed. Let us now
consider a multilayer film in which one of the elements is different from the others,
introducing a defect in the periodic disposition. It is intuitive that for wavelengths ()
far away from the size of the defect, the full periodicity of the system is recovered, and
the band diagram should look like the one of the unperturbed system. However for A
comparable to the defect size, the broken periodicity may allow the localization of a
mode in the PBG, which should exponentially decay when it goes out from the defect
entering in the two periodic regions around it. As shown in Fig. 2.10, these two regions
are indeed two Bragg’s reflectors, one parallel to the other, and any light propagating
along z with a wavelength defined by the defect size is trapped between them. Because
the mirrors localize the light within a finite region, the modes are quantized into discrete

frequencies and with discrete components of k along x, while there is no quantization
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Figure 2.11: Refractive index distribution (a) and reflectivity as a function of photons energy

(b) for a GaAs/AlAs based microcavity. |[Reproduced from ref. [53]].

along z and y (where the structure is supposed to be infinitely extended). Figure
2.11 shows an example of the cavity reflectivity where the appearance of a reflection
minimum inside the stop band of the Bragg reflectors confirms the storage of a mode
inside the cavity. In the case reported in Fig. 2.11 the cavity was obtained by realizing
a GaAs/AlAs multilayer and introducing a defect of size A, which resulted to be the

resonant frequency of the cavity.
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Figure 2.12: Example of electromagnetic defects in 2D-PhCs. [Reproduced from ref. [52]|.

2.2.3 2D Photonic crystals cavities

Also in the case of cavities the considerations for 1D-PhC can be extended to the two

dimensional case. A few examples of possible defects in 2D-PhC are reported in Fig.

2.12: the modification of the 2D periodicity can lead to localized modes at a given

k (Fig. 2.12(b) and (c)) or to more complex configurations (Fig. 2.12(a)). Another

possibility is to omit a periodic element, as shown in Fig. 2.13, thus leading to a

localized mode for all in-plane wavevectors and for a given wavelength.

A figure of merit to evaluate the confinement of a micro or nanocavity is the so

called Quality factor (Q-factor), defined as the ratio between the energy stored in the
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Figure 2.13: Example of a point defect obtained by eliminating a dielectric column in a

triangular lattice.

cavity and the energy lost in each oscillation, i.e.

Stored  Energy (U)
Q =27 =w )
Lost  Energy (P)

(2.10)

where w is the resonant angular frequency, (P) is the far field radiation power and (U)

is the energy stored in the cavity defined as

(U) = / % (e E? + pH?)dV, (2.11)

with V' the volume of the structure and € and p the electric and magnetic permittivity.

However, this description for 2D-PhCs is ideal, since the periodic elements are
supposed to be infinitely extended along z (see Fig. 2.8 for axes definitions). Obviously,
it is not possible to realize such structures, and a finite value of total thickness ¢ should
be taken into account to model the resonators.

The first difference between finite and infinite 2D-PhC is the light confinement
mechanism. As already mentioned, 2D-PhCs allow or forbid photons to be in well
defined energy states. However, when the total thickness in not infinite, this is possible
only in the plane in which the Brillouien zone can be defined, because along z the
structure is not periodic and the light is thus confined by total internal reflection. For
this reason it is impossible to define TE and TM modes, but the modal expansion

results to be true for two other types of electric field configurations, called TFE-like and
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Figure 2.15: Band diagram for a 2D-PhC slab surrounded by an uniform cladding. [Repro-

duced from ref. [52].]

TM-like, allowing for small components of the electric and magnetic fields also in the

plane in which the Brillouin zone is not defined [see Fig. 2.14].

Moreover, in addition to guided modes, in finite structures (also called PhC-slabs
and sketched in Fig. 2.15(a)) spurious modes in the surrounding cladding materials
appear. These modes are inside a zone called light cone, which is identified as the set
of radiation modes not confined in the slab and it is represented by the blue area in
Fig. 2.15(b). The light cone size is defined by the refractive index of the claddings: the
higher the difference of the refractive index between the slab and the claddings, the
higher the confinement within the PhC structure. Obviously, if more than one cladding
is present, more light cones can be defined, each of which representing the radiations
in the different materials. Also in the case of 2D PhC-slabs it is possible to have a

PBG, which is considered a complete PBG if it is extended also in the light cone and
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Figure 2.16: Sketch of radiation loss in the case of 2D-PhC slabs.

a partial PBG otherwise.

Let us now consider a 2D-PhC resonator with finite thickness ¢ in an uniform
cladding material with a refractive index nggaging. Figure 2.16 sketchs the possible
leakage channels that contribute to the final quality factor of the resonator. In eq.(2.10)
these contributions are taken into account in the radiation losses (P), which should
now be written as

(P)=(P) +(P1), (2.12)

where (P)) is the in-plane loss due to the non-ideality of the PhC, while (P,) is the
radiation loss due to the total internal refraction perpendicular to the PhC plane. As
a consequence the quality factor can be re-written in the form
1 1 1
o=o ‘o

It is important to point out that () is smaller than the smallest partial quality factor.

(2.13)

()| can be arbitrarily increased increasing the number of lattice periodicity around the
cavity, at least for well-localized modes inside the PBG. The upper bound to @ is thus

given by the out-of-plane radiation losses, taken into account by @ .

2.3 Coupling of fully confined systems

When an optical emitter is placed in a resonant cavity and the energetic distributions of

the two systems allow an interaction between the two oscillators, two different regimes,
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known as weak and strong coupling, can be observed [54-56].

Let us focus this paragraph on the strong coupling between a quantum well and a
planar microcavity, while the case of interaction between a quantum dot and a cav-
ity mode well detailed in section 4.5. In the condition of weak exciton density the

Hamiltonian of the coupled system is the following:

Q)
H =" hwe(k)afax + hwx (k)blby + 2R (af by + blay) (2.14)
k

where ay (af) and bt (b ) are the creation (annihilation) operators for a photon and an
exciton, respectively, with in plane momentum k| = k and hfdg o< v/ fos is the Vaccum

Rabi splitting (VRS). After diagonalization, the Hamiltonian (2.14) become

H= Z hWLP(k)prk + hWUP(k)ql]L(Qka (2.15)
K

where the operators (pk, pL, G, qL) are related to the operators (ak, aL, by, bL) by the

linear transformation

—Cy X a
Px _ k k k (2.16)
qx Xk Ck bk
and its own conjugate. The coefficients
0 62 4+ Q2
x2 = BT VAT (2.17)
2¢/0p + QF
> Ok VOt O (2.18)
« 2,/02 + O3

are the excitonic and photonic Hopfield factors with the unitary condition X? + CF =

1 and represent excitonic and photonic content of the polariton, respectively. The

eigenvalues
wyx (k) +we(k 1
wrp(k) = x( )2 c )—5,/512%2%;z (2.19)
k k) 1
ol = X0 > ee®) 1 o (2.20)

are called upper (UP) and lower (LP) polariton branches and 0y = we(k) —wx (k) is

the cavity-exciton detuning.
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Figure 2.17: Example of lower and upper polariton branches minimum energies dependences

as a function of cavity-exciton detuning.

A signature of strong coupling regime is the so-called anticrossing behavior, shown
in Fig. 2.17 for k = 0. When the cavity and the exciton energies are degenerate,
i.e. we = wy, the two polariton eigenstates are separated by an energy of twice the
interaction energy between the oscillators which is the Vacuum Rabi Splitting hQ2g. In
Fig. 2.18 the typical behavior of polariton dispersions and lower branch exciton and
photon weights are reported for different detunings. When 8, = 0, X2 = C = 1/2
and polaritons can be considered as half-light half-matter quasi-particles.

Because of the selection rules on the in-plane momentum, a specific polariton state
on the dispersion curve can be excited using a non-zero incident angle 6 = (6,,0,) of
electromagnetic field (see Fig. 2.19). The polariton momentum is equal to the photon

momentum and the in-plane wavevector k = (k,, k,) can be calculated via the relations

ky = kpsin(0,), k. = kpsin(6,), (2.21)

where k; = i—z is the momentum of the laser beam at wavelength \; injecting the

polaritons. Each photon emitted at a defined energy contains all the information

(position, phase, momentum) of the polariton from which it has been emitted.

The hamiltonian (2.14) does not take into account the coupling between each
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Figure 2.18: (a,c,e) Polariton (black lines), exciton (dashed blue lines) and cavity (dashed red
lines) mode dispersions for different detunings. (b,d,f) Photon and exction weigth of the lower
polariton branch for different detunings. [Q2r = 3meV, detuning values (a,b) § = +3meV,
(c,d) 6 =0, (e,f) 6 = —3meV, image reproduced from ref. [33]]
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T

Figure 2.19: Schematic of polariton emission outside the cavity.

oscillator and its own reservoir, which causes the energy dissipation in the environ-
ment. A way to do that is to introduce the complex frequencies we (k) — ive(k) and

wx (k) —iyx (k). The new eigenstates are thus complex and

wpp(K) = wx (k) ;-wc(k) _ i’YX(k) ‘2|’ k) %\/(51{ —i(yx (k) — 7o(k))2 + Q2
wp (k) = wx (k) ;wc(k) _ Z-’YX(k) ‘2"’70(1{) n %\/(51{ —i(yx (k) — yo(k))2 + Q2.

In the case of zero detuning (dx = 0 and thus hwy (k) = hwe(k) = hwy(k)) and with
g = hQg/2 they become

() = () — in X el \/92 () —1c()P?

2 4 )
hwyp(k) = hwo(K) — Z-h%((k) ;L%J(k) n \/92 _ B2 (7x (k) —470(1{))2'

When the interaction between the two oscillators is higher than the combined relaxation
term, i.e. g > hlyx(k) —ve(k)| /2, the real parts of Aiwpp and hwyp are different the
system is in the strong coupling regime. Indeed the real parts of the eigenvalues defines
their energies and in that case the anticrossing behavior shown in Fig. 2.17 is still
verified as well as the all the above discussed arguments are still valid.

However, this is not true if g < h|yx(k) — vo(k)| /2 and the system enters in the
so called weak coupling regime. The two eigenvalues are now degenerate in energy and

the spontaneous emission rate of the emitter X interacting with the optical mode C is
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modified. In that case the emitter relaxation by spontaneous emission is characterized

by an exponential decay and its spontaneous emission rate is given by [57]:

1 49%Q
= . 2.22
Teav m}O ( )

In order to define a figure of merit to quantitatively evaluate how the cavity acts on
the spontaneous emission, the value given by eq.(2.22) should be compared to the
free space emission rate of the emitter in a transparent homogeneous medium with

refractive index n [57:

1 |dw’n

Tiree  3meghc’

(2.23)

where d is the electric dipole of the emitter and ¢y and ¢ the dielectric constant and
the speed of light in the vacuum, respectively.

The ratio between 7., and 7., gives a factor, also called Purcell factor F', which
is a measure of how much the cavity modify the emission rate of the emitter. F' is

related to the cavity Q-factor (defined in eq.(2.10)) through the equation [56,57]

F= 2 QlatoP (%) (224)

where a(r) is the normalized mode function, rx the position of the emitter, n the
refractive index of the medium and A the wavelength of the cavity mode. When F'
is greater than 1, the emitter radiates faster in the cavity than in free space and the
emission is enhanced, otherwise it is quenched. When the emitter is placed in the
maximum of the electric field, the Purcell factor can be expressed as a function of the

modal volume, i.e. 1/V = maz, {|a(r)|2}, thus resulting 56, 57]

3Q /\\°
F=—=1- 2.2
A2V (n) ’ (2.25)
with V' that can be also written as
1
V = /5(1‘) E (r)|* dr, (2.26)
max, {¢ (r) |[E (r)]z} v B (x)

where E is the localized electric field and ¢ the dielectric constant of the material

composing the cavity.
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In past centuries researchers tried for a while to understand the nature of the elec-
tromagnetic radiation, and in the early 1900s they began to understand that Maxwell’s
formalism, introduced in 1861 [58|, was not able to describe completely its behavior.
The first corpuscular theory was elaborated by Albert Einstein in 1905, who predicted
that the electromagnetic radiation is composed by wave packets, called photons, each of
which with an energy of hv [59]. The first experimental evidence of that is considered
to be the photoelectric effect (discovered by Hertz in 1886), in which a material emits

electrons when irradiated by an UV light. In 1914 Robert A. Millikan re-built Hertz’s
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experiment and observed several phenomena not explainable by means of classical the-
ory, which where instead confirmed by Einstein’s predictions.

In the last decade single photon generation has been an intense research topic due
to its potential application in cutting edge research fields such as quantum communi-
cation, quantum information and quantum cryptography. In this chapter, after a brief
introduction on single photon generation and characterization, a new type of single

photon source based on asymmetric core/shell colloidal nanocrystals is proposed and

described.

3.1 How to generate single photon beams

3.1.1 Attenuated coherent beams

The simplest way to obtain an approximate single photon flux is to attenuate a pulsed
laser beam. In a laser beam the arrival times of the photons follow a Poisson distribu-

tion, i.e. the probability to have n photons in a pulse can be written as

n

P(n,u) = e, (3.1)
n!
where the parameter p represents the source rate. From the Bayes’ theorem, the

probability to have more than one photon in a laser pulse is thus [60]:

P{n>1}Nn{n >0}, u)

Py =P(n>1n>0,pu) = = 3.2

24+ (TL |TL 7/’L> P(’I’L > O,//J) ( )
1—P,p) = PO,p)  1—(14p)e” uso

1— P(0, ) l—en 2 (3:3)

For an ideal single photon source one wants to have one photon in each pulse, and the
quantity reported in eq.(3.2) should thus be zero. However P, , also called fractional
information leakage in the contest of quantum cryptography [60], can be minimized
only by bringing p towards zero. It is thus evident that the attenuation of coherent
laser pulses does not allow to obtain efficient single photon generation, because u — 0

would means a photon rate of ~ 0.
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3.1.2 Fluorescence of a single emitter

An efficient way to generate a single photon flux consists in using the fluorescence of
a two level system [61]|. Such system, initially in its ground state |0), can be brought
in its excited stated (]1)) by a continuous wave or a pulsed laser beam. In a simple
picture, the system remains in the state |1) up to the spontaneous relaxation toward
the state |0) loosing the exceeding energy by emitting a photon.

Let us suppose that:

the duration of the excitation pulse is shorter than the lifetime of the excited

level (7)1y-0y) in order to have a single cycle of absorption and re-emission,

the period of the laser pulses is longer than 71y,

the excitation pulse intensity is high enough to stimulate the transition |0) — |1),

the relaxation |1) — |0) is purely radiative.

Under these hypotheses, in a single transition |1) — |0) there is no way to have
the emission of more then one photon, and its probability P,y = P(n > 1jn > 0)
goes automatically to zero. Moreover, in the case of a pulsed laser beam, if each
exciting pulse generates a transition |0) — |1), the photons are emitted on-demand,
i.e. triggered by the excitation pulse.

The fluorescence of a single emitter acting as a two-level system represents thus an
efficient way to generate fluxes of triggered single photons, as also demonstrated by
the first experiments with Sodium and Manganese atoms, performed in 1977 and 1985,
respectively [62,63].

The excitation and the radiative relaxation of a two-level system are well described
by the Fermi’s golden rule, for which the transitions |0) — |1) and |1) — |0) follow an
exponential statistics with parameters k, and k.4, respectively. The emission statistics
can be fully characterized by the time distribution of the absorption-emission cycle d(7)

(also called delay function). In the case under examination, d(7) is the convolution
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Figure 3.1: (a) Schematic representation of the transitions between |0) and |1) for k, = 3k,qq. (b)

d(7) behavior for several values of the ratio kp/kyqq.

between the time distributions given by the Fermi’s golden rule, i.e. [64-67]

kpkira
d(r) = —

=k [e_km“ - e_k’”] . (3.4)
D ra

A typical events flux is shown in Fig. 3.1(a), while the characteristic behavior of d(7)

is reported in Fig. 3.1(b). If k, > k,.q the delay function become

d(7T) = kyage Fred™. (3.5)

3.2 Single photon sources characterization

3.2.1 The second order autocorrelation function

The characterization of a single photon beam is usually performed monitoring the
photons detected at two different time instants ¢; and ¢,. This can be done by measuring
the second order autocorrelation function of the electric field intensity associated to the

beam, defined as [68]
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5 (EF(t)E () E(t)E(t2)  (Li(t)Li(t2))
90 = By (Bw?) ) (3.

where (-) represents the statistic average.
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3.2.1.1 Classical radiation

In the case of classical light beams, I;(¢) should respect the Cauchy-Schwartz inequality,

(Ii(t)1i(t2))* < (T2 (1)) (T2 (t2)) (3.7)

Moreover, in the case of stationary stochastic processes (i.e. statistical averages do not
depend on the initial time instant t; = ¢ but only on the difference between t; = ¢t and

the current time ¢, =t + 7) it is possible to write:

g (t1,t2) = g@(7)
= (LOLE+7)? < (I21)? = (3.8)

)

(17 () = (I} (t2))

LTt + 1)) _ (I (1)
(L:(1))* (1:(1))*

with 7 = t, — ;. In the same way, it is possible to show that (I2(t)) < (I;(t))?, thus

= (LOL(+ 7)) < (1) = < = ¢*(1) < g*(0), (3.9)

meaning 1 < ¢®(0) [68]. ¢®(0) = 1 means that there is no correlation between two
simultaneous photodetections, i.e. a source can not emit a beam able to produce single

detections and thus, for the classical theory, single photon sources do not exist.

3.2.1.2 Corpuscular light beams

In a more general picture, one should take into account the quantum nature of the
light. In a quantum description of the electromagnetic field, the electric field can be

written as:

E(t) = EM(t) + EC)(1), (3.10)
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where E(7)(t) is the Hermitian conjugate of E)(t). The second order autocorrelation

function is thus:

2  (BO)ED ) ED () BN (1)) (L) (L))
990 t) = (BN (1) D) (1)) (B (1) BN (L)) (Li(t)) (L)) (3.1

The main difference is that now E()(¢;) and E™)(ty) do not commutate and the
Cauchy-Schwartz inequality cannot be exploited and then values of ¢®(0) < 1 are
allowed.

The second order autocorrelation function corresponds to the correlations between
two events detected at the time instants ¢ = ¢ and ¢, = t 47, and the photon detection
event corresponds to the application of the annihilation operator E(). If 5 is the
detection efficiency (supposed to be equal at the two time instants) the probability to
detect a photon at the time instant ¢; and another one at the time instant ¢y can be

written as:

Plt1,ts) = n* |[ED (8) B (81) ) |

=1 (1| B (t) B () BT (82) B (1) |4) -

Equation (3.11) thus became

Pt,t+7)  P(t+T|t)
Pt)Pt+71) Plt+71)°

g (1) = (3.12)

g®(7) is thus proportional to the probability to detect a photon at the time instant
t + 7 when another one has been received at ¢, while the normalizing factor is the
probability to detect a photon at the generic instant t. The following situations are

thus possible:

if ¢®(0) > 1 packets of photons are generated by the source and the flux is called
super-poissonian. Examples of this situation, also called photon bunching, are the
black body radiation and the stimulated emission, which allows the generation

of photons in the same state, thus leading to an excess of correlation.
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Figure 3.2: ¢ (1) function behavior for several values of k, + krqa-

if ¢ (0) =1 the probability to detect a second photon at the time instant ¢ does not
depend on what is happened at ¢ (i.e. P(t|t) = P(t)). All detection events are

thus independent and the source is called poissonian.

if ¢?(0) <1 the photon flux is antibunched, the beam is called sub-poissonian and
the photons come from a non classical system. That is the case of an ideal single
photon source, for which two photons are never emitted at the same time, i.e.

P(t+0[t) = 0= ¢@(0) = 0.

3.2.1.3 Continuous excitation of a two level system

In the case of a continuous wave excitation beam the second order autocorrelation
function of the light emitted by a two level system can be theoretically calculated from

the distribution d(7) obtaining [68]
9(2)(7-) =1 — ¢ Fothraa)lrl (3.13)

with %, and k,.q defined in section 3.1.2. The behavior of g(2)(7') for several values of
the rates k, and k.4 is reported in Fig. 3.2, evidencing that, since g(Q)(O) = 0, the

source is sub-poissonian.
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Figure 3.3: Theoretical representation of g2 (j) for a single photon source obtained with

purely radiative transition of a two level system.

3.2.1.4 Pulsed excitation of a two level system

In the case of a pulsed excitation, ¢g® (i, j) (the time variables are now discretized)
is given directly by eq.(3.12): it is the conditional probability to detect a photon at
the 7 — th time instant when another photon has been received at the ¢ — th instant
normalized to the probability to detect a photon at the generic time instant i.

Let us consider a single photon source based on a two level system which emits one
photon by exploiting the transition |1) — |0) and that this photon can be detected
with probability P;. In the ideal case the single transition does not lead to any pair of

photons, thus resulting in P,y = 0. As a consequence

P(j=0[i=0)=0,P(j=1i=0)=P,....P(j=kli=0)=P V k>0, (3.14)

As a consequence:
foif =0
92 ) = (3.16)
Loaf j=1
In summary, in the case of single photon source based on a two level system and

excited by a pulsed laser, the autocorrelation function is a discretized Dirac comb with

a missed pulse at the time j = 0 (see figure Fig. 3.3).
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3.2.1.5 About the pulse duration

The previous paragraph supposes that the excitation is constituted by ideal Dirac’s
pulses and that the relaxation |1) — |0) happens instantaneously. However the du-
ration of the excitation pulses is finite and the relaxation dynamic of the two level
system depends on both k, and k,.q (see paragraph 3.1.2 for definitions). First of all,
the excitation pulse duration 7, should be shorter than the lifetime of the excited state
(i.e. 7, < 1/kyad = Traa), in order to avoid multiple excitation of the system within the
same pulse. Under this hypothesis, the probability P, to excite the system from |0)
to |1) is [69]

_ kp 1 — e*Tp(karkr)) Tp<<é’md 1

—Tpk
= — e PP, 3.17
]Cp—I—/{Zmd ( )

Pa(kp)

It is thus evident that in order to obtain P,y — 1 and to fulfill at the same time the

condition of short pulse the following relation should be true:

kraa < 1/7, < k. (3.18)

3.2.1.6 About the finite lifetime

The photon auto-correlation function shown in Fig. 3.3 supposes that the transition
|1) — |0) takes place instantaneously (i.e. the lifetime of the excited state is very
short). However, as already mentioned, the transition time follows an exponential
distribution with characteristic time 1/k,..q and the autocorrelation function assumes
the behavior reported in Fig. 3.4. The absence of the peak at 7 = 0 still evidences
the single photon regime of the beam, and each peak follows a decreasing exponential

function of parameter k,.q4.

3.2.2 Experimental characterization

In order to measure the autocorrelation function of an antibunched photon flux it is
necessary to use detectors able to distinguish single photon events, such as photomulti-

plier tubes or single photon Avalanche PhotoDiodes (APDs). However these detectors
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Figure 3.4: Theoretical representation of 9(2)(7') for a two level system excited by a pulsed
laser beam taking into account the finite lifetime of the transition [1) — |0), with 749 < T).
The transition |1) — |0) is considered purely radiative, while the transition |0) — [1) is

induced each T}, = 100ns.

often suffer of important drawbacks that do not allow them to distinguish between
bunched and antibunched photon fluxes. One of the most important is the so-called
dark time, typic of APDs: when a photon is detected by an APD, a finite time 74,,1 is
needed to repopulate the p-n junction. This means that for a time interval 74,4 the
photodiode cannot detect any other photon and several simultaneous detection events
can be interpreted as a single photon event. It is thus evident that, in the case of a two
level system, if the photon antibunching is observed on characteristic times 7, < 7y4k,
a single APD is not suitable to measure the autocorrelation function.

This problem can be overtaken by using a method developed in 1956 by Robert
Hanbury Brown and Richard Q. Twiss |[70] with the aim to measure the second order
autocorrelation function of the light emitted by the star Sirius. In its quantum revisi-
tation this technique foresees to measure the second order autocorrelation function for

single photon events using two detectors.

3.2.2.1 The Hanbury Brown and Twiss (HBT) detection scheme

In the HBT detection scheme, sketched in Fig. 3.5, photons impinging on a 50%/50%
beam splitter are split towards two fast detectors (for example two APDs), one defined

as “Start” and the other as “Stop” detector. When a photon is received by the start
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Figure 3.5: Schematic representation of an HBT detection based on two APDs.

detector, the delays between this event and all the photons received by the stop detec-
tor in a time window of a fixed duration 7T, can be measured and stored. Repeating
the process for a number of start photons N, the coincidence histogram h(7) of the
delays between the received photons on the start and stop detectors can be extrapo-
lated. h(7) represents a non-normalized stochastic estimation, on a given number of
time windows, of the probability P(t+ 7|t) to detect a photon at the time ¢+ 7 (which
is the time at which the stop events have been recorded) when a photon has been
already received at the time instant ¢ (the time at which the corresponding start event
has been recorded). As described by equation (3.12), P(t + 7|t) is proportional to the

autocorrelation function, and h(7) can be thus considered a direct estimation of ¢‘® (7).

3.3 Single emitters for single photon generation

In past years several materials have been suggested to be single photon emitters. For in-
stance, across 1977 and 1986 isolated mercury, sodium and barium atoms were demon-

strated to be able to emit antibunched photon fluxes [62,63,71|. With the development
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of novel and flexible techniques to optically probe and study single atoms [72] and the
rising up interest in cavity quantum electrodynamic (cQED), the attention of scientific

community in this field focused on weak and strongly coupled systems [73-75].

An alternative to single atoms are single molecules, and several works have been
carried out in past years [42,76-79]. An important result with these emitters has
been obtained in January 2011 [14]: K. G. Lee and collaborators embedded a terrylene
molecule in a layered structure in order to modify its radiation diagram and to re-
address all photons in the collection cone of the microscope objective, reaching a photon

rate of ~ 50 - 105photons/second [14] together with a collection efficiency of ~ 94%.

Another robust system to emit single photons on demand at room temperature
is provided by individual nitrogen-vacancies (NVs) in bulk diamond and diamond
nanocrystals (NCs) [80-84]. NV in diamond NCs can be considered as punctual non-
classical light sources [80-82] and can be coupled with photonic crystals nanocavi-
ties [85,86] or manipulated by properly developed nanotechnologies [87]. Moreover,
a new technological approach proposed by Babinec and collaborators [12], allows to
embed a single NV vacancy in a diamond nanowire, leading to extremely high photon
extraction efficiency and detected rates of ~ 2.5-10° photons/second in continuous wave
pumping regime. The ability to readily fabricate these single defect centers has resulted
in the commercialization of the first SPS based on the NV defect in diamond [88] and

their application to quantum cryptography [83,89,90|.

Also epitaxial semiconductor quantum dots (QDs) are promising nanostuctures
for the realization of real single photon devices. As mentioned in section 2.1.3, the
Stransky-Krastanov (SK) growth method is one of the most common procedure to
realize QDs, while droplet epitaxy or situ-defined procedures do not reach the same
versatility. In the matter of single photon generation, in last years the scientific com-
munity focused its activity on two aspects: the operation temperature and the single
photon efficiency. The SK procedure exploits the lattice constant mismatch between

two crystalline materials in order to create the nucleation of quantum dots on a flat



3.3. Single emitters for single photon generation 37

Figure 3.6: In plane atomic force microscope (a) and cross-section (b) scanning electron
microscope (SEM) of the a GaN/AIN QD [Images reproduces from ref. [41]]. (c) SEM image
of a CdSe dot in a ZnSe wire [Image reproduced from ref. [91]]. (d) Sketch and SEM image

of QD in nanowire structures [Images reproduces from ref. [13]]

crystalline substrate [36]. These self-assembled structures are usually pyramidal or
lens shaped, with a lateral size in the range 10 + 20nm and vertical dimensions of few
nanometers (see for instance the structures reported in Fig.s 3.6(a) and (b)). These
dimensions and the irregular shape do not allow SK QDs to be single photon emit-
ters at room-temperature, due to the low distance between the confined energy states.
However, it is well known that they are able to generate stable flux of single photons
at cryogenic temperatures of T' ~ 4K. The two highest operation temperatures of
single SK QDs as single photon emitter have been reported in 2006 and 2008, with
GaAN/AIN QDs (T ~ 200K) [41] and CdSe QDs in ZnSe nanowires (T ~ 220K) [91],
respectively (see Fig.s 3.6(a), (b) and (c)).

An epitaxial QD is usually embedded in a semiconductor matrix, which has a
refraction index higher than the surrounding air, from which the QD luminescence is
usually collected. This configuration leads to poor collection efficiency, also at very
low temperature. A solution to this problem has been proposed in 2010 by J. Caludon
and coworkers [13], who recently showed that encapsulating a single InAs QD in a
GaAs photonic nanowire (PNW) it is possible to reach collection efficiencies of ~ 72%,
reaching a single photon flux of ~ 55 10° photons/second in the first lens of the

collection setup in the case of pulsed excitation at a rate of ~ 8OMHz.
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Another suitable way to tailor and enhance the emission of single photon sources is
to embed the single quantum emitter in a micro or nanocavity. Both weak and strong
coupling regime, discussed in section 2.3, can lead to single photon generation. Weak
coupling enhances the spontaneous emission, and the final emission rate I'x_¢ is related
to the rate of the uncoupled emitter I'x via the relation I'x_¢ = I'x F},, where F, is the
Purcell factor, already defined in eq.(2.25). Several single dot-cavity coupled systems
have been proposed in past years, including photonic crystals cavities [92], microdisk

resonators [93], pillar microcavities [94,95] and micropillar photon molecules [96].

The way to obtain single photon generation in strongly coupled systems is based
on the equivalent for photons of the Coulomb blockade, also called photon quantum
blockade. It is a phenomenon preventing the resonant injection of more than one
photon into a mode of a non-linear cavity, leading to photon antibunching in photon-
autocorrelation measurements. If a two level system is strongly coupled to a cavity, the
mechanism underlying photon blockade is the anharmonicity of the Jaynes-Cummings
ladder of eigenstates. In that case the eigenstates are grouped into two-level manifolds
denoted |n, ) with energies fuv, + = ki (nwo &+ g1/n), where n is the number of energy
quanta in the system and wy is the bare-cavity frequency. If the system is pumped
at energy Awpumpy = h(wo+ ¢), this pump is resonant with the first-order manifold,
but detuned from transitions to the second manifold which has an energy hw; .o =
h [wo +g (\/§ — 1)} , thus giving rising to the photon blockade phenomenon (see Fig.3.7
for a sketch of eigenstates structure). This operation regime has been reached with both
single atoms trapped in optical cavities and single quantum dots in photonic crystals
nanocavities in 2005 and in 2008 [97,98] and with two different spectroscopic methods,
i.e. transmission and reflection spectroscopy, respectively (see Fig.s 3.7(b) and (c) for

an optical sketch of the proposed configurations).

Moreover, other theoretical works proposed the realization of the polariton quan-
tum blockade and of the photon blockade through quantum interferences in photonic

molecules [29,99,100]. In the case of polariton blockade [29], the strong polariton-
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Figure 3.7: (a) Sketch of eigenstates structure of a anharmonic. [Figure reproduced form
ref. [97]] (b) Optical setup used by Birnbaum and coworkers to realize the photon blockade
experiment with a single atom trapped in an optical cavity [Figure reproduced form ref. [98]].
(c) Optical setup used by Faraon and coworkers to realize the photon blockade experiment

with a single QD in a photon crystal cavity [Figure reproduced form ref. [97]].

polariton repulsive interaction forbid two polaritons to coexist in the same cavity if
the modal volume of the localized electromagnetic field is sufficiently small: if only one

polariton is excited in the cavity, it can re-emits only a single photon.

3.4 Single photon generation with semiconductor col-
loidal nanocrystals

As already mentioned, Stransky—Krastanov grown QDs are catching the attention of
scientific community, but are still limited by the operating temperature, far from 300
K [41,91]. On the other hand, wet-chemically synthesized colloidal core/shell nanocrys-
tals (NCs), sketched in Fig. 3.8(A), are promising single photon emitters for room
temperature applications [11], due to the well separated quantum energy states, the

low cost synthesis, the broad tunable emission range, and the compatibility with planar
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Figure 3.8: (A) Schematic representation of a colloidal nanocrystal and its bandstructure.
(B) Non-radiative Auger recombination in the case of a charged nanocrystal. (C) Non-

radiative Auger recombination when more then one e-h pair is excited in the nanocrystal.

nanofabrication technology [101-104].

Carrier-carrier interactions in colloidal NCs are enhanced by virtue of the high
confinement induced by the small dimensions. The efficiency of the non-radiative
Auger recombination process is therefore strongly enhanced and becomes efficient at
room temperature. Auger effect is the cause of blinking and single photon emission, and
thus represents one of the most interesting phenomena in these nanoparticles. It relies
in the energy transfer from an electron-hole (e-h) pair recombination to other carriers
present in the NC [69,105,106]. Two important situations in which it takes place are
schematized in Fig.3.8(B) and (C). If a NC is initially ionized (for example because of
thermal- or photo-ionization) and an e-h pair is excited in the nanoparticle, the Auger
process constrains the e-h pair to recombine in a non-radiative way by transferring
its energy to the localized charge (Fig.3.8(B)). The NC remains thus ionized and the
photon emission is forbidden until the charge neutrality is recovered. Instead, if more
than one e-h pair are excited in the NC (Fig.3.8(C)) and if the NC is not ionized, the
carrier pairs recombine through the Auger process and transfer their energy to each
other. When just one pair remains in the NC, it rapidly relaxes and then recombine
emitting a photon.

The picture that can be deduced from these considerations is the following. If the
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Auger recombination is efficient, a charged NC cannot emit, thus leading to the PL
fluctuations known as blinking. If the NC is initially neutral and more than one e-h
pair are excited in the structure, they have a very high probability to recombine non-
radiatively through the Auger mechanism until a single e-h pair remains in the NC,
that can recombine through the emission of a single photon.

Auger process is also responsible for the emission intensity saturation usually ob-
served in colloidal nanocrystals. Let suppose that the NC is excited by a pulsed laser
beam and let call N the number of e-h pairs excited in the NC in a laser pulse. If
the non-radiative Auger energy transfer between e-h pairs is not efficient, multi ex-
citonic states (mX) are allowed to bind. If @,,x is the quantum yield of the m-th
multiexcitonic state (i.e. the radiative recombination probability of m e-h pairs in the
nanocrystal per laser pulse), the time integrated photoluminescence intensity of a col-
loidal NC as a function of the average number of e-h pair excited in the nanocrystal

for each laser pulse can be modeled as follows [107]:

L((N)) =) |P(N,(N)) ZQmX] . (3.19)

where P (N, (N)) is the Poisson’s distribution of average (V). If the Auger process

forbids multiexciton binding (i.e. Qnx =0 Vm > 1), eq. (3.19) become [107]
T((N))=1—eN), (3.20)

and I ((IV)) follows the saturation behavior displayed in Fig. 3.9. On the contrary, if
the Auger process is not taken into account, all quantum yields are equal to unity (i.e.
Qmx =1 Vm >0) and I ((INV)) is proportional to (N), as shown by the dashed line
in Fig. 3.9, and each e-h pair injected in the NC is allowed to radiatively recombine.
It is thus evident that the Auger recombination takes an important role in the
charge dynamics of colloidal nanocrystals and it is, at the same time, the cause of
drawbacks (for instance blinking and spectral diffusion) and the physical phenomenon
at the basis of the room-temperature operation of these nanoparticles as single photon

emitters. Recently, several techniques have been proposed to tailor the efficiency of
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Figure 3.9: The black continuous line is a typical behavior of the normalized PL intensity
I of a colloidal nanocrystal as a function on the average number of e-h pairs injected in the
NC for each laser pulse. If Auger process is efficient, the quantum yields of multiexcitonic
states Qx is negligible, and I ((N)) =1 — e~ ). If this does not happen, full PL intensity
saturation is not expected, up to the limit of Q,x = 1 Vm > 0, for which I ((N)) is

proportional to (IV), as shown by the black dashed line.

the Auger effect in order to engineer NCs spontaneous emission and to reduce blinking
[16,17,103,106-109]. These strategies can be substantially divided in two types; one
relies in tailoring nanocrystals shape and size in order to engineer electrons and holes
wavefunctions [16,17,106,107|, while the other one foresees the coupling of NCs with
photonic nanostructures [103,108]. The first one is investigated in this chapter, while

the second one will be the subject of chapter 4.

3.4.1 Semiconductor colloidal nanocrystals in nanocavities

The insertion of an ensemble of colloidal quantum dots in vertical microcavities with
distributed Bragg reflectors has been demonstrated using different techniques [110,111],
and among them, the ones which rely on a post processing of the structure by using fo-
cused ion beam (FIB) [112] or by imprint lithography [111] to obtain micropillars have
raised a broad interest. However, very few papers in the literature report on single NC

embedded in microcavities and efficiently emitting triggered single photons at room
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Focuseol
e-beam

Figure 3.10: (A) Schematic representation of the localization of single colloidal quantum dots
by direct electron beam lithography of a resist/NCs blend. (B) By a careful control of the
molar density of the NCs dispersed in the resist and pillar volume it is possible to isolate single
QDs. (C) Schematic of single colloidal quantum dots microcavity array obtained by direct
electron beam lithography and SiO2/TiO2 DBR deposition. (D) Histogram of coincidence

counts of fluorescence from a single QD in microcavity.

temperature. A single CdSe/ZnS colloidal QD has been successfully coupled to whis-
pering gallery modes generated on the surface of glass and polymer microspheres by
Artemyev and collaborators [113], who reported a Purcell factor F, ~ 10. The same
group also obtained strong coupling using anisotropically-shaped CdSe nano-crystal
coupled to a single photon mode of a polymer microsphere, showing a vacuum Rabi
splitting between 30 and 45ueV [114]. Recently, a new approach has made possible
the pinpointing of single colloidal quantum dots by direct electron beam lithography.
The controlled localization of ordered arrays of single colloidal nanocrystals has been
demonstrated in ref. [115] by dispersing a specific concentration of nanocrystals inside
a negative high-resolution electron-beam resist. In this way, ensembles of nanocrystals
embedded in electronic resists can be easily patterned by means of traditional litho-
graphic processes, since the presence of semiconductor clusters in the matrix does not
significantly affect the sensitivity of the polymeric host and, at the same time, the
emission properties of the nanocrystals are not influenced by the interaction with the
electron beam [101, 102,104, 115]. Through a careful control of molar density of the
dispersed NCs and of the patterning of nanosized pillars in the NC/resist blend with

well tuned diameters, it is possible to obtain a very high probability of having single
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colloidal NCs localized in a single nanopillar (Fig.s 3.10(A) and 3.10(B)). An approach
to localize a single NC in a photonic cavity, proposed by A. Qualtieri and collabora-
tors [103], relies in the exploitation of the above-described localization technique on
top of a Si02/TiO2 Bragg mirror. Covering the array of localized single quantum
emitters by a second DBR (Fig. 3.10(C)), they obtained a non-classical emission from
single nanocrystals in microcavity at room temperature (Fig. 3.10(D)). As shown in
ref. [103], this method allows to obtain a Purcell factor of 2.4, approaching the theo-

retical predictions [116].

3.5 Colloidal dots in rod: an engineered structure for

a novel source of single photons

One of the limiting feature of spherical colloidal nanocrystals is that their light emis-
sion is not linearly polarized [117,118]. For this purpose, since 2000 the attention of
scientific community in the field of colloidal NCs focused on the realization of asym-
metric structures to obtain polarized light emitters [119]. The first synthesis procedure
to realize such structures was developed by Peng and co-workes [119], whose work
showed that it is possible to realize elongated nanocrystals, called nanorods (NRs).
This result opened a new research line, in particular after the experimental verification
of the linear polarization of the radiation emitted by a single NR [120,121]. Up to now,
several asymmetric nanocrystals (summarized in Fig. 3.11 ) have been proposed in the
literature, and among them of remarkable importance are nanorods [119], core/shell
nanorods [122], thetrapods [123], dot-in-rod [124], dot-in-thetrapod [125], and rod in
rod [126], each of which with interesting emission properties obtained by tailoring the
electrons and holes wavefunctions.

In particular, CdSe/CdS dots-in-rods (DRs), obtained by surrounding a spherical
CdSe core with an elongated CdS shell, turn out to be very promising quantum emitters

by virtue of their interesting ensemble polarization properties [127| and of their dipole-
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Figure 3.11: (a) Nanorods. Reproduced from ref. [119]. (b) Core/Shell Nanorods. Re-

produced from ref. [122]. (c) Tetrapods. Reproduced from ref. [123]. (d) Dot-in-rods.

Reproduced from ref. [124]. (e) Dot-in-tetrapods. Reproduced from ref. [125].

like emission. In addition, they exhibit short lifetime [128] and quantum efficiency of
75%, which can be further improved by surrounding the CdSe/CdS nanocluster with
additional ZnS shell layers [129], thus obtaining a CdSe/CdS/ZnS structure.

Compared to core NRs and CdSe/ZnS core/shell NRs, the use of a CdS shell,
having low lattice mismatch with the CdSe core, minimizes the influence of surface
traps between core and shell on the radiative recombination process, which occur in
the low band gap core. This therefore avoids the well-known increase of the average
radiative lifetime of the system due to the interaction of excitons with surface traps at
the core/shell interface [130].

After a brief review of an innovative synthesis procedure to realize high aspect-ratio
DRs, this section describes the experimental results of a deep spectroscopic investiga-
tion on these nanoparticles, showing their suitability as room-temperature, polarized

and stable sources of single photons with extremely reduced blinking.
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3.5.1 A seeded-growth approach

The seeded-growth (SG) approach has been proposed by L. Carbone and co-workers in
2007 and allows to synthesize asymmetric nanocrystals starting the shell growth from a
preformed seed (a sketch of the synthesis procedure is reported in Fig. 3.12(a)). When
compared to other techniques based on the classical synthesis of core/shell nanocrystals,

it presents several advantages. In particular, in the case of DRs

e the range of the rods aspect ratio (rod length/rod diameter) achievable with
the SG synthesis (up to 30:1) is much wider than the one achievable with other

synthesis schemes (for which the maximum reported aspect ratio was 4:1),

e because of the high growth temperature, large aspect ratio rods can be synthe-
sized preserving regular shapes and the obtained nanoparticles show no tendency

to aggregate,

e the original seed is preserved in the final rod structure as well as the location of the
seed along the rod. This can be partly elucidated by carrying out geometric phase
analysis, which is a quantitative high-resolution transmission electron microscopy

(HRTEM) technique (described below).

The CdSe/CdS DRs used in this work were synthesized using the procedure reported
in Ref. [127] and summarized in appendix C.1.

A typical output of the synthesis procedure is reported in Fig. 3.12(b), obtained by
a Transmission Electron Microscope (TEM). The structural parameters of a single DR
have been evaluated by high-resolution (HR) TEM and a result of this measurement
on a single nanoparticle is reported in Fig. 3.12(c). It is useful to graphically elaborate
the HRTEM image to obtain more information on the structural parameters of the
DR, performing the above mentioned geometric phase analysis. In particular in Fig.
3.12(d) a color scale has been used to display the variations on the periodicity of the

HRTEM contrast: areas of the same color are regions with the same lattice constant.
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(a)

CdSe Cds CdSe@CdS
. Precursors

Figure 3.12: (a) Sketch of the synthesis procedure. (b) TEM image of the obtained DRs.
(c) High-resolution TEM image of a single DR. (d) False color image of the lattice mismatch

between core and shell materials. (c) and (d) have been reproduced from ref. [127].

The red circular zone shows a structural alteration of 4.2% with respect to the reference
area (reported in green), which is almost the mismatch between bulk CdS and CdSe
reticular constant (~ 4%).

Typical emission and absorption spectra of the synthesized nanoparticles are dis-
played in Fig.3.13 for several values of core diameter and shell length. The high ab-
sorption at short wavelengths is due to the quasi continuum of high-energy levels of
both core and shell, while the absorption local maximum at longer wavelengths can be
assigned to the transition between valence and conduction band in the CdSe core [127].
The non-resonant stoke shift (i.e. the energy difference between the emission peak and
the lowest energy peak in the absorption) ranges from 35meV to 49meV. Also if the
core size play the most important role in the spectral position of both emission and
absorption peaks, a not negligible contribution is also brought by the shell size. As one
can see by comparing Fig.3.13(b) and (c), for a longer shell the quantum confinement

is enhanced, and the PL peak shifts toward higher energies (i.e. shorter wavelengths).

3.5.2 The electronic structure

Since the development of the seeded growth synthesis procedure, the scientific com-

munity has investigated the electronic structure of CdSe/CdS dot-in-rod, and several
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Figure 3.14: (a) Sketch of a type-I NC bandstructure. (b) Sketch of a type-II NC band-

structure. (c) Sketch of the bandstructure of a spherical CdSe/ZnS nanocrystal. (d) Sketch

of the bandstructure of a spherical CdSe/CdS nanocrystal.

works have appeared in literature addressing this topic [128,131-136].

On the basis of charge carriers confinement, colloidal nanocyrstals are divided in
two categories, sketched in Fig. 3.14 (a) and (b). In type-I NCs (Fig. 3.14(a)) electrons
and holes are strongly confined inside the core of the structure and their wavefunctions
are localized in this zone, while in type-II NCs (Fig. 3.14(b)) one of the two carriers
is delocalized in the whole NC. In the spherical core/shell configuration CdSe/ZnS the
band offsets between the two materials lead to the electronic structure reported in Fig.

3.14(c), that shows a confinement for both electrons and holes wavefunctions.

Due to a valence band offset of 0.78eV between CdSe and CdS, also CdSe/CdS
spherical nanocrystals strongly confine holes. However, while the band gaps of CdSe
and CdS are well-known (1.68 and 2.46 eV, respectively [137]), the conduction band
offset A, values reported so far in literature are controversial (A. is usually reported
to be in the interval [—0.3,0.3] eV [137-139]) and the situation of the electrons is
not clear. A standard way to probe the carriers confinement relies on measuring the
lifetime of the excited state for several shell sizes. In particular, in 2008 Malher [16]

and co-workers have shown that, for core a diameter of 2.5nm, by increasing the shell
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size from 1 to 9 atomic layers, the radiative lifetime increases from 25ns up to 60ns.
Indeed, in the case of type-II nanoparticles, increasing the shell thickness the electrons
wavefuction spread increases, thus reducing the spatial overlap between electrons and
holes wavefunctions. When this happens the probability to find an electron and a hole
at the same time in the core decreases, as well as their recombination probability, thus

increasing the average carriers lifetime in the nanocrystal.

These inhomogeneous values of A, in bulk materials are reflected also in the eval-
uation of conduction band offset of CdSe/CdS DRs. Literature contributions disagree
on the confinement nature, and independent experiments have suggested CdSe/CdS
DRs to be type-I or type-II structures [128,131-136]. Indeed, while both theory and
experiments assessed the band-offset to be type-I like [128,133], all the measurements
devoted to direct probe the carriers localization suggested that the electron wavefunc-
tion is spread on the whole CdS rod [131-134,136|. By studying multiexciton binding
in DRs with several core and shell sizes, in 2009 Sitt and co-workers [135] suggested
that the electrons confinement is strongly dependent on core diameter. In particular
their work shows a transition in the biexciton (BX) energy shift (Agpx = Epx — Fx,
where Epyx and Ex are the biexction and exciton binding energies) as a function of
core diameter d: for d lower than ~ 2.8nm, they measured a positive Agx and a strong
reduction of triexciton (TX) emission, while for core diameter larger than 2.8nm they
observed negative Agy and the TX intensity become higher. According to ref. [135],
for type-II systems the biexction is characterized by repulsive interactions leading to
Apx > 0, while for type-I nanoparticles such interaction is attractive and Agx < 0.
These values clearly indicate that for d < 2.8nm the nanoparticles result to be type-II,

while both the carriers are localized if d > 2.8nm (type-1) [135].

Another way to probe the charge carriers confinement relies on monitoring the
autcorrelation function of the light emitted by the nanoparticle at zero delay time
g?(0). As already discussed in section 3.4, the non-radiative Auger recombination

process plays an important role in NCs carriers dynamic. In particular, its rate kx
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is directly proportional to the carriers confinement: the stronger the confinement, the
higher the probability to have a non-radiative recombination of an additional e-h pair
present in the nanocrystal. This means that in the case of ultra-strong confinement
the Auger process is faster than the radiative recombination and dominates up to
when only one e-h pair remains in the NCs (i.e. k4 > k..q). As a consequence, the
Auger process efficiency directly leads to a modification of ¢(®(0): if Auger process
is not efficient (i.e. k4 is comparable with k,.q or k4 < k..q) the probability to emit
more than one photon per excitation pulse P, should not be zero, thus resulting in
g%(0) # 0. On the contrary, if Auger process is efficient (i.e. kq >> k.qq) low g®(0)

values are expected.

We have investigated this behavior for several geometrical configuration of DRs as
a function of the intensity of a picosecond pulsed laser (pulse duration ~ 50ps) used to
excite the carriers in the nanocrystal (see appendix B.1 for a complete description of the
experimental set-up). The geometrical parameters of the analyzed DRs are displayed
in the insets of Fig. 3.15. The coincidence histograms h(7) reported in Fig. 3.15 clearly
show a rising up of the correlation peak at zero delay time when the excitation pump
power is increased for DRs with core diameter d ~ 2.7nm, while it remains almost

constant for d ~ 4.2nm.

In order to quantify this effect in terms of ¢(®(0), for each h(t) the autocorrelation
function at zero delay has been calculated as the ratio between the area subtended by
the peak at 7 = 0 and the average of the areas subtended by the seven nearest peaks.
Moreover, the average number of e-h pair per pulse injected in the dot in rod ({/V)) has
been assessed by exploiting eq. (3.20). As shown in Fig. 3.16, the normalized and time-
integrated PL intensity of a DR is well fitted by the function I(P) = Iy (1 —e*F),
where « is the fitting parameter, «P = (N) and I, the saturation value of the PL
intensity. This method reasonably allows to estimate (N) directly from the measured

PL intensity.

Fig. 3.17 displays the value of ¢®?(0) as a function of the average number of e-h



Single photon sources based on single nanoemitters

Chapter 3.

52

Am.;y

(s1i)2
v L. 9 g0 I v g€ s z s L 50 0 g0 = Es
I N /\ o ,, TN /\a T2 o ' y o = =S
{ —_ —_
\ \ 4 \3 S)/\ iﬂ | Hoor ® J J | \X@om s 3
o0z g I [ loor o o
I 00e ‘4 ‘ i ‘ ‘ - ost
b ooy 00z
, . . . P . Joos . . . . . . 052
i MngT Jomod :c:ﬂ.uxm )L MNZT 1amod uonelnxy ﬁa_ MhZT 1amod uoneipxy ©
i Hi \\.,mﬁ, m.u\s..,.j,u _wi_s) L mo = T, F v s¢ sz 2 51 L 50 0 so. Z L “.. so- m
/ | ﬂ - oot M \)} [ \..Uoov M Hoz M
_ H00z 3
- 00z ~ Joos 3 HJov 5
8 - 00¢ L _ oot 8 o9
' ' ' Ams AT Jamod :orﬁ_uxu ooy ' ' e MnT 1amod uonerpxy %% ' ' G NT 1amod uoneoxy O
| c s T v st sz 4 3 L 50 0 s T v s¢ [ X z sl L 50 0 so- 2
ST ey %, o = [ , : , 0 = i A2 P L T O <
‘ J/ 0s e i\)j # \_)D 12 oL 2
i | ooz ]
Joat ;F / ' ( ooe 0z
L ooy o 8
1 L 0§l ' ' . 00 v 3
ﬁi- Mngo 1amod :c:ﬂ.uxu s MNg0 1amod :o_umu_uxu °
s L 50 oo T v st sz z L o, 3 2
, [ = T T T T = =
aaa 2 \ ,/ jsww\ aaa 3 o2
o
/ 1 m K Host 3 Loz S
1 o o0z & -0e
ost m % Toes
ﬁ.:p, >>_._wc 1amod _._o_,umu_uxu 0z & ' , ' ' © _:~, >>:wo 1amod _._o_umu_uxu haad
v £y ) sz 3 a1 | [ se 2 v s€ sz 4 sl L s0 0 so, 2 s
" : e = " | | = =
i V Y N Voo 3 "3
J 0z 8
{00z os 3
g
[ 00 ot H
3 3
. . . . . . , , , g L . . . , , , , . . . . . , , oz 8
s Mni0 Jemod uohmpxg 7 & ) MNF0 Jomod uomnerdxy %4 s Mnp0 Jemod uoneidxy % &
v s _ 50 ) so- 2 sl Ea g¢ ¢ x4 z g1 | 50 0 so Z
Sa'SnIanTanani e 2 T 2 E
/ ‘ Jjos 2 e e
8
% ' ‘ oot H
g
{ost H
3
, , , , , 002 , , o» 8

MNSZ0 1omod UonEIdX3

wugg=] yidua) poy
wu/=} ssauYdIY} N12Ys
wu/'z=p 19323Welp aio)

(@)

MNZ'0 Jamod uoieIdXY”

wuggz=] yidus) poy
wu/=} SSaWPIYY 119YS
wu/z=p Jajawelp 2109

(q)

wuzp=] Yyidus) poy
wug /=1 SsaWwpIY: 1j3Ys
wuz'yy=p Jajawelp aio)

MNZ0 Jomod UoIeIdxy

(e)

Coincidence histograms h(7) obtained from DRs with the following geometrical

Figure 3.15

parameters: (a) d =4.2nm, t = 7.5nm, | = 42nm, (b) d = 2.Tnm, t = Tnm, | = 22nm , (c)

2.7nm, t = Tnm, | = 35nm and for several excitation powers.
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Figure 3.16: Time-integrated photoluminescence intensity as a function of average number

of injected e-h pair per pulse (N) and of the excitation power. Filled circles with error bars

represent experimental data, while dashed line is the function I((N)) =1 — e~ (V).
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Figure 3.17: Absolute value of ¢(®(0) as a function of the excitation power for DRs of

geometrical parameters: (a) d = 4.2nm, t = 7.5nm, | = 42nm, (b) d = 2.7nm, t = Tnm,

l=22nm , (c) d=2.Tnm, t = Tnm, | = 35nm.
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pairs per pulse (N) excited in the structure (see section 3.5.3 for further details on
the estimation of (N)). If d ~ 4.2nm, the excitation power does not influence the
g*(0) behavior, which remains lower than 0.12, while in both DRs with d ~ 2.7nm
two different excitation regimes can be distinguished: one at low excitation powers, in
which the probability to emit more than one photon per pulse is Py, ~ 0.06 + 0.02%
! and another one at higher excitation powers in which ¢(®(0) is higher. This last
behavior is typical of a type-II system, in which one of the carriers is delocalized,
while the constant value of ¢®)(0) reported in Fig. 3.17(a) evidences that, for bigger
cores, DRs are type-I nanoparticles. Indeed in type-II NCs the lower k4 makes the
probability of multiexciton binding to increase, which can thus recombine emitting
more than one photon. It is also important to underline that for smaller cores the
values of ¢ (0) at high excitation powers depends also on the shell length: the longest
sample (I ~ 35nm) reaches a g (0) ~ 0.27, while for the shortest one (I ~ 22nm)
g?(0) ~ 0.20. This modification of the highest value of ¢(*(0), of the order of ~ 30%, is
a further confirmation of charge carriers delocalization: by increasing the rod length the
overlap between electrons and holes wavefunctions decreases, as well as the efficiency

of the Auger process, thus resulting in a higher ¢(®(0).

3.5.3 Reduced blinking

In section 2.1.4.2 it has been already discussed that one of the most limiting features
of colloidal NCs from the point of view of the applications is the so called blinking,
i.e. time-dependent fluctuations of PL intensity due to the charges localized in the
nanoparticle. A figure of merit to quantify the blinking of a nanoparticle is the prob-
ability to have off-periods longer than a given value, i.e. P,rp(7,;r > 7). In the case
of colloidal NCs it has been demonstrated that P,ss(7,rs > 7) follows a power law

distribution [140], i.e. Pops(7off > 7) ox 1/7#. In particular, for standard CdSe/ZnS

'Let us point out that this value has been obtained directly on the collected data without any noise

suppression algorithm.
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Figure 3.18: Cumulative distributions of off times in a logarithmic scale. Circles (respec-
tively triangles) correspond to the fluorescence intermittency of the CdSe/CdS (respectively
CdSe/ZnS) nanocrystal. The solid line is a power-law distribution of parameter p = 0.73 and
the dashed line a power-law distribution of parameter u = 2.4. Figure and caption reproduced

from ref. [16].

nanocrystals p ~ 0.5 for short 7 [140], while for longer times Py ;(7,7; > 7) falls down
faster due to the finite duration of the experiment. This situation is well summarized
by the cumulative distribution of the off-times reported Fig. 3.18 by the filled triangles.
This curve follows well a power-law distribution with g = 0.73 for 7 < 2 - 10%?ms. It
is important to underline that the fitting factor u plays an important role from the
statistical point of view: the higher the parameter i, the lower the probability to have

long blinking periods. In particular:

e If 1 < 1 all the momenta of the distribution 1/7# diverge, and in particular its

average value and its variance are not defined,

o If 1 < p < 2 the blinking statistics changes and the mean value converges,

o If ;1 > 2 the mean value and the variance converge and the law fulfills the central

limit theorem.



56 Chapter 3. Single photon sources based on single nanoemitters

Recently, it has been demonstrated that by surrounding a CdSe core by a giant CdS
shell the behavior of P,ss(7,¢f > 7) can be modified [16]. In this work, Mahler and
co-workers show that the p-index can become higher than 2, strongly reducing the
long off-periods distinctive of CdSe/ZnS NCs. A typical behavior of the cumulative
distribution of off-times obtained from giant CdSe/CdS nanocrystals is reported by
filled circles in Fig. 3.18. By analyzing the behavior of P,ss(7,5s > 7) as a function of
7 for CdSe/CdS dot-in-rods, we show that also these nanoparticles present a strongly
reduced blinking related to carriers delocalization and to shell thickness around the

core.

As a support for the reader, the behavior of the normalized time-integrated PL
intensity as a function of (V) has been reported in Fig. 3.19(a). The average saturation
value, above the excitation power of 0.8uW, results to be ~ 50000 photons per second
(the PL intensity is considered saturated when the emission intensity reaches 85% of the
final saturation value). Taking into account the collection efficiency of our experimental
setup (which is ~ 2.8%), see appendix B.1 for a detailed descriptions) we find that the
DR emits about 1.79 - 10° photons per second at excitation rates of 2.5MHz, thus

corresponding to a total single photon efficiency of ~ 70% at room temperature.

Typical PL time traces obtained from a single DR with geometrical parameters
d=2.Tnm, t = Tnm and [ = 22nm are reported in Fig. 3.19(b): for all the excitation
densities, long blinking periods seem to be avoided, in particular for (N) > 1. This
is confirmed by the cumulative distribution of the off-period durations displayed in
Fig. 3.20 and relative to the traces reported in Fig. 3.19(b). Below saturation (i.e.
excitation power lower than 0.6uW) 1 < p < 2, while for higher excitation regimes p
is constantly higher than 2. This behavior can be interpreted in conjunction with that

reported in Fig. 3.19.

For low carrier density, the system is in the monoexcitonic regime, i.e. in average
less than a single e-h pair per pulse is excited in the NC. In such conditions the emission

intensity is not saturated, its average value is close to the noise of the detection system
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Figure 3.20: Cumulative distributions of off times in a logarithmic scale [DR of geometrical

parameters d = 2.7nm, t = Tnm, | = 22nm)|

and some counts are comparable to the noise. Since in the calculation of P, ss(7,p¢ > 7)
all the PL counts lower than almost four times the noise level are considered as a
blinking period, at weak excitation, power lower i indexes can be expected. For high
excitation power (i.e. higher than the saturation value) the PL intensity is instead well

above the noise level and no long blinking periods are observed and p > 2.

The PL intensity fluctuations depend principally on the interaction between the
last e-h pair in the nanocrystal and an ionization charge present in the nanocrystal, as
discussed in section 3.4. As suggested in ref.s [16, 106, 141], if the ionization charge is
kept away from core (for instance it is in the shell or on the shell surface) p > 2 can be

achieved. The p-index is therefore expected to depend on the geometrical configuration

of DRs.

The reduced-blinking behavior shown in Fig.s 3.19 and 3.20 is confirmed for longer

nanocrystals with the same shell thickness around the core (5% ~ 2.15nm), with aver-
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age p-indexes higher than 2 (see Fig. 3.21). However, by reducing the shell thickness
around the core to t%d ~ 1.4nm the value of i decreases to p ~ 1.3, and the mean
duration of the off-times increases, as shown by the the PL time traces and the off time
distribution displayed in Fig. 3.22. This statistical analysis therefore demonstrates a
strong reduction of blinking in thick DRs independently on their length, reaching the
state of the art of spherical CdSe/CdS NCs [16,106]. In the following, we propose an in-

terpretation of this behavior based on radiative and non-radiative channel engineering

and on the interactions with ionization charges localized in the nanocrystal.
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3.5.4 DRs lifetime

The excited state lifetime depends on wavefunctions localization. Very recently at
IMB labs in Zurich, G. Raino and collaborators performed a systematic study on DRs
emission as a function of temperature for several core sizes and total nanocrystals
thickness of ~ 4.5nm [142], showing that the PL intensity of an ensemble of DRs
decays mono-exponentially as a function of time (i.e. I(t) = ae™™) and that the
excited state lifetime increases by increasing the operating temperature [Fig. 3.23(a)|.
As shown in ref. [142], the dependence reported in Fig. 3.23(a) allows to assess the
degree of wavefunction delocalization: for core diameters smaller than ~ 2.9nm, the
delocalization of electron wavefunction is evident. These deductions are coherent with
our interpretations based on autocorrelation function previously detailed in section
3.5.2. Moreover, the lifetimes reported in ref.s [128,142] for measurements performed
on ensembles of DRs are similar to our results for thin DRs at the single particle level
(total thickness about t ~ 4.5nm, core diameter d ~ 2.7nm and total length [ ~ 50nm)

and reported in Fig. 3.23(b) [143].

However for thicker DRs (t = 7nm) we have found a different behavior. For core
diameters of d ~ 2.7nm, when the pump intensity is chosen to have ¢g2(0) as low as
possible (black dots and red line in Fig. 3.24) a longer time constant appears with
characteristic times 75 = 75ns 4+ 2ns and the decay curve is fitted by a biexponential
function I(t) = ae~/™ +be~"/™. When the pump intensity is increased above saturation
(green dots and blue line in Fig. 3.24) even a biexponential function is not enough to
fit the experimental data. This is due to the small multiexcitonic emission which is
concentrated at short times [128|. Excluding the first 10ns, the rest of the data are
well fitted by a biexponential with almost the same parameters as for lower excitation
powers (17 = 17.5ns 4+ 2ns, 75 = 66ns + 2ns). As discussed in the following paragraph,
one of the time constants can be assigned to single e-h recombination, while the other
one is due to a particular three charges configuration in the nanocrystal, the trion, that

give rise to a grey emission state in the photoluminescence intensity.
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The sketch illustrates the expected conduction band configuration, i.e., the change in the
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transfer rate between e-h pairs; krap is the radiative rate of last e-h pair remaining excited
in the nanocrystal; kx x is the biexciton binding time; k7 is the radiative rate of the trion
configuration; k74 is Auger non-radiative energy transfer between an e-h pair and a charge

ionizing the nanocrystal.

3.5.5 Intensity distributions and grey emission state

Blinking is normally associated to localized charges in the NCs, as detailed in section
3.4. As a support for the following discussion, a scheme of the possible recombination
channels in a DR is reported in Fig. 3.25. If a charge is localized in the structure, an
e-h pair can recombine through an Auger mechanism and transfer its energy to this
charge. When this happens, the photon emission is lost and the NC remains charged
(red path in Fig. 3.25). The next e-h pair excited in the NC will be subject to the
same phenomenology, and the NC cannot emit up to when the charge neutrality is
recovered. By increasing the shell thickness, Mahler and co-workers [16] changed the
interaction behavior of this three-charge process (also called trion, a charge plus an

e-h pair): in giant CdSe/CdS NCs, the trion can lead to a photon emission with a
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Intensity histogram corresponding to (a). [Reproduced from ref. [106]]

quantum efficiency of Q7 ~ 0.19 and a rate krg (yellow path in Fig. 3.25), while
the rest of time the e-h pair recombine through an Auger mechanism. It is important
to point out that this non-radiative interaction comes from the e-h interaction with a
localized charge and has a rate k74, which is different from k4, which is dependent on
the interaction between e-h pairs (green and orange paths in Fig. 3.25). This process
is at the origin of the grey state emission, which is identified by a decrease of the PL
intensity. A typical time trace with its intensity cumulative distribution for giant-shell
spherical NCs, reproduced from ref. [106], are reported in fig.3.26: bright and grey

emission states are clearly visible in both graphs.

A typical PL time trace detected from an isolated DR with a temporal zoom are
reported in Fig. 3.27. In the 180 seconds of this acquisition, just few sharp blinking
deeps are observed, and the nanocrystal seems to emit always in the bright state. At
the first glance, the PL intensity seems to not show any grey emission states, but this
is not completely true. Figure 3.28 displays the cumulative PL intensity histograms
for two different excitation powers and the correspondent time traces. If the DR was
always in the bright state and never ionized, the cumulative distribution should have
been symmetric around the mean intensity value. However Fig.s 3.28(b) and (d) clearly
shows that this does not happen for DRs. Indeed the two time traces reported in Fig.s
3.28(a) and (c) clearly show a grey emission state oscillating in the light blue area

reported on background. The PL counts coming from this grey emission influence the



3.5. Colloidal dots in rod: an engineered structure for a novel source of
single photons 65

—
Y

S
=]
(=]
(=]

I N =1 |
2 o
==

PL Intensity
{counts/10ms)
(=]
=]

— -
. =

(b)

PL Intensity
(counts/f10ms)
N OB @
[=] [=) o
= [=] =

(1] e et i i il Ll .S s s - sl ] el T =
109 110 111 112 113 109 110 111 112
t (sec)

Figure 3.27: (a) Shows a tipical PL intensity for a DR with d 2.7nm, t 7nm, 1 22nm. (b)
Displays a temporal zoom of (a). Red lines represent the noise counts, Py = 0.8uW (N) =

2.48.

intensity histograms in the zones shown by the light blue bars in Fig.s 3.28(b) and (d).

DRs exhibit ionization and grey states, with grey state mean intensity emission near
to the bright state average value. As a consequence, it is difficult to distinguish the PL
counts coming between the two states, that are almost superposed one to the other,
while this is straightforward for the data reported in Fig. 3.26, where the two states
are well separated. The grey state should also have a different emission wavelength if
compared to the bright state, but spectral resolved PL measurements are not a viable
strategy to distinguish between grey and bright emission, because of the broad spectral

width of the bright state (~ 15nm [128]).

In order to define the average intensity emission of the grey state, and therefore its
quantum efficiency, we used the following algorithm. (i) We defined the average value
of the bright state (I,) as the PL intensity for which the maximum of the intensity
distribution is reached. (ii) We then supposed that all the counts at PL intensities
higher than (I,) are not influenced by the gray state, and we calculated their standard
deviation oy, from (I;,). (iii) After that we defined the average emission intensity of the

grey state (I;) as the average of the PL counts lower than (/,) —1.5-0y, where the factor
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Figure 3.28: (a), (c) Show typical PL intensities for a DR with d 2.7nm, t Tnm, | 22nm
for two excitation regimes. Light blue area indicates the PL counts interval that can be
associated to the grey state. Yellow area represents counts almost not influenced by the
grey state emission. (b), (d) displays the intensity distribution histogram of (a) and (c),
respectively. The light blue bars represents the counts influenced by the grey emission, thus

leading to an asymmetric distribution. Yellow bars represents counts almost not influenced

by the grey state emission.
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average number of e-h pairs injected in the NC (N). Error bars are due to the grey state PL

counts standard deviation.

1.5 has been empirically defined in order to minimize the influence of the bright state
counts on the grey state average intensity and to maximize the number of grey state
counts taken into account in the computation. (iv) We supposed that all the counts
with intensities lower than (/,) are not influenced by the bright state counts, and we

computed the grey state standard deviation o, as their standard deviation from (/).

With this method, the ratio between the grey and bright states PL intensity
has been assessed to be (I;) /(l,) ~ 0.6 £ 0.2 independently on the injected car-
rier density, as reported in Fig. 3.29. Supposing the quantum efficiency of bright
state almost unitary [106], the quantum efficiency of the grey state can be defined as
Qr = (I,) / (Ip) ~ 0.6 £0.2, where (I;) and (I;) are the time averages of the bright

and grey state PL intensities.

As discussed in section 3.5.4, the time decay shows a bi-exponential behavior also
below saturation, while above saturation the influence of multiexcitonic states resides
at short times. We already mentioned that the overlap between the emission intensity

of the bright and the grey states does not allow to well distinguish between the two
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states in the PL time trace. Nevertheless, a threshold between grey and bright state
can be defined as I, = ((I) +(/,))/2. By considering the PL counts lower than I, the
weight of the faster time constant in the decay curve rise up. This reasonably allows
us to associate the fast decay time to the trion configuration (1/kr = 7 ~ 19.5ns) and

the slowest one to the radiative lifetime 7, ~ 75ns.

Given the quantum efficiency of the grey state Qr ~ 0.6 = krr/(krr + kra) =
krr/kr, it is possible to calculate the radiative lifetime of the trion 77 = 1/krg and
the characteristic time of the trion Auger process 7p, = 1/kra. Since krp = Qrkr,
the radiative lifetime of the trion is 7pgr = 1/k7gr &~ 31ns. The characteristic time of
the trion Auger process is 7r, = 1/(kr — krg) ~ 53ns, and 7rr/7r4 ~ 0.58. Therefore,
Tra > Trr (.. kra > krgr) and the probability to have a radiative recombination of
the trion is higher than the probability to have a non radiative energy transfer to the
third charge, explaining the presence of a grey emission with high quantum efficiency.
The yellow path of Fig. 3.25 is thus the favorite relaxation channel for the trion. The
role of a thicker shell is therefore to keep the ionizing charge away from the emitting
core also in the direction perpendicular to the rod axis, reducing the overlap between
its wavefunction and the one of the e-h pairs excited in the DR and minimizing their
mutual interactions. For comparison, giant shell CdSe/CdS NCs show 775 &~ 45ns and

Tra =~ 10ns together with Qr = 0.19 [106].

Let us point out that kr4 and k4 are based on different interactions and are thus not
necessary bound together: the possibility to independently tune these two parameters
would allow a strong freedom in tailoring emission properties. For instance, one of
the conclusions that can be extrapolated from these results is that the key to obtain
non-blinking single photon emission is to force the nanocrystal toward the green and
yellow radiative channels of Fig. 3.25, asking for krgr >> kra and k4 >> kgrap,
while if a large amount of biexciton is needed the condition k4 >> krap should not
be fulfilled. We have shown that playing on DRs thickness it is possible to modify

krr and kr4, while rod length acts directly on multiexciton binding rate by slightly
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modifying the electrons wavefuction. The possibility to tune these parameters allowed
us to obtain a strong reduction of blinking [P,¢¢(7,r¢ > 50ms) = 0.001] together with
a g*(0) < 0.26 £ 0.01, and efficiency of the ~ 70%.

3.5.6 Polarized, dipole-like single photon generation

When compared with spherical nanoparticles, elongated NCs presents an higher degree
of linear polarization [120,121,127]. In the case of low-dimensional nanoparticles able to
emit single photon fluxes this property is appealing for the implementation of quantum
cryptography algorithms. The measurements of the autocorrelation reported in section
3.5.2 have been used to asses the carrier confinement in the nanoparticle, finding a
type-I behavior for core diameter d ~ 4.2nm and a quasi type-II behavior for d ~
2.7. Moreover, they show that DRs emit single photons almost independently on the
excitation power. In this section the suitability of DRs as source of single photons is
demonstrated by showing linear polarization of the single photon flux as well as the
dipole-like radiation pattern of DRs.

In order to analyze the polarization properties of a single DR the emission intensity
of the bright state have been measured by introducing a half wavelength plate and a
linear polarizer in the detection path in order to detect different polarization angle (6):
when 6 = 0° (90°) only the light polarized along (perpendicular to) the rod axis is
collected (see setup described in appendix B.1).

As shown in Fig.3.30, the PL intensity as a function of 6 well fitted by the curve
_ -1

2 — — 2l
dcos® (wt)+1—43, where ¢ A

is the degree of linear polarization. Interestingly, for
type-1I nanoparticles ¢ depends on the rod length. Reducing DR thickness to t ~ 4.5nm
it is possible to reach § ~ 80% for rods lengths of 50nm, as reported in Fig. 3.30(a).
The possibility to tailor the degree of linear polarization can be reasonably ascribed
to the electrons wavefunction delocalization, as in the case of nanorods. In order to

confirm this interpretation, also the polarization properties a DR with bigger core

(d ~ 4.2nm) has been investigated: in that case electrons should be more localized and
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Figure 3.30: PL intensity as a function of the detection polarization angle 8. DRs geometrical

parameters are mentioned above the graphs.
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Figure 3.31: (a) PL intensity as a function of the detection polarization angle # and DR
geometrical parameters d = 2.7nm, t = 4.5nm, | = 22nm. (b-d) Coincidence histogram h(7)
for three different value of 6. Because of the weak signal collected for 8 = 90°, the integration

time used for the measurement in (c) is almost five times longer than in (a).

should lead to a lower §. Indeed, as shown by Fig. 3.30(b), for a length | = 42nm we
have found § ~ 55%. With the goal to confirm that the photon flux is antibunched for
each component of the polarization vector, in the case of higher § the autocorrelation
function for several values of # has been measured. Representative results of these
measurements are shown in Fig.s 3.31(a—c). Clear antibunched emission was obtained
for each polarization, showing that by changing the polarization detection angle the

nonclassical light flux is preserved.

In order to determine the dipole orientation in each DR, a defocused microscope
technique has been adopted: when a high numerical aperture microscope objective is
moved from the focal point, an omnidirectional emitter on the sample plane is identified
by means of concentric defocusing lines around the original focused spot. On the
contrary, when the radiation diagram is dipolelike and the dipole is perpendicular to
the microscope collection axis, the circular behavior is substituted by two arcs around
the position of the investigated object. Fig.s 3.32(a) and (b) display the PL images
collected with a high numerical aperture oil objective (NA=1.40) for different focal
points in the case of DRs with § = 80%. The focused image (Fig. 3.32(a)) shows
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Figure 3.32: (a) Focused microscope images on an area of 50x50um?. (b) Defocused mi-

lateral
—_—

croscope images of the same area shown in (a) when the objective is 500 nm far from the
focal point. (c) Detail of four isolated DRs oriented along four different directions. (d) BS
panels Excitation laser back-scattering for an horizontal (left) and vertically (right) aligned
DRs. (d) PL panels PL intensity for an horizontal (left) and vertically (right) aligned DRs.

(e) Sketch of the radiation pattern of a DR. Panel (d) has been reproduced from ref. [127]

the presence of several isolated DRs (for example Z, U, K, and F) and some clusters
composed by more than one nanoparticle, for example Y and J, as demonstrated by
the fact that their emission does not exhibit antibunching. By moving the microscope
objective 500 nm far from the focal point (Fig. 3.32(b)), we detected the defocused
images by means of a high quantum efficiency CCD. The single DRs Z, U, K, and F
are characterized by two well defined defocusing curves. The defocused pattern can
be used to identify the orientation of the DR (and therefore the orientation of the
polarization vector) on the substrate by connecting the two minima of the defocusing
lines as shown is Fig. 3.32(c) for K, U, F, and Z nanocrystals. This is not the case of
the DR clusters Y and J in Fig. 3.32(a). Since these clusters are composed by a few
DRs the resulting radiation patterns originate by a combination of dipolelike diagrams.

Moreover, independent experiments [127] performed on vertically aligned DRs show
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that no emission is collected coaxially to the rod axes. Fig.3.32(d) show the laser back-
scattering and the photoluminescence intensity for horizontally and vertically aligned
DRs: while the laser back-scattering allows to infer the presence of DRs also when
exciting and collecting coaxially with them, no PL intensity is detected. These results
confirm the dipole-like behavior of single photon flux, resulting in the radiation pattern

reported in Fig. 3.32(e).

3.6 Conclusions and perspectives: a dot in a rod-

based device for quantum cryptography

This chapter show that DRs allows a certain freedom in radiative channels engineering,
making them blinking-free sources of single photons on-demand. In particular, DRs
thickness permits to tailor the interaction between e-h pairs and carriers excited in the
NC, the core diameter admit to modify wavefunction localization, while, in the case
of quasi-type-II DRs, rod length acts directly on multiexciton binding rate by slightly
modifying the electrons wavefuction. Indeed, by tuning these geometrical parameters,
i.e. core diameter, shell thickness and rod length, it has been possible to obtain a strong
reduction of blinking [P,;;(7,r7 > 50ms) = 0.001] together with a g*(0) < 0.26+0.013,
and efficiency of the ~ 70%. By playing on both shell thickness and rod length it is
also possible to induce a linear polarization of the light emitted by a single DR, reach-
ing degrees of linear polarization as high as 80%. Moreover, a defocused microscope
technique has been exploited to identify the orientation of randomly deposited DRs.
Reasonably, this approach allows to choose a proper set of four well oriented DRs as a
base for cryptography algorithms after a random deposition of the emitters.

Further improvements exploiting alignment techniques could also allow to control
the orientation of DRs also during the deposition, thus increasing the potential of such
emitters as room temperature nanosources for effective quantum cryptography systems.

Indeed the use of DR single nanocrystals would make possible to emit single photons
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with the desired polarization basis by orienting the nanocrystals at 0°, 90°, -45°,45°
with respect to a specific axis. A defined orientation of the DRs can be achieved
by different methods, such as strong electric fields, mechanical rods rotation through
MEMS nanoactuators or by localizing and orienting single nanocrystals on prepatterned
substrates. The use of specifically oriented polarized emitters would allow to avoid the
recourse to optical components, such as linear polarizers, which would affect the source
rate.

A viable strategy to achieve this goal relies in exploiting the dipole moment oriented
along the rod axis of the DR, which allows for the orientation of the nanoparticles by
applying an electric field during the deposition [127]|. In order to do that, two types
of electric contacts have been realized, and are displayed in Fig.s 3.33(a-d) and (e-h),
respectively. In particular, 200nm thick gold electric contact on SiOs substrate has
been deposited through a lift-off process following the geometries reported in Fig. 3.33,
thus realizing tip [Fig. 3.33(a)-(d)| and planar [Fig. 3.33(e)-(h)] electrical contacts at
four different angular orientations with gaps in the order of 200nm. In order to orientate
the nanocrystal on the substrate, an electric field of ~ 2.5 - 10°V/cm has been applied
after the drop casting of a DRs nanomolar solution and during solvent evaporation in
order to orientate the nanocrystals on the substrate. Preliminar results of nanocrystals
luminescence after solvent evaporation are reported in Fig. 3.34 for both planar [Fig.
3.34(a,b)] and tip-shaped contacts |[Fig. 3.34(c,d)]. DRs result to be disposed on the
positive electric contact (which is at a non-zero potential difference if compared with
the substrate) and within the contacts gap. Reasonably, the fluorescence between the
tips shown in Fig. 3.34(d) follows the electric field lines, confirming that DRs disposes

themselves exploiting an intrinsic dipole moment.
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Figure 3.33: SEM micrographs of the realized electrical contacts.
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Figure 3.34: Confocal microscopy images of aligned DRs. Red and green signal are excitation

laser backscattering and DR luminescence, respectively. Scale bare is 4um.
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We propose colloidal CdSe/CdS dots in rods as nonclassical sources for quantum information
technology. Such nanoemitters show specific properties such as strongly polarized emission of
on-demand single photons at room temperature, dipolelike behavior and mono-exponential
recombination rates, making us envision their suitability as sources of single photons with well
defined quantum states in quantum cryptography based devices. © 2010 American Institute of

Physics. [doi:10.1063/1.3291849]

The development of efficient fully polarized single pho-
ton sources (SPSs) operating at room temperature is a
cutting-edge research field." The main application of SPSs
is undoubtedly quantum information technology and in par-
ticular private keys distribution based on single photon
fluxes of well defined quantum states.*® Nonclassical light
emission has been demonstrated from several nanometre-
sized materials, such as single molecules,7 defects in
diamonds,3 quantum dots,s single atoms in microcavities,g
and more recently from elongated nanostructures such as car-
bon nanotubes'® and quantum dots embedded in quantum
wires."! Among these propositions, Stransky—Krastanov
grown structures are catching the attention of scientific
community%’ll but are still limited by the operating tempera-
ture, far from 300 K. On the other hand, wet-chemically
synthesized colloidal core/shell nanocrystals (NCs) are
promising emitters for room temperature applications, due to
the well separated allowed quantum energy states,'' the
low cost synthesis, the broad tunable emission range, and the
compatibility with planar nanofabrication technology.z'm’“’
Although these emitters suffer from drawbacks, recent ad-
vances in fabrication succeeded in obtaining enhanced emis-
sion and almost suppressed blinking.”’lx In 2001, elongated
NCs [so called nanorods (NRs)] have been suggested as ap-
pealing room-temperature light emitters.'” In particular,
CdSe/CdS dots-in-rods (DRs), obtained by surrounding a
spherical CdSe core with an elongated CdS shell® turn out to
be very promising quantum emitters by virtue of their inter-
esting ensemble polarization properties and therefore the ex-
pected dipolelike emission. In addition, they exhibit short
lifetime and quantum efficiency of ~75% (further improved
by surrounding the nanocluster with additional ZnS shell
layers).21 Compared to core NRs, the use of a CdS shell,

“Author to whom correspondence should be addressed. Electronic mail:
pisanello@spectro.jussieu.fr. Tel.: +33144277266. FAX: +33144273845.

0003-6951/2010/96(3)/033101/3/$30.00
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having low lattice mismatch with the CdSe core, minimizes
the influence of surface traps between core and shell on the
radiative recombination process, which occurs in the low
band gap core.*? This avoids the well known increase of the
average radiative lifetime of the system due to the interaction
of excitons with surface traps.23

In this work we propose colloidal CdSe/CdS DRs as
suitable fully polarized single photon sources for quantum
information technology applications. We first show the non-
classical behavior of the light emitted by an isolated DR,
then, by time and polarization resolved spectroscopy, we as-
sess its polarization properties and we deduce the physical
processes involved in the experiment. By exploiting their
dipole nature we also measured the orientation of the DRs on
the substrate by means of a defocused imaging technique,
showing that DRs are suitable nanosources for quantum
cryptography algorithms based on a single photon flux with a
well defined quantum state, such as BB84 and B92.*°

CdSe/CdS DRs were prepared by using the seeded
growth approach proposed in Ref. 20 with a rod length /
~50 nm and a core diameter c~2.7 nm. A typical output
of the synthesis is reported in Fig. 1(a). A nanomolar solution
of DRs in toluene was drop-casted on a glass coverslip thus
obtaining a superficial DR density lower than 0.1 DR/um?.
The sample was analyzed by a confocal microscopy system.
A picosecond-pulsed excitation laser diode (wavelength 404
nm, pulse width ~50 ps) was focused on a single DR and
time- and polarization-resolved spectroscopy and single pho-
ton counting measurements were performed by means of a
high-sensitivity Hanbury—Brown and Twiss setup, based on a
pair of avalanche photodiodes (APDs). The signals from the
photodiodes were elaborated by a data acquisition card, used
in two different configurations. All measurements were per-
formed at room temperature.

In the start-stop mode, the delays between the received
photons on the two APDs provide the measurement of the

© 2010 American Institute of Physics
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FIG. 1. (Color online) (a) Transmission electron microscope image and

sketch of the synthesized DRs. (b) Autocorrelation function for unpolarized
detection obtained with a laser repetition rate v=5 MHz. (c) Example of a
typical time resolved signal detected from a DR with a time binning of 100
ms. The gray dotted line represents the noise time trace. (d) Intensity distri-
bution corresponding to (c).

coincidence histogram n(7), proportional to the second order
autocorrelation  function  g2(7)=(I(t)I(t-7))/[(T(t)}{I(t-7))],
where I(t) is the collected signal and 7 is the delay between
the received photons. g*(7) is a fundamental parameter to
evaluate a SPS and to identify an isolated nanocristal: indeed
if g%(0)=0, that is no photons are detected with zero delay,
we can infer that I(t) is a flux of single photons. A typical
result of this measurement on a single DR is reported in Fig.
1(b). The negligible area of the g*(t) function around zero
delay is the evidence that the system emits two or more
photons at the same time with a negligible probability, com-
puted to be ~0.02. Besides inferring that there are no mul-
tiple emitting DRs in the investigated area, this is the evi-
dence that no more than one photon is emitted by each DR
and that never two excitons are allowed to radiatively recom-
bine per each excitation pulse. This finding can be assigned
to the ability of Auger processes to suppress the radiative
recombination of multiexcitonic states. When a laser pulse
excites various electron hole pairs, they recombine nonradia-
tively through Auger processes until only one electron hole
pair remains. Therefore, considering the coincidences histo-
gram reported in Fig. 1(b), we can infer that multiexcitonic
emissions, detrimental for the realization of advanced optical
sources emitting single photons on demand, is avoided in the
nanoclusters under investigation at the used pump regime
(mean power ~1 uW).

Moreover, it is well known in literature that in strongly
confined quantum emitters, such as colloidal NCs, two exci-
tons localized in the same nanometer-sized core region feel a
mutual interaction, thus generating a biexcitonic system.24
Bi-excitons assume specific characteristics, such as different
recombination energy, quadratic dependence from excitation
power and faster decay time, with respect to the single
exciton.”* As shown in the following, besides the information
inferred by the coincidences histogram, we can also have a
confirmation about the single excitation pulse-single emis-
sion behavior of our DRs by measuring its radiative decay
curve, where the presence of a biexcitonic system would lead
to a nonmonoexponential trend.

By triggering the data acquisition card with the laser
pulses (laser triggered mode), we recorded individual photon

Appl. Phys. Lett. 96, 033101 (2010)
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FIG. 2. (Color online) (a) Mean value of the bright state as a function of the
polarization detection angle. The square dots represent experimental data,
the solid line is the p(6) fitting function. [(b)—(d)] Coincidence histogram
n(7) for three different value of 6. (e) Radiative decay curves in logarithmic
scale detected for §=0° and 90°.

events with their absolute arrival times and their delays from
the synchronization pulse. The typical time resolved photo-
luminescence (PL) trace of a single DR emission and the
corresponding intensity distribution are displayed in Figs.
1(c) and 1(d), respectively. These curves clearly show only
one emission level, identified as a bright state, in contrast to
what observed in Ref. 25 in a charged CdSe/CdS NC, in
which a nonradiative Auger process and a low efficient ra-
diative process, usually referred to as gray state, are in com-
petition. In our case, the absence of gray states, traps, and
biexcitonic processes let us predict that a monoexponential
decay behavior, only due to the single exciton recombina-
tion, is the dominant physical process involved in the quan-
tum system under investigation.

In order to analyze the polarization properties of a single
DR the mean emission intensity of the bright state has been
measured for several detection polarization angles 6; when
0=0° (90°) only the light polarized along (perpendicular to)
the rod axis is collected. As shown in Fig. 2(a) these mean
values are well fitted by the curve p(6)=d cos*(6)+(1-d)/2,
with a degree of linear polarization d=(I;=1,)/(L+1,)
reaching ~80% (I and I, are the intensity at #=0° and 90°).
In order to confirm that the photon flux is antibunched for
every component of the polarization vector, we measured the
autocorrelation function for several values of 6. Representa-
tive results of these measurements are shown in Figs.
2(b)-2(d). Clear antibunched emission was obtained for each
polarization, showing that by changing the polarization de-
tection angle the nonclassical light flux is preserved.

The decay rate of the PL has been also measured. Two
typical decay curves are reported in Fig. 2(e) for #=0° and
90°. Both curves show a monoexponential decay function
A, exp{—-(t—1y)/7,} with the best fit decay constant T,
~14.5 ns. This result, coupled to the antibunching behavior
and to the time resolved PL, is a further evidence that in the
investigated temporal range no secondary radiative processes
such as biexcitonic emission or gray recombination pro-
cesses are involved in the fluorescence of the CdSe/CdS DR.
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FIG. 3. (Color online) (a) Focused microscope images on an area of 50
X 50 wm?. (b) Defocused microscope images of the same area shown in (a)
when the objective is 500 nm far from the focal point. (c) Detail of four
isolated DRs oriented along four different directions.

In order to determine the dipole orientation in each DR,
a defocused microscope technique26 has been adopted: when
a high numerical aperture microscope objective is moved
from the focal point, an omnidirectional emitter on the
sample plane is identified by means of concentric defocusing
lines around the original focused spot. On the contrary, when
the radiation diagram is dipolelike and the dipole is parallel
to the microscope coverslip, the circular behavior is substi-
tuted by two arcs around the position of the investigated
object. Figures 3(a) and 3(b) display the PL images collected
with a high numerical aperture oil objective (NA=1.40) for
different focal points. The focused image [Fig. 3(a)] shows
the presence of several isolated DRs (for example Z, U, K,
and F) and some clusters composed by more than one nano-
particle, for example Y and J, as demonstrated by the fact
that their emission does not exhibit antibunching. By moving
the microscope objective 500 nm far from the focal point
[Fig. 3(b)] we detected the defocused images by means of a
high quantum efficiency CCD. The single DRs Z, U, K, and
F are characterized by two well defined defocusing curves.
The defocused pattern can be used to identify the orientation
of the DR (and therefore the orientation of the polarization
vector) on the substrate by connecting the two minima of the
defocusing lines as shown is Fig. 3(c) for K, U, F, and Z
nanocrystals. This is not the case of the DR clusters Y and J
in Fig. 3(a). Since these clusters are composed by a few DRs
the resulting radiation patterns originate by a combination of
dipolelike diagrams.

Here we have shown that a defocused microscope tech-
nique can be exploited to identify the orientation of ran-
domly deposited DRs. Reasonably, this approach allows to
choose a proper set of four well oriented DRs as a base for
cryptography algorithms after a random deposition of the
emitters. Further improvements exploiting alignment
techniques20 could also allow to control the orientation of
DRs also during the deposition, thus increasing the potential
of such emitters as room temperature nanosources for effec-
tive quantum cryptography systems.

In summary, we propose colloidal CdSe/Cds DRs as
nonclassical emitters for quantum information technology.
We assessed the absence of radiative biexcitonic recombina-
tion and gray states reporting complete and fully polarized

Appl. Phys. Lett. 96, 033101 (2010)

photon antibunching, showing the suitability of these nanoe-
mitters as dipolelike, room temperature, and polarized single
photon sources. The possibility to identify the orientation of
a single DR on the substrate suggests a viable strategy for the
implementation of quantum information algorithms based on
polarized single photon fluxes.

This work was supported by the Agence Nationale de la
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Single colloidal quantum dots (QDs) are increasingly exploited as triggered sources of single photons. This review reports
on recent results on single photon sources (SPS) based on colloidal quantum dots, whose size, shape and optical properties
can be finely tuned by wet chemistry approach. First, we address the optical properties of different colloidal nanocrystals,
such as dots, rods and dot in rods and their use as single photon sources will be discussed. Then, we describe different tech-
niques for isolation and positioning single QDs, a major issue for fabrication of single photon sources, and various ap-
proaches for the embedding single nanocrystals inside microcavities. The insertion of single colloidal QDs in quantum con-
fined optical systems allows one to improve their overall optical properties and performances in terms of efficiency,
directionality, life time, and polarization control. Finally, electrical pumping of colloidal nanocrystals light emitting devices

and of NC-based single photon sources is reviewed.

Keywords: quantum dots, colloidal nanocrystals, emission efficiency, microcavity optical modes

1. Introduction

Single photon sources (SPSs) are a breakthrough in quan-
tum information due to their possible exploitation in fields
such as quantum communication, quantum computation,
quantum lithography, and quantum cryptography [1-4]. In
particular, quantum cryptography theorizes the secure dis-
tribution of a secret key between two partners through quan-
tum photonic states. Also referred to as quantum key distri-
bution (QKD) [5,6], this method is intrinsically secure since
a quantum state cannot be read by an eavesdropper without
being modified [7]. Since its initial proposal in 1984 [8] and
its first experimental demonstration in 1992 [9], QKD has
been implemented in many ways [10], exploiting different
techniques for the generation of single photons. True single
photon sources [11,12] have been demonstrated to outper-
form key distribution based on attenuated classical laser
pulses [13], where multiple photon emission is hard to avoid
[14]. Implementations of single photon sources based on in-
dividual molecules [15], nitrogen vacancy centres [16] or
dopant atoms [17] are rather inefficient due to low emission
rates and rapid saturation.

An ideal quantum light source should generate one sin-
gle photon per excitation pulse, which can be accomplished
by using the emission of a single quantum system, such as
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a single quantum dot [18]. By virtue of their unique elec-
tronic structure and quantum confinement, single quantum-
-dot emitters reliably generate single photons on demand
when excited by short optical or electrical pulses. Since
1982, when the concept of quantum dots (QDs) was first
proposed by Arakawa and Sakaki [19], their peculiar pro-
perties have been applied to a number of photonic devices,
and impressive results in the synthesis and application of
these powerful nanostructures have been demonstrated.
Epitaxial QDs, obtained by the Stranski-Krastanov self-or-
ganized growth mode [20], have demonstrated their poten-
tial as light sources for ultrafast semiconductor lasers and
optical amplifiers (SOAs) for optical communications,
showing new functionalities and astonishing performances
such as high gain and efficiency, ultra-low threshold current
densities and temperature insensitivity [21-23]. A different
approach for the fabrication of quantum dots is based on wet
chemistry for the synthesis of colloidal QDs. These colloi-
dal nanocrystals (NCs) are good candidates for QDs pho-
tonic applications in different fields such as health, energy,
environment and aerospace due to their low fabrication
costs, high quantum efficiency at room temperature, high
versatility in the chemical synthesis, and broad tunable
emission range [24]. Both epitaxy and wet chemistry have
demonstrated to be effective for the fabrication of single
QDs embedded in triggered non-classical sources of single
photons. Epitaxial QDs exhibit single photon emission only
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at cryogenic temperature [25], whereas single colloidal NCs
based on II-VI compounds exhibit photon antibunching at
room temperature and above [26,27], by virtue of their pe-
culiar electronic properties. In order to tailor and enhance
the emission of SPSs, single quantum emitters should be
embedded inside micro and nanocavities. The insertion of
QDs in quantum confined optical systems, such as high
quality factor resonators, allows us to improve the overall
performances in terms of efficiency and directionality, to-
gether with a better control on the polarization characteris-
tics of the emitted photons. Among the above discussed
species for single photon generation, self-assembled epi-
taxial and colloidal QDs can be straightforwardly incorpora-
ted into cavities by using standard micro and nanotechno-
logical processing techniques.

In this work recent advances on single photon sources
based on single colloidal quantum dots are reviewed. We
first recall basic concepts related to the optical properties of
colloidal nanocrystals, with special emphasis on their pho-
ton antibunching, blinking and spectral diffusion pheno-
mena. We then discuss the technological approaches for iso-
lating and positioning single colloidal quantum dots, an es-
sential requirement for practical realization of single nano-
crystal SPSs. The third section reports on the approaches to
significantly enhance the emission efficiency of SPSs by
coupling the emission of single nanocrystals to microcavity
optical modes. The successful achievement of this challeng-
ing technological target leads to devices with enhanced per-
formances in terms of extraction efficiency, low divergence
and improved emission efficiency in both weak and strong
coupling regimes. Finally, possible approaches for the elec-
trical pumping of single colloidal nanocrystal SPS devices
are discussed. Electrically driven triggered sources of single
photons are highly attractive since they would bring com-
pact SPSs to practical application, without requiring ex-
pensive and sizeable light excitation sources.

2. Single colloidal quantum dots as sources
of single photons

Semiconductor colloidal nanocrystals synthesized by wet
chemical approaches as sources of single photons have been
extensively studied in the last years because of their low
fabrication costs, high quantum efficiency and photosta-
bility also at room temperature [28]. Broad tunability of
their emission wavelength from the visible to the infrared
has been readily achieved by virtue of the high versatility in
the chemical synthesis, which allows for excellent control
over NCs size, shape and composition [29-32].

Typical nanocrystals are nanometer-sized spherical core-
-shell structures. The role of the shell is to engineer the band
structure of the nanostructure and to passivate the core sur-
face, thus reducing surface defects, such as dangling bonds,
which dramatically affect their efficiency and photostability.
Due to their absorption continuum at energies above the
exciton transition they can be excited by a variety of light
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sources. Recombination from higher excited states, multi-
-exciton and charged excitons in careful experimental condi-
tions is typically negligible because of strong Auger pro-
cesses [33], and the emission of single photons can be made
highly probable only from single exciton recombination.

In spite of their excellent quantum efficiency and
photostability, colloidal nanocrystals, when observed at the
single particle level, exhibit fluorescence blinking and spec-
tral diffusion. The first effect consists in the random switch-
ing of fluorescence between bright (“on”) and dark (“off”)
states [34]. Such a fluctuation of the luminescence over time
has been attributed to charge transfer or charge escape from
the dot, which leads to a free charge in the NC, preventing
any possible radiative recombination for times in the order
of milliseconds. A strategy to control and completely pre-
vent blinking has been recently proposed by Mahler and co-
workers [35], who show that a thicker shell in CdSe-CdS
NCs allows one to control the blinking behaviour, suggest-
ing that well-designed shells are the key parameters for ob-
taining non-blinking QDs. Non blinking behaviour has been
also obtained in ternary CdZnSe/ZnSe NCs, designed as
aradial graded alloy of CdZnSe into ZnSe [36].

Spectral diffusion consists of random spectral jumps as-
cribed to charge movements or, more generally, to instabil-
ity in the nanoscale environment of the nanocrystals, which
cause strong fluctuations of local electric fields [37,38]. The
resulting linewidth of single nanocrystals is broadened by
the time integration of NCs emission at slightly shifted
wavelengths. High temporal resolution is necessary to ob-
serve, in a single quantum dot, the evolution of spectral dif-
fusion [39]. In CdSe/ZnS single colloidal nanocrystals, a
spectral diffusion of 4 ueV over a time scale of 200 ps was
observed for an emission peak having a linewidth as narrow
as 6.5 peV [40].

The good emission efficiency at room temperature, good
stability and advances in high spatial resolution spectro-
scopic techniques has allowed in the last years a deeper un-
derstanding of the peculiar optical properties of QDs, by
probing NCs at single particle level [34,37].

Evidence of efficient single photon emission at room
temperature corroborates the potential of these nanostruc-
tures as active medium of single photon sources. A Hanbury
Brown and Twiss setup is normally used to confirm the
non-classical nature of the single QD emission through the
second-order correlation function,

g<2)(‘[) __< 1t +7)I(t) >
<It+71)><1I(t) >

i.e., an intensity-intensity correlation function, having infor-
mation on both photon statistics and dynamics of the light
generated from the nanocrystals. Figure 1(a) shows the
scheme of a Hanbury Brown and Twiss setup. Single pho-
tons impinging on a beam splitter are split towards two fast
avalanche photodiodes (APDs), which allow to measure di-
rectly g?(7), by detecting the delay between the arrival
events. The absence of coincident detection events on the
two detectors is the fingerprint of a one-by-one photon
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Fig. 1. Schematic representation of the Hanbury Brown and Twiss setup (a), typical behaviour of the second order autocorrelation function
for continuous (b) and pulsed excitation (c).

emission, i.e., photon antibunching. In most single photon
sources at room temperature, this behaviour is manifested
by a dip around zero time delay (7 = 0) in the second-order
correlation function [Fig. 1(b)]. When using a pulsed excita-
tion, the second-order correlation function consists of an ar-
ray of short peaks with the period of the pumping sources
and the evidence of single photon emission is the absence of
the peak at zero time delay [Fig. 1(c)].

Most of the photon antibunching reports in the literature
are based on II-VI NCs constituted by a CdSe spherical core
embedded in either ZnS or CdS shells. In CdSe/CdS NCs,
by virtue of a low lattice mismatch, the influence of defects
on the radiative recombination process is reduced, as well as
the influence of surface traps on single excitons, which usu-
ally tend to increase the average radiative lifetime of the
system. The full control on the growth parameters in the wet
chemical synthesis process was exploited to synthesize
different NCs such as rods, dot in rods, tetrapods and also
dimers [29,31,32,41,42]. Most of these nanocrystals de-
monstrated to be effective sources of single photons. In par-
ticular nanorods, i.e., elongated NCs, and CdSe/CdS dot-in-
-rods (DR), obtained by surrounding a spherical CdSe core
with an elongated CdS shell [31,43] appear to be very pro-
mising quantum emitters, by virtue of their relatively short
lifetime [44,45] and electrical dipole-moment oriented
along the rod axis [29,43] which leads to a higher degree of
linear polarization [29,43,45].

This feature, invaluable for a SPS device, allows a deter-
ministic photon polarization to be achieved, as required in
BB84 and B92 cryptographic algorithms [8,46], without re-
curring to polarizers to encode information. In Ref. 47, it is
shown that the polarization control of single photons can be
achieved by using dot-in-rods rotated at different angles, en-
visioning a strategy to develop polarization controlled, low
cost and highly efficient room temperature single photon
sources.

3. Localization of single quantum dots

Both epitaxial self-organized quantum dot and colloidal
nanocrystals have been used as active media of single pho-
ton sources. Both being based on self organization, one of
the most challenging tasks is the control over the QD posi-
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tion, in order to align the nanoemitter to a microcavity or to
fabricate arrays of SPS devices in specific locations.

The typical way to realize a single photon source based
on self organized QDs is to inspect the sample, purposely
fabricated with low-density of quantum dots (<10° cm2),
and after having localized an isolated area with a single
nanostructure inside, to build a device using very high reso-
lution fabrication techniques [48-50]. The nucleation sites,
and therefore the surface density of epitaxial QDs, are usu-
ally controlled by carefully tuning the Stranski Krastanov
growth parameters. Colloidal NCs are typically diluted to
nanomolar concentrations and dropcasted on glass cover
slides, obtaining, after evaporation of solvents, isolated
nanocrystals with an average distance among them in the
order of microns.

These approaches, though well-suited for the characte-
rization through confocal microscopy of photon antibun-
ching behaviour in single nanostructures, are not appropri-
ate for the realization of controlled arrays of SPS to be em-
bedded in QKD commercial systems.

In order to localize epitaxial QDs, fabrication of site-
-controlled pre-patterned recesses in the substrate and
regrowth has been successfully exploited [51] to embed sin-
gle QDs inside micropillar vertical cavities [52] and 2D
photonic crystal membranes [53], but poor control over
emission wavelength and lack of single photon emission up
to room temperature prevent their practical use.

Recently, a new approach has made possible the pin-
pointing of single colloidal quantum dots by direct electron
beam lithography. The controlled localization of ordered ar-
rays of single colloidal nanocrystals was demonstrated in
Ref. 54 by dispersing a specific concentration of nano-
crystals inside a negative high-resolution electron-beam re-
sist after precipitation and re-dilution in methyl-isobutyl-
ketone (MIBK) solvent. Ensembles of nanocrystals embed-
ded in electronic resists can be easily patterned by means of
traditional lithographic processes, since the presence of
semiconductor clusters in the matrix does not significantly
affect the sensitivity of the polymeric host and, at the same
time, the emission properties of the nanocrystals are not in-
fluenced by the interaction with the electron beam [55]. To
obtain on average one nanocrystal inside a nanosized pillar
of the NC/resist blend, direct e-beam patterning is employed
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Fig. 2. Schematic representation of the localization of single colloi-

dal quantum dots by direct electron beam lithography of a re-

sist/NCs blend (a). By a careful control of molar density of the NCs

dispersed in the resist and pillar volume it is possible to isolate sin-

gle QDs (b). Autocorrelation function of an isolated CdSe/ZnS QD

of coincidence counts of fluorescence from a single QD in
microcavity (c).

[Figs. 2(a) and 2(b)]. Through a careful control of molar
density of the NCs dispersed in the resist and pillar volume,
i.e., blend layer thickness and pillar diameter, it is possible
to obtain a very high probability of having localized single
colloidal NCs, whose photon antibunching behaviour was
confirmed through a confocal microscope and Hanbury-
-Brown and Twiss setup [Fig. 2(c)].

It is worth mentioning a few more methods for trapping
single colloidal nanocrystals which rely on electrostatic
trapping in nanogaps [56] or by electrostatic biological self-
-aligned placement [57]. In the latter case, the self-aligned
positioning of a nanocrystal in the cage-shaped negatively
charged protein is followed by the trapping of the protein on
specific positively charged ultra small positions. Electro-
static trapping is very attractive remarkably for nanocrystals
exhibiting a high dipole moment, such as asymmetric
dot-in-rods.

4. Coupling of colloidal QDs to microcavities

The presence of a cavity strongly affects the density of
available photon states (PDOS) of the environment. When
an emitter is placed inside a cavity, many properties of its
light emission can be strongly modified. Spontaneous emis-
sion rate and radiative decay can be engineered and en-
hanced, radiative pattern and divergence angles can be mod-
ified to improve collection efficiency and optical matching
with optical fibers, spectral emission can be narrowed or fil-
tered and the emission polarization can be controlled.

Micro and nanocavities embedding nanoemitters are the
subject of intense studies for the realization of ultra-low
threshold microlasers, or cavity quantum electrodynamics
(CQED). CQED systems allow us fundamental studies of
coherent interactions of confined electromagnetic fields (ca-
vity photons) and microscopic dipoles (single nanoemitters)
[58-61].

Opto-Electron. Rev., 18, no. 1, 2010

The task of aligning a single nanoemitter to a cavity is
very challenging since its single exciton transition must be
coupled to a resonant mode of a high quality factor (Q-fac-
tor) microcavity. When this is achieved, the efficiency and
emission properties of a single colloidal NC are signifi-
cantly improved. The coupling between the nanoemitter and
the cavity can be either strong or weak depending on the
coupling parameter,

- Ham hw
no\ 20V

where V is the cavity mode volume, & is the vacuum di-
electric constant, and u 4, is the dipole moment of the tran-
sition. Asymmetric NCs, such as nanorods and dot-in-rods,
are particularly suitable for the achievement of strong cou-
pling regime since they show a strong dipole moment and
increased dipole oscillator strength [62].

Weak coupling enhances the spontaneous emission,
whose rate is given by the Purcell factor

3 o(2Y
-2 03"
4z= V\n

When a nanocrystal is inserted into the microcavity and
its eigenfrequency wg), is resonant with the high-Q cavity
mode @, and g2 > (Y cav —y0)2 /16, being v and 7 ., »
the field decay rate in free space and inside the cavity, re-
spectively, the confined photonic and electronic states inter-
act by coherently exchanging energy. This leads to a new
strongly coupled quantum-mechanical system which evol-
ves with a coupling strength defined by the vacuum Rabi
splitting [63—-68].

In both strong and weak coupling, the target is to reduce
the modal volume of cavity and to carefully tune its Q-factor
as it is typically possible in photonic crystal nanocavities.
When F » is greater than 1, the emitter radiates faster in the
cavity than in free space and the emission is enhanced only
as long as the system remains in the weak coupling regime.

The coupling is maximized when the emitter is placed in
the maximum of the electric field intensity; however, this is
hard to be fulfilled for point-like emitters, since it requires a
high accuracy in nanocrystals positioning inside an ultra-
-small volume.

Doping of vertical microcavities with an ensemble of
NCs has been demonstrated by different techniques, by em-
bedding the nanocrystals in two distributed Bragg reflectors
(DBRs) [69] and by focused ion beam (FIB) post-milling to
obtain micropillars [70] or by imprint lithography [71].

However, very few papers in the literature report on sin-
gle colloidal nanocrystals embedded in microcavities and
efficiently emitting triggered single photons at room
temperature.

Coupling of a single colloidal quantum dot with pho-
tonic cavities has been achieved by exploiting whispering
gallery modes generated on the surface of glass and polymer
microspheres [72]. Artemyev et al. report on the coupling of
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a single CdSe/ZnS NCs chemically bound to the surface of
a single glass microsphere, reporting the Purcell factor F),
~10. The same group reported on a strongly coupled CQED
system consisting of an anisotropically-shaped CdSe nano-
crystal coupled to a single photon mode of a polymer
microsphere, showing a vacuum Rabi splitting between 30
and 45 peV in a microsphere cavity, slightly deformed to
remove mode degeneracy [61].

Although glass spherical cavities localize very high
quality factor modes, their use as SPS is hindered due to
their relatively large mode volume and their poorly colli-
mated photon emission.

In this respect, photonic-crystal structures [73,74] are
promising candidates for the trapping of light in ultrasmall
volumes with high Q-factor [75-77]. Two- and three-di-
mensional photonic crystal microcavity architectures were
also exploited by Wu et al. [78], who coupled PbSe nano-
crystals to a silicon PC membrane, and by Lodhal er al. [79]
who used a titania inverse opal as host photonic crystal
lattice.

Photonic crystal cavities, providing a well collimated
emission, are more suited for the realization of SPS, but the
crucial step for their fabrication, i.e., the positioning of sin-
gle colloidal nanocrystals in the resonant path of the cavity
modes, is difficult to be achieved.

While the demonstration at low temperature of single
photon emission from a single epitaxial quantum dot cou-

e S
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pled to cavity modes has been reported both in micro/
nanopillars vertical cavity resonators [80] and in two-di-
mensional photonic crystal resonators [48], the localiza-
tion of single colloidal NCs inside a microcavity resulted
to be more complex, due to the more difficult handling
of these nanoemitters. Recently, the experimental observa-
tion of fluorescence from single colloidal nanocrystals
in microcavities by both doping of a chiral liquid-crystal
microcavity and also by a microcavity fabricated by spin
coating of several polymeric layers and dispersing a nano-
molar concentration of NC in the waveguiding layer
was reported [81]. A further step toward the practical real-
ization of single NC based SPS was reported in Ref. 82.
Qualtieri et al. showed for the first time the occurrence
of photon antibunching at room temperature from single
colloidal CdSe/ZnS nanocrystals inserted in an ordered ar-
ray of vertical microcavities. The approach relies on
the single NC localization technique obtained by direct
electron beam lithography on top of a SiO,/TiO, Bragg
mirror [82]. Subsequently, the array of localized single
quantum emitters was clad by a second DBR consisting
of four alternating quarter-wavelength thick layers of
Ti0,/Si0,.

Figure 3 shows the schematic of the fabricated micro-
cavity and the antibunching demonstration [Fig. 3(c)]
from single nanocrystals in microcavity at room tempera-
ture.

(b)
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Fig. 3. Schematic of single colloidal quantum dots microcavity array obtained by direct electron beam lithography and SiO,/TiO, DBR depo-
sition (a,b). Histogram of coincidence counts of fluorescence from a single QD in microcavity (reproduced with permission from Ref. 82) (c).
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S. Electrical pumping of single photon sources
based on colloidal nanocrystals

Colloidal NCs have demonstrated their potential in many
applications due to their aforementioned peculiar properties.
Most experimental results on photon antibunching are based
on optical pumping of NCs, but recently different appro-
aches for electrical pumping/driving of colloidal nanocrys-
tals embedded in light emitting devices or solar cells are be-
ing pursued. Injection of carriers in colloidal NCs is not as
straightforward as for epitaxial QDs, where these nano-
structures can be directly embedded in p-n junctions.

Direct injection of charge carriers in colloidal nano-
crystals is typically limited due to the presence of an insulat-
ing organic capping layer on the nanocrystals. An indirect
approach for the electrical pumping is based on the insertion
of NCs inside a device which transfers either radiatively or
non-radiatively the accumulated electrical energy to colloi-
dal nanocrystals. The latter mechanism, called Forster reso-
nant energy transfer (FRET), is based on a donor-acceptor
non-radiative coupling and is governed by the spectral over-
lap between the emission spectrum of the donor species
with the absorption spectrum of an acceptor and by the dis-
tance between them. In this process of non-radiative trans-
fer, described for the first time by Theodor Forster in 1948
[83,84], the excess energy of the donor is transferred to the
acceptor by a dipole-dipole interaction in a purely non-
-radiative process whose rate is given by the formula

oo

4.2
0 L @y,
8mn"1, d® 0 @

Rer =

where c is the speed of light, n is the refractive index of the
medium, k2 is the parameter given by the mutual orienta-
tion of the donor to acceptor dipoles (for isotropic orienta-
tion equal to 2/3), and 7, is the radiative lifetime of the do-
nor and the integral is the “overlap integral” which takes
into account the overlap between the donor emission spec-
trum fp, (w) and the absorption spectrum of the acceptor
o 4 (w). The most significant factor is the distance d between
the acceptor and the donor, the FRET rate being propor-
tional to the inverse of the sixth power of d.

For very short donor-acceptor distances, shorter than the
extent of dipoles, higher order effects prevail, but their dis-
cussion is beyond the scope of this review.

FRET has been exploited in the last years in many de-
monstrations of LEDs based on hybrid technologies and
embedding colloidal nanocrystals.

An approach to nanocrystal-based, electrically pumped
light emitting devices exploits hybrid organic/inorganic
structures, in which only a small fraction of the charge carri-
ers is directly delivered to nanocrystals through the organic
network [85,86]. Coe ef al. demonstrated efficient electrical
injection in a colloidal quantum dot LED embedding a sin-
gle monolayer of QDs between two organic thin films [85].
The organic layers transport charge carriers to the vicinity of
the QD monolayer. Exciton generation on QDs occurs via
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two parallel processes, direct charge injection and non-radi-
ative energy transfer from excitons close to the single QD
monolayer, and formed in organic molecules in grain
boundaries, interstitial spaces, and voids. These excitons
then undergo FRET energy transfer to the lower-energy QD
sites, where they recombine radiatively. Based on the same
approach, the only evidence of electroluminescence from
a single colloidal quantum dot is reported in Ref. 87, where
no evidence of photon antibunching is reported, however.

The performance of these hybrid devices is limited by
the low carrier mobility in both the organic and nanocrystal
components, and by the poor stability of the organic mole-
cules. Moreover, single nanocrystal single photon sources,
triggered by electrical pulses, are still to be demonstrated.

Most of the reports on FRET in the past years have taken
into account an ensemble of NC as acceptors. When single
nanocrystals are used one has to deal with the reduced tran-
sition width, which becomes narrower and narrower as the
temperature is decreased. This behaviour, together with the
possibility of shifting the transition in asymmetric rod-like
NCs through the quantum confined Stark effect (QCSE)
[88], has been exploited in Ref. 89 to switch on and off the
energy transfer between a dye molecule and an asymmetric
dot in rod NC [90].

Finally, it is worth mentioning the radiative energy
transfer, which is a technique used in traditional colour con-
version schemes based on phosphors. The emission of
a photon from a semiconductor standard LED is followed
by absorption and re-emission by an optically active mate-
rial, which is typically a phosphor but can also be replaced
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Fig. 4. Electrical control of energy transfer in a single FRET couple
consisting of a dye molecule and an asymmetric dot in rod NC (a).
Each NC is, in principle, adjacent to one acceptor molecule (b). At
low temperatures, however, the electronic transitions of donor and
acceptor are too narrow to enable a sufficient spectral overlap, re-
quired for efficient FRET (c). Application of an electric field to the
NC-dye mixture can facilitate FRET by Stark-shifting the emission
of the NC into resonance with the absorption of an adjacent dye mol-
ecule (reproduced with permission from Ref. 90) (d).
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by nanocrystals. This approach has been already exploited
for the demonstration of white light LEDs based on colloi-
dal NCs on nitride-based quantum wells LEDs [91]. The
quantum wells can be pumped electrically in the same way a
common LED is pumped but the efficiency of the energy
transfer is very poor, typically several orders of magnitude
lower than non-radiative FRET transfer [92].

6. Conclusions

This review has discussed recent achievements and techno-
logical approaches for the realization of single photon
sources based on single colloidal nanocrystals, a building
block for future quantum information. Despite the body of
work done so far, many issues still need to be faced and
some of the technological problems to be solved. Manipula-
tion, embedding and positioning inside the microcavities
and efficient electrical pumping of single colloidal nano-
crystals are technological subjects discussed in this paper,
which still need to find optimal solution. However, the im-
pressive results and astonishing performances reported in
the literature in the last years make triggered sources of sin-
gle photons closer and closer to their practical application in
quantum communication and quantum cryptography.
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Two-dimensional (2D) photonic crystal (PhC) technology is well established at
telecommunication bands, and materials such as Silicon (Si), Gallium Arsenide (GaAs)
or Indium Phospide (InP) represent a common solution for applications at these wave-
lengths [144-147]. However the interest of scientific community on structures operating
in other spectral regions, such as the visible one, is growing up for both linear and non-

linear applications [19-21]. Indeed, 2D-PhC cavities resonant in the visible spectral
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range are considered a promising tool to boost photonic device performances in several
fields, such as biosensing, integrated optics, quantum communications, solar energy,
etc. As a consequence of this wide area of interest, a photonic platform able to an-
swer to the needs of all these fields would be attractive for scientific and technical
communities.

Trying to develop such technological platform, the first problem one should face is
the material choice. In principle it should be transparent in the whole visible spectral
range with a refractive index (n) relatively high, low cost, compatible with silicon
(Si) based technologies, robust, biocompatible and simply functionalizable with several
biological species.

In past years several materials have been proposed with this purpose; among them,
of remarkable interest are Gallium Nitride (GalV) [148], Gallium Phospide (GaP) [149],
polymers [102] and Silicon Dioxide (Si02) [150]. Another appealing material for the
above-mentioned applications is Silicon Nitride (Si3Ny), which answers to most of the
above-mentioned requirements. Indeed, stoichiometric silicon nitride is transparent in
the visible spectral range with a refractive index n ~ 1.9 (@ X\ = 600nm) !, it can
be grown on Si with low cost and widely diffused growth facilities such as Plasma
Enhanced Chemical Vapor Deposition (PECVD) [151], it is compatible with Si based
electronics (it is used as insulator in MOSFET gates [152,153]), it is biocompatible
and allows the functionalization of several kinds of proteins [154-156].

Several SizNy 2D-PhC cavities have been already proposed in past years [19, 157,
158], showing a maximum experimental quality factor (@) of ~ 5000 in the case of a
double heterostructure nanocavity [158]. Moreover, recent advances in development of

nanobeam cavities have led to extremely high quality factors also in the visible range,

'In a general picture, the refractive index is complex, i.e. 7 = n 4+ ik, where n is linked to the
phase speed, while x indicates the amount of absorption loss when the electromagnetic wave propagates
through the material and is called extinction coefficient. SizNy refractive index (ng;y) and extinction
coefficient (kg;n) were measured through spectrophotometric and ellipsometric methods, giving value

of n=1.93 and k=0 at a wavelength A = 600nm.
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with a maximum Q of ~ 55000 [159-161]. In this chapter SizNy, PhC resonators are
proposed as a platform to realize photonic devices based on spontaneous emission engi-
neering of nanoemitters in the visible spectral range. The versatility of the approach is
demonstrated by coupling the two dipole-like modes of a closed band gap single point
defect nanocavity with organic and inorganic light emitters: (i) DNA strands marked
with Cyanine 3 (Cy3) organic dyes, (i) antibodies bounded to fluorescent proteins
(TRITC) and (iii) colloidal semiconductor nanocrystals (NCs) localized in the maxi-
mum of the resonant electric field. The application of this technology to a real device
and the possibility to reach the strong coupling regime between a single NC and a PhC

cavity are also discussed.

4.1 Microcavity design: the closing band-gap and the

modal selective tuning

4.1.1 The closing band-gap for low refractive index materials

As detailed in section 2.3, when a quantum light emitter, such as a quantum dot, is
coupled to an optical resonant mode, the interaction between the two oscillators can
lead to two different coupling regimes, known as strong and weak coupling. In weak
coupling conditions, the resonant mode modifies the dynamic of the emitter, allowing
the engineering of its spontaneous emission. Indeed, the spontaneous emission rate of
an emitter weakly coupled to a photonic eigenstate is modified by the Purcell factor
F =3/(47®)Q/V (\/n)?, where Q and V are the quality factor and the modal volume
of the photonic mode, respectively. If the system is instead in the strong coupling
regime, the confined excitons and photons coherently exchange energy with a coupling
strength inversely proportional to V, i.e. g o< 1/ VV. Therefore, in both regimes the
dynamic of the coupled system is strongly dependent on the properties of the photonic

mode and, notably, on the electromagnetic field confinement in both time and spatial
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domains.

In order to observe these phenomena at visible wavelengths, different optical res-
onators have been proposed so far [103,114], but 2D-PhCs represent the most promising
structures, since they give the best control on the optical properties of the confined
system. At present, PhC resonators for applications in the visible spectral range are
based on various geometries [19,102,158] and on higher-order modes of the widely stud-
ied single-point defect [162] (also known as H1 cavity, sketched in Fig. 4.1(a), inset)? .
The H1 cavity consists of a missed hole in a triangular PhC lattice, which allows two
orthogonally polarized resonant modes in the photonic band gap (hereafter referred to

as x- and z-pole modes, on the base of the orientation of the wavector).

The H1 resonator presents several advantages with respect to other PhC configura-
tions for applications in quantum optics. For instance, the cross polarization of z-and
z-pole modes and the absence of higher-order modes can be exploited to satisfy the
requirements of quantum information algorithms [163]. As compared with other PhC
point defects, the H1 cavity presents the lowest V| thus enhancing QED phenomena in
both strongly and weakly coupled systems. The confinement in extremely small modal
volumes is more challenging for visible light, since the constraint to use low-absorption
materials in this spectral range does not allow recourse to high-refractive-index semi-
conductor membranes, thus reducing the effectiveness in localizing the optical modes.
Nevertheless, the aforementioned advantages, together with the increasing interest to-
ward the realization of efficient emitting devices in the visible spectral range, foster
theoretical and experimental studies to find alternative routes to improve light confine-

ment in low-index H1 systems.

The structure under investigation consists of a H1 cavity obtained in a triangular
lattice of air holes with period a and radius r in a silicon nitride slab having refractive

index n = 1.93 and thickness t. The electromagnetic behavior of such a structure

2High order modes, such as hexapole modes, are not supported by unmodified H1 cavities, but

they can be induced by modifying the radius of the first neighboring holes.
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was investigated by using Plane-Wave Expansion (PWE) and 3D Finite Difference
Time Domain (FDTD) algorithms [164|. All the calculations were restricted to TE-
like modes, i.e. modes with non-negligible components of the electric field along x and
z and a non-negligible component of the magnetic field along .

Our approach to realize ultrasmall-volume PhC cavities while keeping high Q-
factors in the visible range and preserving the dipolelike shape of the modes is based on
the closing band-gap technique [165], which involves the optimization of the thickness
t of the PhC slab. As shown in Fig. 4.1(a) for the x-pole mode, the @ factor is quite
constant for ¢ < 1.2a, and it has a maximum for ¢ = 1.55a. As reported in figs.4.1(b)
and 4.1(c), the Photonics Band Gap (PBG) existing for ¢ = 0.7a disappears when ¢
is increased to 1.55a, in agreement with the closing-bandgap principle presented in
ref. [165]. This let us infer that the electromagnetic confinement in the xz plane is not
due to the PBG but can be assigned to the mismatch in the momentum space between
the cavity mode and the second guided mode in the PhC slab, as described by Tan-
daechanurat et al. [165]. The increased thickness of the slab leads to slight variations
of the z- and z-pole modal profiles along y. For this reason, V' continuously grows as a
function of ¢, as shown in Fig. 4.1(a). However, because the modal extension in the zz
plane is preserved, these variations of V are negligible with respect to the increase in @),
and thus the Purcell factor [Fig. 4.1(d)| follows the Q-factor behavior: for ¢t = 1.55a,
F is maximized to F' ~ 78 with V ~ 0.68 (\/n)® and Q ~ 700. A similar trend has

been found for the z-pole mode.

4.1.2 Modal selective tuning

The engineering of z- and z-pole modes would foster many applications based on H1
nanocavities operating at visible wavelengths. For instance, the degeneracy of x- and
z-pole modes may be useful for entangled photon generation [166]. Other applications,
such as single-photon sources or PhC-based optical read out of lab-on-chip devices [167],

require well-defined and linearly polarized non-degenerate resonances. Several solutions
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Figure 4.1: (a) Dependence of modal volume and @ factor on the thickness of the slab
t. Inset, photonic crystal H1 cavity. (a), (c) Photonic band structure of the structure for
t = 0.7a and t = 1.55a, respectively. (d) Dependence of the Purcell factor on t (for S = 0).
(e) Modification of the resonant frequencies and of the Q factor of the degenerated modes
when two cavity neighboring holes are moved, as shown in the inset. The holes are moved
closer to (farther from) the center for S < 0 (S > 0). (f) E, for the x-pole mode in an
unmodified H1 cavity. (g) F, for the z-pole mode in an unmodified H1 cavity. (h) E, for
the x-pole mode in a H1 cavity with S=0.2a. (i) E, for the z-pole mode in a H1 cavity with
S = 0.2a. (1) Definition of S.

have been reported in past years to break the energy degeneracy of the optical modes
or to recover it [162,168-170]. A versatile strategy to break the degeneracy is displayed
in Fig. 4.1(e): by moving two cavity neighboring holes, it is possible to change the
resonant frequency of the x-pole mode (f,) significantly without affecting the z-pole
mode. This finding is due to the selective modification of the wavevector k = (k,, &k, k)
along a specific direction. Indeed z- and z-pole modes have the strongest component
of k oriented along the x and z axes, respectively. When two holes are moved closer
to the center of the cavity along the x axis (S<0, see Fig. 4.1(1) for definition), thus
changing k, while keeping k., constant, f, increases and f, is unchanged. In the same
way f, decreases for S > 0, while keeping f, constant. Figures 4.1(f-i) show the z- and

z-pole modal profiles for an unmodified H1 cavity and for a cavity with S = 0.2a. The
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Figure 4.2: F, field-distribution in momentum space for the z-pole mode. The white circle
represents the lightcone. (a) [2DFT(E;)| for S = —0.1a; (b) [2DFT(E,)| for a S = 0.2a;

(c) Zoom to a specific area of (a). (d) Zoom to a specific area of (b). (e) Momentum function

extracted from (a) for k, = 0. (f) Momentum function extracted from (b) for k, = 0.

electric field component along = (FE,) of the z-pole mode profile remains unchanged
when the holes are moved far from the center [Figs.4.1(g) and 4.1(i)]. The shift instead
results in the elongation of the z-pole modal function along = [Figs. 4.1(f) and 4.1(h)],

thus modifying its resonant frequency.

Such modifications of the field distributions also lead to variations of the Q factors
of the modes [Fig.4.1(e)]. If S < 0, abrupt changes are introduced near the maximum of
the electric field [171] of the z-pole mode function, resulting in an increase in radiation
losses and in a smaller @ factor (QQ ~ 557 for S = —0.057a). In contrast, if S > 0
these abrupt variations in the modal profile are avoided, the radiative energy in the
light-cone minimized, and the () factor of the z-pole mode enhanced with a V' and f,
almost unchanged. The optimized )-factor turns out to be ) ~ 810 for S = 0.075a,

and the Purcell factor is assessed as F' ~ 90.

These findings are confirmed by the analysis in the z-pole momentum space, ob-
tained by using a 2D Fourier Transform (2DFT), reported in Fig.s 4.2(a) and (b) for
shifts S = —0.1a and S = 0.2a, respectively. The region inside the white circle of Fig.s
4.2 (a) and (b) represents the leaky region, defined by the light cone [171-173|: the

stronger the components in this region, the higher the radiation losses in the direction
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Figure 4.3: Cross section of the lobe for S = —0.1a shown in Fig. 4.2(c) (black circles) and
of the lobe S = 0.2a displayed in Fig. 4.2(d) (green squares). Red continuous line represents

a gaussian fit of the case S = 0.2a.

perpendicular to the slab. For S = —0.1a (Fig.4.2(a) and (e)) a sharp peak is present
at the center of the leaky region, affecting the value of @Q; instead if S = 0.2a (Fig.s
4.2(b) and (f)), the 2DFT is almost constant inside the light cone. As demonstrated
in [171], the @-factor depends also on the shape of the two peaks outside the light
cone. A Gaussian shape typically leads to higher Q-factor, giving a direct measure of
the energy not coupled with the radiation mode. Fig.s 4.2(c) and (d) show a zoom of
Fig. 4(a) and (b), respectively: the behavior for S = —0.1a is far from a 2D Gaussian
function. For S = 0.2a (Fig.4.2(d)), it is instead clear that by moving two holes far
from the center, a 2D Gaussian function for these peaks is obtained, as also confirmed
by the 1D gaussian fitting of the cross section of these lobes reported in Fig. 4.3.
Therefore, by increasing the z-pole QQ-factor, a positive S does not substantially affect
the position, modal volume and resonant frequency of the z-pole electric field main

lobe, leading to a straightforward increase of the Purcell factor of microresonators.

This therefore verify that momentum space engineering, a strategy exploited to
improve the confinement of defect states localized within the PBG [102,171], can also

be efficient for cavity resonances without PBG.
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Figure 4.4: Top and bird’s eyes view of the realized nanocavities.

4.2 Fabrication of Si3/N; PhC nanocavities

The 2D-PhC nanocavities were fabricated into a 400-nm-thick Si3 /N, layer deposited on
a silicon substrate by means of Plasma Enhanced Chemical Vapor Deposition (PECVD)
technique. Si3N, refractive index was measured through spectrophotometric methods
(performed with a Varian Cary 5000 spectrophotometer), giving a value of ng;y =

1.93@\ = 600nm.

The PhC geometry was defined using a Raith150 e-beam lithography tool. A thick-
ness of 400 nm of ZEP520-A resist was chosen to ensure sufficient durability as a mask
for pattern transfer into the underlying Si3/N, and, at the same time, to ensure a
good resolution of the e-beam writing. The patterns defined in the ZEP were then
transferred into the Si3N, layer using inductive coupled plasma reactive ion etching
(ICP-RIE) in fluorine chemistry until the silicon substrate surface was reached. The
membrane structure was released by wet etching of the underlying Si substrate in a
TetraMethylAmmonium Hydroxide (TMAH) solution. Each sample consisted of an
array of H1 nanocavities, whose dimensions were scaled according to the lattice period
a (in the range a = 257nm — 277nm) thus allowing spectral shifting of the resonant

wavelength. Figure 4.4 and 4.5(a) show a Scanning Electron Microscope (SEM) image
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of the realized resonators.

4.3 Coupling of H1 nanocavity with organics and in-
organics emitters

The theoretical findings described in section 4.1 have been experimentally demon-
strated by coupling to the nanocavities both cyanine 3 (Cy3) fluorophore and core/shell
CdSe/CdS colloidal dot-in-rod nanocrystals. Room temperature microphotolumines-
cence (uPL) characterization was therefore performed to investigate the properties of
the coupled system (see appendix B.2 for a detailed description of the experimental

setup).

4.3.1 Nanoemitters deposited on top of the cavity

A micro-molar solution (107%mol/I) of DRs in toluene was prepared by using the
synthesis procedure described in section 3.5.1 and drop-casted on the realized micro-
cavities. Figure 4.5(b) shows three resonances for three different values of a. The
resonant peaks are well approximated by a Lorentzian function [Fig.4.5(b), inset|. For
a ~ 265nm, a () ~ 620 is observed for an unmodified H1 cavity.

To explore the mode shifting over a wide spectral range, an organic fluorophore
(Cy3) with broad emission spectrum was immobilized on the device. Figures 4.5(c-f)
report the (uPL) spectra for different values of S. The z-pole mode is almost unaffected
by the shift of the holes, whereas the x-pole mode becomes broadly tunable by changing
S. The two modes were identified by performing polarization-resolved measurements,
and their resonant wavelengths (A, and \,, respectively) are displayed in Fig.4.5(g) for
several values of S. In agreement with the theoretical results of Fig.4.4(e), the x-pole
mode is tunable over a range A\, ~ 40nm. Small discrepancies between experimental
results and theoretical calculations have been observed in terms of slight variations of A,

and weak nonlinearity of \.; since these variations do not show a clear dependence on
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Figure 4.5: (a) Bird’s eye view of the realized air-bridge structure and (inset) its in-plane
view. (b) Resonances obtained by drop casting colloidal nanocrystals on the structure for
three different values of @ and r = 0.308a. The inset shows the Lorentzian fitting of the
resonant peak for a = 265nm. (c)-(f) Resonance of x- and z-pole modes for different values
of the hole shift and a = 270nm. (g) Resonant frequencies of x- and z-pole modes as a

function of the hole shift.

S, they could be reasonably attributed to unavoidable fabrication imperfections. The
theoretical findings about the influence of the holes position on the z-pole Q-factor
have been confirmed by the experiments. For S = 15nm @) ~ 750 has been measured,

while for § = —20nm the z-pole Q-factor falls down to a value of ~ 200.

4.3.2 Colloidal nanocrystals localized in the maximum of the

electric field distribution

It is well known that in 2D-PhC slabs the in-plane confinement (xz) is due to the
photonic band gap produced by the PhC periodicity, while in the out-of-plane direction
(y) the confinement is due to the total internal reflection. As already mentioned, in the
xz plane the electromagnetic field is localized in the center of the cavity (see figures
4.1(f-i)); FDTD simulations show also that along y the main lobe of the confined
radiation is in the center of the slab (see Fig. 4.6). The coupling reported in section
4.3.1 is thus not optimized, as the nanocrystals and the organic molecules are deposited

on top of the cavities.

A viable strategy to approach the maximum allowed Purcell factor is to localize the
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cross-section at z — 0.

nanoemitters in the center of the slab. This has been done with colloidal dot-in-rod
nanocrystals using the same fabrication process described in section 4.2 and splitting
the growth procedure of the SizN, slab in two steps. Figure 4.7(a) shows a sketch
of the fabrication procedure. First of all, a 200nm thick Si3N, slab was grown on
a silicon (Si) substrate. A thin layer of colloidal DRs, with a molar concentration
of ~ 107%mol/l was then deposited by spin-coating with a rotating speed of 500rpm,
thus obtaining a thickness lower than 10 nm, as assessed by SEM inspection. The same
morphological characterization, together with photoluminescence maps collected by a
confocal microscope, were used to verify the uniformity of the deposited layer. Finally,
a second 200nm thick layer of Si3N, was grown on top (see the SEM cross-section of
the final structure in Fig.4.7(b)). The pPL spectra, recorded at room temperature,
confirm the optical quality of the sample with an emission spectrum centered at a
wavelength Aepission ~ 585nm, FWHM ~ 30nm (inset of Fig. 4.7(b)). The rest of

the fabrication procedure follows exactly the description reported in paragraph 4.2.

Also in this case, in order to investigate the optical properties of the nanocavities,
photoluminescence spectra were collected at room temperature on the structures by
means of the OLYMPUS FluoView 1000 confocal laser scanning microscope, with a

spatial resolution of 200nm. A CW laser diode emitting at wavelength \., = 405nm
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Figure 4.7: (a) Sketch of the fabrication process, (b) cross-section SEM image of the un-
patterned sample; the inset represents the NCs photoluminescence after the growth of the
second Silicon—Nitride layer, (c) in-plane view of the fabricated Si3N4 2D-PhC H1 nanocavity

membrane and (d) its bird’s eye view of the sample tilted at 30 degrees.
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Figure 4.8: Photoluminescence spectra collected from the 2D-PhC H1 nanocavities with

different lattice constants a.

was used as excitation source. The emission spectra collected from H1 nanocavities
having different lattice constants a are reported in Fig.4.8. Superimposed to the broad
emission spectrum (FWHM ~ 30nm) of NCs uncoupled to the cavity, sharp peaks
with a quality factor of about 600 are clearly detected, assessing the modulating effects
of the PhC nanocavity on the emission of NCs coupled to the optical mode localized

in the defect.

Moreover, the normalized frequency a/\ of the experimental results was found to be
about a/A ~ 0.46 against the expected value of a/\ of ~ 0.431. As already suggested
in case of the modal selective tuning, this slight difference can be mainly attributed to
the effects of fabrication imperfections, inducing unavoidable uncontrolled variations
in the optical properties of the PhCs nanocavities [174]. The efficient coupling between
the semiconductor nanocrystals and the dielectric cavity is due to the fact that the
nanocrystals layer can be precisely positioned in the maximum of the confined electric
field in the vertical direction. Indeed, in this case the Purcell effect results optimized
[56] and the spontaneous emission rate strongly increased, leading to the possibility to
measure a better Q-factor [175]. At the same time it is noteworthy to point out how

the introduction of a guest material, embedded in two Si3 /N, layers, does not affect the
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optical properties of the nanocavity as shown by the good match of the calculated and

measured Q-factors (equal to 680 and 600, respectively).

4.4 A biosensor based on Si3/N, PhCs nanocavities

Recently the light molding properties of PhC have been profitably exploited to boost
the performances of optical sensors and transducers for biochemical analyses [176]
[177,178|. This paragraph proposes the idea of exploiting the sharp resonances of
PhC nanocavities to assign unique spectral features to fluorophore-labeled bioanalytes,
thus allowing their identification through wavelength-resolved light detection. Spectral
tagging of organic dyes through photonic crystal nanocavities is experimentally proved
to bring important benefits to cutting edge devices for biodiagnostics, such as DNA and

protein biochips, in terms of improved sensitivity, efficiency and multiplexing capability.

4.4.1 Working principle

Figure 4.9(a) reports a three-dimensional sketch of the PhC NanoCavity biochip (PhC-
NC biochip) architecture. An array of 2D-PhC nanocavities, each having a different
resonant wavelength, is realized on a flat substrate. The patterned surface is part of
a miniaturized assay for genomic and proteomic analyses, usually referred to as DNA
or protein microarray. In such devices, specific bio-molecules (probes) are immobilized
through chemical surface modification or in situ synthesis and allowed to selectively
bind to complementary target species, or analytes, contained in the biological solution
under investigation [179]. Since fluorescent markers are typically conjugated to the
target analytes, the binding events can be revealed through optical inspection of the
biochip readout area, thus allowing a complete compositional analysis of the assay [180)].
In inset of Fig. 4.9(a) an example of probe biomolecules immobilized on the PhC pat-

terns is reported, showing biorecognition and capturing of specific fluorophore-labeled
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Figure 4.9: Sketch of the proposed strategy for PhC-NC biochip. (a) Schematic of the array
of PhC nanocavities patterned on the readout area. Inset: Detail showing examples of PhC
nanocavities. The cavities are functionalized with different probes molecules, that specifically
interact with complementary target analytes labeled with fluorescent markers. The signal is
collected from this area and spectrally discriminated in order to identify the different spectral
tags univocally associated to each nanocavity and thus to each bioprobe. (b) Example of a
possible luminescence detected from the whole readout area (black line) as compared to the
unmodified broad marker luminescence (red dotted line). The presence of each peak in the

spectrum reveals the presence of the corresponding analyte in the investigated assay..
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target sequences. Microarray configurations, based on the localization of different
probes in different regions of the readout area, permit a certain degree of parallelism
in the analysis thanks to spatial discrimination [180,181]. In this approach, different
bioprobes are assigned to different resonators, thus establishing a one to one correspon-
dence between resonant wavelengths and labeled biomolecules. In this way, although
all target analytes are labeled with the same marker, upon specific binding to the
complementary bioprobes, they acquire a peculiar spectral signature, thanks to the
interaction of the fluorophore with the confined optical modes resonating in the cav-
ity. A spectral scan of the signal collected from the whole readout area looks like the
profile sketched in Fig.4.9(b): the broad emission spectrum of the fluorescent marker
is superposed to distinct peaks, each tagging the presence of a specific target analyte
in the investigated assay. Besides the spatial discrimination implemented in microar-
ray configurations, in this case the spectral distinction contributes substantially to the
parallelization of the device. Moreover, thanks to the increased radiative emission rate
induced by the Purcell effect [54,182], a significant increase in the luminescence in-
tensity of the markers coupled to the PhC cavities is also expected, thus significantly

improving the signal-to-noise ratio and the overall sensitivity of the biochip detection.

4.4.2 Experimental results

In order to verify the feasibility and wide applicability of this approach, two prototypes
of PhC-NC bio-chips for the detection of different biomolecules have been realized,
namely DNA and proteins. PhC nanocavities resonating in the visible spectral range
were fabricated in Si3/N, membranes on a Si substrate, exploiting the modified sin-
gle defect H1 nanocavity described in section 4.1 [108,165,183,184|. Each fabricated
prototype consists of arrays of optimized H1 resonators with variable lattice constant
a, corresponding to different resonant wavelengths. The two samples were prepared
by covalently immobilizing single-stranded DNA (ss-DNA) or antibody probes on the

SizN, surface, respectively (see appendix C.3 for detailed description of the immo-
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bilization procedure). Complementary DNA targets or specific secondary antibodies,
labeled with cyanine 3 (Cy3) and rodhamine (TRITC) fluorophores, respectively, were
then allowed to recognize the immobilized probes, thus obtaining a uniform fluorescent

monolayer of the biomolecular species.

In Fig.4.10(a) four examples of the emission spectra from TRITC-labeled proteins
localized onto the PhC nanocavities are displayed; the influence of the H1 resonators
underneath the molecules is clearly evidenced by the presence of intense resonant
peaks superposed to the broad TRITC emission lineshape. Similarly, Fig.4.10(b) shows
the emission spectra collected from DNA-functionalized nanocavities (five uppermost
lines), compared to the emission of Cy3- DNA strands without photonic resonators
(lowest spectrum). In both cases it is evident that, by simply varying the lattice pe-
riod a of the photonic crystal resonator, it is possible to assign a specific spectral feature
to the emission band of the target analytes captured by the probes onto the different
cavities, even though they are all labeled with the same broad emitting organic dye.
The best measured @)-factor obtained in the PhC-nanocavities DNA-chip prototype
is ~ 725, corresponding to a full-width at half maximum of ~ 0.9nm. Taking into
account the spectral resolution limits, a conservative estimate suggests the possibility
to distinguish up to 150 different resonant peaks within the 150nm bandwidth of the
Cy3 emission spectrum. This means that up to 150 parallel analyses can be simultane-
ously performed with one single spectral scan of the readout area of the biochip, thus

drastically decreasing the time required for a complete compositional identification.

Figure 4.10(c) displays the photoluminescence maps collected from an array of five
different nanocavities, functionalized with ss-DNA and hybridized with Cy3-labeled
complementary DNA sequences. Each map is acquired by collecting a 2nm wide spec-
tral signal centered at one of the five resonating wavelengths of the nanocavities, marked
from A; to A5 in Fig.4.10(b). By comparing the different images, it is possible to dis-
tinguish a bright spot in the center of each nanocavity when the detection wavelength

matches the resonant frequency.
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Figure 4.10: (a) PL spectra collected from TRITC-labeled proteins captured onto the PhC
nanocavities; (b) PL spectra collected from Cy3-labeled DNA (colored lines) onto the PhC
nanocavities as compared to Cy3 emission spectrum collected on a PhC pattern (black line);
(c) PL maps of an array of five Cye-labeled DNA-PhC nanocavities, collected at different
wavelengths [also indicated in (b)]. For each spectrum and PL map, the reported a value

indicates the lattice period of the measured PhC nanocavity.
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Besides the resonant effect of the H1 nanocavity, it is noteworthy that the photonic
crystal pattern significantly contributes to the enhancement of the emission signal
of Cy3 and TRITC. The squared areas occupied by each photonic crystal pattern
are appreciably brighter than the surrounding unpatterned Siz N, layer, although the
immobilization and hybridization processes have been homogeneously performed on the
whole sample surface. Figure 4.11 represents a 3D intensity profile collected on a H1
nanocavity upon hybridization with Cy3-labeled DNA. The profile has been taken at
the resonant wavelength of the analyzed cavity. The photonic crystal pattern enhances
the Cy3 luminescence up to ~ 20 times as compared to the unpatterned region. This
behavior may be ascribed to the combination of two effects. First, the free standing
membrane layer makes available a larger surface area to the probes immobilization
(about a factor of 4 more than the unpatterned layer), resulting in a higher number
of immobilized Cy3-labeled analytes in the PhC regions. Second, in 2D-PhC patterns
an efficient transfer channel between externally radiated light and energy trapped in
the membrane is represented by the so called leaky modes [176,185,186]. The coupling
of such modes with the absorption or emission bands of neighboring emitters may
lead to a significant increase of their luminescence. In our PhC-NC biochip, the leaky
modes localized on the PhC pattern are responsible for the further increase of the
luminescence experimentally observed. Nevertheless, at this stage our PhC pattern
has been designed to improve the resonant modes localized in the H1 defect region,
while a specific optimization of leaky modes effects has not been performed. Appendix

C.2 describes how leaky modes act in the case of the structures under investigation.

In Fig. 4.11, the presence of a very intense resonant peak is also clear. Notably, a
approximately eightfold increase with respect to the photonic crystal pattern is reached
in resonant conditions, which corresponds to an overall enhancement of ~ 160 as com-
pared to unpatterned Siz N, surfaces. Together with the previously discussed enhance-
ment mechanisms, a major role of the Purcell effect [54,182] can be envisioned, by virtue

of the strong optical quantum confinement performed by the H1-shifted nanocavities.
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Figure 4.11: Three-dimensional intensity profile of photoluminescence collected from Cy3-
labeled DNA captured by a functionalized nanocavity. Emission outside the PhC pattern
has been normalized to unit. A 20-fold luminescence enhancement due to the PhC pattern,
as compared to the unpatterned Si3N4 surface, has been measured. The cavity confinement

further enhances Cy3 emission up to 160-fold.

The insertion of PhC cavities in classical biochip architectures leads, therefore, to
a huge increase of the emission intensity of fluorescent markers, thus providing higher
sensitivity, and allowing detection of very small amounts of target biomolecules in the
investigated solution. In addition, the nanocavities attribute peculiar spectral features
to the target analytes captured by their surface, so that the presence of specific species
in the solution can be inferred by a simple spectral analysis of the optical response
of the read-out region. This enables parallel detection of multiple elements, thus ac-
celerating the analysis time. In preliminary demonstrations, emission enhancements
as high as 160-fold together with high multiplexing capability and fast detection have
been obtained by engineering PhC H1 resonators. Further significant improvements in
sensitivity can be foreseen by combining the enhancing effects of leaky modes with res-
onant cavity modes. Importantly, the proposed detection system, based on the spectral

identification of different analytes, can be complementarily implemented in traditional
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systems based on spatial recognition to further increase the degree of parallelization.

4.5 On the possibility to reach strong coupling regime
in Si3N,-DR system

In the previous sections of this chapter we have analyzed the weak coupling between
nanoemitters and Si3/Ny PhC nanocavities. The goal of this section is instead to
evaluate if CdSe/CdS DRs are suitable quantum emitters for strongly coupled systems.

An optical emitter and a resonant cavity mode can interact in two different regimes:
the weak and strong coupling. Both these types of interactions, already discussed in
section 2.3, have been widely investigated in the infrared spectral region by using epi-
taxially grown active materials, such as quantum wells, quantum wires and quantum
dots (QDs) and advanced optical resonators such as Bragg reflectors based micro-
cavities, PhC defects and microdisks [55, 187-190]. An emerging technology, widely
discussed in chapter 3, is based on the chemical synthesis of colloidal DRs, character-
ized by a shorter lifetime of the excited state compared to spherical nanocrystals and
by an elongated shape that leads to a strong electric field inside them [128]. These
two parameters are strictly linked to the so called oscillator strength, which plays a
key role in the dynamic of strongly coupled systems [191]. Indeed, with elongated-core
NCs, so called nanorods (NRs) [121], the strong coupling regime has been reached at
cryogenic temperature by coupling them with dielectric nanospheres [114].

A system constituted by a QD (emitting at hwy) strongly coupled to an optical

mode in a photonic cavity (at energy hwe) is described by the Hamiltonian [192]
H = hweala + hwxb™d + g (a'b + ab) (4.1)

where a and b are the cavity and exciton operators, respectively. The last term describes
the linear coupling between X and C. The coupling constant g is a fundamental

parameter of a coupled system and it is linked to the properties of both X and C. By
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taking into account the relaxation terms of both X and C and if the detuning between
X and C is zero (hwy = hwe = hwy) the eigenenergies of a strongly coupled system

are given by the following expression:

2

Ei:hwo_iwi g2 — Jo—x : (4.2)
4 4

where v, and yx are the linewidths (full width at half maximum) of C' and X, respec-

tively. When the X — (' interaction becomes larger than the combined X — C' decay

rate (assumed as threshold t), i.e.

2
> (%) =, (4.3)

the real part of E and E_ are different [Re(FE,) # Re(E_)] and the two oscillators
are allowed to coherently exchange energy. The coupling constant g is related to the
oscillator strength of X (f) and to the modal volume (V) of C via the following

equation:
7 1 ef
dege, mV'’

(4.4)

where m is the free-electron mass and ¢y and ¢, are the dielectric constant of the
vacuum and of the relative dielectric constant of the medium. The photoluminescence
(PL) spectrum of this system, according with Ref. [56], is:

E,—hw+%  E_—hw+i%
hw — B hw — E_

S (w) x (4.5)

From Eq.4.4 it is clear that the higher the cavity modal volume, the lower the cou-
pling constant between X and C'. The best way to obtain a low modal volume is to use
a PhC based nanocavity [183]. As shown in the paragraph 4.1, in the visible spectral
range these resonators present lower quality factors with respect to the infrared wave-
lengths because of the low refractive index of transparent materials in the wavelenght
interval 500 = 700nm [102]. However, V' is preserved and the modal function can be
confined in a volume lower than the cubic wavelength. In particular, the Hl-nanocavity

proposed in this chapter gives the possibility to work with resonant modes having a
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Figure 4.12: Threshold ¢ as a function of the cavity @-factor (red dashed line) and coupling
constants g2 for several values of f and a modal volume V' = 0.48(\/n)3. Black dots refer to

the graphs of Fig.4.13.

modal volume from V = 0.48(\/n)? to V = 0.7(A\/n)® and, importantly, a Q-factor
tunable over a broad range in a simple way, with a maximum value of () ~ 800. Let
us suppose that a single colloidal DR emitting at hwyx = 2.07eV with a room tem-
perature linewidth of yx = 10meV [128] is localized in the center of a PhC cavity
with a quality factor Q = hwc/vc. Figure 4.12 reports the behaviour of the threshold
t = (y¢ —vx)* /16 as a function of the cavity Q-factor. When the cavity linewidth ,
approaches 7y, the threshold ¢ is minimized and the condition (4.3) is achieved also for
lower oscillator strength. This is justifiable in a simple way: if f is not large enough to
allow a coherent exchange of energy between X and C' this could be compensated by
approaching the two energy configurations themselves. For instance, if f does not allow
to work in the light blue zone shown in Fig. 4.12, the quality factor of the cavity can
be decreased in order to obtain v¢ &~ vx, thus minimizing ¢ and obtaining the strong
coupling regime. Of course, as shown by the continuous lines in Fig. 4.12, the higher
f the wider the interval of () for which ¢g> > ¢. Finally ¢ is an asymptotic threshold
with respect to @), i.e.

hwe

2
v
limg_oot = liMg oo [QTX] = 7%/16, (4.6)

and ¢ can be overtaken also for high @ and g > vx /4.

An experimental evidence that the strong coupling condition regime is reached is
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represented by a doublet in the PL spectrum. However, because of the relation between
Eq.(4.4) and Eq.(4.2), a non-zero difference between Re(E,) and Re(E_) is not a
sufficient condition for the observation of two different peaks in S(hw). Some examples
of the possible situations are reported in Fig.4.13 with reference to the points evidenced
in Fig.4.12. Figure 4.13 shows that below the threshold ¢ (i.e. Re(Ey) = Re(E_)) the
two eigenstates are frequency-degenerate leading to a single PL peak [point (a) in
Fig. 4.12]. The point (b) is instead just above threshold and the non-degeneracy
of the eingen-states is clearly visible [Fig. 4.13(b)|. However, a single peak in the
spectrum 1is still present because the vacuum Rabi splitting is significantly smaller
than the spectral width of each peak. This is not the case of Fig.4.13(c), in which
the PL spectrum is modified by the presence of the vacuum Rabi oscillations by virtue
of a stronger oscillator strength (i.e. ¢g* > t). The condition g*> > t is therefore too
weak from the experimental point of view, and it would be better to referee to the
widely accepted condition g > 7vx;7vc, which allows to distinguish the Rabi doublet
in the PL spectrum. As we will discuss in the following, the oscillator strength of
colloidal NCs at room temperature is extremely low. In spite of that, for low f,
the condition Re(F,) # Re(F-) is fulfilled, and the strong coupling is theoretically
reached. However, as in the case of Fig.4.13(b), the observation of strong coupling
features would not be possible with PL measurements because the doublet state is not
evident in S(hw).

Equation (4.4) and Fig.4.12 show that the emission oscillator strength f is one of
the parameters defining the regime of the coupled system. f can be expressed as a
function of the radiative decay rate 1/7x,, i.e. [191]

6megmeA? 1

f=—i——, (4.7)

@*n  Tx,
where ¢ is the electron charge. The average lifetime of the transition X (7x) can be
estimated by fitting the decay curve obtained by the delays histogram between the laser
pulses and the received photons. A typical decay behaviour measured on a single DR is

reported in Fig.4.14; the experimental data are well fitted by a mono-exponential decay
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Figure 4.13: Photoluminescence spectra (black continuous lines) computed via Eq.4.5 for the

points (a), (b) and (c) of Fig.4.12. Coloured dashed line represents the eigenstates.

function e~*7% and 7y has been assessed to be ~ 11ns for a core diameter d ~ 2.7nm, a
shell length of [ ~ 30nm and a total thickness of tpr ~ 4.5nm. This method estimates
the total decay rate (1/7x), which is the sum of the radiative recombination rate and

the non-radiative one (1/7x,.), i.e.

1 1 1
— (4.8)

X X, TXnr

However it has been demonstrated that for colloidal NCs and DRs the internal
quantum efficiency approaches 100% [106,108]. As a consequence, the non-radiative
rate can be considered negligible and the estimated 7x assigned to purely radiative
processes, i.e. Tx ~ Ty,. By considering 7x ~ 11lns, the oscillator strength obtained
via Eq.4.7 can be estimated to be 1.5. Lifetime measurements as a function of the
intensity power were also performed. Consistently with the results reported in ref. [108],
the lifetime of the excited state is almost constant at values of 11ns.

It is thus possible to infer that, for a cavity with V' ~ 0.48(\/n)3, a Q-factor
between 150 and 400 is needed to reach the strong coupling regime with a DR char-
acterized by an oscillator strength of f = 1.5. However, these parameters lead to the
condition of Fig.4.13(b), in which the strong coupling is theoretically achieved but not

experimentally observable. On the other hand, it has been demonstrated that at cryo-
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Figure 4.14: Decay curve measured on an isolated DR (blue dots) and its exponential fit (red

dashed line).

- — 601.5, .
, (a) " f=1.5 (b)
s - . N . ... ........ I'.e.’,.'...'.g!llllll
@ TR
N £ .__::: ....
g06 w' . —Q=300
£ -, 600} = Q=500
2 wi i, - Q=700
Z04 i T PR p—
g '"““Ii
0.2 l““”“““iu
405 00 605 5983 5 10 15 20 35
A (nm) f

Figure 4.15: (a) Luminescence spectra for several values of the oscillator strength and @ =

300. (b) Spectral position of the eigenmodes for several values of @) and as a function of f.

genic temperatures, colloidal nanorods presents a lifetime of 7, < 1ns [114] leading to
a higher oscillator strength. For example f ~ 20 for 7, = 800ps can be obtained via
Eq.4.7. Figures 4.15(a) and (b) show that for these values of f the doublet is clearly
visible in the PL spectrum and that the two eigenmodes are not degenerated, mak-
ing us to envision the possibility to observe the strong coupling between a colloidal

dot-in-rod and a photonic crystals cavity at cryogenic temperatures.

In summary, because of the low oscillator strength at room temeprature, analytical
computations showed the theoretical possibility to achieve a strong coupling which
nevertheless does not lead to a visible doublet in the PL spectrum. However, taking
into account a decreasing of the DRs lifetime at cryogenic temperatures, the possibility
to experimentally observe the vacuum Rabi splitting in the investigated system can be

envisioned.
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4.6 Conclusions and perspectives

This chapter details the use of Si3N,; 2D-PhC cavity as flexible platform to realize
photonic devices based on the engineering of spontaneous emission of nanoemitters in
the visible spectral range. The versatility of the approach is demonstrated by coupling
several types of emitters to the two photonic states allowed in a closed band gap sin-
gle point defect nanocavity. In particular, DNA strands and antibodies marked with
Cy3 and TRITC organic dyes have been immobilized on top of the nanocavities, while
colloidal quantum dots emitting in the visible spectral range have been dropcasted
on the devices and also positioned in the resonators at the maximum of the localized
photonic mode. The optical measurements, carried out by puPL confocal microscopy,
revealed maximum quality factors close to the theoretical estimations for all the emit-
ters. Improvements in modelling and processing of PhC structures in Silicon Nitride,
which is highly compatible with both biological materials and inorganic quantum emit-
ters, let us envision a broader application of two-dimensional PhC nanocavities also in
the visible spectral range. In particular, the coupling of a single colloidal dot-in-rod
nanocrystal with a photonic crystal cavity would be an important milestone to reach in

next years, and would allow further improvements of single photon rate and stability.
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and

We propose a technological approach aimed at improving biochips performances, based on an
efficient spectral modeling and enhancement of markers fluorescence through the insertion of
photonic crystal nanocavities (PhC-NCs) in the readout area of biochips. This strategy univocally
associates a specific emission wavelength to a specific bioprobe immobilized on a nanocavity,
therefore guaranteeing parallel detection of multiple elements and faster analysis time. Moreover,

PhC-NCs significantly enhance the markers fluorescence, thus improving the detection
sensitivity. © 2010 American Institute of Physics. [doi:10.1063/1.3360810]

Biodiagnostics is a rapidly developing field, where the
use of micro- and nanotechnologies enables major advance-
ments in sensitivity and sample volume requirements.]*5 The
light molding properties of photonic crystals® (PhC), in-
tended as periodic dielectric perturbations at wavelength
scale, are considered a fundamental backbone for photonic
applicationsL12 and, recently, have been profitably exploited
for the enhancement of optical sensors and transducers for
biochemical analys«ﬁ:s.w’15

Here we propose the idea of exploiting the sharp reso-
nances of PhC nanocavities to assign unique spectral features
to fluorophore-labeled bioanalytes, thus allowing their iden-
tification through wavelength-resolved light detection. Spec-
tral tagging of organic dyes through photonic crystal nano-
cavities is experimentally proved to bring important benefits
to cutting-edge devices for biodiagnostics, such as DNA and
protein biochips, in terms of improved sensitivity, efficiency
and multiplexing capability.

Figure 1(a) reports a three-dimensional sketch of our
PhC NanoCavity biochip (PhC-NC biochip) architecture. An
array of two-dimensional PhC (2D-PhC) nanocavities, each
having a different resonant wavelength, is realized on a flat
substrate. The patterned surface is part of a miniaturized as-
say for genomic and proteomic analyses, usually referred to
as DNA or protein microarray. In such devices, specific bio-
molecules (probes) are immobilized through chemical sur-
face modification or in situ synthesis and allowed to selec-
tively bind to complementary target species, or analytes,
contained in the biological solution under investigation.]6
Since fluorescent markers are typically conjugated to the tar-
get analytes, the binding events can be revealed through op-
tical inspection of the biochip readout area, thus allowing a
complete compositional analysis of the assay.17 In inset of
Fig. 1(a), an example of probe molecules immobilized on the

“Author to whom correspondence should be addressed. Electronic mail:
luigi.martiradonna @iit.it. Tel.: +39832295726. FAX: +39832298386.
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PhC patterns is reported, showing biorecognition and captur-
ing of specific fluorophore-labeled target sequences. Mi-
croarray configurations, based on the localization of different
probes in different regions of the readout area, permit a cer-
tain degree of g)arallelism in the analysis thanks to spatial
discrimination.”"® In our approach, different bioprobes are
assigned to different resonators, thus establishing a one to
one correspondence between resonant wavelengths and la-
beled biomolecules.' In this way, despite all target analytes
are labeled with the same marker, upon specific binding to
the complementary bioprobes, they acquire a peculiar spec-
tral signature, thanks to the interaction of the fluorophore
with the confined optical modes resonating in the cavity. A

(b) ..Marker ,PhC tag
“luminescence detected
_Readout area oPNC tag

luminescence not detected

P.L. Intensity

s

$Y probes =
., )* labeled analytes
?,'y bound probes/analytes

FIG. 1. (Color online) Sketch of the proposed strategy for PhC- NC biochip.
(a) Schematic of the array of PhC nanocavities patterned on the readout
area. Inset: Detail showing examples of PhC nanocavities. The cavities are
functionalized with different probes molecules, that specifically interact with
complementary target analytes labeled with fluorescent markers. The signal
is collected from this area and spectrally discriminated in order to identify
the different spectral tags univocally associated to each nanocavity and thus
to each bioprobe. (b) Example of a possible luminescence detected from the
whole readout area (black line) as compared to the unmodified broad marker
luminescence (red dotted line). The presence of each peak in the spectrum
reveals the presence of the corresponding analyte in the investigated assay.

© 2010 American Institute of Physics
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spectral scan of the signal collected from the whole readout
area resembles the profile sketched in Fig. 1(b): The broad
emission spectrum of the fluorescent marker is superimposed
to distinct peaks, each tagging the presence of a specific
target analyte in the investigated assay. Besides the spatial
discrimination implemented in microarray configurations, in
this case the spectral distinction contributes substantially to
the parallelization of the device. Moreover, thanks to the
increased radiative emission rate induced by the Purcell
effect,zo‘ﬂ a significant increase in the luminescence inten-
sity of the markers coupled to the PhC cavities is also ex-
pected, thus significantly improving the signal-to-noise ratio
and the overall sensitivity of the biochip detection.

In order to verify the feasibility and wide applicability of
this approach, we realized two prototypes of PhC-NC bio-
chips for the detection of different biomolecules, namely
DNA and proteins. PhC nanocavities resonating in the visible
spectral range were fabricated in silicon nitride (Si3N,)
membranes on a Si substrate, exploiting a modified single
defect H1 nanocavity.zz‘23 This consists of a triangular air-
holes lattice pattern, with a local periodicity variation around
a missing air hole.** A careful modeling of the defect geom-
etry was performed in order to optimize the Quality factor
(Q-factor) and the Purcell factor of the resonant modes, ob-
taining maximum theoretical values of 810 and 90,
respeclive]y.25 Each fabricated prototype consists of arrays of
optimized H1 resonators with variable lattice constant a, cor-
responding to different resonant wavelengths.

The two samples were prepared by covalently immobi-
lizing single-stranded DNA (ss-DNA) or antibody probes on
the Si3Ny surface, respectively. Complementary DNA targets
or specific secondary antibodies, labeled with cyanine 3
(Cy3) and rodhamine (TRITC) fluorophores, respectively,
were then allowed to recognize the immobilized probes, thus
obtaining a uniform fluorescent monolayer of the biomolecu-
lar species,25

Spatially-resolved spectral mapping of the PhC-NC bio-
chips surface was performed through a confocal
microscope.25 In Fig. 2(a) we display four examples of the
emission spectra from TRITC-labeled proteins localized onto
the PhC nanocavities; the influence of the H1 resonators un-
derneath the molecules is clearly evidenced by the presence
of intense resonant peaks superimposed to the broad TRITC
emission lineshape. Similarly, Fig. 2(b) shows the emission
spectra collected from DNA-functionalized nanocavities
(five uppermost lines), compared to the emission of Cy3-
DNA strands without photonic resonators (lowest spectrum).
In both cases it is evident that, by simply varying the lattice
period a of the photonic crystal resonator, it is possible to
assign a specific spectral feature to the emission band of the
target analytes captured by the probes onto the different cavi-
ties, even though they are all labeled with the same broad
emitting organic dye. The best measured Q-factor obtained in
the PhC-nanocavities DNA-chip prototype is ~725, corre-
sponding to a full-width at half maximum of ~0.9 nm. Tak-
ing into account the spectral resolution limits, a conservative
estimate suggests the possibility to distinguish up to 150 dif-
ferent resonant peaks within the ~150 nm bandwidth of the
Cy3 emission spectrum. This means that up to 150 parallel
analyses can be simultaneously performed with one single
spectral scan of the readout area of the biochip, thus drasti-
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FIG. 2. (Color online) Optical characterization of a PhC-nanocavities bio-
chip prototype. (a) PL spectra collected from TRITC-labeled proteins cap-
tured onto the PhC nanocavities; (b) PL spectra collected from Cy3-labeled
DNA (colored lines) onto the PhC nanocavities as compared to Cy3 emis-
sion spectrum collected on a PhC pattern (black line); (c) PL maps of an
array of five Cye-labeled DNA-PhC nanocavities, collected at different
wavelengths [also indicated (b)]. For each spectrum and PL map, the re-
ported a value indicates the lattice period of the measured PhC nanocavity
(enhanced online). [URL: http://dx.doi.org/10.1063/1.3360810.1]

cally decreasing the time required for a complete composi-
tional identification.

Figure 2(c) displays the photoluminescence maps col-
lected from an array of five different nanocavities, function-
alized with ss-DNA and hybridized with Cy3-labeled
complementary DNA sequences. Each map is acquired by
collecting a 2 nm wide spectral signal centered at one of the
five resonating wavelengths of the nanocavities, marked
from N1 to A5 in Fig. 2(b). By comparing the different im-
ages, it is possible to distinguish a bright spot in the center of
each nanocavity when the detection wavelength matches the
resonant frequency. The wavelength-dependent ON-OFF
switching of the cavity regions can be better visualized in the
spectral scan video provided in the Supplementary material,
obtained by collecting photoluminescence maps at different
wavelengths in the 552-638 nm range.

Besides the resonant effect of the H1 nanocavity, it is
noteworthy that the photonic crystal pattern significantly
contributes to enhancement of the emission signal of Cy3
and TRITC. The squared areas occupied by each photonic
crystal pattern are appreciably brighter than the surrounding
unpatterned Si;N layer, although the immobilization and hy-
bridization processes have been homogeneously performed
on the whole sample surface. Figure 3 represents a three-
dimensional (3D) intensity profile collected on a HI nano-
cavity upon hybridization with Cy3-labeled DNA. The pro-
file has been taken at the resonant wavelength of the
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FIG. 3. (Color online) Three-dimensional intensity profile of photolumines-
cence collected from Cy3-labeled DNA captured by a functionalized nano-
cavity. Emission outside the PhC pattern has been normalized to unit. A
~20-fold luminescence enhancement due to the PhC pattern, as compared
to the unpatterned Si;N, surface, has been measured. The cavity confine-
ment further enhances Cy3 emission up to ~160-fold.

analyzed cavity. The photonic crystal pattern enhances the
Cy3 luminescence up to ~20 times as compared to the un-
patterned region. This behavior may be ascribed to the com-
bination of two effects. First, the free standing membrane
layer makes available a larger surface area to the probes
immobilization (about a factor of 4 compared to the unpat-
terned layer), resulting in a higher number of immobilized
Cy3-labeled analytes in the PhC regions. Second, in 2D-PhC
patterns an efficient transfer channel between externally ra-
diated light and energy trapped in the membrane is repre-
sented by the so called leaky modes."*?%?7 The coupling of
such modes with the absorption or emission bands of neigh-
boring emitters may lead to a significant increase of their
luminescence.'>!* In our PhC-NC biochip, the leaky modes
localized on the PhC pattern25 are responsible for the further
increase of the luminescence experimentally observed. Nev-
ertheless, at this stage our PhC pattern has been designed to
improve the resonant modes localized in the H1 defect re-
gion, while a specific optimization of leaky modes effects
has not been performed. Further theoretical and experimental
efforts aimed to combine both enhancing effects will be the
subject of forthcoming investigation.

In Fig. 3, the presence of a very intense resonant peak is
also clear. Notably, a approximately eightfold increase with
respect to the photonic crystal pattern is reached in resonant
conditions, which corresponds to an overall enhancement of
~160 as compared to unpatterned SizN, surfaces. Together
with the previously discussed enhancement mechanisms, a
major role of the Purcell effect’®?! is here envisioned, by
virtue of the strong optical quantum confinement performed
by the H1-shifted nanocavities.

The insertion of PhC cavities in classical biochip archi-
tectures leads, therefore, to a huge increase of the emission
intensity of fluorescent markers, thus providing higher sensi-
tivity, and allowing detection of very small amounts of target
biomolecules in the investigated solution. In addition, the
nanocavities attribute peculiar spectral features to the target
analytes captured by their surface, so that the presence of
specific species in the solution can be inferred by a simple
spectral analysis of the optical response of the read-out re-
gion. This enables parallel detection of multiple elements,
thus accelerating the analysis time. In preliminary demon-
strations, emission enhancements as high as 160-fold along
with high multiplexing capability and fast detection have
been obtained by engineering PhC H1 resonators. Further

Appl. Phys. Lett. 96, 113702 (2010)

significant improvements in sensitivity can be foreseen by
combining the enhancing effects of leaky modes with reso-
nant cavity modes. Importantly, the proposed detection sys-
tem based on the spectral identification of different analytes
can be complementarily implemented in traditional systems
based on spatial recognition to further increase the degree of
parallelization. The interesting achievements here obtained
may constitute a further step toward the next generation of
PhC-assisted biochips, whose potential as fast, highly sensi-
tive devices is far from being completely expressed yet.
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The optimization of H1 photonic crystal cavities for applications in the visible spectral range is reported,
with the goal to obtain a versatile photonic platform to explore strongly and weakly coupled systems. The
resonators have been realized in silicon nitride and weakly coupled to both organic (fluorophores) and inor-
ganic (colloidal nanocrystals) nanoparticles emitting in the visible spectral range. The theoretical Purcell
factor of the two dipolelike modes in the defect has been increased up to ~90, and the experimental quality

factor was measured to be ~750. © 2010 Optical Society of America

OCIS codes: 160.5298, 350.4238, 160.4236.

Light-matter interaction in nanometer-sized and
fully confined systems is a hot research topic at infra-
red wavelengths and in the visible spectral range
[1-4]. When a quantum light emitter, such as a quan-
tum dot, is coupled to an optical resonant mode, the
interaction between the two oscillators can lead to
two different coupling regimes, known as strong and
weak coupling. In weak coupling conditions, the reso-
nant mode modifies the dynamic of the emitter, al-
lowing the engineering of its spontaneous emission.
Indeed, the spontaneous emission rate of an emitter
weakly coupled to a photonic eigenstate is modified
by a factor F=3/4 72Q/V(\/n)?, where @ and V are
the quality factor and the modal volume of the pho-
tonic mode, respectively. If the system is instead in
the strong coupling regime, the confined excitons and
photons coherently exchange energy with a coupling
strength inversely proportional to V, i.e., g=1/\V.
Therefore, in both regimes the dynamic of the
coupled system is strongly dependent on the proper-
ties of the photonic mode and, notably, on the electro-
magnetic field confinement in time and spatial do-
mains.

In order to observe these phenomena at visible
wavelengths, different optical resonators have been
proposed [2,4], but two-dimensional (2D) photonic
crystal (PhC) cavities represent the most promising
structures, since they give the best control on the op-
tical properties of the confined system. At present,
PhC resonators for applications in the visible spec-
tral range are based on various geometries [5-7] and
on higher-order modes of the widely studied single-
point defect [8] [also known as an H1 cavity, sketched
in Fig. 1(a), inset]. The H1 cavity consists of a missed
hole in a triangular PhC lattice, which allows two or-
thogonally polarized resonant modes in the photonic
band gap (hereafter referred to as x- and z-pole
modes). The H1 resonator presents several advan-

0146-9592/10/101509-3/$15.00

tages with respect to other PhC configurations for ap-
plications in quantum optics. For instance, the cross
polarization of x- and z-pole modes and the absence of
higher-order modes can be exploited to satisfy the re-
quirements of quantum information algorithms [9].
As compared with other PhC point defects, the H1
cavity presents the lowest V, thus enhancing QED
phenomena in both strongly and weakly coupled sys-
tems. The confinement in extremely small modal vol-
umes is more challenging for visible light, since the
constraint to use low-absorption materials in this
spectral range does not allow recourse to high-
refractive-index semiconductor membranes, thus re-
ducing the effectiveness in localizing optical modes.
Nevertheless, the aforementioned advantages, to-
gether with the increasing interest toward the real-
ization of efficient emitting devices in the visible
spectral range, foster theoretical and experimental
studies to find alternative routes to improve light
confinement in low-index H1 systems.

In this Letter, we theoretically and experimentally
investigate a new design strategy to realize H1 PhC
defect nanocavities in low-index materials. The con-
finement in the slab has been significantly improved,
while the orthogonally polarized dipolelike behavior
of the two photonic states allowed in the H1 defect
has been preserved and no other resonant modes in-
troduced.

An H1 cavity has been obtained in a triangular lat-
tice of air holes with period a and radius r in a silicon
nitride (SizN4) slab having refractive index n=1.93
and thickness ¢. The electromagnetic behavior of
such a structure was investigated by using plane-
wave expansion and 3D finite difference time domain
algorithms.

Our approach to realize ultrasmall-volume PhC
cavities while keeping high @ factors in the visible
range and preserving the dipolelike shape of the

© 2010 Optical Society of America
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Fig. 1. (Color online) (a) Dependence of modal volume and
@ factor on the thickness of the slab ¢. Inset, photonic crys-
tal H1 cavity. (b), (¢) Photonic band structure of the struc-
ture for t=0.7a and ¢=1.55a, respectively. (d) Dependence
of the Purcell factor on ¢ (for S=0). (e) Modification of the
resonant frequencies and of the @ factor of the degenerated
modes when two cavity neighboring holes are moved, as
shown in the inset. The holes are moved closer to (farther
from) the center for S<0 (S>0). (f) E, for the x-pole mode
in an unmodified H1 cavity. (g) E, for the z-pole mode in an
unmodified H1 cavity. (h) E, for the x-pole mode in an H1
cavity with S=0.2a. (i) E, for the z-pole mode in an H1 cav-
ity with S=0.2a.

modes first involves the optimization of the thickness
of the PhC slab. As shown in Fig. 1(a) for the x-pole
mode, the @ factor is quite constant for ¢ <1.2a, and
it has a maximum for ¢=1.55a. As reported in Figs.
1(b) and 1(c), the photonic bandgap (PBG) existing
for t=0.7a disappears when ¢ is increased to 1.55q, in
agreement with the closing-bandgap principle pre-
sented in [3]. This lets us infer that the electromag-
netic confinement in the xz plane is not due to the
PBG but can be assigned to the mismatch in the mo-
mentum space between the cavity mode and the sec-
ond guided mode in the PhC slab, as described by
Tandaechanurat et al. [3]. The increased thickness of
the slab leads to slight variations of the x- and z-pole
modal profiles along y. For this reason, V grows
steadily as a function of ¢, as shown in Fig. 1(a). How-
ever, because the modal extension in the xz plane is
preserved, these variations of V are negligible with
respect to the increase in @, and thus the Purcell fac-
tor [Fig. 1(d)] follows the @-factor behavior: for ¢
=1.55a, F is maximized to F ~ 78 with V~0.68 (\/n)?
and @ ~700. A similar trend has been found for the
z-pole mode.

The engineering of x- and z-pole modes would fos-
ter many applications based on H1 nanocavities op-
erating at visible wavelengths. For instance, the de-
generacy of x- and z-pole modes may be useful for

entangled photon generation or quantum cryptogra-
phy [9]. Other applications, such as single-photon
sources or PhC-based optical read out of lab-on-chip
devices [10], require well-defined and linearly polar-
ized nondegenerate resonances. Several solutions
have been reported in past years to break the degen-
eracy or to recover it [8,11-13]. A versatile strategy to
break the degeneracy is displayed in Fig. 1(e): by
moving two cavity neighboring holes, it is possible to
change the resonant frequency of the x-pole mode (f.)
significantly without affecting the z-pole mode. This
finding is ascribed to the selective modification of the
wavevector k=[k,,k,,k,] along a specific direction.
Indeed x- and z-pole modes have the strongest com-
ponent of k oriented along the x and z axes, respec-
tively. When two holes are moved closer to the center
of the cavity along the x axis (S <0, see Fig. 1(e) for
definition), thus changing %, while keeping %, con-
stant, f, increases and f, is unchanged. In the same
way f, decreases for S>0, while keeping f, constant.
Figures 1(f)-1(i) show the x- and z-pole modal profiles
for an unmodified H1 cavity and for a cavity with S
=0.2a. The electric field component along x (E,) of the
z-pole mode profile remains unchanged when the
holes are moved far from the center [Figs. 1(g) and
1(1)]. The shift instead results in the elongation of the
x-pole modal function along x [Figs. 1(f) and 1(h)],
thus modifying its resonant frequency.

Such modifications of the field distributions also
lead to variations of the @ factors of the modes [Fig.
1(e)]. If S <0, abrupt changes are introduced near the
maximum of the electric field [1] of the z-pole mode
function, resulting in an increase in radiation losses
and in a smaller @ factor ( ~557 for S=-0.057a). In
contrast, if S >0 these abrupt variations in the modal
profile are avoided, the radiative energy in the light-
cone minimized, and the @ factor of the z-pole mode
enhanced with a V and f, almost unchanged. The op-
timized @ factor turns out to be @~810 for S
=0.075a, and the Purcell factor is assessed as F~90.
We have therefore verified that momentum space en-
gineering, a strategy exploited to improve confine-
ment of defect states localized within the PBG [1,7],
can also be effective for cavity resonances that do not
need a PBG.

These theoretical findings have been experimen-
tally demonstrated by exploiting a 2D PhC technol-
ogy in a SigN,—air membrane. The PhC geometry was
defined in a 400-nm-thick SizN, film [see Fig. 2(a)l,
and both cyanine 3 (Cy3) fluorophore and core/shell
CdSe/CdS colloidal dot-in-rod nanocrystals [14] have
been deposited on the resonator. Room temperature
microphotoluminescence characterization was there-
fore performed.

In order to tune the resonance of the structure, the
scalability of the designed PhC was exploited, and
several nanocavities, with r=0.308a¢ and different
values of a, were fabricated: Fig. 2(b) shows three
resonances for three different values of a. The reso-
nant peaks are well approximated by a Lorentzian
function [Fig. 2(b)]. For a ~265 nm, a @ ~620 is ob-
served for an unmodified H1 cavity.
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Fig. 2. (Color online) (a) Bird’s eye view of the realized air-
bridge structure and (inset) its in-plane view. (b) Reso-
nances obtained by drop casting colloidal nanocrystals on
the structure for three different values of @ and r=0.308a.
The inset shows the Lorentzian fitting of the resonant peak
for a=265 nm. (¢c)—(f) Resonance of x- and z-pole modes for
different values of the hole shift and a=270 nm. (g) Reso-
nant frequencies of x- and z-pole modes as a function of the
hole shift.

To explore the mode shifting over a wide spectral
range, an organic fluorophore (Cy3) with broad emis-
sion spectrum was immobilized on the device. Fig-
ures 2(c)-2(f) report the microphotoluminescence
spectra for different values of S. The z-pole mode is
almost unaffected by the shift of the holes, whereas
the x-pole mode becomes broadly tunable by chang-
ing S. The two modes were identified by performing
polarization-resolved measurements, and their reso-
nant wavelengths (\, and \,, respectively) are dis-
played in Fig. 2(g) for several values of S. In agree-
ment with the theoretical results of Fig. 1(e), the
x-pole mode is tunable over a range of about A\,
~40 nm. Small discrepancies between experimental
results and theoretical calculations have been ob-
served in terms of slight variations of A\, and weak
nonlinearity of \,; since these variations do not show
a clear dependence on S, they could be reasonably at-
tributed to unavoidable fabrication imperfections.
The theoretical findings about the influence of the
hole’s position on the z-pole @ factor have been con-
firmed by the experiments. For S=15 nm @ ~ 750 has

May 15, 2010 / Vol. 35, No. 10 / OPTICS LETTERS 1511

been measured, while for S =-20 nm the z-pole @ fac-
tor reduces to a value of ~200.

In summary, we have reported theoretical and ex-
perimental optimization in the visible spectral range
of the H1 PhC resonator. The theoretical Purcell fac-
tor of the two degenerated modes has been increased
up to ~90 without introducing high-order states or
resorting to other kinds of cavities, such as an L3
cavity or double heterostructure, together with a
maximum @ factor of ~750.
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The oscillator strength in CdSe/CdS colloidal dot-in-rods
is evaluated and assessed to be of ~1.5. On the basis of
this finding, the possibility to reach the strong coupling
regime with photonic crystals nanocavities is discussed.
In spite that carefully choosing the cavity parameters the

1 Introduction Light-matter coupling in nano- and
micro-cavities is a fundamental research field which allows
the investigation of intriguing Quantum Electro Dynamic
(QED) phenomena, such as exciton-polaritons [1] and the
generation of non-classical light fluxes [2]. When an opti-
cal emitter is placed in a resonant cavity and the energetic
distributions of the two systems allow an interaction be-
tween the two oscillators, two different phenomena, known
as weak and strong coupling, can be observed [3]. In the
weak coupling regime, the spontaneous emission rate of an
emitter X interacting with an optical mode C is modified
by a factor which depends on how the energy is confined
inside the cavity [4]. Instead, in the strong coupling condi-
tion the interaction between X and C leads to a coherent
exchange of energy between them, thus resulting in vac-
uum Rabi oscillations [3].

Both these types of interactions have been widely in-
vestigated in the infrared spectral region by using epitaxi-
ally grown materials, such as quantum wells, quantum
wires and quantum dots (QDs) and advanced optical reso-
nators such as Bragg reflectors based microcavities
photonic crystals (PhC) defects and microdisks [1, 5-8].
On the other hand, an emerging technology is based on the

strong coupling regime could be analytically achieved at
room temperature, theoretical considerations show that
the typical Rabi doublet cannot be resolved. The work
draws also a viable strategy toward the observation of the
strong coupling at cryogenic temperatures.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

chemical synthesis of high luminescent QDs, so called col-
loidal nanocrystals (NCs). These emitters are crystalline
structures with a size smaller than the Bohr radius, thus al-
lowing discrete energy levels and the investigation of
quantum mechanisms also at room temperature. Moreover,
the low cost synthesis procedure and their versatility make
them appealing materials for several fields, such as non
classical quantum communications and biology [2, 9]. In
order to rule their emission properties, several NCs compo-
sitions and shapes have been proposed in past years, allow-
ing polarized emission and very high quantum yields [10,
11]. If colloidal NCs applications are still limited by sev-
eral drawbacks, such as blinking, spectral diffusion, low
oscillator strength and short coherence times, it has been
recently demonstrated that by engineering the environment
surrounding the quantized levels the blinking phenomenon
can be overtaken [12, 13]. Among the proposed strategies
to realize asymmetric core/shell structures, the dot-in-rod
(DR) configuration, in which the CdSe spherical core is
surrounded by an elongated CdS rod-like shell [14], pre-
sents several properties that make it very promising to
reach the strong coupling regime. It has been demonstrated
that such nanosystems are characterized by a shorter ex-
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4.7. Peer-reviewed journal publications

127

Phys. Status Solidi C 7, No. 11-12 (2010)

Contributed
Article

2689

cited state lifetime compared to spherical nanocrystals and
that the elongated shape leads to a strong electric field in-
side them [15]. These two parameters are strictly linked to
the so called oscillator strength, which plays a key role in
the dynamic of strongly coupled systems [16]. Indeed, with
elongated-core NCs, so called nanorods (NRs) [17] the
strong coupling regime has been reached at cryogenic tem-

perature by coupling them with dielectric nanospheres [18].

The goal of this paper is to evaluate if CdSe/CdS DRs

are suitable quantum emitters for strongly coupled systems.

In the following, the concept of strong coupling will be in-
troduced and the fundamental parameters which must be
ruled to reach this regime will be discussed with particular
attention to the strong coupling of a single colloidal NC in
a PhC cavity. The oscillator strength of an isolated DR will
be measured by means of time resolved spectroscopy in
order to understand if these nanoclusters are suitable to
reach the strong coupling regime.

2 The strong coupling regime A system consti-
tuted by a QD (emitting at 7iwy) strongly coupled to an op-
tical mode in a photonic cavity (at energy hwc) is de-
scribed by the Hamiltonian [19]

H=ha.a a+hob'b+glab+ab’), M

where a and b are the cavity and exciton operators, respec-
tively. The last term describes the linear coupling between
X and C. The coupling constant g is a fundamental pa-
rameter to design a strongly coupled system and is bound
to the properties of both X and C. By taking into account
the relaxation terms of both X and C and if the detuning
between X and C is zero (hwy=hw~hwy) the eigen-
energies of a strongly coupled system are given by the fol-
lowing expression:

2
Ei:ha)o—iyxg}/ci gz_(}’c_yxj %)

4

where yc and yy are the linewidths (full width at half
maximum) of C and X, respectively. When the X-C inter-
action becomes larger than the combined X-C decay rate
(assumed as threshold 7), i.e.

2 (7 c~7x )2

g > oy, 6)

16
the real part of £, and E._ are different [Re(E,)# Re(E.)]
and the two oscillators allowed to coherent exchange en-
ergy. In this picture the coupling constant g is related to the
oscillator strength of X (f) and to the modal volume (V) of
Cby Eq. 3):

2o 1 éf
de,e, mV’

“)

where m is the free-electron mass and ¢pand ¢, are the di-
electric constant of the vacuum and of the relative dielec-
tric constant of the medium. The photoluminescence (PL)
spectrum of this system, according with Ref. [3], is:
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Figure 1 Threshold ¢ as a function of the cavity Q-factor (red
dashed line) and coupling constants g’ for several values of f and
a modal volume V=0.48(\/n)*. Black dots refer to the graphs of
Fig. 2.
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From Eq. (3) it is clear that the higher the cavity modal
volume, the lower the coupling constant between X and C.
The best way to obtain a low modal volume is to use a PhC
based nanocavity [20]. In the visible spectral range these
resonators present lower quality factors with respect to the
infrared wavelengths because of the low refractive index of
transparent materials between 500 nm and 700 nm [21].
However, V' is preserved and the modal function can be
confined in a volume lower than the cubic wavelength. In
particular, the nanocavity proposed in Ref. [22] gives the
possibility to work with resonant modes having a modal
volume from V=0.48 (M/n)’ to ¥=0.7 (J/n)’ and, impor-
tantly, a quality-factor (Q-factor) tunable over a broad
range in a simple way, with a maximum value of Q~800.
Let’s suppose that a single colloidal DR emitting at
hwy=2.072eV with a room temperature linewidth of
yx=10meV [15] is localized in the center of a PhC cavity
with a quality factor Q=(hwc)/ yc. Figure 1 reports the be-
haviour of the threshold = (hwc/Q-yx)*/16 as a function of
the cavity Q-factor. When the cavity linewidth approaches
yx the threshold ¢ is minimized and the condition (3)
achievable also for lower oscillator strength. For example,
as shown by the continuous lines in Fig. 1, the higher f'the
wider the interval of Q for which g”>z. However ¢ is an as-
ymptotic threshold in respect to Q, i.e. limg . t= y5/16,
and ¢ can be overtaken also for high O and g>yy/4. This is
justifiable in a simple way: if fis not enough to allow a co-
herent exchange of energy between X and C this could be
compensated by approaching the two energy configura-
tions themselves.

An experimental evidence that the strong coupling
condition regime is reached is represented by a doublet in
the PL spectrum. However, because of the relation be-
tween Eq. (4) and Eq. (2), a non-zero difference between
Re(E.) and Re(E) is not a sufficient condition for the ob-
servation of two different peaks in S(Aw). Some examples

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of the possible situations are reported in Fig. 2 with refer-
ence to the points evidenced in Fig. 1. Figure 2 shows that
below the threshold ¢ (i.e. Re(E;)=Re(E.)) the two eigen-

states are frequency-degenerate leading to a single PL peak.

The point (b) is instead just above the threshold ¢ and the
non-degeneracy of the eingen-states is clearly visible.
However, a single peak in the spectrum is still present be-
cause the vacuum Rabi splitting is signifantly smaller than
the spectral width of each peak. This is not the case of Fig.
2(c), in which the PL spectrum is modified by the presence
of the vacuum Rabi oscillations by virtue of a stronger os-
cillator strength (i.e. g*>> 7).

As we will discuss in the following, the oscillator
strength of colloidal NCs at room temperature is extremely
low. In spite of that, for low f, the condition Re(E.)#Re(E.)

is fulfilled, and the strong coupling is theoretically reached.

However, as in the case of Fig. 2(b), the observation of
strong coupling features would not be possible by PL
measurements because the doublet state is not evident in
S(iw).

b’
1 (b)
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Figure 2 Photoluminescence spectra (black continuous lines)
computed via Eq. (5) for the points (a), (b) and (c) of Fig. 1. Col-
oured dashed line represents the eigenstates.

3 Methods and techniques

3.1 Colloidal dot-in-rods synthesis The
CdSe/CdS DRs were synthesized using the procedure re-
ported in Ref. [14]. The CdSe cores were prepared by mix-
ing TOPO (3.0g), ODPA (0.280g) and CdO (0.060g) in a
50 mL flask, heated to ca. 150 °C and exposed to vacuum
for ca. 1 hour. Then, under nitrogen, the solution tempera-
ture was increased to above 300 °C to dissolve the CdO
until it turns optically clear and colorless. Then 1.5 g of
TOP was injected in the flask and heated to 360 °C. After
that, a Se solution in TOP (0.058 g Se + 0.360 g TOP) was
quickly injected in the flask and the reaction was stopped
after 1 min by removing the heating mantle. CdSe seeds
were precipitated with methanol, redissolved in toluene,
reprecipitated with methanol, and finally dissolved in 1mL
of TOP.

In order to obtain a preferred axis growth for the CdS
shell, ODPA (0.290 g), HPA (0.080 g), TOPO (3.0 g) and
CdO (0.060 g) were mixed in a three-neck flask, heated at
150 °C, and pumped to vacuum for ca. 1 hour. The tem-
perature was first increased up to 300 °C and stabilized at
350 °C after the injection of 1.5 g of TOP. Then a solution
of S in TOP (0.120 g S + 1.5 g TOP) containing 8x10™ mol

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of readily prepared CdSe nanocrystals (diameter ¢c~2.7 nm)
dissolved in TOP was quickly injected in the flask. The
shells were allowed to grow for about 6-8 minutes after the
injection, after which the heating mantle was removed. The
resulting nanocrystals (mean length 30 nm) were precipi-
tated with methanol, washed by repeated re-dissolution in
toluene and precipitation with the addition of methanol. At
the end they were dissolved in toluene.

3.2 Optical characterization A nanomolar solution
of DRs diluted in toluene was dropcasted on a microscope
coverslip. A circularly-polarized picosecond-pulsed laser
(at a wavelength of 404 nm) was focused on the sample by
means of a microscope air objective. The single DR emis-
sion was collected through the same objective and sent into
a Hanbury-Brown and Twiss setup based on two avalanche
photodiodes. The collected signals were elaborated by
means of a time-resolved data acquisition card (Time-
Harp200, Picoquant). By triggering the acquisition with the
laser pulses individual photon-detection events with their
absolute arrival time and their delay from the laser pulse
were recorded, thus allowing to analyze the PL time traces
and the radiative decay behavior of the system under inves-
tigation, up to a time-resolution of 36ps. In order to con-
firm that the measurements were carried out on a single
nanoparticle, antibunched measurements were performed
as explained in Ref. [23]. All measurements were per-
formed at room temperature in air at the single NC level.

4 Experimental results and discussions Equa-
tion (4) and Fig. 1 show that the emission oscillator
strength f'is one of the parameters which define the regime
of the coupled system. f'can be expressed as a function of
the radiative decay rate 1/tx;, i.e.

omewe X ]
meres 1 ©)
qn Txr
where ¢ is the electron charge. The average lifetime of the
transition X (tx) can be estimated by fitting the decay
curve obtained by the delays histogram between the laser
pulses and the received photons. A typical decay behaviour
measured on a single DR is reported in Fig. 3; the experi-
mental data are well fitted by a mono-exponential decay
function ¢”™® and Tx has been assessed to be ~11ns. It is
evident that this method estimates the total decay rate
(1/1x), which is the sum of the radiative recombination rate
and the non radiative one (1/1xy,), i.e.

. @)
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Figure 3 Decay curve measured on an isolated DR (blue dots)
and its exponential fit (red dashed line).

Www.pss-c.com



4.7. Peer-reviewed journal publications

129

Phys. Status Solidi C 7, No. 11-12 (2010)

Contributed
Article

2691

() (normalized)
s o o

-

5 600 605 598 5 10 15 20 25
& {(nm) f

Figure 4 (a) Luminescence spectra for several values of the os-
cillator strength and Q=300. (b) Spectral position of the eigen-
modes for several values of Q and as a function of 1.

However it has been demonstrated that for colloidal NCs
and DRs the internal quantum efficiency approaches 100%
[14, 24]. As a consequence, the non radiative rate can be
considered negligible and the estimated tx assigned to
purely radiative processes, i.e. Tx=Tx.. By considering
tx~11 ns the oscillator strength obtained via Eq. (6) can be
assessed to be 1.5. Lifetime measurements as a function of
the intensity power were also performed. Consistently with
the results reported in ref. [15], the lifetime of the excited
state is almost constant at values of ~11 nm.

On the basis of the discussion in Section 2, we can in-
fer that, for a cavity with V~0.48(4/n)’, a Q-factor between
150 and 400 is needed to reach the strong coupling regime
with a DR characterized by an oscillator strength of f=1.5.
However these parameters lead to the condition of Fig.
2(b), in which the strong coupling is theoretically achieved
but not experimentally observable. Moreover, it has been
demonstrated that colloidal nanorods presents a lifetime at
cryogenic temperatures of z,<Ins [18] leading to a higher
oscillator strength. For example f~20 for 7,=800ps can be
obtained via Eq. (6). Figures 4(a) and (b) display that for
these values f'the doublet is clearly visible in the PL spec-
trum and that the two eigenmode are not degenerated,
making us to envision the possibility to observe the strong
coupling between a colloidal dot-in-rod and a photonic
crystals cavity at cryogenic temperatures.

5 Conclusions In summary, we discussed the possi-
bility to reach the strong coupling regime with colloidal
dots-in-rods. The oscillator strength of DRs has been
measured by time resolved spectroscopy, assessing a value
of f~1.5 at room temperature. Moreover, photonic crystals
nanocavities have been suggested as appealing nanostruc-
tures to achieve this result because of their extremely low
modal volume and the possibility to tune the quality factor
of the resonant mode. Taking into account the obtained os-
cillator strength, analytical computations showed the pos-
sibility to achieve a strong coupling which nevertheless
does not lead to a visible doublet in the PL spectrum.
However, taking into account a decreasing of the DRs life-
time at cryogenic temperatures, the possibility to experi-
mentally observe the vacuum Raby splitting in the investi-
gated system can be envisioned.

Acknowledgements The help of Benedetta Antonazzo in
the synthesis of high quality dot-in-rods is acknowledge. This

Www.pss-c.com

work was supported by the Agence Nationale de la Recherche
(reference number ANR-08-BLAN-0070-01).

References

[1] C. Weisbuch, M. Nishioka, A. Ishikawa, and Y. Arakawa,
Phys. Rev. Lett. 69, 3314 (1992).

[2] A. Qualtieri,G. Morello, P. Spinicelli, M. T. Todaro, T.
Stomeo, L. Martiradonna, M. De Giorgi, X. Quélin, S. Buil,
A. Bramati, J. P. Hermier, R. Cingolani, and M. De Vittorio,
New J. Phys. 11, 033025 (2009).

[3] L. C. Andreani, G. Panzarini, and J.-M. Gérard, Phys Rev.
B 60, 13276 (1999).

[4] E. M. Purcell, Phys. Rev. 69, 681 (1946).

[5] J. P. Reithmaier, G. Sek, A. Looffler, C. Hofmann, S. Kuhn,
S. Reitzenstein, L. V. Keldysh, V. D. Kulakovskii, T. L.
Reinecke, and A. Forchel, Nature 432, 197 (2004).

[6] T. Yoshie, A. Scherer, J. Hendrickson, G. Khitrova, H. M.
Gibbs, G. Rupper, C. Ell, O. B. Shchekin, and D. G. Depp,
Nature 432, 200 (2004).

[7] K. Hennessy, A. Badolato, M. Winger, D. Gerace, M.
Atatiire, S. Gulde, S. Filt, E. L. Hu, and A. Imamolu, Na-
ture 445, 896 (2007).

[8] E. Peter, P. Senellart, D. Martrou, A. Lemaitre, J. Hours, J.

M. Gérard, and J. Bloch, Phys. Rev. Lett. 95, 067401 (2005).

[9] W. J. Parak, D. Gerion, T. Pellegrino, D. Zanchet, C.
Micheel, S. C. Williams, R. Boudreau, M. A. Le Gros, C. A
Larabell, and A. P. Alivisatos, Nanotechnology 14, R15
(2003).

[10] X. Peng, L. Manna, W. Yang, J. Wickham, E. Scher, A. Ka-
davanich, and A. P. Alivisatos, Nature 404, 59 (2000).

[11] X. Brokmann, L. Coolen, M. Dahan, and J. P. Hermier,
Phys. Rev. Lett. 93, 107403 (2004).

[12] B. Mahler, P. Spinicelli, S. Buil, X. Quelin, J. P. Hermier,
and B. Dubertret, Nature Mater. 7, 659 (2008).

[13] X. Wang, X. Ren, K. Kahen, M. A. Hahn, M. Rajeswaran, S.
Maccagnano-Zacher, J. Silcox, G. E. Cragg, A. L. Effos,
and T. D. Krauss, Nature 459, 686 (2009).

[14] L. Carbone et al., Nano Lett. 7, 2942-2950 (2008).

[15] G. Morello, F. Della Sala, L. Carbone, L. Manna, G. Ma-
ruccio, R. Cingolani, and M. De Giorgi, Phys. Rev. B 78,
195313 (2008).

[16] M. D. Leistikow, J. Johansen, A. J. Kettelarij, P. Lodahl,
and W. L. Vos, Phys. Rev. B 79, 045301 (2009).

[17] J. T. Hu, L. S. Li, W. Yang, L. Manna, L. W. Wang, and A.
P. Alivisatos, Science 292, 2060 (2001).

[18] N. Le Thomas, U. Woggon, and O. Schops, Nano Lett. 6,
557 (2006).

[19] F. P. Laussy, E. del Valle, and C. Tejedor, Phys. Rev. B 79,
235325 (2009).

[20] O. Painter, R. K. Lee, A. Scherer, A. Yariv, J. D. O'Brien, P.
D. Dapkus, and I. Kim, Science 284, 1819 (1999).

[21] L. Martiradonna, L. Carbone, A. Tandaechanurat, M. Kita-
mura, S. Iwamoto, L. Manna, M. De Vittorio, R. Cingolani,
and Y. Arakawa, Nano Lett. 8, 260 (2008).

[22] F. Pisanello, M. De Vittorio, and R. Cingolani, Superlattice
Microstruct.; doi:10.1016/j.spmi.2009.06.003.

[23] F. Pisanello et al., Superlattices
doi:10.1016/j.spmi.2009.06.009 (2009).

[24] S. Deka et al., J. Am. Chem. Soc. 131, 2948 (2009).

Microstruct.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Chapter 4. Silicon nitride photonic crystals nanocavities as versatile
130 platform for visible spectral range nanophotonics

Superlattices and Microstructures 47 (2010) 34-38

<4

Contents lists available at ScienceDirect

Superlattices

Superlattices and Microstructures

journal homepage: www.elsevier.com/locate/superlattices

Modal selective tuning in a photonic crystal cavity
F. Pisanello*, M. De Vittorio, R. Cingolani

Universita del Salento, Scuola Superiore ISUFI, National Nanotechnology Laboratory, CNR/INFM, 16 Via Arnesano, Lecce 73100, Italy

ARTICLE INFO ABSTRACT
Article history: We present a way to selectively tune the properties of the
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dimensional photonic crystal cavity based on a triangular lattice of
air holes. We investigate the dependence of the modal properties
Single point defect ofthg resonator on the position of the first neighbor holes, showing
H1 cavity that it is possible to finely tune the resonant frequency of only
silicon nitride one of these two modes and to increase the quality factor of the
mode that has no frequency shift. This is achieved by controlling
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a viable strategy for the development and the optimization of
several innovative devices based on bi-modal cavity arrays, such
as arrays of integrated optical filters and optical read-out sections
for biosensing applications.

© 2009 Elsevier Ltd. All rights reserved.

Keywords:
Photonic crystals

1. Introduction

One of the most interesting properties of photonic crystal (PhC)[1,2] is the possibility to finely tune
the resonance of the light trapped in a defect [3]. A careful design of the refractive index modulation
in a periodic lattice results in a wavelength range where the photonic density of states is zero, called
Photonic Band Gap (PBG). Among the PhC structures proposed in the past years (in one, two and three
dimensions), two-dimensional (2D) PhC tiny slabs have been the subject of intense research activity.
These structures allow the in-plane confinement of light by virtue of photonic crystal reflection and a
classical total internal reflection (TIR) in the out-of-plane direction [4]. Light confinement in 2D-PhC
slabs is obtained by simply removing some periodic elements, in order to obtain an optical resonator.

The first proposed 2D-PhC nanocavity consisted of a single point defect, referred as H1, which
has been deeply studied in the last ten years. In 1999, Painter et al. [5,6] showed that this kind of
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cavity exhibits a pair of doubly degenerated dipole modes, with orthogonal polarizations [6]. Refs. [6,
7] also showed that by changing the symmetry of the cavity, such as by increasing the size of two
of the six PhC holes around the defect, it is possible to remove the degeneracy of the modes. After
Painter’s studies [5-9], most of the research was aimed at optimizing two fundamental parameters
of the H1 resonator, namely quality factor (Q) [27] and modal volume (V') [10], both strictly bound
to QED effects [11-14] and to the enhancement of the spontaneous emission through the Purcell
Factor [14]. As demonstrated by several groups [15-18], by changing the size of the first neighbor
holes it is possible to generate additional modes inside an H1 cavity, with field patterns different from
dipole-like ones. Following this approach, Kim et al. [15] and Shirane et al. [ 16] were able to induce a
whispering gallery mode (with an hexapole mode function) inside an hexagonal H1 cavity, reaching
the best Purcell factor [ 14] for a single point defect cavity of 44 000(n/A)3. Tandaechanurat et al. [19]
showed that it is possible to increase the Q-factor in a H1 cavity by closing the photonic band gap of
a PhC slab, which is obtained by just varying the thickness of the structure. Modification of resonant
frequencies in a H1 cavity was also applied by Ota et al. [20] to tune the PhC H1 cavity mode and the
ground state emission of a single quantum dot. They showed how to break the degeneration of the
two dipole modes to couple the cavity modes with a two level system, in order to have efficient single
photon sources. However, degenerate modes splitting typically leads to a shift of both resonances
[5,6,15-18]. In some applications, such as for instance in the optical read-out of biosensors and lab-
on-chip [21], a decoupling between a fixed optical excitation wavelength and a tunable output signal
would strongly increase the signal-to-noise ratio. This tuning of only a single high Q-factor mode
among two degenerate modes is not typically possible by the photonic crystal architectures proposed
so far.

In this paper we propose a way to tune the properties of only one of the two degenerate modes
in a H1 2D-PhC resonator, without affecting the second one. We studied three different hole shift
conditions, with different symmetry centers [6,9], investigating the dependence of the resonant
frequencies on the positions of the holes around the defect, checking also the variations of Q-factor.
We show that by moving two holes along a specific axis on the border of the cavity, just one component
of wavevector (K = [k, ky, k,]) is modified, thus affecting the resonant frequency of only one
degenerate mode. By means of the same modification of the cavity we also show that the Q-factor of
the unaffected mode can be further increased. These results are explained in terms of modal profiles
and wavevector k modifications.

2. Computational methods and PhC slab design

The proposed structure is based on triangular lattice of air holes in a silicon nitride (SizNy4) (n =
2.04 at a wavelength A = 0.5 wm) slab waveguide in air bridge configuration. SizN4 is a promising
material by virtue of its mechanical and optical properties; its biocompatibility and transparency
in the visible spectral range can be exploited to build hybrid bio-photonic devices. The photonic
band diagram was computed by using a Plane Wave Extension (PWE) [22] algorithm in order to
optimize the ratio between the lattice constant a and the holes radius r. An H1 cavity was obtained
by removing one hole of a triangular PhC lattice made of holes having radius r = 0.346a. The Finite
Difference Time Domain (FDTD) simulations (carried out by using commercial software FullWave R-
soft Design) have been performed by exploiting a 3D spatial discretized cell with the same dimensions
along all directions and perfect matching layers [23] at the end of the spatial domain. The Q-factor
computation has been performed by using the energy decay method [19] and the Fast Harmonic
Analysis procedure [24], both giving consistent results. A solution convergence analysis has been
performed as a function of the size of the spatial domain, in order to have an accurate Q-factor
estimation. All simulations have been restricted to transverse electric like modes (TE-like) [3] with
significant component of electric field along x- and z-directions (see Fig. 1 for axis definitions), and
only one component of magnetic field along y-direction.

The computed modal profiles of the two degenerated modes in a standard H1 cavity, both at the
normalized resonant frequency of f = a/A ~ 0.431, are shown in Fig. 1(a) and (b). The z component of
the electric field distribution presented in Fig. 1(a), hereafter referred to as x-pole mode, has a major
component of the wavevector k along x axis. The mode in Fig. 1(b), hereafter referred to as z-pole
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Fig. 2. Dependence of resonant frequency on two types of hole shifts. (a) Diagonal shift. (b) z-direction shift.

mode, has the strongest component of k along z-direction. The thickness t of the slab was optimized
as a function of the Q -factor, following the closing band gap procedure explained in [19], so far not
extended to low index material photonic crystals. Fig. 1(c), reporting the Q as a function of t, show
that the Q -factor reaches its maximum value at t = 1.55a for both modes.

3. Results and discussions

The shift of the first cavity neighbor holes leads to the splitting of the degenerate modes as reported
in Figs. 2 and 3(a). When four holes are moved following I'-K crystalline direction (as shown in
inset of Fig. 2(a), see inset in Fig. 1(a) for crystal points definitions) the modification of both x and
z components of k leads to a shift of the resonant frequencies of the two modes reported in Fig. 2(a).
When the shifted holes are closer to the center of the cavity, hereafter referred to as negative shifting,
the components of k are increased, as well as the resonant frequency, in both direction, whereas the
opposite happens when the holes are moved far from the center (positive shifting). It is important to
highlight that the resonance shift is higher for z-pole mode; this is due to the fact that the shape of the
cavity is modified prevalently along z axis, where the z-pole mode has the strongest component of k.
The good linearity shown in Fig. 2(a) is due to the diagonal shift configuration (inset of Fig. 2(a)), which,
following I'-K direction, has the center of the cavity as symmetry point [5,9]. This does not happen for
the z-direction shift, shown in Fig. 2(b), in which the shift follows M-K direction. This configuration has
no single symmetry point, and the orthogonal modes are not well distinguished because the resonant
frequencies are very close.

The main result of this work is that the x-direction shift (see inset Fig. 3(a)) allows us to change the
resonant frequency of x-pole mode without strongly affecting the resonant frequency of the z-pole
mode, as reported in Fig. 3(a). In this case two holes are moved along I'-K, so that just k, is modified
and the z-pole mode is characterized by only one constant resonant frequency. Therefore the tuning
affects only the x-pole mode since the z-pole remains stable in frequency (Fig. 3(a)). x-pole and z-pole
modes, for x-direction shift of Sy = 0.1a, are displayed in Fig. 3(b) and (c), respectively. We observe that
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the z-pole mode (Fig. 3(c)) is almost unchanged when compared with the modal profile in Fig. 1(b).
The x-pole mode of Fig. 3(b) is instead different from Fig. 1(a) and shows a bigger main lobe due to the
increased extension of the cavity along x. Shape modification of the cavity along x-direction also affects
the Q -factor of the two modes. A hole’s shift of Sy = 0.2a increases the Q -factor value for the z-pole by
30%. A negative shift along x leads instead to a decreased Q -factor of the z-pole mode. These variations
on Q are due to the distance between the two shifted holes and the z-pole main lobe. The position of
these holes affects the envelope function of the modal profile along the x axis. In order to increase the
Q-factor in photonic crystal slabs it is also necessary to achieve a strong optical confinement along
the y-direction, by avoiding abrupt changes in the electric field distribution [25]. When the holes are
moved far from the center, the z-pole modal function behavior along x is smoothed; instead when
they are closer to the main lobe, E, presents sharp variations, also near its maximum value, affecting
the TIR confinement. These findings are confirmed by the analysis in the z-pole momentum space,
obtained by using a 2D Fourier Transform (2DFT), reported in Fig. 4(a) and (b) for x-direction shifts
Sx = —0.1a and S, = 0.2aq, respectively. The region inside the white circle of Fig. 4 represents the
leaky region, defined by the lightcone [9,26,25]: the stronger the components in this region, the higher
the radiation losses are in the direction perpendicular to the slab. For Sy = —0.1a (Fig. 4(a) and (e)) a
sharp peak is present at the center of the leaky region, affecting the value of Q; instead if Sy, = 0.2a
(Fig. 4(b) and (f)), the 2DFT is almost constant inside the lightcone. As demonstrated in [25], the Q-
factor depends also on the shape of the two peaks outside the lightcone. A Gaussian shape typically
leads to higher Q-factor, being a direct measure of the energy not coupled with the radiation mode.
Fig. 4(c) and (d) show a zoom of Fig. 4(a) and (b), respectively: the behavior for S, = —0.1a is far
from a 2D Gaussian function. For Sy = 0.2a (Fig. 4(d)), it is instead clear that by moving two holes
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far from the center, a 2D Gaussian function for these peaks is achieved. Therefore, by increasing the
z-pole Q-factor, a positive x-direction shift does not substantially affect the position, modal volume
and resonant frequency of the z-pole electric field main lobe, leading to a straightforward increase of
the Purcell factor and QED properties of microresonators.

In summary, we have proposed and numerically investigated an approach to independently tune
the Q-factor and the resonance frequency of two degenerate modes in a H1 PhC resonator. We have
shown that, by moving two of the holes around the cavity along the x-axis, it is possible to tune the
resonant frequency of one high-Q resonant mode, without affecting the properties of the other. We
found an increased Q -factor of the mode fixed in frequency, and an increase of the Purcell factor by
virtue of the almost unchanged modal volume. We generalized also the closing band gap procedure
and the Q behaviour as a function of the slab thickness to low refractive index PhC, showing that the
best Q-factor is obtained for t = 1.55a.
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The section 2.3 describes the strong coupling between excitons in a quantum well

and confined photons in a planar microcavity. The standard excitation techniques of

these type of systems consists in pumping at resonance the polariton states (i.e. upper

or lower polariton branches) with a well defined energy and a well defined in plane

wave vector k|, or to excite the excitonic reservoir by pumping at energies higher than

both polariton branches, leading in both cases to a rich phenomenology.

As in cold atoms gas, when pumped out of resonance, polaritons can condensate

in the state with minimum energy, i.e. the k; = 0 point of the lower polariton branch

[193,194]. The interesting point of this phenomenon is that by incoherently pumping

the system, under certain conditions, coherent polariton emission can be recovered

[27,28,193,194].

When a k| # 0 is instead imposed with a resonant excitation, the injected polaritons
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conserve the momentum and create a quantum fluid flowing in the direction imposed
by k|. The polariton-polariton interactions allow this polariton quantum fluid to be
generated in several regimes: it can be supersonic, subsonic or superfluid [22,23] and
it can interact with potential barriers in several ways, generating steady-states vortex
singularities [24], moving vortex pairs [25] or dark solitons propagating within the

fluid [26].

Strongly coupled systems are interesting also in the case of extremely weak injec-
tions, and in particular at the single polariton level. A regime of remarkable interest
achievable by resonant excitation is the so called polariton quantum blockade, which
allows strongly coupled systems to emit on-demand single photons [29]. As suggested
in 2006 by Verger and co-workers [29], a sufficiently strong confinement of the cavity
mode, together with a fully confined exciton, can result in strong polariton-polariton
repulsions also at a single particle level, thus forbidding two polaritons to coexist in the
structure. If only one polariton is excited in the cavity, it can re-emit just one photon,
thus resulting in a strongly antibunched radiation. Indeed, the resonant injection of
a second polariton in the system can be blocked by the presence of another polari-
ton, because the polariton-polariton repulsion shifts the resonance frequency by an
amount larger than the excitation linewidth. If a pulsed pump is used, an on-demand

single-photon light source can therefore be obtained.

Obviously, resonantly pumped single photon sources should deal with the noise
introduced by the excitation beam, which is usually reflected on the sample and affects
the single photon detection. Indeed, the reflected photons have the same energy of
the emitted ones and the high signal-to-noise ratio (SNR) needed for autocorrelation
measurements is hardly achieved. A viable strategy to solve this problem has been
recently proposed by researchers in Standford University [97,195], who suggested to
exploit the cross polarization of the resonant mode in a photonic crystal cavity and
the excitation laser beam in order to separate the cavity-coupled signal from the pump

reflection.
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In this chapter we propose an alternative strategy to resonantly excite polaritons in
pillars and planar microcavities without introducing any noise in the detection system.
It is based in the simultaneous absorption of two photons, each of which with energy
equals to one half of the excited state. Therefore, the pump laser beam results to
be at a completely different energy if compared to the emitted light, and it can be
easily filtered without any influence on the detectors. The high SNR achievable by this
method let us envision that this two-photon absorption technique could open the way to

the experimental demonstration of polariton quantum blockade in pillars microcavities.

The chapter is organized as follows: in section 5.1 the two-photon absorption (TPA)
process is demonstrated for the excitation of polaritons in planar microcavities and the
operation principles of this technique are discussed. After that, zero-dimensional (0D)
polaritons are briefly introduced (section 5.2) and, in paragraph 5.3.2, the two-photon
excitation technique is applied to the case of pillars microcavities coupled to a single
quantum well. Interestingly, it has been found that TPA can lead to the macroscopic
occupation of a single polariton state with emission properties similar to the ones
observed in the case of polariton laser [28|. In the last section (5.3.3), an advanced
pulse shaping technique is exploited to excite a single level of a pillar microcavity,
showing that it is an appropriate method for the experimental demonstration of the

polariton quantum blockade.

5.1 Two-photon absorption in a planar microcavity

Two-photon absorption (TPA) is defined as the simultaneous absorption of pairs of
photons of the same or different energy in order to excite an electronic transition. This
phenomenon was first predicted by M. Goppert-Mayer in 1931 [196] and demonstrated
30 years later by W. Kaiser and C. G. B. Garret [197] by illuminating a crystal of CaF5
containing Fu?" ions with a ruby laser beam. The energy absorbed through a TPA

process is quadratically proportional to the intensity of the incident light [198] and
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recently attracted significant interest in the fields of chemistry, biology, and photonics
[199-201].

In order to show the suitability of TPA to excite microcavity polaritons, let us
consider a planar microcavity strongly coupled to quantum well excitons with eigen-
states Erp(k)) and Eyp(k)) in the energy interval [1.47eV,1.495eV] with a Vacuum
Rabi Splitting of A 2y gs ~ 5.8meV. The two-photon injection technique consists in the
excitation of the polaritons at energies of Epy,, = Ep/2, with Ep the energy of the po-
lariton state. The pump pulse (200fs, repetiton rate ~ 76 M H z, full width at half maxi-
mum AE,,.,,, ~ 13meV, Epy,y,, tunable in the wavelength range 1580nm-+1700nm, i.e.
0.78eV +0.73eV) is provided by an optical parametric oscillator pumped by a femtosec-
ond pulsed Ti:S laser (see appendix B.3 for further details). It is important to point
out that the linewidth of the excitation laser is AEpym,, ~ 13meVQEp,,,, = 0.751eV .
AFEpym, is thus quite larger than the Vacuum Rabi Splitting hdy g ~ 5.8meV (i.e.
Avrs ~ 3.25nm). This means that, as the splitting between upper and lower polariton
branch is lower than AEp,,,,, the two branches are excited at the same time.

Figure 5.1(a) displays the dispersion curve of a planar microcavity excited by laser

pulses at energy
minkH {EUP} + minkH {ELP}
2 )

for cavity-exciton detuning dc_x = Ec— Ex ~ 0, where E¢ and Ex are the uncoupled

2+ Epump > (5.1)

cavity and exciton energies, respectively. The detected photoluminescence (PL) inten-
sity of the upper and lower polariton brach depends quadratically on the excitation
power, as shown for three different values of kj in Fig. s 5.1(b) and (c). This quadratic
dependence confirms the two photon absorption process, and it is equivalent to the
linear regime observed in the same system below threshold [194].

When the excitation energy is close to the two-photon resonance conditition, i.e

minkH {EUP} + minkH {ELP}

2. EPump = 9

(5.2)

and for incident momentum kﬁ“mp = 0, strong emission is observed at k = 0, as shown

in Fig. 5.2(a). The PL intensity dependence on excitation power is still quadratic at
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Figure 5.1: (a) Planar microcavity dispersion curve for femtosecond pulsed excitation at

energy 2 - Epump > (minkH {Eup} + ming, {ELP}> /2, with Epymp = 0.76eV/, which corre-

sponds to a pump wavelength Apymp = 1630nm. (b-c) PL intensity power dependence at

points K0, K— and K+ in bilogaritmic scale. Filled symbols represent measured values, while

the red continuous line is a linear fit of the experimental data in bilogaritmic representation.

When reported in linear scale, this fitting corresponds to the function I = bP®, where [ is

the collected PL intensity and P the excitation power. a ~ 2 indicates that the PL intensity

depends quadratically on the excitation power.
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Figure 5.2: (a) Photoluminescence of a planar microcavity excited by femtosecond pulses at
energy 2 Epump ~ (minkH {Eup} + ming, {ELP}) /2. (b-c), with Epyump = 0.74¢V, which
corresponds to a pump wavelength Apymp = 835.5nm. PL intensity power dependence at
points K0, K— and K+ in bilogaritmic scale. Filled symbols represent measured values, while
the red continuous line is a linear fit of the experimental data in bi-logaritmic representation.
When reported in linear scale, this fitting corresponds to the function I = bP®, where [ is the
collected PL intensity and P the excitation power. a ~ 2 thus means that the PL intensity

depends quadratically on the excitation power.
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both detection momenta k; = 0 and k| # 0 (see Fig.s 5.2(b) and (c)), and TPA thus
takes place also when the condition (5.2) is fulfilled. The absence of a threshold in the
PL intensity, together with the quadratic dependence on the excitation power, suggests
that the bright emission at k = 0 is due to a direct injection of microcavity polaritons

in the emitting state.

5.2 0D polaritons in pillar microcavities

In section 5.1 we have shown that a two-photon femtosecond laser beam can be used
to excite polaritons in planar microcavities. As discussed in section 2.2.2, a planar mi-
crocavity (MC) confines photons in the direction perpendicular to the Bragg reflectors
and the in plane wave vector k|| is not quantized. Because of that, the cavity mode
extension is not suitable to induce the ultra strong polariton-polariton interactions
needed for the experimental realization of the polariton quantum blockade [29], which
requires a 3D confinement. With this motivation, the rest of the chapter is focused
on the study of pillars MCs, which induce a three dimensional confinement of photons

and that can result in strong polariton-polariton interactions [28,202].

Several structures have been proposed so far to realize zero-dimensional polaritons,
and among them of remarkable versatility and interest are photonic crystals nanocav-

ities [187], patterned planar MCs [203]| and pillar MCs [204].

Pillar microcavities are obtained by vertically etching a planar MC, thus resulting in
a fully confined system that exploits the refractive index difference between the air and
the materials composing the cavity in the zy plane and the cavity-induced confinement
along z. Fig.5.3(a) shows a scanning electron microscope (SEM) micrograph of a pillar
MC with rectangular cross section fabricated at LPN. The electromagnetic field is now
confined along the three directions, as well as all the components of k are quantized.

For a rectangular pillar of lateral sizes L, and L, the photon eigenstates of indexes n,
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Figure 5.3: (a) SEM image of pillar microcavities realized at the Laboratoire de Photonique et
Nanostructure in Marcoussis (France). (b) Dispersion curve of a pillar microcavity with edge
sides L, = L, = 3.4pum and its respective photoluminescence spectrum. 6, is the detection
angle along y. (c) Energies of the first three modes measured as a a function of the pillar
lateral size L, = L,. (d) Pillars emission energies as a function of the position on the sample.
If an angle is inserted between the Bragg mirrors when the planar microcavity is grown,
the resonant frequency of the optical modes of the micropillars depends on the position on
the sample. As a consequence, changing the position on the sample is equivalent to change
the cavity-exciton detuning dc,—x. Filled symbols are measured values, continuous lines are
computed theoretical curves. Opens symbols represent exciton energy. [Images reproduced

from ref. [33]
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and n, are given by the following relation:

Epm = | (E9)? + (nhc)2 [(M”ZJ“ 1))2 + (—ﬂ”i: 1))2], (5.3)

where E? depends on the confinement along 2. The etching does not affect the exciton

behavior, which remains unconfined in the xy plane, because the pillar size is larger than
the exciton Bohr radius. In this picture the quantum well excitons are thus coupled to
several optical modes, and, when the strong coupling condition is achieved, discretized
polaritons branches appear, as shown by the dispersion curve reported in Fig. 5.3(b) for
a micropillar with lateral sizes L, = L, = 3.4um. As analytically described by eq.(5.3)
and shown in Fig. 5.3(c), the resonant energies are inversely proportional to the pillar
size and the same behavior is valid for the volume of the confined optical modes.
Typical anticrossing behavior for each confined mode is usually observed, as reported
in Fig. 5.3(d), thus confirming the strong coupling of each mode with quantum well
excitons [28|. The cavity-exciton detuning should thus be defined for each optical mode
and it becomes d¢,_x = F¢, — Ex, where E¢, and Ex are the energy of the uncoupled
i-th photonic mode and of the exciton, respectively. It is important to point out that
for strong negative cavity-exciton detuning (d¢,—x << 0 Vi) the upper-branch levels
are extremely close to each other and usually result in a single luminescent line in
the PL spectrum; this happens, for instance, for all the positions between 8mm and
10mm in Fig. 5.3(d). The specular situation takes place for strong positive detuning

(0c,—x >>0 Vi) and the levels are degenerate in the lower polariton branch.

5.3 Two-photon excitation of a pillar microcavity

The strong confinement achievable in pillars microcavities makes them promising struc-
tures for the experimental realization of the polariton quantum blockade. This section
is devoted to demonstrate that polaritons can be efficiently injected in pillar microcav-

ities by means of a TPA technique. Using the same pump beam described in section
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5.1, we first show that TPA is able to excite polaritons in micropillars. Interestingly, we
observed that a coherent two-photon injection can result in a macroscopic occupation
of the level at the lowest energy together with emission properties similar to the one
of polariton laser [28]. Next, in order to make the pulsed TPA useful for polariton
quantum blockade, we describe a technique suitable for the selective excitation of a

single resonant state without introducing any noise in the detection system.

5.3.1 The sample

Pillar microcavities were realized at the Laboratoire de Photonique et Nanostructure in
Marcoussis (France) and have been obtained by etching a planar microcavity fabricated
by Molecular Beam Epitaxy (MBE). The bottom Bragg mirror, composed by 30 pairs
of GaggAly1As/GagpsAlyosAs thick 604A and 703/1, respectively, was grown on an
undoped GaAs substrate, while 26 pairs were realized for the top Bragg mirror. A
single InGaAs quantum well (thickness 80A4) and two GaAs barriers thick 1.147nm
were embedded between the two mirrors in order to obtain the final MC. With the goal
to tune the cavity resonance with the exciton energy, a small angle was imposed between
the two Bragg mirrors, making the energy of the resonant cavity mode dependent on
the position on the sample. The microcavity PL intensity as a function of the position
on the sample, reported in Fig.s 5.4(a) and (b), shows the typical anticrossing behavior,

with a vacuum Rabi splitting of Ay grg ~ 3meV .

In order to obtain 0D polaritons excitable by two-photon laser pulses at energies
in the interval Epyy,, = 0.729¢V + 0.785¢V (i.e. Apump = 1580nm =+ 1700nm), the
micropillars were realized starting from a microcavity coupled with a bare exciton at
energy Ex ~ 1.477¢V (i.e. Ax ~ 839nm). After an electron beam lithography process,
the microcavity was etched along the z direction following the mask displayed in Fig.
5.5, thus obtaining micropillars with a circular cross section and diameter ranging from

0.5um and bum.
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Figure 5.4: (a) Spectral-resolved photoluminescence of the microcavity for several positions

on the sample, before the etching of the micropillars. (b) Energies of the polariton states

as a function of the position on the sample. As described in the text, a small angle was

imposed between the two Bragg reflectors in order to make the resonant energy of the cavity

mode depending on the position on the sample. [These measurements were performed in the

Laboratoire de Photonique et Nanostructure in Marcoussis (France) by using a standard out

of resonance excitation technique.|
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Figure 5.5: Mask used to etch the planar MC in order to obtain micropillars. Circles represent

pillars cross section, the diameter is indicated inside.
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5.3.2 Two photon injection of polariton laser in a pillar micro-

cavity

A typical dispersion curve of a micropillar of diameter D ~ 5um excited with two-
photon femtosecond pulses at energy 2 - Epy,, > <minkH {Eup}+ ming, {ELP}) /2 is
shown in Fig. 5.6. One can see a number of polariton states and that both energy and
in-plane wavevector are quantized. Furthermore, we observe that the state at lowest
energy is localized at of k| = 0.

As already mentioned in the case of planar microcavities, when the pump laser ful-
fills the two-photon resonance condition with the lower polariton branch (i.e. Epymp =
mink, {Erp} /2), polaritons are injected coherently conserving the pumping momen-
tum kf“mp . Let us assume that the two-photon resonant condition with the i-th state
is fulfilled if Epum, = E;/2, where E; is the energy of the i-th polariton level.

Figure 5.7(a) reports a typical photoluminescence (PL) spectrum obtained when
the two-photon resonance condition with the lowest energy polariton state at energy
E is fulfilled. The dependence of the PL intensity of this level as a function of the
excitation power, reported in Fig.5.7(b), clearly shows the presence of a threshold
(named hy) in the emission intensity. When D decreases, h; moves towards lower
excitation powers and a second threshold (hy) appears for D < 3um (see red and green
squares in Fig. 5.7(b)). Below hy, the PL depends quadratically on excitation power,
as shown by the fitting reported in Fig. 5.7(c), demonstrating the two-photon nature
of the absorption process. Across hi, a significant blueshift has been observed (filled
circles in Fig. 5.7(d)), together with a linewidth narrowing in correspondence of hy
(Ap, = 219peV — 169ueV = 50ueV, as shown in Fig. 5.7(e)). This let us suggest
that above h; the system enters in a different emission regime and the PL intensity
grows linearly as a function of the pump power, up to a plateau for both intensity and
emission energy shift just before the second threshold hsy. For excitation powers higher
than ~ 1.5-hq, the strong coupling is therefore lost. Moreover, both h; and hy decrease

by scaling down the pillar diameter (Fig. 5.7(f)).
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Figure 5.6: Low polariton branch dispersion curve photoluminescence from a micropillar of
diameter d = 5um pumped at energy 2 - Epyp, > (minkH {Eup} + ming {ELP}> /2, with

Epump = 0.76eV, which mens a pump wavelength of A\pymp = 1630nm.
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Figure 5.7: (a) PL spectrum of a two photon-excited micropillar of diameter d = 4um. (b)
Dependence of the lowest energy state PL intensity as a function of the excitation power
for micropillar of diameters d = 4.7um,d = 3um and d = 2.4um. (c) Zoom of (b) for low
excitation powers in bilogaritmic scale. Red continuous line is a linear fit of the experimental
data. (d) Dependence of the lowest energy state PL intensity (black squares) and its energy
(red circles) as a function of the excitation power for a micropillars of diameter d = 3um. (e)
Full width at the half maximum of the lowest energy state has a function of excitation power
intensity for a micropillar of diameter d = 3um. (e) Evolution of the tresholds h; and ho as

a function of the pillar diameter.
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These results, i.e. the presence of two thresholds, the spectral narrowing and the
significant blue shift of the emission, seem to be in reasonable agreement with the ones
presented in ref. [28] in the case of out-of-resonant pumping of a similar system. Indeed,
in 2008 D. Bajoni and collaborators [28| showed that, by increasing the polariton
density in a zero-dimensional system pumped out-of-resonance, a coherent emission
from the lowest energy state of the lower branch is observed, characterized also by blue
shift and strong spectral narrowing (of about A ~ 90ueV'). This emission, obtained

without loss of the strong coupling regime, constitutes the so called polariton laser.

In agreement with ref. [28], in standard out-of-resonance excitation, the polariton
laser regime is not induced by stimulated emission of radiation, as for photon laser,
but it comes from a stimulated scattering of polaritons in the lowest energy state.
Indeed the out-of-resonance excitation populates directly the excitonic reservoir, thus
resulting in the coexistence of polaritons and bare excitons in the system. When the
injected exciton density exceeds a saturation value the strong coupling breaks down
and the normal modes of the system become the QW exciton and the cavity mode.
If the injection density is further increased the electronic population inversion can be
achieved and photon laser can take place. In order to move the transition between
strong and weak coupling toward higher injection densities, microcavities for polariton
laser usually implement several QWs in the maxima of the localized electric field. This
decreases the number of excitons per QW [28,193|, thus allowing to obtain polariton
laser before the transition to the weak coupling regime [193]. By exciting the system
with TPA it is possible to inject directly the polaritons without the need to populate the
excitonic reservoir. Polaritons are created directly in the final state and no stimulated
scattering is required. A macroscopic occupation of the polariton state resonant with
both excitation energy and wavevector is thus obtained, together with a low density
of bare excitons in the system. In our system the saturation is reached at excitation
powers P..citation > 1.5-h1, as represented by the plateau in the PL intensity just below

ho, shown in Fig.5.7(d). The TPA thus strongly reduces the number of bare excitons
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Figure 5.8: (a) PL spectra of the lowest energy state of micropillar of diameter D ~ 3um
for several excitation powers above the threshold hy. (b) PL spectrum for D = 3um in the
two photon polariton laser regime well below the saturation plateau (excitation power about
1.3 - h1). Red line is a Gaussian fitting of the experimetal data, represented by black filled
squares. (c) PL spectrum for D = 3um and excitation power of about ~ 1.1 - hy. Dashed
green lines are single Gaussians functions and the red continuous trace is their sum. Black

filled squares are the experimental points.

in the system making possible to obtain polariton laser also by using a single quantum

well.

It is also important to point out that for excitation powers near to h; the PL peak
is well fitted by a single gaussian function, while when the excitation power exceeds the
value P.,citation ~ 2 - h1, a second Gaussian function is needed to fit the experimental
data. This behavior is the result of the conbined effect of the pulsed excitation and the
time integrated detection. Due to the pulsed excitation laser, the density of the injected
polaritons is not constant follows the pulse time shape. Moreover, the detection system
used in the experiment has an acquisition time several orders of magnitude longer than
the femtosecond temporal width of the two-photon pulse. As a consequence, when
P.ocitation > 2 - hq, within the same laser pulse for certain times the system is in the
polariton laser regime, while in other time intervals the system is in weak coupling. As
the two phenomena are characterized by resonant peaks at two different wavelengths,

the resulting effect is a mixture of strong and week coupling. The need of a second
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Figure 5.9: Working principle of the polariton quantum blockade: if the excitation laser is
narrow enough, a second polariton cannot be injected in the system: otherwise the shifted
absorption peak falls in the excitation laser spectrum and the second polariton can be injected

(see table 5.1 for definition of excitation conditions (i), (ii) and (iii)).

Gaussian function to fit the PL signal can be interpreted as the coexistence of two
peaks at energies nearer than their FWHM. This is confirmed by the PL spectra below
and above h; reported in Fig.s 5.8 (b) and (c), respectively: when the micropillar is
excited at powers near hy, two peaks are evident, one at higher energy (the one in weak

coupling) and one at lower energy (in strong coupling with the excitons).

5.3.3 Picosecond excitation and relaxation mechanisms

As already mentioned, the femtosecond two-photon pulse has a large spectral width,
that so far has been exploited to excite a whole polariton branch or both polariton

branches at the same time.

The polariton quantum blockade (PQB) is based on the resonant shift due to a two-
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Figure 5.10: Optical setup used to modify the time-behavior of the two-photon femtosecond
pulses. The femtosecond beam is dispersed by 600 lines/mm grating blazed at 1600nm and
then focused on a mirror. In image focal plane of the focusing lens a system of two slits has
been inserted in order to perform a spectral selection. The beam was then sent back along the
same optical path and re-addressed toward the sample by a 50%-50% beam splitter. When
this optical circuit is skipped, standard two-photon femtosecond pulses are used to excite
the micropillars (see line (i) of table 5.1 for spectral and temporal parameters), otherwise
two operation methods are possible. One consists in leaving open the slit, thus obtaining a
picosecond pulsed laser without spectral selection and linewidth of ~ 15nm [line (ii) of table
5.1]. The second consists in performing a spectral selection with the slit, thus obtaining a

FWHM as narrow as ~ 1nm (see table 5.1, line (iii)).
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particle interaction, as schematically reproduced in Fig. 5.9: the resonant injection of
a second polariton in the system can be blocked by the presence of another polariton,
because the polariton-polariton repulsion shifts the resonant energy by an amount
larger than the excitation linewidth. However, in the case of the femtosecond two-
photon beam, the FWHM of the pumping laser is almost one order of magnitude
larger than the single level width. As a consequence, despite to the resonance shift
of the resonant energy due the two-particle interaction (6£), the new absorption peak
falls well inside the excitation beam spectrum, the PQB cannot be observed because a
second polariton can be injected in the system.

In order to reduce the FWHM of the laser beam, the temporal shape of the pulse
has been modified through the optical path displayed in Fig. 5.10. The femtosecond
two-photon beam was dispersed by a 600 line/mm grating blazed at 1600nm and the
first diffraction order was focused on a mirror through a convergent lens. A slit was
introduced in the focal image plane of the lens in order to perform a spectral selection
of the dispersed beam. The reflection from the mirror was sent back along the incoming
path and the resulting outcoming picosecond pulsed beam was redirected by using a

50%-50% beam splitter. Our setup therefore allows for three excitation modes:

(i) standard two-photon femtosecond pulses can be used to excite the sample by

skipping the path reported in Fig. 5.10,

(ii) if the slit does not perform any spectral selection, two-photon picosecond pulses

with FWHM ~ 15nm can be used to excite the micropillars,

(iii) if a spectral selection is performed by mean of the slit, the excitation laser FWHM

can be narrowed down to ~ 1nm.

The pulse duration and laser linewidth obtained with the three methods are sum-
marized in table 5.1.
Next sections are devoted to demonstrate that the spectral selection (i.e. method

(iii)) allows to excite a single level in a pillar microcavity. In order to do that, a
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FWHM | Pulse duration
(1) femtosecond ~ 30nm ~ 150fs no reshaping
(i) picosecond ~ 15nm ~ 2ps slit open
(iii) | picosecond with spectral selection | < 1nm ~ 3ps slit closed

Table 5.1: Summary of the different excitation techniques and the spectral and temporal

parameters experimentally obtained.

micropillar of diameter D = 3.4um has been studied for three different cavity-exciton
detuning d¢,—x. For each value of d¢,_ x under investigation the experiment proceeds

as follows:

1. in order to confirm the two-photon nature of the absorption process also in the
case of picosecond excitation pulses, both upper and lower polariton branches are
excited at the same time by using a broadband picosecond beam (FWHM ~
15nm, see method (ii) defined in table 5.1),

2. the laser line is then narrowed and single polariton states in the lower and upper
branch are excited one by one (method (iii)). Possible relaxations or scattering

of polaritons toward other states are also probed.

As a support for the following discussion, in each photoluminescence spectrum reported
in this paragraph, the levels in the upper polariton branch are superposed to a light

blue background.

5.3.3.1 Negative cavity-exciton detuning

A typical PL spectrum collected from a pillar of diameter D = 3.4um at negative
detuning and excited in two-photon resonance by picosecond broad spectrum pulses
is reported in Fig. 5.11(a). The linewidth of the excitation laser beam results to

be around AE,,,, ~ 15nm, thus still able to excite both upper and lower polariton
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Figure 5.11: (a) PL spectrum of a micropillar of diameter D = 3.4um at negative detuning,
excited with a picosecond pulse with FWHM of ~ 15nm. The light blue area identifies levels in
the upper polariton branch. (b) Excitation power dependence for the spectrum reported in (a) in
bi-logaritmic scale. Continuous red line represents a linear fit of slope a. (c) Schematic representation
of the experimental conditions used to obtain (a) and (b). Light blue background identifies levels
in the upper polariton branch, while the pink area identifies the energy and wavevector intervals
covered by the pumping pulse. Because of the spectral with of the laser beam, both upper and lower
polariton branches are excited, while the in-plane wavevector extension of the laser beam is given by

the numerical aperture of the objective used to excite the sample (N.A. = 0.7).

branches at the same time. Few luminescent levels are found in the upper polariton
branch (see light blue area in Fig. 5.11(a)) due to the negative detuning. Indeed, as
already mentioned when Fig. 5.3(d) was discussed, at dc,_x << 0 levels in upper
polariton branch are close to the exciton emission and are very close to each other,
thus resulting in few luminescent peaks (see also the sketch reported in Fig. 5.11(c)).
As shown by Fig. 5.11(b), the log-log excitation power dependence of the PL intensity
of each level is fitted by a straight line of slope a ~ 2, thus confirming the quadratic

behavior already verified below threshold for the femtosecond excitation.

When the FWHM of the excitation laser is narrowed down to AE,,,, < lnm
(method (iii) reported in tab.5.1), it become comparable to the FWHM of PL peaks
and significantly smaller than the spectral separation between the levels. With this
technique it is thus possible to fulfill the two-photon resonant condition only for a sin-

gle polariton level, i.e. E,,m, = E;/2. Figure 5.12 reports some PL spectra collected
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Figure 5.12: (a)-(f) PL spectra when single levels of a negative-detuned micropillar of diameter
D = 3.4um are excited. The light blue area identifies the upper polariton branch. In all measurements
no polariton relaxation or polariton scattering is observed. The two small peaks present in each graph
come from environmental noise and are present also when the sample is not excited. (al)-(fl)
Schematic representation of the experimental conditions used to obtain (a)-(f), respectively. Light
blue background covers the upper polariton branch, while the pink area identifies the energy and
wavevector intervals covered by the pumping pulse. The laser FWHM has been narrowed by means
of the slit and it is smaller than the energy separation between two levels, allowing to excite a single
level. The in-plane wavevector extension of the laser beam is given by the numerical aperture of the

objective used to excite the sample (N.A. ~ 0.7).
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Figure 5.13: (a) PL spectrum of a picosecond two-photon excited micropillar of diameter D = 3.4um
almost at zero detuning, excited with a picosecond pulse with FWHM of ~ 15nm. The light blue
area identifies levels in the upper polariton branch. (b) Bi-logaritmic excitation power dependence for
the spectrum reported in (a) and linear fit of slope a (red dashed line). (c) Schematic representation
of the experimental conditions used to obtain (a) and (b). Light blue background identifies levels
in the upper polariton branch, while the pink area identifies the energy and wavevector intervals
covered by the pumping pulse. Because of the spectral with of the laser beam, both upper and lower
polariton branches are excited, while the in-plane wavevector extension of the laser beam is given by

the numerical aperture of the objective used to excite the sample (N.A. = 0.7).

exciting at two-photon resonance a single level of a micropillar of diameter D = 3.4um
at dx_c, < 0. For resonant states in both upper and lower polariton branches (levels
from 001 to 006 are in the lower branch, while levels 007 and 008 are in the upper
branch) only the photoluminescence from the excited level is collected. These mea-
surements seem to indicate that the injected polaritons are not allowed to relax or

scatter in any other state.

5.3.3.2 Zero cavity-exciton detuning

Figure 5.13 displays the PL emission spectra of a pillar MC of diameter D = 3.4um
at almost zero cavity-exciton detuning and the PL intensity of each level as a function
of the excitation power for a picosecond laser beam of FWHM ~ 15nm |excitation
technique (ii) reported in tab.5.1]. Although such dependence remains almost quadratic

as shown in Fig. 5.13(b), the relaxation behavior, probed by a narrowed picosecond
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laser line, is different if compared to the case of negative detuning, as discussed below.

Figure 5.14 shows the PL spectra when a single level of the micropillar is excited
with a picosecond-pulsed laser beam with FIWHM ~ 1nm [method (iii) in tab.5.1]. If
the excited level is in the lower polariton branch (i.e. levels 001, 002 and 003) only the
photoluminesce of that level is collected, as shown by Fig.s 5.14(a) and (b). On the
contrary, when a level on the upper polariton branch is excited (levels from 004 to 007
are in the upper branch) also all the states in the lower polariton branch are allowed to
emit (see Fig.s 5.14(c-f)). This relaxation dynamic could be assigned to two different
processes: (i) an interaction with phonons that leads to a population of the excitonic
reservoir, thus allowing a subsequent polariton relaxation in lower branch, and (ii)
direct relaxations conserving the excitation momentum . However this second process
is forbidden, since an optical dipole operator cannot directly couple the polariton states
formed by the same exciton state [205].

These measurements thus suggest that in the system under investigation polariton
relaxation is forbidden inside the same polariton branch, but it is allowed between upper
and lower branch due to interactions with the phonon bath that indirectly populates

the lower polariton branch.

5.3.3.3 Positive cavity-exciton detuning

The possibility to have polariton relaxation between the two branches is confirmed also
by the experiments at positive detuning. The PL spectrum when a positive detuned
micropillar of diameter D = 3.4um is excited by a picosecond laser pulse of spectral
width AE,,mp ~ 15nm is shown in Fig. 5.15(a), and its dependence on excitation
power is displayed Fig. 5.15(b). In this situation all the levels of the lower polariton
branch are close to the uncoupled exciton line, as sketched in Fig. 5.15(c) and deducible
from Fig. 5.3(d), and they result on a single PL peak (i.e. the level 001). By exciting
only this luminescent peak by the spectrally narrowed picosecond-pulsed beam, only

its emission is detected (Fig. 5.16(a)), while exciting one of the levels in the upper
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Figure 5.14: PL spectra when single levels of a micropillar at dc,— x ~ 0 are excited (pillar diameter

D = 3.4pm). Light blue area indicates the upper polariton branch. When levels in the lower polariton

branch are excited only the excited level luminescence is collected [(a) and (b)], while for excited

levels in upper polariton branch the lower polariton branch emits [(c), (d), (e) and (f)]. The excited

level is indicated above each graph. In (c) the rough experimental data are reported: color scale

indicates the PL intensity, the horizontal axis the detection wavelength and the vertical axis is the

real space on the sample. Emission intensity from level 004 has been saturated in order to make

the photoluminescence coming from levels 001, 002 and 003 visible. In (d) also a zoom of the lower

polariton branch is reported. (al)-(f1) Schematic representation of the experimental conditions used

to obtain (a)-(f), respectively. Light blue background covers the upper polariton branch, while the

pink area identifies the energy and wavevector intervals covered by the pumping pulse. The laser

FWHM has been narrowed by means of the slit and it is smaller than the energy separation between

two levels, allowing to excite a single level. The in-plane wavevector extension of the laser beam is

given by the numerical aperture of the objective used to excite the sample (N.A. = 0.7).
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Figure 5.15: (a) PL spectrum of a picosecond two-photon excited micropillar of diameter D =
3.4um, excited with a picosecond pulse with FWHM of ~ 15nm. The light blue area identifies levels
in the upper polariton branch. (b) Photoluminescence intensity of the resonant states reported in
(a) as a function of the excitation power. Red dashed line is a linear fit of slop a. (c) Schematic
representation of the experimental conditions used to obtain (a) and (b). Light blue background
identifies levels in the upper polariton branch, while the pink area identifies the energy and wavevector
intervals covered by the pumping pulse. Because of the spectral with of the laser beam, both upper
and lower polariton branches are excited, while the in-plane wavevector extension of the laser beam
is given by the numerical aperture of the objective used to excite the sample (N.A. ~ 0.7). Levels in

the lower polariton branch are close one to each other and they result in a single luminescent peak.

branch (from level 002 to level 005) the luminescence from the excited level is collected
together with an emission of level 001 (Fig.s 5.16(b-d)), but no luminescence from other

states in the upper branch is observed.

5.3.3.4 Discussions
The above described findings can be summarized as follows:

e for positive detuning we observe relaxations from each level of the upper polariton
branch toward the degenerate levels in the lower polariton branch, but relaxation

or scattering among levels in the upper branch seem to be forbidden;

e when cavity-exciton detuning is almost zero, only the relaxation from the upper
branch to all the levels in lower branch is observed, while no intra-band relax-

ations are observed;



5.3. Two-photon excitation of a pillar microcavity 161

Equivalent excitation Equivalent excitation e e — = -
(a) wavelength (Level 001) (b)wavelepgth (Level 003) X . . E -‘\;\_— - - —F (31)
3 3
s ] s
2> 2
‘» »
c c
21 2 E
£ £ Level 001
= .|
o a
824 826 828 830 832 834 836 833 824 826 828 830 832 834 836 838 Zmz=z—s==- Kk
Wavelength (nm) Wavelength (nm) e mm— = (1
Equivalent excitation Equivalent excitation E 5o 2= =4 =
( c) , . wavelength (Level 004) (d ) . wavelength {Level 005) o=
= 5
S S - TmETSoEST Kk
> > T —
2 : B LTI zTop
§ Level 001 § Level 001 e o
£ L £ x
i ] N i AL
824 826 828 830 832 834 836 838 824 826 828 830 832 834 836 838 s K

Wavelenath (nm) Wavelength (nm)

Figure 5.16: (a)-(d) PL spectra when single levels of a micropillar at positive detuning are
excited [pillar diameter D = 3.4um|. Light blue area indicates the upper polariton branch.
The energies of the levels are now one close to each other and results in a single luminescent
peak (level 001). The excited level is reported above each graph. (al)-(d1l) Schematic
representation of the experimental conditions used to obtain (a)-(d), respectively. Light blue
background covers the upper polariton branch, while the pink area identifies the energy and
wavevector intervals covered by the pumping pulse. The laser FWHM has been narrowed by
means of the slit and it is smaller than the energy separation between two levels, allowing
to excite a single level. The in-plane wavevector extension of the laser beam is given by the

numerical aperture of the objective used to excite the sample (V. A. = 0.7).
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e at negative detuning, no relaxations are detected.

A reasonable explanation for the relaxation from the upper to the lower polariton
branch are polaritons-phonons interactions, which allow for an indirect population of
the excitonic resevoir, thus populating the whole lower branch. Although no other
relaxations are observed in our system, other experimental findings in fully confined
polaritons systems are in contrast with our observations [206]. For instance, Paraiso
and collaborators [206] observed also intra band relaxations in both upper and lower
polariton branches, which is not our case. However, literature contributions agree that
relaxation behavior strongly depends on the confinement nature and efficiency.

Indeed, in past years the possibility to engineer polariton scattering toward certain
levels led to interesting results, such as parametric oscillations [202,207], spontaneous
non ground state condensation [208| and enhanced thermal redistribution of polaritons
injected in a well defined state [206]. However, as suggested in ref.s [202, 206, 208]
these effects strongly depend on the confinement efficiency and polariton lifetime. For
instance, the efficiency of the polariton-phonon interaction (that we suggested to take
place in the conditions detailed in sections 5.3.3.2 and 5.3.3.3), depends on the differ-
ence between the polaritons lifetime 7, and the polariton-phonon scattering average
time 7,5,. The interaction with phonons is possible if 7, 2 7,,. Due to the ultra short
lifetime of fully confined polaritons (of the order of tens of picoseconds [206,208]), that
moreover is not defined by only the cavity lifetime [208], time resolved analysis is an
essential tool to confirm our hypothesis. Although the probing of polaritons relaxation
dynamic is a suitable application for the two-photon absorption technique presented in
this chapter, a full description of these phenomena needs more detailed investigations,
that will be performed in next months.

Let us underline that, due to the size of the investigated micropillars, it has been not
possible to observe the polariton quantum blockade. Indeed, the confinement needed
to reach a sufficiently strong polariton-polariton interaction can be achieved only with

very small micropillars [29]. However, the possibility to resonantly excite a single
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polariton level without the introduction of noise in the detection system let us envision
that the two-photon absorption technique is a viable strategy for the experimental

realization of single photon sources based on polariton quantum blockade.

5.4 Conclusions and perspectives

In summary, this chapter proposes an original and flexible technique to excite micro-
cavity polaritons with the final purpose to obtain the polariton quantum blockade. It
is based on a non-linear two-photon absorption process and allows to coherently inject
polaritons in a planar or pillar microcavity in resonance with the polariton branches
without introducing any noise in the detection system. By virtue of the two-photon
resonant conditions, that makes the majority of polaritons to be injected in the same
energy state, the TPA process allows to enter in an operation regime that we called
two-photon polariton laser regime, presenting several analogies to the standard polari-
ton laser and that can be reached also in pillar microcavities coupled with a single
quantum well. Moreover, by narrowing the laser spectral width, TPA is shown to
be useful to excite only a single polariton level in a pillar microcavity, thus opening
the way towards the experimental realization of polariton quantum blockade. Indeed,
when dealing with low intensity phenomena, standard resonant excitation techniques
are usually limited by the noise introduced by the pump laser reflected on the sample.
A strong advantage of TPA is that it allows to resonantly pump polaritons filtering out

any back reflection of the excitation laser, which is at a completely different wavelength.
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CHAPTER 6

Conclusions

This work analyzed different aspects of fully confined systems, from the single photon
generation based on single nanoparticles, to weakly and strongly coupled systems.

First, we have shown that the fine tailoring of charge carriers confinement in col-
loidal core/shell CdSe/CdS dot-in-rods (DRs) can be achieved by a fine control of
their geometrical parameters. Indeed, by careful designing the geometrical structure
of DRs, the electrons wavefunction can be strongly localized in the core or spread
along the whole shell. This behavior, usually analyzed by lifetime measurements, has
been monitored by means of the second order autocorrelation function g (7), that is
directly bound to carrier-carrier interactions and thus to carriers confinement. More-
over, our experimental results suggest that the tailoring of carriers confinement leads
to the possibility to control radiative and non-radiative recombination channels in
these nanoparticles. The possibility to act on wavefunctions in dot-in-rods allows one
to induce several interesting features, such as polarized and dipole-like single photon
emission and a blinking-free photoluminescence intensity. In our case we demonstrate
a strong reduction of the photoluminescence blinking (the probability to have blink-
ing periods longer than 50ms has been assessed to be as low as ~ 0.001) preserving
an antibunched emission together with a total efficiency of the source of ~ 70% (i.e.
~ 1.7Mphotons/sec emitted directly by the nanoparticle excited at 2.5M Hz).

The above-mentioned properties together with the compatibility of these nanopar-
ticles with standard nanofabrication technologies, make us envision the suitability of
dot-in-rod nanostructures as sources of single photons for quantum information.

The work also discusses the possibility to realize Si3/N, photonic crystals nanocav-
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ities for applications in the visible spectral range. These resonators, based on a two-
dimensional photonic crystal realized in air suspended membranes, were explited to
modify the spontaneous emission of organic and inorganic light emitters. In particular,
colloidal dot-in-rods have been weakly coupled to the confined optical modes and lo-
calized in the maximum of the confined electric field in order to maximize the Purcell
effect. Organic light emitters (Cyanine 3 and TRICT florescent molecules) were im-
mobilized on top of the cavities trough surface functionalization of single DNA strains
and antibodies receptors, showing the suitality of these structures for the realization
of advanced and versatile building blocks for integrated photonic devices for several
fields, from quantum communication to biosensing applications.

The last part of the manuscript studied a semiconductor system in which the strong
coupling between a quantum well and a cavity mode gives rise to quasi-particles called
polaritons. In particular, a two-photon excitation technique has been demonstrated
to be effective to obtain an operation regime called two-photon polariton laser, which
presents several similarities with polariton laser. Interestingly, the two photon polariton
laser has been obtained in pillars microcavities coupled with only one quantum well.
Moreover, two-photon excitation is proposed as a technique to excite systems designed
with the purpose to experimentally obtain the polariton quantum blockade. We have
show that a picosecond two-photon pulse can be used to excite a single level in a mi-
cropillar without introducing any noise in the detection system from the laser reflected
on the sample. This strategy thus paves the road toward the realization of the polariton

quantum blockade and of single photon sources based on microcavity polaritons.



APPENDIX A

Turbulences in quantum fluids

During this PhD thesis, I was also involved in experiments concerning the generation
of polariton quantum fluids in semiconductor microcavities. This appendix includes
two papers on this subject: the first one concerns the observation of a rich variety
of quantum hydrodynamic effects, and in particular the observation of dark oblique
solitons in a polariton superfluid.

The second one is focused in the generation of topological excitations (and in par-
ticular vortex pairs) in a quantum fluid flowing a potential barrier optically generated

by using a laser beam.
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Polariton Superfluids Reveal Quantum
Hydrodynamic Solitons

A. Amo,>?* S. Pigeon,® D. Sanvitto,® V. G. Sala,* R. Hivet," I. Carusotto,® F. Pisanello,™*®
G. Leménager,® R. Houdré,” E Giacobino,* C. Ciuti,® A. Bramati'*

A quantum fluid passing an obstacle behaves differently from a classical one. When the flow is slow
enough, the quantum gas enters a superfluid regime, and neither whirlpools nor waves form around
the obstacle. For higher flow velocities, it has been predicted that the perturbation induced by the
defect gives rise to the turbulent emission of quantized vortices and to the nucleation of solitons.
Using an interacting Bose gas of exciton-polaritons in a semiconductor microcavity, we report the
transition from superfluidity to the hydrodynamic formation of oblique dark solitons and vortex
streets in the wake of a potential barrier. The direct observation of these topological excitations
provides key information on the mechanisms of superflow and shows the potential of polariton

condensates for quantum turbulence studies.

flow without friction (/). It is characterized

by the absence of excitations when the
fluid hits a localized static obstacle at flow speeds
Vow below some critical velocity v.. For small
potential barriers, the critical velocity is given by
the Landau criterion as the minimum of w(k)/k,
with (k) being the dispersion of elementary ex-
citations in the fluid. In the case of dilute Bose-
Einstein condensates (BECs), v, corresponds to
¢, the speed of sound of the quantum gas. For
supersonic flows (Vo > ¢5), small obstacles in-
duce dissipation (drag) via the emission of sound
waves (2, 3).

‘When the barrier is big, larger than the fluid’s
healing length—the minimum distance induced
by particle interactions for changes in the density
of the condensate—the density modulations caused
by the barrier can generate topological excitations,
such as vortices and solitons. These quantum hy-
drodynamic effects have been predicted to reduce
the critical velocity (4, 5).

Despite the amount of theoretical work (4-6),
few experimental studies have addressed hydro-
dynamic features in atomic condensates through
the observation of the break-up of superfluidity
at fluid velocities lower than the speed of sound
(7, 8). Solitons in a quasi—one-dimensional (1D)

S uperfluidity is the remarkable property of
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geometry (9) and the nucleation of vortex pairs
in an oblate BEC have been reported (10, 11).
Far from the hydrodynamic regime, formation
of vortices and solitons has been shown by en-
gineering the density and phase profile of the
atomic condensate (/2, 13), or by the collision of
two condensates (/4).

Polariton superfluids appear promising in
view of quantitative studies of quantum hydro-
dynamics. Polaritons are 2D composite bosons
arising from the strong coupling between quan-
tum well excitons and photons confined in a
monolithic semiconductor microcavity. They pos-
sess an extremely small mass n1,0; on the order
of 10~® that of hydrogen, which allows for their
Bose-Einstein condensation at temperatures rang-
ing from a few kelvins (/5) up to room temper-
ature (/6). All parameters of the system, such as
the flow velocity, density, and shape and strength
of the potential barriers, can be finely tuned with
the use of just one (3) or two (/7) resonant lasers,
and by sample (/8) or light-induced engineering
(19). A crucial advantage with respect to atomic
condensates is the possibility of fully reconstruct-
ing both the density and the phase pattern of the
polariton condensate from the properties of the
emitted light (20). This has been exploited in the re-
cent observations of macroscopic coherence and
long-range order (15, 18, 21), quantized vortices
(20), superfluid flow past an obstacle (3, 17, 22),
and persistent superfluid currents (23).

Here we use a polariton condensate to reveal
quantum hydrodynamic features, whereby dark
solitons and vortices are generated in the wake of
a potential barrier. Following a recent theoretical
proposal (24), we investigate different regimes at
different flow speeds and densities, ranging from
superfluidity to the turbulent emission of trains of
vortices, and the formation of pairs of oblique dark
solitons of high stability. For spatially large enough
barriers, soliton quadruplets are also observed.

Our experiments are performed in an InGaAs-
GaAs-AlGaAs microcavity at 10 K (25). We ex-

cite the system with a continuous-wave (cw)
single-mode laser quasi-resonant with the lower
polariton branch at an angle of incidence 6, re-
sulting in the injection of a polariton fluid with a
well-defined in-plane wave vector (3) (k =k sin 6,
where kj is the wave vector of the excitation
laser field) and velocity viow = kh/mpo. The
speed of sound of the fluid ¢ is related to the
polariton density \\41|2 via the relation (22) ¢y =

\/ hng /Mpot> where g is the polariton-polariton

interaction constant.

Figure 1A shows the image of a polariton
fluid with &= 0.73 pm™" and vgey = 1.7 um/ps,
created with a Gaussian excitation spot 30 pm
in diameter. The resonant pump is centered slight-
ly upstream from a photonic defect of 4.5 um
present in the microcavity, in order not to lock
the phase of the flowing condensate past the
defect. Two oblique dark solitons with a width
of 3 to 5 um (Fig. 1B) are spontaneously gener-
ated in the wake of the barrier created by the
defect and propagate within the polariton fluid in
a straight line.

An unambiguous characteristic of solitons
in BECs is the phase jump across the soliton
(12, 13, 26). To reveal the phase variations in the
polariton quantum fluid, we make the emission
from the condensate interfere with a reference
beam of homogeneous phase, with a given angle
between the two beams (20). The result (Fig. 1C)
shows a phase jump of up to n (half an inter-
ference period) as a discontinuity in the interfer-
ence maxima along the soliton.

The 1D soliton relationships obtained from
the solution of the Gross-Pitaevskii equation
(13, 26) can be extended to two dimensions to
relate the soliton velocity v in the reference
frame of the fluid, the phase jump 8, and depth
with respect to the polariton density » away from
the soliton:

cos(%) = (1 - %)1/2 = zf (1)

In our geometry, a soliton standing in a straight
line in the laboratory frame implies a constant
Vs = Vpow Sin 0, Where o is defined in Fig. 1A. As
the soliton becomes darker (15 approaching n), the
phase jump saturates at 8 = rt. Indeed, the solitons
remain quite deep up to the first 40 pm of trajec-
tory (Fig. 1, B and D), with a corresponding phase
jump close to, but smaller than, 7. At longer dis-
tances, the depth decreases along with the phase
jump. Open triangles in Fig. 1D show the ratio
ng/n as obtained from the measured phase jump
and Eq. 1. This confirms that the soliton relation-
ships, which were derived for condensates with-
out dissipation (26), are applicable locally to
the case of polaritons under cw pumping, where
the polariton density is stationary in time. The
polariton density continuously decreases down-
stream from the barrier due to the finite polariton
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lifetime. This results in a decrease in the speed of
sound (from ¢, =3.5 + | pum/ps at Ay = 14 pum, to
¢ = 1.2+ 0.5 um/ps at Ay = 50 um [see (25) for
the estimation of ¢], which compensates the ex-
pected acceleration of the soliton when it becomes
less deep (smaller ngn in Eq. 1). Consequently,
the solitons present an almost rectilinear shape.

Simulations based on the Gross-Pitaevskii
equation, with pumping and decay (25) accord-
ing to the model described in (24) for the exper-
imental parameters of Fig. 1, show the nucleation
of a pair of solitons (Fig. 2A) with its associated
phase jump (Fig. 2B). The model confirms that
dark solitons nucleate hydrodynamically due to
the gradient of flow speeds occurring around the
potential barrier, which result in density variations
on the order of the healing length. Once the sol-
iton is formed, the repulsive interparticle interac-
tions stabilize its shape as it propagates (6, 27-29).
By contrast, no stable soliton was observed at
low excitation density when polariton-polariton
interactions are negligible (see fig. S3).

Other hydrodynamic regimes can be explored
by varying the mean polariton density (i.e., the
speed of sound) for a fixed flow speed (Fig. 3).
Here, polaritons move slower than in Fig. 1 (vgow =
0.79 um/ps, k= 0.34 um "), and due to their lim-
ited lifetime, they cannot propagate far away from
the excitation spot. Hence, we have designed an
excitation spot with the shape of half a Gaussian,
with an abrupt intensity cut-off (fig. S1). Below
the red line in Fig. 3, A to C, only polaritons prop-
agating away from the pumped area are present,
and their phase is not imposed by the resonant
pump beam.

Figure 3A shows the polariton flow at sub-
sonic speeds (Vioy = 0.25¢;, where the bar indi-
cates the mean speed of sound), at high excitation
density. The condensate is in the superfluid re-
gime, as evidenced by the absence of density
modulations in the fluid hitting the barrier and
from the homogeneous phase (Fig. 3D), show-
ing a high value of the zero time first-order co-
herence (25), g (Fig. 3G). When the excitation
density and, correspondingly, the sound speed
is decreased to vyiow = 0.4 (Fig. 3B), the fluid
enters into a regime of turbulence characterized
by the appearance of two low-density channels
in the wake created by the barrier, with extended
phase dislocations (Fig. 3E). We interpret this re-
gime as corresponding to the continuous emission
of pairs of quantized vortices and antivortices
moving through those channels (-6, 24). Al-
though a direct observation of the phase singu-
larity of the emitted vortices is not possible under
time-integrated cw experiments, the effects of
the vortex flow are clearly seen when looking at
™. Figure 3H shows a trace of low degree of
coherence along each channel, due to the con-
tinuous passage of individual vortices. Finally,
if the density is further decreased, we observe
the formation of oblique dark solitons (Fig. 3C;
Viow = 0.6¢), with the characteristic phase jump
along their trajectory (Fig. 3F), and a constant
value of g close to 1 (Fig. 3I).

3 JUNE 2011

The three regimes depicted in Fig. 3 have
been anticipated by the nonequilibrium Gross-
Pitaevskii model (24). We report a break-up of

the superfluid regime at vy, ~0.4¢;, a value
consistent with predictions for the onset of drag
in the presence of large circular barriers (4, 5). Our
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Fig. 1. (A) Real-space emission showing a soliton doublet nucleated in the wake of a photonic defect
located at the origin. (B) Horizontal profiles at different downflow distances from the defect Ay. Arrows
indicate the soliton position. (C) Interference between the emitted intensity and a constant-phase ref-
erence beam, showing phase jumps along the solitons (dashed lines). The curved shaped of the fringes
and the decreasing interfringe distance arise from the geometry of the reference beam. (D) Soliton depth
(black circles) and phase jump obtained from (C) (filled triangles; see fig. S4), showing a strong cor-
relation. Open triangles: soliton depth obtained from the measured phase jump and Eq. 1.
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Fig. 2. (A) Real-space emission obtained from the solution of the nonequilibrium Gross-Pitaevskii
equation for the parameters of the experiment depicted in Fig. 1. (B) Normalized real part of the polariton
wave function, showing a phase jump (dark dashed lines) along the solitons (white dotted lines).
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observations show that solitons in the polariton
fluid can be stable down to subsonic speeds. This
is in contrast to calculations for atomic conden-
sates, in which oblique dark solitons are predicted

Superfluidity

B
™ Vortex ejection

to be stable only at supersonic speeds (6, 27).
Because our nonequilibrium simulations (Fig. 2)
reproduce the observed nucleation at subsonic
speeds, we infer that the additional damping in

Solitons 100

0

Fig. 3. (A to C) Real-space images of the polariton gas flowing downward at different excitation densities in
the presence of a double defect (total width: 15 um). The gas is injected above the red line (25). At high
density (A) (117 mW), the fluid is subsonic (vgey = 0.25¢;) and flows in a superfluid fashion around the
defect. At lower densities (B) (36 mW; vqoy = 0.4C;), a turbulent pattern appears in the wake of the defect,
eventually giving rise to the formation of two oblique dark solitons (C) (vgey = 0.6¢s; 27 mW). (D to F)
Interferograms corresponding to (A) to (C), respectively. (G) to (I) show the corresponding degree of first-
order coherence [g®, see (25)]. Saturated values of g’ are due to the uncertainty in the measurements.

A

Fig. 4. Real-space images of the polariton flow around a large defect (17 um in diameter) at low (A) (k=
0.2 um™) and high (B) (k = 1.1 um™?) injected wave vectors showing, respectively, the formation of a

soliton doublet and quadruplet.

REPORTS

the polariton system arising from the finite life-
time is responsible for the stabilization of the
soliton at subsonic speeds.

Finally, we have explored the possibility of
going beyond the generation of soliton doublets
by using a large circular potential barrier (6).
Figure 4A shows a polariton flow at low momen-
tum (k= 0.2 um ") injected in a Gaussian spot
slightly above the obstacle, which nucleates a
soliton doublet. If the momentum of the flow is
increased above a certain value, the strong den-
sity mismatch before and after the defect can gen-
erate a soliton quadruplet (Fig. 4B, k= 1.1 um ).
In principle, it should be possible to access even
higher-order solitons by increasing both the ob-
stacle size and the ratio vygy/cs.

Our results demonstrate the potential of po-
lariton superfluids for experimental studies of
quantum hydrodynamics. Both the velocity and
the density of the quantum fluid can be finely
controlled by optical means, and simultaneous
access to the condensate density, phase, and co-
herence is available from the emitted light. These
features have been essential in the reported obser-
vation of hydrodynamic generation of oblique
solitons in the wake of potential barriers, and offer
the opportunity to probe more complex phenome-
na like Andreev reflections (30), nucleation and
trapping of vortex lattices (24), and quantum
turbulence (37).
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Hydrodynamic solitons in polariton superfluids
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A Confocal excitation scheme

The data reported in Fig. 3 have been taken making use of a confocal excitation scheme, as
shown in Suppl. Fig. 1. The laser is focalised in an intermediate plane where a mask is placed in
order to hide the upper part of the Gaussian spot on that plane. Then, an image of the
intermediate plane is done on the sample, producing a spot with the shape of a half Gaussian
(the profile is depicted in the inset of Suppl. Fig. 1). Polaritons are resonantly injected in the
microcavity with a well defined wavevector, in the region above the red line in the figure. In
this configuration scheme, polaritons are free to move out of the excitation spot with a free
phase, not imposed by the pump beam. This is essential for the observation of hydrodynamic
effects, which involve topological excitations with phase discontinuities.

Suppl. Fig. 1. Excitation setup for the observations of Fig. 3. Reconstruction of the spot on
the sample with the shape of half a Gaussian (a y cross-section is shown in the inset).

B Sound speed: density and phase jump estimations

11



173

The average sound speeds reported in the main manuscript, have been obtained from the
measured soliton speed v; and phase jump o, with the use of Eq. 1 (cos(é‘/ 2) :vx/ ¢, ). In
Fig 3, the soliton regime is observed in panels c, f, i, and a sound speed can be extracted from

the phase jump. In order to obtain the sound speed for other two excitation densities (panels
a,b,d,e,g,h), we use the measured polariton density relative to the soliton case and the sound

speed relation ¢, = 4/fig ‘l//‘z / m,,, . Note that the sound speed is proportional to the square root

of the density ‘y/‘z.

In order to confirm that this relationship is consistent with our results, we proceed in the same
way for the data plotted in Fig. 1. In this case we take the sound speed obtained from the phase
jump of the right soliton along its trajectory. The sound speed decays as the fluid is further away
from the excitation area. The result is shown in black dots in Suppl. Fig. 2. Additionally, we
measure the decay of the density on the edges of the soliton along its trajectory. In Suppl. Fig. 2

we plot in green triangles the magnitude c, :A\/Y , where / is the emitted intensity

(proportional to the polariton density) and 4 is a fitting constant. Remarkably, in both cases, the
decay of the sound speed follows the same trend.

These results justify our method to obtain the sound speed in the superfluid and vortex emission
regimes (Fig. 3a,b) from the measured sound speed in the soliton regime (Fig. 3¢, obtained from
the phase jump) and the relative polariton density in the other regimes.
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Suppl. Fig. 1. Sound speed estimation for the data of Fig. 1. Black dots show the sound speed
obtained from the phase jump and Eq. 1 along the soliton trajectory. Green triangles show the fit
from the measured square root of the emitted intensity (proportional to the polariton density).
The dashed line shows the fluid speed.
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All-optical control of the quantum flow of a polariton
condensate
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While photons in vacuum are massless particles that do not interact with each other,
significant photon-photon interactions appear in suitable nonlinear media, leading to novel
hydrodynamic behaviors typical of quantum fluids [ °]. Here we show the generation and
manipulation of vortex-antivortex pairs in a Bose-Einstein condensate of exciton-polaritons —
a coherent gas of strongly dressed photons— flowing against an artificial potential barrier
created and controlled by a light beam in a planar semiconductor microcavity. The all optical
control of the polariton quantum flow allows us to reveal new hydrodynamical
phenomenologies such as the formation of vortex pairs upstream from the optical barrier, a
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case of ultrashort time excitation of the quantum flow and the generation of vortices with
counterflow trajectories. Additionally, we demonstrate how to permanently trap and store
the quantum vortices that are hydrodynamically generated in the wake of a defect. These
observations are borne out by time-dependent theoretical simulations based on the non-
equilibrium Gross-Pitaevskii equation ™.

The recent advances in the optical generation, manipulation and diagnostics of
quantum gases of exciton-polaritons in planar semiconductor microcavities [*}] have paved
the way to the study of quantum fluid phenomena in photon gases. Exciton-polaritons are
bosonic quasi-particles that emerge in a semiconductor microcavity from the strong coupling
of confined photons and quantum well excitons [**]. The exciton component provides efficient
polariton-polariton interactions which result in strong optical nonlinearities; the photonic
component allows for easily generation, manipulation and observation of polariton gases with
optical techniques. As compared to standard quantum fluids such as liquid Helium or ultracold
atomic gases, polariton fluids are expected to show new interesting non-equilibrium effects [**
3] that originate from the finite lifetime of the constituent particles and the driven-dissipative
nature of the optical fluid.

As bosonic particles, polaritons have recently demonstrated to undergo a phase
transition to a Bose-condensed state [*°,’]. This has triggered the search for superfluid
behaviours in polariton gases opening up new exciting possibilities as polaritons provide a
unique access and control on all the relevant quantities of the fluid by simple optical means. In
particular, one is able to follow in real time the evolution of the density and current profile, as
well as of the quantum fluid coherence simply by observing the photonic state leaking out the
cavity. These features have allowed for the study of non-linear flow phenomena in polariton
gases, such as superfluidity [**%°], persistent flows lasting for very long times [*!] and the
hydrodynamic nucleation of dark solitons [*°,?]. While the observation of these phenomena,
58], photon-based polariton

fluids appear as the most promising candidates for the study of quantum hydrodynamic

have been out of reach in standard non-linear optical systems [

effects. In particular this regime is characterised by the appearance of topological excitations:
vortices of quantised angular momentum. These quantum of circulation lie in a multi-
dimensional Hilbert space, hence they are extremely interesting for the possibility of using
them, for instance, as qudits [*]—qubit in a higher dimensional system— as proposed for the
case of purely photonic vortices [>***!]. In this context polariton condensates may have the
advantage of having intrinsic non-linearities and being already integrated in semiconductor
chips.

The present paper investigates the topological excitation of a quantum fluid
encountering different kinds of obstacles capable of breaking its superfluid regime. Similar
experiments were carried out using a condensate of ultracold atoms [*,**], and in polaritons,
resonantly generated on a natural defect of the sample [°]. Here, we take advantage of the
strong polariton non-linearities to optically create and tailor obstacle potentials of tuneable
shape and intensity. We follow, in time, the vortex pairs, and show that their nucleation point
and trajectory are determined by the shape and height of the barrier, as well as by the density
of the quantum fluid, demonstrating the possibility to fully control by optical means the vortex
appearance and motion. Moreover, using a trapping optical potential, we also show the
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possibility of permanently storing the vortex pairs that are produced at the surface of a
randomly chosen natural defect of the sample. This is a crucial advance with respect to the
first experiments showing optical vortices in planar microcavity lasers [*°] and in polariton
condensates, where pinned vortices spontaneously appears in the disorder potential of the
cavity [*,%] or in the minima of the excitation laser field [*]. Our results demonstrate
advanced manipulation of a photon fluid by optical means, in particular for the generation and

control of quantised vortices.

In the present experiment, polaritons are coherently created in a planar
semiconductor microcavity by resonantly exciting the sample with a pulsed Ti-Sapphire laser.
The sample is described in detail in [*?] and in the method section. Time resolved real space
images of the polariton field are obtained in transmission geometry with the use of a
synchroscan streak camera. The real-space phase pattern of the polariton field is inferred from
interferograms resulting from the interference of the cavity emission with a reference beam of
constant phase coming from the pulsed laser itself.

Figure 1 shows the typical lower polariton dispersion of a microcavity under strong
photon-exciton coupling. The polariton condensate is excited by a resonant laser with linear
vertical polarization and a finite in-plane wavevector as indicated by the red arrow in the
figure. The in-plane wavevector results in a finite flow velocity of the polariton fluid. We use
the excitation scheme proposed in [*°]: half of the laser spot (almost flat inside the cavity, due
to saturation of polariton excitation) is masked with a sharp metallic edge so to restrict
excitation of polaritons to the upstream region and let them spontaneously flow against a
localized potential barrier that we create with a second laser (see below). In our configuration,
out of the masked region, the phase of the superfluid is not locked to that of the laser, and
therefore free to evolve in space and time. Note that if this mask is absent, as in Ref. [°], any
inhomogeneity of the pumping laser, close to the obstacle, could strongly influence the fluid
dynamics and the appearance of topological vortices [*4].

The artificial potential barrier is created by a CW laser with linear polarization
(horizontal) opposite to that of the pumping pulsed laser. This CW beam is normally incident to
the sample and its frequency is resonant with the bottom of the polariton dispersion at k;=0.
Its purpose is to introduce in the spot region a steady population of exciton-polaritons large
enough to locally result in a significant blueshift of the polariton states under the effect of
interparticle interactions. This has demonstrated to give rise to two populations which behaves
independently in case of resonant CW excitation [**],
and proved to act as a potential obstacle in a non-steady state system where polaritons are
truly flowing, independently from the exciting laser beams. By varying the CW intensity, blue
shifts ranging from 0.1 meV to 0.8 meV are obtained. The size and shape of the potential
obstacle is simply controlled by the size and the shape of the CW laser spot. Figure 1 shows a
scheme of such a potential landscape. In the images shown in Figures 2-3, we isolate the
emission, coming from the flowing polaritons injected by the pulsed laser, by means of suitable
polarizers and using time resolved experiments.

however it has never been implemented

Figure 2 shows five temporal snapshots of the real space density and phase profile of a
polariton condensate injected in the cavity with a rightward velocity vi = 1.1 pm/ps. In our
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case, the polaritons are in fact flowing against the obstacle at a supersonic speed (see
supplementary information) (c.<vs). The shape of the barrier is Gaussian (~10 um in diameter,
0.4 meV of mean height) and its position is indicated by a blue circle. The successive snapshots
show the formation of a pair of vortices with opposite circulation in the center of the fluid 10
ps after the arrival of the pulse and upstream from the position of the defect. Vortices are
revealed as density minima corresponding to their core in Fig.2b-e, and as fork-like
dislocations in the interferograms shown in Fig. 2g-m. In the subsequent 10 ps the vortex and
the antivortex are pushed away from the center of the potential barrier towards its sides at a
velocity of ~ 0.9 um/ps. However, after the vortices have reached the equator of the obstacle
34, there is a clear deceleration of their motion and a small excursion along the vertical axis
orthogonal to the flow direction. After most of the polariton pulse has gone past the defect,
the vortices keep wandering at a distance of a few tenths of microns from the defect, their
motion being mostly oriented in the direction orthogonal to the original injected flow. The
good visibility of the fringes in the interference pattern shows that the polariton fluid
preserves its coherence during the whole evolution.

Remarkably, unlike what observed in Refs. [2*?*°], the formation of vortices takes place
at a position right upstream of the defect and not in its wake as it is usually expected [**7].
These works, however considered a flow hitting a strong and spatially abrupt potential. In
contrast, in the present experiments we optically generate a potential with a smooth profile
and relatively shallow depth, therefore allowing a small fraction of the condensate to
penetrate the obstacle. Furthermore, we inject polaritons using a temporally short and
spatially localized laser pulse, creating a dynamic density profile which first increases and then
swiftly decreases in time after the polariton wave has passed the obstacle. A vortex pair starts
to form, when the sound velocity first equals the local fluid velocity [°]. Differently from
previous works vortices are observed to nucleate exactly at the spatial position where this
condition is satisfied, which happens upstreams of our obstacle. This is confirmed by the
solution of the time-dependent non-equilibrium Gross-Pitaevskii equations with the actual
experimental excitation conditions (see Fig. 2 third row and the supplementary material).

A more detailed analysis of the vortex trajectories for different conditions of the
optical barrier and the density of injected polaritons is shown in Figure 3. Increasing the CW
power (Fig. 3a-c) results in the increase of both the height and the effective width of the
potential experienced by the moving polaritons. A larger diameter of the potential would tend
to push the vortex-antivortex nucleation point upstream, closer to the pulse injection area,
where the density is higher, giving a higher sound speed c;. At the same time, nucleation tends
to occur further away from the obstacle axis, at positions where the local flow velocity
tangential to the obstacle is higher, and the condition vi=c, is satisfied. These features are well
reproduced by the solution of the Gross-Pitaevskii equation for polaritons, as shown in Fig. 2S
of the supplementary material. To further assess the effect of the change in polariton density
on the interaction with the defect, we have repeated the experiment with a higher power of
the pulsed laser (Fig. 3d), so to inject a higher density of polaritons at a similar value of the
barrier height and size of Figs. 3b. The higher injected polariton density (39.8 um™ compared
to 12.4 um™ for lower excitation power) corresponds to an increase of the sound speed from c,
= 0.4 um/ps (Fig. 3b) to 0.8 um/ps (Fig. 3d). On the other hand, the highest flow velocity takes
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place at the equator of the barrier [*?7] and as a result, the nucleation point shifts laterally

towards the edge of the defect, where the flow velocity is higher. Even though the increase of
the density is slightly compensated by a higher fluid velocity of the injected polaritons (v; = 1.4
um/ps), still the dominating effect is in the variation of the speed of sound, giving an increase
of 25% in cy/vs respect to the experiment in Fig. 3 c. This can also be seen in Figs. 3a,b and 3c,
where for different values of the CW power equal to 6 mW (Fig. 3a), 26 mW (Fig. 3b) and 52
mW (Fig. 3c), the estimated speed of sound (as discussed in the supplementary material) at
the vortex pair nucleation points are 0.3 um/ps, 0.4 um/ps and 0.5 um/ps, respectively,
consistent with nucleation points approaching the equator of the barrier

Another interesting outcome is observed for very small defect size (see Fig. 3e). Here
the vortex-antivortex pair follows the contour of the obstacle and then recombines right
downstream from the defect. In this case, due to the reduced dimension of the defect, the
polariton density is not strongly reduced in the wake of the potential, allowing for the
observation of vortex/antivortex annihilation once the flow has recovered its unperturbed
pathway. This remarkable result shows the ultrashort lifetime of a topological excitation
created on the quantum fluid. To some extent the fluid before and after the defect shows the
same unperturbed behavior. This could be considered the quantum counterpart of the
classical laminar flow (see video in the supplementary online material).

Finally in Fig. 3f we have changed the shape of the obstacle into a rectangular extended barrier
with a channel of about 20 um to allow for the polariton to flow through. Interestingly we
observe the formation of a vortex pair at the boundary of the optical barrier which is first
scattered back, reflected by the barrier itself, and subsequently pushed forward by the
polariton condensate flowing towards the channel for the vortex, and along the barrier for the
antivortex. This shows the extraordinary variety of the phenomenology and dynamics of vortex
pairs obtained by simple manipulation of the optical defect.

So far we have shown that an artificial, optically induced, potential barrier is able to
produce the hydrodynamic nucleation of vortices in a flowing polariton fluid. However, these
vortices can only last for as long as the polariton fluid survives in the cavity. An alternative
strategy to make vortices last for times much longer than the polariton lifetime is to work
under a CW excitation and to use a suitably tailored mask to nucleate and then trap vortex
pairs, as theoretically suggested in [*°].

This proposal is experimentally demonstrated in Figure 4. Polaritons with a well-
defined momentum are injected by a single CW laser and sent against a potential barrier (here
formed by a natural defect present in the microcavity). In the absence of the mask (Fig. 4a),
the phase of the polariton fluid is locked to that of the pump laser, so that vortices are
prevented from nucleating even at supersonic speeds, as shown by the homogeneity of the
interferogram in Fig. 4g. On the other hand, when a dark region is placed right downstream of
the defect (dark triangle in Fig. 4b), pairs of vortices that are hydrodynamically nucleated in
the proximity of the defect, can freely penetrate in the dark area where the polariton phase is
not locked by the incident laser (note the phase dislocations in Fig. 4h). As the phase of the
fluid is homogeneous outside the triangle, vortices cannot diffuse out and they get
permanently trapped within the triangular borders. Moving the dark region slightly away from
the defect, we can still observe the presence of some trapped vortices within this area (Fig. 4c-
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d,i-j). On the other hand, if the dark trap is moved away from the cone set by the shock waves,
(appreciable in Fig. 4a) vortices cannot get trapped inside the triangle and their appearance
remains frustrated by the homogeneous phase imprinted by the pump laser (Fig. 4e,k). In Fig.
4e and 4k we have shifted the triangle of ~ 50 pm downwards so to keep it away from the ~
60° cone generated by a flow with a velocity of 0.9 um/ps (k=0.38 um™) against the defect. As
a result, no vortex is present in the triangular dark region.

The capacity of storage (number of vortices per unit area) is strongly determined by
the strength of the laser field inside the triangular region, as predicted in ['°]. Indeed, for
sufficiently high intensities of the resonant CW laser, the amount of light diffracted by the
edges of the metallic mask is sufficient to partially fix the laser phase in a part of the inner
region, as is the case of Fig. 4b, 4c, 4d where only a pair of vortices is present. However,
reducing the total laser power, the light field inside the triangle becomes negligible and the
number of vortices trapped by the masked region proliferate, as shown in Fig. 4f, mainly along
the edges of the triangle. This observation demonstrates the possibility of storing a controlled
number of vortices. Note that in principle the vortex pairs could be retained inside the triangle
for as long as the CW laser is on.

Our experiments show the potential of optical methods for the study, generation and
manipulation of quantized vortices in a quantum fluid. We show that we can fully control, via
laser-induced artificial potentials, the obstacle parameters, allowing to inspect the physics of
the vortex nucleation process in novel regimes and revealing unprecedented effects such as
the formation upstream of the defect and the ultrashort reversible excitation of a quantum
fluid. We further demonstrate the possibility of trapping and storing vortices in an all-optical
way by using a triangular optically-induced potential. Our observations confirm that polariton
condensates are an alternative to ultracold atoms [**] for the study of quantum fluid effects
[**]1 in new regimes, and using solid state samples that are operational up to room temperature
[*°,Y]. The all-optical control and trapping of vortices set the premises to study optical vortex
lattices and their excitations.
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Figure 1. Schematic description of the experiment. (a) lower polariton dispersion with a red
arrow indicating the pulsed laser wavevector. (b) Drawings of potential landscape, with the
flat potential of the bare polariton state modified by both the pulsed laser injecting the
polariton flow and by the CW laser giving origin to the artificial potential barrier.
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Fig.2: Upper row (a-e): snapshots of the real space emission pattern of the polariton fluid
(power of the pulsed laser, Pyysee=4mW) hitting an optical defect (blue circle, power of the
continuous wave laser, P.,=26mW ) at different times (8ps, 10ps, 12ps, 16ps and 21ps after
the maximum intensity of the pulse). The dark vertical contour originates from the red-shifted
region created by the sharp edge of the masked laser spot. The dotted white lines show the
angle of the shock waves. Medium row (f-m): corresponding interferograms giving the spatial
profile of the condensate phase. These images are obtained by mixing the real space emission
of the condensate with a reference beam of constant phase. An integration time of 1 s has
been used for each snapshot. Lower row (o-s): theoretical simulations using the parameters
of the experimental images (a-e). The agreement in the location of the nucleation process and
in the following trajectory is quite good. The arrows in (b), (g) and (p) indicate the position of
the vortex pair nucleation. In (c-e), (h-m) and (g-s) the arrows follow the positions of the
vortex-antivortex pair as these are dragged by the polariton fluid on either side of the
obstacle. Real space images are in logarithmic color scales.
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Figure 3. Time-integrated real space emission patterns and corresponding vortex
trajectories (obtained from successive time shots) for different parameters of the CW
laser, injection density and shape of the barrier. The vortex trajectories start from left to
right. Panels (a-c, e) refer to a fixed pulse power, Ppyes=4mW, and different CW powers,
Pw=6mW, 26mW and 52mW and 2mW respectively. Panel (d) refers to the same
potential barrier as in panel (b), P.=26mW, but with higher pump intensity,
Pousea=14mW. In panel (f) the optical defect is shaped into an infinitely long barrier with a
~20 um channel where the boundary are shown with dotted white lines. Here the vortex
trajectory shows an opposite behaviour going from right to left (pushed back by the
barrier) and then following the flow as indicated by the arrows. The background images
are time-integrated for the all duration of the experiment. The bright spot, for the strong
CW powers, is due to the weak but non-zero transmission of the CW beam through the
polarizer in the CCD camera, and indicates the position and shape of the defect.
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Figure 4: Real space images (a-f) and corresponding interferograms (g-) for polaritons injected
by a CW laser beam and flowing against a double natural photonic defect in the microcavity
[marked by rectangular dotted contours in (a)]. In (a,g), no mask is applied to the Gaussian
spot, the size of which is larger than the field of view, so that the density is almost uniform
behind the defect and the phase is pinned. In (b), a dark region within the excitation spot is
created, with a triangular mask, behind the defect and a pair of vortices (green and magenta
solid circles) nucleates and gets trapped inside the triangular area, as evidenced by the phase
dislocations shown in the interferogram (h). A second pair of vortices (dashed lines) is trapped
in the right minima of the double defect. In (c-e) and (i-k), the triangular mask is laterally
shifted with respect to the optical defect. In (c,d,l,j), the lateral shift is small enough for
vortices to still nucleate and be visible inside the triangular trap. In (e, k), the mask has been
shifted too far away from the defect and vortex nucleation is frustrated due to the
homogeneous phase imprinted by the pump laser. In (f,l) the pumping power of the laser is
lowered to allow for many vortex pairs to get trapped. The images are obtained by 1s
integration time in the CCD camera.
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APPENDIX B

Optical setups
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B.1 Polarization- and time-resolved confocal setup for photon
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B.1 Polarization- and time-resolved confocal setup for

photon correlation measurements

The sample was analyzed by the confocal microscopy setup sketched in Fig. B.1. A
picosecond-pulsed excitation laser diode (wavelength 404 nm, pulse width ~ 50ps) was
focused on a single DR and time- and polarization-resolved spectroscopy and single
photon counting measurements were performed by means of a high-sensitivity Han-
bury-Brown and Twiss setup, based on a pair of avalanche photodiodes (APDs). The
signals from the photodiodes were elaborated by a data acquisition card, used in two
different configurations. All measurements were performed at room temperature. In
the start-stop mode, the delays between the received photons on the two APDs provide
the measurement of the coincidence histogram h(7), proportional to the second order
autocorrelation function ¢® (7). By triggering the data acquisition card with the laser

pulses (laser triggered mode), it is possible to record individual photon events with
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Figure B.1: Sketch of the uPL optical setup used for single photon detection.

their absolute arrival times and their delays from the synchronization pulse in order to
measure the photoluminescence time traces and decay curves.

In order to evaluate optical losses in the setup, the transmission of each element
has been evaluated by using an HeNe CW laser and the collection efficiency of the
objective in presence of a dipole-like emitter estimated by an FDTD electromagnetic
solver (see Fig.s B.2, B.3 and B.4). The total collection efficiency has been assessed to
be ~ 2.8% (see Fig. B.5).



B.1. Polarization- and time-resolved confocal setup for photon correlation

measurements iii
Current dipole element
. simulating the rod
Contour Map of Index Profile

151

Microscope < . I

coverslip

Air <

Figure B.2: Electromagnetic structure simulated to probe objective collection efficiency.
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Figure B.3: Energy monitors disposition and time snap-shot of the electric field distribution.
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The ratio between the energies detected by the blue (in the whole
simulation domain) and the green monitors (inside the objective

b4 detection cone) is the 17.17%
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Figure B.4: Signal detected by the energy monitors a function of the FDTD time steps.
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Figure B.5: Evaluation of the transmission of each optical element present in the setup.
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Figure B.6: Sketch of the uPL optical setup used for PhC cavity characterization.

The microphotoluminescence (uPL) measurements were performed by means of a
confocal microscope (Olympus Fluoview 1000). A continuous wave excitation laser
(emitting at 515 nm or 405 nm for Cy3 and NC, respectively) was focused on the
sample by using an air objective with numerical aperture N.A.=0.85; the light emitted
by the device was collected through the same objective, dispersed in a 300mm long
spectrometer and sent to a liquid nitrogen cooled CCD. A polarizing cube and an half
wavelength plate was introduced in the optical path to perform polarization resolved
measurements and to identify x- and z-pole modes (see Fig. B.6 for the detailed optical

path). All measurements were performed at room temperature in air.
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B.3 Two photon absorption optical setup
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Figure B.7: Sketch of the TPA optical path.

The two photon beam is provided by an optical parametric oscillator pumped by a
Ti:S femtosecond pulsed laser. The sample is placed in a He-cooled cryostat and the
obtained femtosecond pulses are focused on the sample by an objective with numerical
aperture N.A.=0.7 (see path sketched in Fig. B.7). The polariton emission, collected
by the same excitation objective, is reflected by a dichroic mirror in order to filter
the reflected laser and dispersed in a 500mm long spectrometer equipped by a high
sensitivity CCD.

In order to reduce the full width at half maximum of the laser beam, the optical
path reported in Fig. B.7 allows to modify the temporal shape of the laser pulses. The
femtosecond two-photon beam was dispersed by a 600 line/mm grating and the first
diffraction order was focused on a mirror through a convergent lens. A system of two
slits has been introduced in the focal image plane of that lens in order to perform a
spectral selection of the dispersed beam. The reflection from the mirror was sent back
along the incoming path and the resulting outcoming picosecond pulsed beam was

redirected toward the sample by using a 50%-50% beam splitter toward the sample.
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As summarized in tab.5.1, the system allows us to excite the sample by means of three

different type of pulsed beams.
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APPENDIX C

Other procedures

C.1 Synthesis of colloidal DRs

The CdSe/CdS DRs used in this work were synthesized using the procedure reported
in Ref. [127]. The CdSe cores were prepared by mixing trioctylphosphineoxide (TOPO,
3.0g), 4,4’-oxydiphthalic anhydride (ODPA, 0.280g) and CdO (0.060g) in a 50 mL flask,
heated to about 150 °C and exposed to vacuum for ca. 1 hour. Then, under nitrogen,
the solution temperature was increased to above 300 °C to dissolve the CdO until it
turns optically clear and colorless. Then 1.5 g of trioctylphosphine (TOP) was injected
in the flask and heated to 360 °C. After that, a Se solution in TOP (0.058 g Se + 0.360
g TOP) was quickly injected in the flask and the reaction was stopped after 1 min by
removing the heating mantle. CdSe seeds were precipitated with methanol, redissolved
in toluene, reprecipitated with methanol, and finally dissolved in 1mL of TOP. In order
to obtain a preferred axis growth for the CdS shell, ODPA (0.290 g), HPA (0.080 g),
TOPO (3.0 g) and CdO (0.060 g) were mixed in a three-neck flask, heated at 150 °C,
and pumped to vacuum for ca. 1 hour. The temperature was first increased up to
300 °C and stabilized at 350 °C after the injection of 1.5 g of TOP. Then a solution
of S'in TOP (0.120 ¢ S + 1.5 g TOP) containing 8 - 108mol/l of readily prepared
CdSe nanocrystals (diameter d ~ 2.7nm) dissolved in TOP was quickly injected in the
flask. The shells were allowed to grow for about 6-8 minutes after the injection, after
which the heating mantle was removed. The resulting nanocrystals were precipitated
with methanol, washed by repeated redissolution in toluene and precipitation with the

addition of methanol. At the end they were dissolved in toluene.
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C.2 Leaky mode characterization

The angular and spectral dependence of leaky eigenstates localized on the PhC pat-
tern was quantified by evaluating the diffraction efficiency of the structure. This was
accomplished by using a Rigorous Coupled Wave Analysis (RCWA) technique. The
reflectivity maps computed for the PhC used in this work are reported in Fig. C.1;
these maps have been calculated for two different polarizations of the electric field
wavevector (hereafter referred to a S and P, as defined by the vectors E; and E, in
Fig. C.1(a)) and for the crystalline directions I' — M and I — K. The typical be-
havior of a PhC slab reflection is clearly visible in Fig.s C.1(b-e): narrow sharp peaks
are superimposed to a smooth background. As described in the main text, Cy3 and
TRITC fluorophores emitting in the spectral ranges 550nm-660nm and 540nm-620nm,
respectively, have been deposited on the patterned surfaces. It can be seen that a
limited influence of leaky modes on the excitation light (equal to 514 nm, in our case)
is expected for incident angles higher than 40 degrees, while no interaction at all is
observed in the emission spectral ranges of both Cy3 and TRITC. Moreover, being the
laser focused by means of an high numerical aperture objective, which corresponds to
a continuous of incident beams in an angular range of ~ 58° (see inset of Fig.C.1), the
diffraction efficiency in the case of our setup is more realistically described by averaging
the scattered light in the interval [0°, 58°].

As a consequence of these numerical and theoretical results it is possible to conclude
that excitation efficiency enhancement due to leaky modes has been observed but it

results to be almost two order of magnitude lower than the one reported in ref. [176].
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Figure C.1: Simulations of angular and spectral dependences of leaky modes in the modeled
PhC pattern. (a): sketch of the excitation and collection conditions of our experiment; (b-c):
reflectivity maps for s-and p-polarized incident light along I" — M direction; (c-d): reflectivity

maps for s- and p-polarized incident light along I' — K direction.

C.3 Functionalization of biomolecules on Si3/NV, sur-

face

Sig N, surfaces containing 2D-PhC nanocavities were chemically modified by means of
a solid state bioconjugation chemistry yielding primary amino-groups on the surface to
link biomolecules. Before reacting with appropriate solutions, samples were thoroughly
washed with acetone, isopropanol, MilliQQ water for 10 min each and then cleaned for
30 min by UV/Ozone (UV-tip Cleaner, BioForce Nanosciences, Inc.). Afterwards,

by reacting the surface with a freshly prepared aqueous solution of APTES (0.5%
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v/v for 5 min) (Sigma-Aldrich), a layer of primary amino groups was introduced.
Substrates were then abundantly rinsed with MilliQQ water and stored overnight in
a vacuum desiccator to evaporate physisorbed APTES aggregates. Subsequently, the
amino modified layer was linked with glutaraldehyde (GTA), an homo-functional linker
suitable to anchor onto the surface aminated probes, such as ssDNA or antibodies.
Hence, solutions of GTA at a concentration of 2.5 % (v/v) in 100 mM phosphate buffer
were incubated onto the layer and reactions were carried out at 4 °C in the dark for 2
h. Afterward, substrates were abundantly washed with MilliQQ water and dried in air.
GTA functionalized 2D-PhC nanocavities were then covalently linked with two class
of probe biomolecules, namely aminated-ssDNA and antibodies. Specifically, the DNA
probes (Thermo Fischer) (1 ?M in 1X TE buffer) were amino modified at 5’ end (5’
- NH2 - CGC AGG ATG GCA TGG GGG AG - 3’) and spotted for 2 h onto the
surface at 25 °C. After washing procedures (TE solutions at a concentration of 1X for
3 min), the hybridization experiments were carried out using complementary target
DNA sequences (match: 5" — Cy3 — CTC CCC CAT GCC ATC CTG CG - 3’). DNA
targets (10 uM in 1X PCR buffer) were left to hybridize with probes for 10 min at 37
°C. A single mismatch sequence (5" — Cy3 — CTC CCC CAT ACC ATC CTG CG -
3’) was also tested giving a significantly lower fluorescence signal (15-20% with respect

to the reference complementary sequence).

Similarly, antibody solutions (mouse monoclonal Anti-Vinculin, Clone hVIN-1, pur-
chased from Sigma Aldrich) at the concentration of 1 pug/mL in 100 mM phosphate
buffer were spotted for 1h onto the glutaraldehyde-activated substrates. The immuno-
modified surfaces were then thoroughly rinsed with 0.02 % of Tween20 and 1X PBS
buffer, and incubated for 1h with a solution of Rhodamine (TRITC)-conjugated AffiniPure
F(ab’)2 Fragment Goat Anti-Mouse IgG (H+L) at a concentration of 1:200 in 1X PBS
(purchased from Jackson ImmunoResearch Laboratories, INC.). Finally, substrates
were abundantly washed in 1X PBS buffer and dried in air. The surface density of

both probe biomolecules (i.e., ssDNA and antibodies) was assessed and optimized by
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fluorescence measurements. Standard solutions of Cy3-modified ssDNA probes (rang-
ing from 0.001 to 50 M) and antibodies (from 1:1 to 1:2500) were spotted onto GTA
functionalized 2D-PhC nanocavities. By confocal microscopy analyses (Leica, TCS-
SP5 AOBS), we found out that the highest fluorescence signal was obtained with 1 pM
for DNA and a dilution of 1:200 for the antibody.
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