
THESIS

presented for the partial fulfilment of degree of

Doctor of Philosophy in Physics

Nonlinear optical effects of exciton-polaritons in
semiconductor microcavities in the near infrared to the

ultraviolet range of wavelengths

Mr Anthonin Bruno Raymond Delphan
Under supervision of

Prof. Dmitry Krizanovskii and Dr. Maxim Makhonin

Faculty of Science
School of Mathematical and Physical Sciences

The University of Sheffield
United Kingdom
January 2025



Abstract

Exciton-polaritons (EP) are half-light, half-matter quasiparticles arising from
the strong coupling of photons with excitons, the elementary excitations of
semi-conductors. In this thesis, we give a literature review on the state-of-the-
art of research using exciton-polaritons and give examples of original research.
We start by defining exciton-polaritons in a bulk material and show why they
cannot be observed directly in such a system. We give examples of systems to
confine light in a cavity to overcome this limitation. This allows us to define
the weak and strong coupling regimes of light and matter. Some example of
research in exciton-polaritons is given, in particular in the materials which we
will use later in this thesis.
An overview of the experimental techniques commonly used to study EPs is
given. Our original research consists of three chapters covering a wide range of
research topics. In the first chapter describing our results, we show the fabri-
cation process of ring resonator structures, which demonstrate polariton lasing
in the UV range up to room temperature. In a second chapter, we study, for
the first time, exciton-polariton non-linearities in a Cu2O microcavity, in the
visible range of wavelength. We demonstrate Kerr-like nonlinearity arising from
the phenomenon of polariton Rydberg blockade. These two chapters have been
published in the literature. Supplementary material related to these publica-
tions can be found at the end of the thesis in the appendices.
The final chapter describes experimental work still in progress, to realise an ana-
logue black hole using exciton-polaritons in GaAs high quality sample, pumped
in the near infrared. We provide motivation and show polariton superfluid-like
behaviour appearing after a threshold. We create polariton vortices with very
high orbital angular momentum, with the ultimate goal of realising an acoustic
analogue black hole system. We conclude with a summary showing the high-
lights of the different chapters as well as the perspectives for further work offered
by our results.
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I slowly intoned the famous line. “L’hydre-univers tordant son corps écaillé
d’astres.”

I could sense his almost fear-stricken bafflement. He repeated the line softly,
savoring each glowing word.

“It’s true,” he stammered, “I could never write a line like that.”

— Jorge Luis Borges, “The Other”
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Chapter 1

Introduction

Lying at the intersection of optics and solid-state physics, exciton-polaritons are
an active topic of research in light-matter interactions with countless practical
applications and as a springboard for investigation of other physical phenomena.
Exciton-polaritons have a rich history, which begins with a paper by Solomon
Pekar [1] that theorised that the interaction between light and excitons (the
elementary excitations of semiconductors) would result in \additional waves",
travelling through the crystal. This concept was further developed in a pa-
per by John J. Hope�eld in 1958 which introduced \exciton-polaritons" [2] to
describe such additional waves. In essence, the photons incident to the crys-
tal are absorbed to create excitons, which recombine into photons, creating
new excitons... this complex dance within the crystal results in a mixed state,
which Hope�eld called the exciton-polariton. They are poetically described as
\half-light, half-matter" quasiparticules, at the boundaries between two worlds,
exhibiting properties of both. In his pioneering paper, Hope�eld showed how
exciton-polaritons a�ect the dielectric constant of the crystal, and as such are
necessary to understand light-matter interactions in bulk semiconductors.

The motivation to investigate exciton-polaritons is strong. However, in bulk
materials, it is di�cult to observe them directly. Indeed, in the decades following
Hope�eld's paper, research about exciton-polaritons dealt mostly with indirect
ways of observing them: Raman scattering [3], luminescence [4] or at the surface
of crystal [5].

A signi�cant shift took place after 1992, due to the progress of fabrication
techniques of cavities to con�ne light [6] . With this technological breakthrough,
C. Weisbuch observed, for the �rst time, evidence of exciton-polariton with both
the light and the exciton con�end in two or fewer dimensions [7]. Con�nement of
light in a small microcavity, as well as con�nement of the exciton using Quantum
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Wells, radically changes the interaction mechanisms between light and matter.
In particular, microcavities o�er a one-to-one mapping between emitted photons
and exciton-polaritons, as well as enabling new e�ects from the increased density
of the quasiparticles.

A property of the exicton-polaritons gas that can only be observed when
they are con�ned in a microcavity is their coherence. Exciton-polaritons belong
to a category of particles calledbosons. Their quantum statistics allow them to
occupy the same state in energy and momentum; when the occupation number of
that state passes a critical threshold, the particles coalesce together in a so-called
Bose-Einstein condensate(BEC), a macroscopic quantum state, exhibiting long-
range order and quantum coherence.

The study of BECs is a fascinating topic in itself. They bring forward
important questions about symmetries and symmetry breaking in nature. The
phase transition from a thermal state to a coherent one is already highly non-
trivial. A BEC is a purely quantum phenomenon, with coherence properties
existing at scales much larger than atoms or electrons [8, 9]. Bose-Einstein
condensates have been predicted theoretically as early as 1924 [10, 11]; they
were realised in clouds of atoms cooled down to the billionth of a degree in 1996
[12, 13]. Today, they remain a topic of research ranging from atomic physics
[14] to cosmology [15].

The case of condensates of exciton-polaritons in microcavities is unique in
many aspects [16]. First, in that it is an inherently out-of-equilibrium phe-
nomenon. Polaritons have �nite lifetimes, and they need to be constantly cre-
ated by the incoming light - called a \pump", and they leak out of cavity. This
creates interesting dynamics to study. Exciton-polaritons in microcavities are
also not a three dimensional system. This raises interesting questions as to the
exact nature of their phase transition [17, 18], and how exactly they match the
model of ideal Bose-Einstein condensate in three dimensions. Finally, exciton-
polaritons are intrinsically non-linear particles, due to their excitonic nature.
As a result of their non-linearity and bosonic nature, many seemingly unre-
lated physical phenomena are realised in similar polaritonic systems. Exciton-
polaritons can display the super
uidity of liquid Helium in one system [19], and
they can have the superconducitivty of Cooper pairs in another [20].

The active and persisting interest of the scienti�c community for exciton-
polaritons bears testimony to the richness of their physics. In journals published
by the American Physics Society, more than 4000 articles are related to exciton-
polaritons, of which more than 3200 were published in the last 12 years.

This thesis aims will focus on the phenomena arising from the coherence
properties of exciton-polaritons in microcavities. We will explore di�erent ge-
ometries, di�erent materials, and look at di�erent ways in which those coherent
properties express themselves.

16 Chapter 1 Anthonin Delphan



Chapter 1. Introduction

The �rst chapter of this thesis will provide the precise background material
on exciton-polaritons, introducing the formalism and deriving the fundamental
equations of the theory, starting from the fundamental bulk case. The principle
of light con�nement in microcavities, with an overview of the di�erent micro-
cavities realisations used in this thesis will then be presented. The theory of
light-matter coupling in such system will be presented and compared to the
bulk case, giving the formalism of cavity polaritons. In the next sections, we
will present the semiconductor materials in which we have realised such cavity
polaritons, with speci�c insight and challenged related to the speci�c materials.
With these theoretical tools, we can start to describe the phenomena arising
from the non-linear properties of exciton-polaritons. We will also formally dis-
cuss Bose-Einstein condensation, we will de�ne coherence, and how polaritons
relate to super
uidity and superconductivity.

The second chapter will describe our experimental methods and techniques,
showing the 
exibility of cavity exciton-polariton optical setups.

The third chapter will describe a particular realisation of mircocavity exciton-
polariton: gallium nitrite (GaN) microring resonators with AlGaN quantum
wells. We show how the condensation of exciton-polaritons can result in coher-
ent light emission: this is called \polariton lasing". A comparison with \regular
lasing" is also provided: several criteria can be used as signatures of polariton
lasing as opposed to polariton lasing. In this chapter, we demonstrate polariton
lasing in the GaN microring resonators. It is based on a previous publication
[21].

In the fourth chapter, we consider a di�erent material. Cuprous oxide
(Cu2O) is known for its excitons with very large radius between the electron and
the hole, also known asRydberg excitons. Such excitons can couple to photons
and form polaritons. The properties of such Rydberg exciton-polaritons are
studied. A phenomenon known asRydberg blockadearises: a Rydberg exciton-
polariton with high radius may prevent the formation of another in its vicinity.
We demonstrate Rydberg blockade in a Cu2O microcavity. The lifetime of the
non-linear response of polaritons is studied with a pump-probe experiment. We
show how di�erent time scales and di�erent mechanisms are involved in the
Rydberg blockade. It is also based on a previous publication [22].

In the �fth chapter, we will discuss analogue Physics. The idea of ana-
logue Physics, suggested by Unruh in 1981 [23], is to simulate one physical
phenomenon by another. In this case, the dynamics of Black Holes are simu-
lated by a vortex of polariton 
uids. We will give a brief overview of analogue
physics, describe our experimental setup, objectives and preliminary results.

Finally, we will in conclusion give a summary of our results, and explore some
possibilities for further work for the experimental systems we have investigated.
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Chapter 2

Background:
Exciton-polaritons in
microcavities

2.1 Overview

The object of our study are exciton-polaritons. In this chapter, we shall give
a formal theory to describe them mathematically, in particular with respect to
their coherence and their interactions leading to optical Kerr-like nonlinearity.
We shall also give the experimental background needed for the remainder of this
thesis.

Exciton-polaritons stand at the border between two worlds: the world of
light, described by Maxwell's equations, and the world of matter, described by
the physics of electrons and excitons in semiconductors. They are a complex
phenomenon, which requires some de�nitions and groundwork to understand
the basic ingredients which together make up an exciton-polariton. We will
�rst treat the case of an exciton-polariton in a bulk material, showing that
it is a fundamental concept necessary to understand the interaction between
light and matter. The most interesting properties of exciton-polaritons manifest
themselves when the dimensionality is reduced and when the light is con�ned in
a microcavity, and when the excitons are con�ned as well in a structure called
a Quantum Well. We will �rst provide a description of what a microcavity is
and how such systems are fabricated.
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2.2. Exciton-polaritons in bulk materials

These elements allow us to provide a description of light-matter coupling
in microcavities, starting with the case of so-called weak coupling regime, and
then moving on to the strong coupling regime, where the formalism of exciton-
polaritons takes a more signi�cant role.

Experimental realisation of cavity exciton-polaritons requires a careful choice
of the materials used to fabricate the cavity. The main families of materials used
in the course of this thesis will be described in a section outlining their speci�c
properties related to our experiments. We will then list and brie
y explain some
of the most interesting properties and phenomena that have been observed with
exciton-polaritons in such systems in two sections.

The �rst section will describe the properties of exciton-polaritons as non-
linear particles, with e�ects such as the free motion of solitons [24]. We shall
then turn to the main topic of this thesis, which are the non-linear collective
properties of excitons-polaritons, including super
uidity [19], superconductiv-
ity [25], polariton lasers [26], including at room temperature [27]. In order to
accurately describe these fascinating phenomena, we shall also give a descrip-
tion of coherence and in particular of the phenomenon known asBose-Einstein
condensation. With this background, we will then describe how Bose-Einstein
condensation is realised in microcavity exciton-polaritons, and conclude with an
overview of the physics related to the condensation of polaritons.

2.2 Exciton-polaritons in bulk materials

2.2.1 Excitons

Excitons are the elementary excitation of semiconductors. The exposition here
shall follow standard textbooks [28, 29], focusing only on the elements needed to
draw the polariton picture. Due to the periodic structure, electrons in a crystal
are distributed according to their energy E and their wavevector k according
to the band structure. The basic band structure of semiconductors shows a
valence band, �lled with electrons, and an empty conduction band, separated
by a small but �nite energy gap.

In some materials, the energy minimum of the conduction band and the
energy maximum of the valence band do not occur at the same wavevectors.
Because the wave vector must be conserved, the interaction process between
these two bands needs to be mediated by the creation or absorption of a phonon.
Such materials are called indirect gap semiconductors (such as Silicon or Ger-
manium); by contrast, when the bands' extrema coincide, we speak of direct
gap semiconductors. For the remainder of this thesis we shall only consider
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Chapter 2. Background: Exciton-polaritons in microcavities

Figure 2.1: Simpli�ed band structure of indirect (a) and direct (b) bandgap
semiconductors using an e�ective mass approximation for the electron and the
hole. c) First two energy levels for the excitons, showing bandgap energyEg,
as well as the exciton binding energyEB and optical gap EOpt for n = 1 and
n = 2.

direct bandgap semiconductors. Figure 2.1 shows a simpli�ed band structure of
a semiconductor.

When a direct bandgap semiconductor absorbs energy above its bandgap,
the electron in the valence band may be promoted to the conduction band,
and leave an empty \hole" behind. We shall be interested in this thesis in the
promotion of electrons through optical means.

The electron, being negatively charged, and the hole, positively charged,
can be bound together by Coulomb interaction, and this forms an exciton. Al-
ternatively, it is possible to pump the semiconductor at an optical gap EOpt

to directly create an exciton of a given energy leveln. The Coloumb-bound
electron-hole pair can be compared to an hydrogen-like system, such as positro-
nium (a positron-electron pair). In some cases, such as in Alkali Halides, or near
defects, the excitons have a very small radius (compared to the unit cell of the
crystal) and are tightly bound. These bound excitons (calledFrenkel excitons)
do not move freely in the crystal: they hop between neighbouring defect sites
where the energy potential shows local minima.
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2.2. Exciton-polaritons in bulk materials

By contrast, excitons with a large radius (larger than several unit cells) can
freely move around in the crystal, and are called Wannier-Mott excitons. In
this case, the hydrogen atom model can be applied. The orbits are quanti�ed,
and in particular, the energy is quanti�ed by the principal quantum number n,
with the equation:

En =
�

m0"2
r

Ry
n2 =

RX

n2 (2.1)

Where Eg is the bandgap, � is the reduced e�ective mass of the exciton (given
by � � 1 = 1=m�

e + 1=m�
h , me; mh being the e�ective masses electron and the

hole respectively), " r being the relatively permittivity of the material, and Ry
being the Rydberg unit. The \e�ective mass" of a particle is an approximation
of the \mass" the particle modi�ed by the interactions with the crystal periodic
potential. In �gure 2.1, we see that the exciton may be created with a heavy or
a light hole, with di�erent e�ective mass. In real materials, excitons can have
a more complex band structure with di�erent \sub-bands" for the holes. RX

becomes a constant related to the exciton in the crystal.

Excitons have strong non-linear properties, as they are charged particles with
Coulomb interactions. They can notably exhibit an electric dipole moment. As
they are made of an electron and a hole, their spin is usually a half-integer
(typically � 1=2, but with higher spin in some cases) the components of the
excitons are subject to the Pauli exclusion principle. However, the exciton itself
has an integer total spin, and is therefore an approximate boson, subject to a
di�erent statistic, the Bose-Einstein distribution. The signi�cance of the exciton
statistical properties shall be described later in this section.

Excitons are not stable particles and they quickly recombine, with the elec-
tron falling back into the valence band. The lifetime of the exciton depends on
many factors, such as crystal geometry, purity, temperature, and recombination
process.

The recombination process can either be non-radiative, not resulting in the
emission of a photon, or radiative, with the emission of a photon. The two main
pathways for non-radiative recombination areAuger recombination (named after
Pierre Victor Auger), in which the recombination results in the promotion of
another electron, or defect recombination, where the electron scatters over a
defect. As an order of magnitude, the radiative lifetime of an exciton in bulk
GaAs at t = 5K is on the order of 1ps [30], whereas in bulk GaN it was measured
to be 30ps at the same temperature [31]. Auger recombination lifetimes scale
with density and become predominant at higher densities [32]. Additionally, the
exciton can dissociate in a free electron and a free hole if the thermal energy
in the crystal (given by kB T, with kB as Boltzmann's constant) is higher than
the exciton binding energy. This means that there are temperature cut-o�s to
observe excitonic e�ects in given materials; for example, in GaAs the maximum
temperature is in the tens of K, whereas in GaN excitons can be observed up

22 Chapter 2 Anthonin Delphan



Chapter 2. Background: Exciton-polaritons in microcavities

to room temperature, albeit redshifted and broadened in energy.

In this thesis, we are interested in excitons in so far as they are an ingredient
to form an exciton-polariton. More speci�cally, we will study optically pumped
excitons, in which the promotion to the conduction band happens by the ab-
sorption of a photon. We will also work with direct bandgap semiconductors,
without phonon mediation, and with a large enough radius to be considered
Wannier-Mott excitons. Research into such cases does exist, with Frenkel po-
laritons [33], but lies outside the scope of this research work.

2.2.2 Polaritons

A \polariton" is a general term to describe a quasi-particle born of the strong
coupling of light (a photon) and any elementary excitation in a material. For
example, there are phonon-polaritons [34], or plasmon-polaritons for noble met-
als [35]. In our case, the elementary excitations are excitons in semiconductors,
and we speak of \exciton-polaritons". Polaritons are often called \half-light,
half-matter" or \hybrid" quasiparticles.

There are a couple of questions raised by this de�nition. How does the
coupling occurs? What is meant by \hybridisation"? How do we quantify the
\strength" of the coupling?

The intuitive picture is as follows. A semiconductor is illuminated by pho-
tons, creating excitons, which then they recombine radiatively and emit a pho-
ton of energy equal to the former exciton energy; this photon is then absorbed,
creates an exciton again, and so on and so forth, on a time scale inferior to a
picosecond [36]. The process continues as long as more photons are pumped into
the system than are lost due to di�erent scattering processes in the crystal. The
result is a quantum superposition of a photon and an exciton: this quasiparticle
is the exciton-polariton.

Exciton-polaritons can be described either using a semi-classical formalism
or with full quantum treatment. The semi-classical theory derives most of the
important features of the hybrid particle and answers how the hybridisation
occurs, but a full quantum treatment proves to be necessary for the most im-
portant applications involving exciton-polaritons, such as quantum information
theory [37], quantum computing [37], or their use as \single photon" sources
[38], due to photon blockade. In all these cases we must treat light and photons
as fully quantum objects.
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2.2. Exciton-polaritons in bulk materials

Semi-classical theory

In the semi-classical formalism, the light component of the exciton-polariton is
treated classically, using Maxwell's equations, whereas the matter component
(the exciton) is treated quantum mechanically. There cannot be a fully classical
picture of the exciton-polariton, as the exciton is fundamentally a quanti�ed
excitation of the semiconductor.

The semi-classical theory was �rst derived by K. Huang [39] in the 1951 in
the context of phonon-polaritons, and then transposed to semiconductors by
Hop�eld in his famous paper [2]. The outlined derivation follows that of the
textbook references [40] and [41]. We

In the semi-classical model, exciton-polaritons arise from a constitutive re-
lation between the electric �eld E and an excitonic polarisation vector arising
as a \response" to the incoming electric �eld. The polarisation density vector
is noted P. This equation follows from classical Maxwell equations, but with
terms including quantum mechanical calculations. The constitutive relations
are:

1
! 2

0

•P �
�h

M! 0
r 2P + P = � E (2.2)

(2.3)

...where �h is the reduced Planck constant,M = m�
e + m�

h is the total e�ective
mass, ! 0 is the frequency associated with the bandgap energy of the excitonic
transition (�h! 0 = Eg) and it is associated to a wavevectork0 by k0 = n! 0=c
(with n being the refractive index of the material, c being the speed of light. �
is the polarisability of the material, which relates the microscopic polarisation
vector to the crystal to the incident electric �eld. We �nd the properties of the
exciton in the expression of� , which is given by:

� =
e2

m0! 2
0

f
V

(2.4)

The �rst fraction contains constants related to the material ( ! 0, the mass of
the electron m0, the elementary chargee), whereas the second fraction is the
oscillator strength f per unit volume of the crystal lattice V . The oscillator
strength of a given transition is a dimensionless quantity which characterises
the likelihood of such a transition to happen amongst all possible transitions.
In the semi-classical approach, it is calculated using \Fermi's Golden Rule",
and it shows the quantum character of the excitation. As it scales with the
crystal volume, the physically relevant quantity is the oscillator strength per
unit volume.

In the equation 2.2, the vectorsE and P can be expressed by monochromatic
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waves, for example, the electric �eldE is written as:

E = E0 expf i (!t � kr )g (2.5)

With a similar expression for P. E and P are related to one another according
to Maxwell's equations in matter [39]. To solve the equation, we must �nd out
what the relationship between ! and k in the E �eld (and consequently, in the
P �eld) must be for equation 2.2 to be true. Physically, this means that the
constitutive equation, arising from the interaction between light and matter,
only allows waves with a certain energy and wavevector to propagate in the
crystal.

This dependency between! and k is called a dispersion relation. There
are two kinds of dispersion relations corresponding to two di�erent modes of
propagation inside the crystal. The �rst are called transverse modes, in which
the electric �eld and the polarisation �eld are perpendicular to the direction of
propagation inside the crystal. For transverse modes, the form of a dispersion
relation reads as follows:

" (!; k) =
c2k2

! 2 (2.6)

In this equation, " (!; k) is the dielectric constant of the material. This quantity
is a property of the crystal. It relates the �elds E and P to one another by the
well-known equation:

" (!; k)E = "0E + P (2.7)

... in which "0 stands for the vacuum permittivity. The �nal ingredient needed
to solve the equation 2.2 is a model for" (!; k). In the case of a semi-conductor
crystal, " (!; k) can be derived from di�erent energy band models [42]. In our
case, the appropriate model is:

" (!; k) = "1 +
1
"0

�! 2
0

! 2
k � ! 2 (2.8)

where "1 is the frequency-independent contribution (arising from all the other
electronic resonances in the crystal). The fraction contains the exciton frequency
! k , which is related to its binding energy. In the e�ective mass approximation,
it is given by:

�h! k = �h! 0 +
�h2k2

2M
(2.9)

To summarise, we shine on the crystal an electric �eldE. This induces a
polarisation density P. The electric �eld and the polarisation density are related
by the constitutive equation 2.2. For this equation to be veri�ed, there must
be a dispersion relation relating the frequency and the wavevector of the �elds.
In the case of transverse modes, this relation is given by equation 2.6. The last
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2.2. Exciton-polaritons in bulk materials

thing to do to solve the equation is now to put the expression of" (!; k) given by
2.8 into 2.6. In the end, this gives a relationship between the frequency! and
the wavevector k for the polarisation density vector P and the electric �eld E.
With this knowledge, we will be able to model how the light propagates within
the semi-conductor crystal after it interacts with the excitons.

We �nd that, for a given wave vector k, the transverse modes admit two
solutions: one for higher frequencies (the upper polariton branch, UP), and one
for lower frequencies (the lower polariton branch, LP). They are given by the
equation:

! 1;2(k) =
! exciton (k) + ! photon (k)

2
�

s �
! exciton (k) � ! photon (k)

2

� 2

+ 
 2

(2.10)

In which ! photon (k) represents the energy of the photonic mode for a wavevector
k, ! exciton (k) is the same thing for the exciton, and ! 1;2 are the two polariton
branches resulting from the strong coupling regime. 
 is the so-called \Rabi
splitting" between the UP and LP branches where ! photon (k) and ! exciton (k)
cross. ! 1;2(k) for a bulk semiconductor are plotted in �gure 2.2. The study
of the transverse dispersion relations in the bulk material reveals some general
properties of polaritons. At low k, the LP branch approaches a photonic disper-
sion with ! � ck=n, whereas the UP branch almost becomes degenerate with
the exciton, as seen in �gure 2.2. At high k, the reverse happens, with the
UP branch becoming photonic and the LP branch approaching the transverse
exciton mode.

The two branches show anticrossing at the resonance point (! 0; k0), where
they show behavior that is the furthest away from a photon or an exciton. The
splitting in frequency between these two branches is called the Rabi splitting.
k0 It characterises the strength of the polariton coupling, and it is given by:


 =

s
e2

4"0"1

f
V

(2.11)

The other kind of dispersion relation corresponds to longitudinal modes. In
this case, the polarisation \response" to the electric �eld is not perpendicular
to the direct of propagation, but parallel. For these modes, equation 2.8 must
be made equal to zero:

" (!; k) = 0 (2.12)

This gives a di�erent relationship between k and ! . \Longitudinal polaritons"
in bulk crystals are more di�cult to study than transverse polaritons, as they
do not result from a direct coupling between light and matter [43]. For the
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Figure 2.2: Sketch of polariton anticrossing. The regular photonic dispersion is
plotted. The \excitonic energy" represents the excitonic dispersion, which are
the allowed energy states for an exciton of a wavevectork, which would not
couple to light to form a polariton. Due to the free motion of the exciton, the
higher momentum states have a higher energy. Due to light-matter coupling,
we also have LP and UP branches. Arbitrary units.
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2.2. Exciton-polaritons in bulk materials

rest of this thesis, we will only consider \transverse polaritons" as the study of
longitudinal polaritons modes is outside the scope of this thesis.

I n a bulk crystal, the transverse exciton direction shows a slight tilt upwards
at large wavevectors due to the motion of the exciton itself. A similar tilt is
observed in the LP branch, but at a slightly lower frequency. The di�erence
in frequency between the LP branch and the excitonic dispersion varies withk,
and by changing the angle of incidence on a bulk semiconductor crystal we can
measure this di�erence. In a 1970 paper [4], experimentalists` were able to model
this change of frequency with the angle of incidence with Hop�eld's polariton
theory, showing that exciton-polaritons were a real physical phenomenon and
not a simple mathematical construction.

The anticrossing, and the existence of two branches for a given polarisation,
are the most striking features of exciton-polaritons. This \anomalous disper-
sion" was referenced by Pekar as an `additional wave': an experimentalist would
detect two distinct dispersions in the crystals, an exciton-like wave for the LP
branch, and a photon-like wave for the UP branch, as opposed to a single line
in a dielectric material. Detection of this additional wave in thin II-IV crystals
such as CdSe was used as experimental con�rmation of Pekar and Hop�eld's
theory of exciton-polaritons [44]. However, this e�ect is much more di�cult to
observe in thicker or bulk materials.

Thus we have described how exciton-polaritons arise as a result of the cou-
pling between the excitonic �eld and the electromagnetic wave. The question
of characterising the \strength" of such coupling is more complicated. In bulk
materials, polaritonic e�ects are di�cult to observe directly. The experimental
methods to observe such e�ects are listed in reference [45], with the main tech-
niques being measurements in re
ection [46], by spectroscopy techniques such
as Raman scattering [3], Brillouin Scattering [47] or by luminescence when the
polariton escapes of the crystal [48, 4], but none of these techniques are able to
make an easy one-to-one connection with the detected signal and the exciton-
polariton inside the crystal. Only by using thin samples were scientists able to
do such a mapping.

A bulk polariton is, essentially, a contribution to the dielectric constant of the
semiconductor. In a bulk material, it is always present, but for this contribution
to be observable, the coupling needs to remain coherent without a scattering of
the polariton by other excitations, including by other polaritons [49] or phonons
[50]. Much of the dynamics of the quasi-particle is therefore \lost", inaccessible
experimentally and spread out over the bulk of the material. Additionally, it
may be di�cult to relate the emitted photons to the polaritons in the material.
To access the exciton-polaritons directly, it is therefore necessary to con�ne
them in a speci�cally engineered structure, which is a microcavity. We will now
describe such structures.

28 Chapter 2 Anthonin Delphan



Chapter 2. Background: Exciton-polaritons in microcavities

2.3 Exciton-polaritons in microcavities

2.3.1 Microcavities overview

A cavity is a device designed to con�ne light of a particular wavelength within
a media. The exposition in this section draws from [41]. Optical cavities have
also been called \optical resonators", for they are to electromagnetic waves what
sound boxes are to acoustic waves.

The dimensions of the cavity restrict what wavelengths are con�ned, with
only wavelengths which are an integer fraction of the cavity length subsiding in
the cavity. In the case of optical waves, the cavity dimensions are in the order
of a few µm, and such systems are called microcavities. Optimal microcavities
have dimensions of exactly half the wavelength of the light they con�ne, allowing
a single mode of light with a very narrow bandwidth.

There are two main ways to con�ne the light in a microcavity. The �rst
method is to use mirrors, which can be made of high-re
ectivity materials, or
of stacked pairs of materials with a refractive index di�erence, forming a Bragg
Re
ector. An alternative method is to rely on the geometry of the system, using
the principles of total internal re
ection (TIR).

The particular wavelength of light con�ned in the cavity, and its associated
frequency! c and wavevectork0 forms a cavity \mode". Physically, plane waves
with a singular, perfectly de�ned frequency do not exist, and in a similar way,
the linewidth �! c of the cavity mode is �nite. A cavity is characterised by
its re
ection spectra: the perfect cavity has a 
at re
ection of 100 % at all
wavelengths expect sharp dips at the cavity modes.

The ratio

Q =
! c

�! c
(2.13)

... is called the quality factor of the cavity. It is related to the lifetime of
the photon within the cavity, with a high quality factor resulting in a longer
con�nement. The cavity may have several modes, and the mode separation is
written � ! c. The ratio

F =
� ! c

�! c
(2.14)

... is called the �nesse of the cavity. The �nesse describes how well the modes are
separated in the re
ection spectra. High �nesse means sharp and well-de�ned
modes. Physically, it represents the average number of round-trip aresonant
photon does before leaking out of the cavity. In the context of this thesis, the
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media inside microcavities shall be an absorbing or emitting semiconductor.
The regime we are interested in is thus one in which the con�ned light interacts
with a thin layer, on the order of magnitude of the wavelength of light, of
semiconductor. While the quality factor can be improved by making the cavity
larger, high �nesse microcavities requires small microcavities with a very high
mirror re
ectivity.

There is a large panel of di�erent geometries, materials and system to con�ne
light, which opens up for a variety of experiments [51]. This section provides a
brief overview of the di�erent realisation of such systems, with an emphasis on
two types of microcavities which will be important for the following chapters of
this thesis: planar microcavities, and ring resonators.

Planar microcavities

T he simplest microcavity geometry consists of two plane mirrors separated by
a distanceL which is on the order of magnitude of the wavelength of light. The
light is thus con�ned in the direction that is perpendicular to the mirrors. The
condition of constructive interference in the cavity means the wave vector is
quanti�ed as follows:

k? � 2L = 2m� (2.15)

With m being an integer, andk? is the component of the wavevector that is
perpendicular to the cavity. The modes supported by such wave vectors are
called Fabry{P�erot modes. which give their name to planar microcavities. The
wavevector componentk? is quanti�ed, but the other components of the vector
(put in a two-dimensional vector kk ) are not. Thus there is free in-plane motion
of the lightwave.

The free component of the wavevectorkk is related to the angle of illumina-
tion � by the equation:

kk = k0 sin � (2.16)

The dispersion relation as a function ofkk for the mode j of the cavity, for small
angles, is given by :

! (kk ) =
c�j
ncL

+
ck2

k L

2nc�j
(2.17)

With the nc being the optical index of the cavity.
Thus the dispersion relation for the photon is parabolic and has a minimum! c

at k = k0. This is sharp contrast to the linear dispersion relation of a photon in
a bulk material, given by ! = c� k. As we shall see, this changes fundamentally
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the dispersion relation of exciton-polaritons in a microcavity. We note that
according to equation 2.17, if the cavity is designed so that its lengthL varies
smoothly across the plane, then! c also varies smoothly. This can be realised
by varying the thickness of the cavity media during fabrication. A wedge in the
cavity also results in additional losses compared to 
at mirrors, but in practice
the ability to tune ! c is highly sought after in experimental realisations.

The plane mirrors which make up the microcavity can be divided in two
broad categories. The �rst one uses metallic mirrors, such as Gold, Aluminium
or Silver. The second category uses mirrors made of several alternating pairs of
materials with varying re
ective indices and thickness, called Distributed Bragg
Re
ectors.

Metal microcavities are relatively easy to fabricate [52], as one can simply
use sputtering machines or evaporators to deposit a metallic surface on the sides
of the absorbing media [53]. The quality factor of such cavities is usually on the
order of Q � 1000 as for example in [22]. This is lower than the quality factors
which can be achieved with DBRs, with very good �eld con�nement inside the
mirrors, as can be seen in �gure 2.3. The �nesse of microcavities is also an
important parameter for e�cient mode coupling. In the case of metal mirrors,
it is limited by the �nite re
ectivity.

The basic theory of Bragg mirrors stems from the well-known condition for
constructive interference, which was �rst derived for X-ray difraction in crystal
lattices [54]. In the case of visible light, the characteristic lengths are bigger
and we can also play with the contrast of optical indices. For layers of optical
indices na ; nb and of thicknessa; b, the constructive interference condition for a
wavelength � is as follows:

naa = nbb = � (2.18)

The exact theory uses transfer matrices [55] to calculate the e�ect of the pe-
riodic structure on the light wave. It allows for very accurate simulations of
the re
ectivity spectras of DBR structures [56]. We shall only give the basic
equations and �nal results of such a theory here.

In the case of multiple layer, we model the action of a layeri on the elec-
tromagnetic �eld by a 2x2 transmission matrix T i , with one collum for the
transverse wave and one for the longitudinal wave. Thus the total impact of a
periodic structure on the light is modelled by the total transmission matrix:

T =
Y

i

T i (2.19)

This formalism allows a relatively easy calculation of the optical band structure
of DBRs. Indeed, it can be shown that the allowed optical bands (in which op-
tical transmission is maximum and re
ection, as well as absorption, is minimal)
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are given by the equation:
�
�
�
�
T11 + T22

2

�
�
�
� � 1 (2.20)

And by contrast, the stop-band, in which the transmission is minimal and the
optical re
ectivity is maximal is given by:

�
�
�
�
T11 + T22

2

�
�
�
� > 1 (2.21)

Thus the re
ectivity as a function of wavelength of a DBR structure can easily
be calculated, as in �gure 2.3b. In the case of a planar microcavity with DBR,
the absorbing media acts a defect in the periodic structure, resulting in dips
in the re
ection spectrum, which form the cavity modes we are interested in.
These modes can also be factored in the calculation.

Typically, for a DBR which con�nes light at a wavelength �� (with by con-
vention nb > n a), we call the \e�ective length" of a DBR the following ratio:

L DBR =
nanb

2(nb � na)
�� (2.22)

The e�ective length of the DBR is a good �gure of merit of its ability to con�ne
light and intervenes explicitly in the theory of light-matter coupling. It is easy
to calculate from the properties of the materials used in the cavity. It is approx-
imately equal to the penetration depth of a light �eld, with a frequency equal to
the cavity resonance, inside the mirror. As a result, it should be as close to zero
as possible. We can see that for a Bragg mirror with low optical index contrast,
the denominator in 2.22 will be small, and conversely the e�ective length of
the DBR will be high. This shows that a good DBR should have a signi�cant
optical index contrast.

DBR microcavities can be precisely engineered with extremely high quality
factors, as high as 250 000 [57] in materials commonly used in research on light-
matter coupling, such as GaAs [58] but also as complex as GaN [59], [60] or
ZnO [61]. An in�nite quality factor would mean that once the light is trapped
in the cavity, it never leaves, which is not possible. An in�nite quality factor,
according to equation 2.13, would also imply either an in�nitely small �! c, in
other words, a perfectly monochromatic �eld, which is not possible physically, or
an in�nite frequency, which is also not possible. In reality, there is a compromise
between getting aQ su�ciently high to have good light-matter interaction, while
accounting for the challenges of fabrication, and also engineering a cavity which
works at the frequencies of interest.

The very high re
ectivity of the dielectric mirrors also ensure very high �-
nesse2.14. This ensures that the modes are well-separated in energy and we
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Figure 2.3: (a) A schematic representation of a two DBRs with a cavity of width
d between them. (b) Re
ectivity spectra of the cavity, with a \stop-band" from
600 nm to 820 nm, and a sharp dip at 640 nm which is the cavity mode. (c)
Field structure in the cavity at the resonant frequency. The �eld is maximum
in the cavity and decays inside the mirrors. Taken from [63] CC-BY.

are able to couple to a single mode if necessary. One constraint of using mi-
crocavities, as said previously, is that the lattice constant of the DBR materials
need to match the cavity media to minimise strain. The increase in quality
and the ease of fabrication of such planar microcavities plays a major role in
driving applied and fundamental research in all form of light-matter interaction.
A recent review on DBR fabrication [62] lists the two main fabrication methods
as either chemical vapour deposition or coating of thin �lms, with each of these
methods having its own limits and paths for further improvements. Fabry-P�erot
microcavities are among the simplest to realise and work with, and they o�er
a good basis for experiments with a straightforward geometry. However, some
experiments, as well as a number of practical applications, require a di�erent
geometry for the best results.
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Whispering gallery modes cavities and ring resonators

Whispering Gallery Modes (WGM) were �rst observed in the St Paul cathedral
by Reyleigh in 1910 [64, 65], in which the sound wave propagates without losses
along the wall, and forms a standing wave with well-de�ned nodes and antinodes.
The wave can only \survive" if it makes a whole number of bounces along the
walls, similarly to the constructive interference condition in 2.15. However in
this case, the geometry of the system plays a role. At the interface between the
inside of the cavity and the outside of the cavity, the famous Snell-Descartes
law nin sin � in = nout sin � out gives a condition for the so-called critical angle of
Total Internal Re
ection (TIR):

� c = arcsin
�

nin

nout

�
(2.23)

By varying the geometry of the interface, the wave can loop back to its starting
point after a �nite number of TIR bounces, creating a persistent standing wave
pattern. In practice, for optical WGM microcavities, the light can be con�ned in
one direction by a Fabry-P�erot planar microcavity, and then a suitable geometry
is etched in the cavity so that the in-plane motion of the wave is no longer free,
but restricted to particular stationary whispering gallary modes.

WGM microcavities in optics have long been the focus of active research
[66], including for their potential as laser sources [67], and as sensors [68].

The basic equation for the wavelength of light � con�ned in a WGM micro-
cavity is as follows:

m� = Ln e� (2.24)

Where m is the mode number, L is the cavity circumference, andne� is the
e�ective refractive index of the cavity, which has a similar form to equation
2.15. However, consideration on the TE-TM splitting as well as solving the
equations of motions for the electromagnetic wave results in a di�erent picture.
In particular, the added degrees of freedom in the geometry of the cavity allows
for so-called \dispersion engineering" [69]. Much like DBR microcavities, the
properties of such systems can readily be simulated and optimised for di�erent
experiments [70] [71].

There are several geometries in which WGMs can be realised. Among these,
the most used are spheres [72], microdisks [73], [74], micropillars [75], and most
relevant for our experiments, in ring resonators [76], with one example of such
geometry being given in �gure 2.4.

Microring resonators present a particular interest as they can be coupled to
other geometries such as gratings [77], waveguides [78], or even coupled together
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Figure 2.4: SEM Image of a ring resonator with AlGaN quantum wells on a
GaN substraste. Courtesy of Tommi Isoniemi
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[79] by simply etching a more complicated pattern on the Fabry-P�erot planar
microcavity.

A typical microring resonator consists of a planar DBR microcavity, which
can be grown by various means such as Molecular Beam Epitaxy. The desired
pattern is then written via e-beam lithography or photon lithography [80, 81],
before being chemically etched away.

Other cavities geometries

In state of the art photonics, we �nd sometimes more advanced cavity design.
For example, it is possible to very precisely engineer the optical absorption
bands of the cavity by creating aphotonic crystal. While photonic crystals have
been proposed as early as 1997 [82], they are still an active �eld of research as
they bene�t strongly from progress in realisation techniques [83]. Much like a
crystal is a periodic lattice of atoms, a photonic crystal is a periodic lattice of
structures with a di�erent dielectric constant. The crystal can be in arbitrary
dimensions. In the case of a cavity, the crystal is in two or one dimensions.

The cavity in which the light is con�ned is a defect in the crystal. A DBR
is an example of a basic photonic crystal in one dimension, but more elaborate
structures can be engineered.

One such example is theL3 Cavity, which consists of an hexagonal pattern
with three missing holes in the structure. Such a cavity can be �ne tuned by
controlling the size of the holes, their spacing, and another parameters. An
example of an L3 cavity is shown in �gure 2.5.

Microcavities gratings are an example of a one-dimensional photonic crystal,
whcih can be used to study topological physics. In this geometry, the cavity is
the interface between two gratings with a di�erent periods.

From simple DBRs to more intricate photonic crystals, there is no shortage
of design to con�ne light. The choice of a cavity design is made according to
experimental considerations and technical constraints, such as the maximum
tolerance for defects, the wanted Q factor, and the physics we want to investi-
gate. In the next section, we shall give an overview of the light-matter coupling
physics available in microcavities.
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Figure 2.5: (a) Mode structure of the electromagnetic �eld con�ned in a L3
Cavity. (b) SEM image of an L3 cavity with the missing holes at the centre. (c)
SEM image of the Edge of the L3 microcavity. Taken from [84]

2.3.2 Weak and strong coupling regime

A lot of interesting physics take place when the material embedded in the cav-
ity is an absorbing or emitting semiconductor. All the physics of light-matter
interaction that we have described in part I of this chapter, namely, the opti-
cal pumping of excitons and the formation of eigenstates of light and matter,
exciton-polaritons, also happens within a semiconductor cavity.

In a planar microcavity, the motion of the electrons, holes and excitons
in the absorbing semiconductor is typically restricted to the cavity plane by
a Quantum Well (QW). A quantum well is an heterostructure in which the
di�erence in bandgap of the semiconductors results in a strong potential energy
di�erence seen by the created exciton, which acts a barrier to its movement
[85]. An example of a quantum well is given in �gure 2.6 The cavity can also
be engineered to create potential walls along waveguides, tubes, rings [21] or
other geometries where the motion of the carriers is con�ned not only in the
cavity plane, but also in a particular direction or axis, making a quantum wires.
Further restriction on the motion of excitons on both axes of the cavity plane
results in a Quantum Dot (QD). Quantum Wells, Quantum Wires and Quantum
Dots can also be embedded in non-planar microcavities.

Aside from changing the relation of dispersion of the cavity photons, the
con�nement of light also changes the exciton-polariton lifetimes. In a bulk
conductor, the photon can only be scattered on a defect, or leak out of the
material on the surface. By contrast, the lifetime of a photon in the cavity is
limited by the number of trips between the cavity mirrors before the light gets
absorbed in the mirrors or transmitted. In any real cavity, that number is �nite,
and the photon will always leak out.

This leads us to rethink the intuitive picture of the exciton-polariton as an
particle \hoping" between states of light and matter. What happens if the
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Figure 2.6: An example of an AlGaAa/GaAs heterostructure. a) Quantum Well
structure. b) Band structure with the subbands resulting from the QW growth.
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photon leaks out of the cavity before such an interaction has occurred? This
intuitively distinguishes between two di�erent regimes of light-matter coupling
in microcavities: the weak coupling regime, in which the lifetime is too short for
this \dance" between light and matter to occur, and the strong coupling regime,
which is the opposite.

In the following sections, we shall brie
y outline the theoretical, experimental
and practical interest of these two regimes of light-matter coupling, with a strong
emphasis on the strong coupling regime, as it is the main object of this thesis.

Weak coupling regime

In the weak coupling regime, the light trapped in the cavity leaks out before it
can be reabsorbed. Formally, this means that after the material embedded in
the cavity has absorbed the photon, promoting an electron, and then releases
it by spontaneous emission, the probability of the emitted photon to leave the
cavity is higher than the probability of being re-absorbed [86]. The dynamics
of the system are dominated by dissipation [87].

As a result, exciton-polaritons cannot be formed in the weak coupling regime.
Nevertheless, it remains a key area for research in light-matter coupling. Indeed,
the weak coupling regime was the �rst example of a scheme to control the spon-
taneous emission of materials by the means of an external electromagnetic �eld,
with many applications in NMR spectroscopy [88], lasers, and other experimen-
tal realisation of Quantum Electrodynamics. It is also a limiting case of the
strong coupling regime, which may break down under certain conditions. As
such we will brie
y describe the basic physics of this system.

The mathematical theory of the weak coupling regime treats the electromag-
netic �eld as a perturbation to the dynamics of the \matter system". This cou-
pling is both irreversible and \inevitable". Let's consider very simple example
of a single excited atom in a vacuum. Without coupling to the electromagnetic
�eld, the atom would never relax to the ground state. However, in quantum
electrodynamics, the electromagnetic �eld is always present: even without any
quanta of excitation, ie without any photons, the vacuum �eld interacts with
the atomic system, and the resulting perturbation to the dynamics results in
spontaneous emission. This is where the \inevitability" of the weak coupling
regime comes from. This vacuum �eld coupling is described by so-called Fermi's
golden rule, which gives the probability of emission at frequency! per unit time
� vac :

� vac = 2 � 
 2
vac

� (! )
3

(2.25)

Where 
 2
vac is the vacuum �eld coupling, and � (! ) is the density of available
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modes to relax to. This coupling is also irreversible, as the probability of the
spontaneously emitted photon being reabsorbed by the atom is very low. The
probability of �nding the atom in the excited state as a function of time shows
exponential decay.

In a microcavity, the atom is replaced by the absorbing media, and the nature
of the coupling can be enhanced or suppressed depending on the dimension
of the cavity: if the cavity dimensions are resonant with the wavelength of
the transition, the density of available modes increases, and the emission is
enhanced, whereas if the cavity length is below the wavelength, it is suppressed.

In this aspect of the weak coupling regime, the electromagnetic �eld also
brings the system into an excited state, and then the cavity enhances sponta-
neous emission to a selected mode via vacuum �eld coupling. This enhancement
is called the Purcell e�ect , and its �gure of merit is the Purcell factor, which
gives the maximum possible enhancement for an ideal emitter coupled in an
ideal way to the cavity:

FP =
3Q(� c=n)3

4� 2Ve�
(2.26)

With Q being the quality factor of the cavity, � c being the wavelength,n being
the refractive index and Ve� the e�ective volume of con�nement.

Beyond the regime of spontaneous emission, microcavities can also reach the
lasing regime, emitting coherent, monochromatic light. The �rst example of a
laser dates from 1960, using Ruby as an active material [89]. Lasers have since
then become an ubiquitous part of daily life, in industry, research, and consumer
goods.

The basic physics of a laser can be approximated in a three-levels system,
with a ground state 0 of population n0, a lower energy state 1 of populationn1,
and conversely a higher energy state 2 of populationn2. These energy levels
1 and 2 may relax to the ground state with lifetimes � 1 and � 2. The lifetime
of spontaneous emission for the transition from the state 2 to 1 is written� 21.
In addition, the system can undergo stimulated emission from level 2 to level
1, and the associated stimulated absorption (from level 1 to level 2), which are
proportional to the radiation �eld W . Finally, the system is considered pumped
out of equilibrium with pump rates Ri for each energy level. The rate equations
for this laser read:

dn2

dt
= R2 �

n2

� 2
� n2W + n1W (2.27)

dn1

dt
= � R1 �

n1

� 1
+

n2

� 21
+ n2W � n1W (2.28)

The lasing regime appears when the stimulated emission ratesni W overtake the
spontaneous emission rates related to� i . This can be achieved by increasing the
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Figure 2.7: Three-levels system which can be used to approximate a laser.
The system is lasing when the stimulated emission from the radiation �eldW
overtakes the spontaneous emission given by times� i .

\radiation �eld" W . A schematic for such a three-level system is given in �gure
2.7 The basic ingredients for a laser are therefore as follows: a gain medium,
a way to drive the gain medium out of equilibrium, and a way to con�ne the
radiation �eld to avoid losses before the lasing threshold.

Microcavities thus present an ideal environment to realise lasers. In typi-
cal applications, the gain medium is not driven out of equilibrium by optical
pumping, but by an electrical current at a heterojunction between a p-doped
semiconductor and ann-doped semiconductor. With the progress in the growth
of microcavities, in particular with the re
ectivity of the mirrors, the con�ne-
ment of the radiation �eld increased and the current threshold needed to drive
the system out of equilibrium decreased tremendously over the years. A smaller
microcavity results in better radiation �eld con�nement, but also in lower gain
per round-trip between the cavity mirrors, which must be compensated by very
high re
ectivity and low absorption. The more mature form of weak-coupling
cavity lasers are called Vertical-Cavity surface-emitting lasers (VCSELs), with
a very narrow angle of emission perpendicular to the cavity, low threshold cur-
rents which can operate up to very high temperatures [90]. VCSELs are a very
mature and advanced technology, with optically pumped VCSELs reaching the
UV range [91, 92]. A schematic of an electrically pumped VCSEL is given in
�gure 2.8.

Although the radiation �eld plays a very important role in microcavity lasers,
it still only acts as an intermediate between the population levelsni . The pho-
tons in a weak coupling microcavity are never considered beyond the mecha-
nisms of absorption, spontanous emission, or stimulated emission. In particular,
there is no consideration of the coupling between an individual photon and an
individual excitation of the semiconductor. Their dynamics are coupled, but
considered individually.

Beyond the weak coupling regime, in which the light-matter interaction is
treated only as a perturbation, we �nd the strong coupling regime, in which
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Figure 2.8: Schematic of VCSEL with electrical contact. From Wikimedia

exciton-polaritons appear again.
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Strong coupling regime

Unlike in a bulk semiconductor, in which the lifetime of the photon in the mi-
crocavity can be considered in�nite and the relevance of exciton-polariton is
limited by coherence or by the di�culty of detecting them, there is a qualitative
di�erence in microcavities between a perturbative weak coupling regime, which
we have described in the previous section, and the strong coupling regime in
which the dynamics between light and the excitations of the material predom-
inate over dissipation out of the cavity. This coupling, with absorption and
re-emission, is alsoreversible in time, without exponential decay. This means
that the discussion in section 2.2.2 can be used to describe light-matter in-
teraction, and the intuitive picture of an exciton-polariton \hoping" between
photonic and excitonic state is valid again.

However, there are some changes which must be made to equation 2.10 to
account for a microcavity. We account for the exciton dissipation 
 and the
photon dissipation 
 c. In a Fabry-P�erot microcavity, the photonic dispersion,
written ! c(kk ) (`c' for cavity) is no longer linear, but parabolic with a well-
de�ned minimal frequency ! c(k0 ), which corresponds to the cavity frequency
at zero incidence. In terms ofkk , the minimal frequency is found at ! c(kk = 0).
The exciton frequency! exciton (kk ) remains parabolic, but since its e�ective mass
is usually much larger than that of the con�ned photon, it is often approximated
as a constant! 0.

In a good microcavity, the problem reduces itself to �nding the eigenvalues
of two coupled oscillators with frequency! 0 and ! c with coupling strength V .
Solving for the eigenfrequencies, we �nd an anticrossing, similar to the bulk
case:

! 1;2(kk ) =
! 0 + ! c(kk )

2
+

i
2

(
 + 
 c) (2.29)

�

s �
! 0(kk ) � ! c(kk )

2

� 2

+ V 2 �
�


 + 
 c

2

� 2

+
i
2

[! 0 � ! c(kk )]( 
 c � 
 ) (2.30)

In this expression, the imaginary terms are related to lifetimes and dissipation.
The di�erence lies in the form of the cavity photon ! c. Rather than being linear
with respect to the wavevector k, it takes a parabolic form with a well de�ned
minimum for k = k0, which corresponds to incidence normal to the cavity.

Examination of the real part of the square root in equation 2.30 allows us
to devise a criterion for the strong coupling regime. For simpli�cation, we will
assume that ! c(k0 ) = ! 0, in other words, that the cavity resonant is resonant
with the excitonic frequency. Then, at k0 , the real part of the squart root reads
V 2 � ( 
 + 
 c

2 )2. If the di�erence is positive, then the two branches are separated
in frequency, and we have two branches. However, if it is negative, then the two
branches are never separated in frequency, and there is no anti-crossing. It is no
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longer valid to use a strong light-matter coupling description if V 2 < ( 
 + 
 c
2 )2.

Rather, we are in the weak coupling regime, which has been described brie
y
in the previous section.

It is not always the case that ! c(k0 ) = ! 0. The di�erence in frequency
� k = [ ! 0 � ! c(k0 )] between the cavity resonant frequency at normal incidence
and the exciton energy is called thedetuning of the cavity. At zero detuning,
we found that the strong coupling criterion is given by:

V > j

 � 
 c

2
j (2.31)

In physical terms, the coupling strength must be greater than the dissipative
lifetimes. The separation in energy between the two branches at normal inci-
dence is called theVaccum Rabi splitting, written 
 [93]. For a microcavity
with quantum wells to con�ne the exciton, the Rabi splitting is given by [94]:


 � 2

r
2� 0cNqw

ncL DBR
(2.32)

In which Nqw is the number of quantum wells in the cavity, nc is the optical
index, and important � 0 is the \radiative width of the free exciton", which is
proportional to its oscillator strength per unit area [95]. This is an approximate
expression which is true in the limits of a few Quantum Wells for a small cavity.

Some microcavity designs, for an example a planar Fabry{P�erot microcavity
with a wedge, allow for a continuous variation of the detuning. This has in turn
some very practical physical applications. The exciton-polariton is a mix of an
exciton and a photon, but the mixing of the `ingredients` is not always a perfect
50/50. Formally, the excitonic and photonic contents of the exciton-polariton
at a given wavevector are given by the Hope�eld coe�cients [41], written jCX j2

for the excitonic content, and jC2
C j for the cavity photon. These coe�cients are

given by the equations:

jCX (kk )j2 =
1
2

0

@1 +
� kq

� 2
k + 4�h2
 2

1

A (2.33)

jCC (kk )j2 =
1
2

0

@1 +
� kq

� 2
k + 4�h2
 2

1

A (2.34)

And of course, we have:

jCX (kk )j2 + jCC (kk )j2 = 1 (2.35)

Intuitively, the closer the polariton dispersion is to the photonic branch (for
example), the more photonic it is. The same is true for the excitonic fraction.
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Some examples of Hop�eld coe�cients are plotted in �gure 2.9. The �gure
shows that at high kk , the polariton dispersions lean closer to the uncoupled
photonic dispersion (for the UP branch), or to the excitonic dispersion (for the
LP branch). The hybrid nature of the polariton is stronger at low kk , in other
words, closer to the cavity resonance. For a cavity with zero detuning, atkk = 0,
the exciton-polariton is exactly half-photonic, and half-excitonic.

Alternatively, pumping the microcavity at an oblique incidence (in other
words, akk 6= 0) results in a di�erent cavity frequency ! c according to equation
2.17. In contrast, ! 0 is a property of the material and remains constant. As a
result, we can change the detuning and the Hope�eld coe�cients. Controlling
the photonic and excitonic content of a polariton is very useful in an experi-
mental setting. Typically, a polariton that is more excitonic will have stronger
non-linear properties, and a polariton that is more photonic will have a lighter
e�ective mass.

Although the light in the cavity is strongly con�ned with very high mirror
re
ectivity, there is no such thing as perfect con�nement, and the polaritons will
eventually leak out of the cavity. Unlike in the bulk case, however, this process is
fast enough for the polaritons to retain their properties without being scattered.
As such, there is a one-to-one correspondence between the light emitted by the
cavity in the strong coupling regime and the cavity polaritons themselves, which
allows to probe the dispersion relation of the polariton very precisely [96]. In
particular, it is possible to explicitly resolve their dispersion and anticrossing
with angle-resolved spectroscopy [97].

The ease of experimental access to cavity polaritons, in particular the possi-
bility to tune cavities in-situ according to experimental needs, make them much
easier to study than bulk polaritons. The con�nement of light also results in
very strong non-linear properties, which we will describe in a following section.

Beyond the strong coupling regime

Beyond the strong coupling regime, in which the coupling strengthV is larger
than decay rates, we �nd the so-calledultra-strong coupling regime, in which V
becomes comparable to the natural energies of the uncoupled system [98]. Mi-
crocavity polaritons present an promising system to study this extreme regime
of coupling [99] however for such systems the rotating wave approximation which
we have relied on so far is not appropriate.

Even further, when the coupling strength becomes higher than the natural
frequency, we reach thedeep coupling regime[100]. Those new regimes of light-
matter couplings are an active �eld of research, with recent results able to reach
it up to room temperature [101]. For the remainder of this thesis, we shall only

Chapter 2 Anthonin Delphan 45



2.3. Exciton-polaritons in microcavities

Figure 2.9: Left: polariton branches dispersions at zero (a), negative (b) and
positive (c) detuning. The dashed curve represents the purely photonic mode.
The dotted curve represents the excitonic energy in the QW. Right: associated
Hop�eld coe�cients as a function of wavector kk .
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study cases whereV is much lower than the bare frequencies of the system,
while still dominating over decay rates.

2.4 Materials for microcavity polaritons

The choice of a material to create the cavity and the absorbing media plays a
very important role in the physics of the strong coupling. Some material families
bring their own unique challenges in the fabrication process as well as unique
opportunities for rich and interesting physics. In this section we will brie
y
describe three families of materials that have been used in the course of this
research: Gallium Nitride-based cavities, Cuprous Oxide cavities, and �nally
Gallium Arsenide-based cavities. Other materials commonly used in research
will be brie
y described as well.

2.4.1 Gallium Nitride (GaN)

Cavities using GaN as a gain media attract considerable interest due to its
large direct bandgap [102]. This bandgap results in a very large exciton binding
energy, which allows the exciton to remain bounded even at room temperatures
[103]. More generally, the III-N family of materials, including GaN, InN and
AlN shows a remarkable 
exibility, with AlN having a bandgap in the high UV
range with 6 eV, whereas InN is in the infrared range. It is therefore possible
to grow QWs with an alloy of In x Ga1� x N , and a smooth variation of the alloy
parameter x gives a tuning range from infrared to the ultraviolet, which is shown
in �gure 2.10.

With a large bandgap, the cavities can also be coupled to light with a much
higher energy than other materials. In particular, GaN was used to create blue-
light emitting diodes [104] and coherent sources of UV light [91] in the weak
coupling regime, and have also been used in the strong coupling regime [105].

However, there are considerable challenges to address when working with
this family of materials [107]. In particular, its natural crystal structure is
hexagonal wurtzite, which is shown in �gure 2.11 as opposed to zinc blende
crystal structure commonly found in other materials. The symmetry of this
structure results in an intrinsic polarisation vector which depends on the lattice
parameters. As a result, mismatches in the lattice parameters during the growth
process results in strain and defects in the cavity [108], and high-quality cavities
must have matching lattice parameters [109]. This limits the options of suitable
substrates usable to grow III-N cavities, with the main options being either
Sapphire or silicon with a suitable crystal lattice orientation [110].
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Figure 2.10: Bandgap of III-N semiconducors as a function of lattice constant,
with comparison with Zinc Blende structure. Taken from [106]. Copyright ©
2007, IEEE (see end of thesis for copyright licence)

Figure 2.11: Hexagonal wurtzite crystal structure of GaN. Taken from Wiki-
media Commons.
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Figure 2.12: Band structure of bulk GaN with A, B, C exciton sub-bands. Taken
with licence from [111].

The hexagonal wurtzite structure also results in three subbands for excitons,
named the A, B, and C excitons, which are shown in �gure 2.12. Excitons
from these sub-bands can all couple to light and be visible in PL spectra when
investigating light-matter coupling in III � N cavities.

Despite these challenges, GaN based microcavities remain a topic of active
and fruitful research in the strong light-matter coupling regime, with so-called
\polariton lasing" achieved up to room temperature [112], and at very low
threshold [113]. This property make them particularly suited for application as
integrated photonic devices [114].

In this thesis, we shall present in chapter 4 an example of polariton lasing
in the UV range up to room temperature using a AlGaN ring cavity with a
whispering gallery mode geometry.
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2.4.2 Cuprous Oxide (Cu2O)

Cuprous Oxide holds a particular place in the history of condensed matter
Physics for being the �rst material in which excitons were observed [115]. In
recent years, there has been renewed research interest in this material as it was
reported in a 2014 letter [116] that the excitons with the lowest optical bandgap
(the \yellow" series, at 2.1 eV) can be observed with very high principal quantum
number n, up to n = 25 as shown in �gure 2.13.

Figure 2.13: a) Spectra in CW single-frequency laser for a simple of thickness 34
µm, cooled down to 1.2 K, showing the full yellow series of excitons. b) Photo-
graph of a natural Cu2O crystal. c) Experimental setup with the small crystal
mounted in a brass holder to minimise strain. d) 2-D slice of the wavefunction
of the n = 25 exciton. The horizontal bar corresponds to 1000 lattice constants.
Taken from [116].

There are other series of excitons in Cu2O, such as the violet series with a
bandgap of 3 eV [117]. However, optically probing such series also results in
photoluminescence from the lower energy excitons, which are easier to access
experimentally. In particular, the full yellow series is accessible optically, aside
from the n = 1 state. This comes from the equal parity of the conduction and
valence bands in Cu2O, which forbids excitons with a S-envelope to be observed
in one-photon spectroscopy. This includes then = 1 state, which has a 1s

50 Chapter 2 Anthonin Delphan



Chapter 2. Background: Exciton-polaritons in microcavities

envelope.

As the radius of the exciton scales withn, very large excitons can be observed
in Cuprous Oxide. The n = 25 exciton has for example a radius of 1.04µm.
This is comparable to the n = 202 state of rubibium, which has a radius of 2
µm { which is only one order less than the width of human hair.

The large number of n states accessible allows to study their scaling laws,
with interesting behaviour observed at largern numbers [118, 119], with studies
done including the temperature dependency [120].

Rydberg excitons allows physicists to explore phenomena which, in the con-
text of cold atoms physics, would require laser cooling [121]. Rydberg states
in cold atom physics have numerous practical and fundamental applications,
including in particular for quantum computing [122, 123]. They are also still a
topic of active research for their own properties, including for example studies
on their coherence time [124].

A challenge unique to Cu2O is that a particularly high crystal quality is
required to observe the highern states [125]. Arti�cial growth of Cu 2O crystals
is a topic of active research [126, 127], but so far only excitons up ton = 10
have been reported in such crystals [128]. Natural Cu2O crystals are typically
harvested in mines, such as the Tsumeb mine in Namibia, Africa, and then
cleaved and polished to get thin 
akes with lengths of tens ofµm. A Cu2O
crystal with smaller thickness would be useful for more scalable applications,
single-mode cavities and for example for the study of Rydberg excitons in two-
dimensional materials, which has so far only been done in monolayer WSe2 up
to n = 2.

One particular phenomenon we expect to see at highern number is the so-
called Rydberg blockade, in which the large spatial extent of the Rydberg state
prevents a similar state from being formed in its vicinity [129, 130]. Such a
phenomenon has been observed in Rydberg excitons [131], using a thin Cu2O
slap without mirrors. By embedding the Cu2O in a microcavity, it would be
possible to observe Rybderg blockade of the resulting exciton-polaritons [38].
As there is a one-to-one correspondence between the cavity polaritons and the
emitted photons, this proposal would create a \blockade of photons". The
mechanism is illustrated in �gure 2.14.
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2.4. Materials for microcavity polaritons

Figure 2.14: a) Illustration of Rydberg blockade: the larger Rydberg excitons
block the formation of a higher n exciton in their vicinity. b) Change in absorp-
tion � � as a function of energy (normalised to then = 11 excitonic resonance)
for di�erent pump powers (red being the lowest power, blue being the highest).
Only the Rydberg blockade model explains the features of the experiment, such
as a universal maximum at � max and minimum at � 0. c) The Rydberg block-
ade model shows spatial correlations as a function of the interexcitonic distance.
Taken from [131]

.

Recently, exciton-polaritons in a Cu2O microcavity were demonstrated [132]
up to n = 6, paving the way for the realisation of the polariton Rydberg block-
ade, with these results reproduced in �gure 2.15.
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Chapter 2. Background: Exciton-polaritons in microcavities

Figure 2.15: k-space imaging of Rydberg exciton-polaritons, in theory and ex-
periments, showing a clear anti-crossing around the excitonic resonances. Taken
from [132].

In this thesis, we shall present in chapter 5 our work on Rydberg polaritons in
Cu2O, investigating their non-linear properties and showing scaling laws which
are consistent with the Rydberg blockade phenomenon.

2.4.3 Gallium Arsenide (GaAs)

Gallium Arsenide (GaAs) is perhaps the most common material used for inves-
tigations in the strong coupling regime of light-matter interactions. It was in
a GaAs microcavity that the microcavity polaritons were �rst observed in the
seminal paper of reference [7].

GaAs presents a direct bandgap in the near infrared (at 1.426 eV) with a
zinc blende crystal structure as shown in �gure 2.16.

The Zinc Blende crystal structure provides from an exact, analytical de-
scription of semiconductor excitations, with the so-called Luttinger Hamilto-
nian [133]. The valence band is split in light holes and heavy holes with varying
e�ective masses. Below the valence band holes, we �nd a split-o� band (SO)
which is seperated in energy. Atk = 0, in the weak coupling regime, there is a
degeneracy in energy between the light holes and heavy holes, with the transi-
tion from an heavy holes to an electron being approximately three times higher,
and as a consequence it is possible to control thespin projection of electrons in
GaAs [134].
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