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INTRODUCTION

The optical properties of semiconductors have been a major field of research both
in applied and fundamental physics for the last decades. They have led to various
important discoveries, such as light-emitting diodes (which were highlighted again
in 2014 by the Nobel Prize attribution to Kasaki, Amano and Nakamura for the in-
vention of the blue LED), solar cells and semiconductor laser diodes. The latter are
nowadays included in many daily technologies such as barcode readers, laser point-
ers, CD/DVD/Blu-ray Disc reading and writing, fiber optics communications, etc.
Amongst the various semiconductor laser technologies, the Vertical-Cavity-Surface-
Emitting-Lasers (VCSELs) offer the additionnal advantages of an improved light col-
lection, a more controllable fabrication process and an easier integration thanks to
their emission normal to the surface (hence their name). They are widely used in
fiber optics networks.

In these semiconductor lasers, the light and matter excitations must be both con-
fined to enable their interaction. Hence, the VCSEL laser resonator consists of a
monolithic semiconductor Fabry-Pérot-like microcavity. The mirrors are formed
by Distributed Bragg Reflectors (DBRs). A spacer with a typical thickness of several
hundreds of nanometers is placed between the DBRs and defines the accepted wave-
lengths of the Fabry-Pérot cavity. On the other hand, the active medium consists
of a thin quantum well (typically a few nanometers thick) placed at the antinode of
the electric field at the center of the cavity. The first excited state of such a quantum
well is an electron-hole pair bound by coulombic interaction, called exciton. In the
regime of weak light-matter coupling, where the light-matter interaction is well de-
scribed by the Fermi golden rule, a stimulated emission was observed, first at low
temperature in 1979 [Soda1979] and later up to room temperature [Koyama1989].

The progress of Molecular Beam Epitaxy (MBE) manufacturing techniques now
enable the growth of semiconductor layers at almost the atomic scale. This has
opened the door for high-quality DBRs manufacture. The resulting semiconductor
microcavities display a large quality factor (typically 10°) and the light-matter in-
teraction can no longer be considered as a perturbative effect. Instead, the system
exhibits new eigenstates which are mixed light-matter quasi-particles called micro-
cavity exciton-polaritons. They result from the strong coupling between the excitons
confined in the quantum well and the photons confined inside the microcavity. An
upper and a lower polaritonic branch can be defined. They exhibit a quasi-parabolic
energy dispersion with the in-plane wavevector near the center of the Brillouin zone,
and are separated by a normal-mode energy splitting, often called Rabi coupling or
Rabi splitting in solid-state physics. The ratio between exciton and photon in a mi-
crocavity exciton-polariton depends on the energy difference between the excitonic
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transition and the confined cavity mode (called exciton-photon detuning), as well as
its in-plane wavevector. A thickness wedge in the cavity medium is usually intro-
duced on purpose during the growth, so that the exciton-photon detuning can be
adjusted by shifting the excitation spot on the surface of the sample.

Such states were observed for the first time in 1992 by Weisbuch et al. [Weis-
buch1992]. In certain semiconductors such as GaN or ZnO, microcavity exciton-
polaritons can be detected up to room temperature [Christopoulos2007,Schmidt-Grund2008].
The strong light-matter coupling regime has also been reached in solid state physics
with other emitters such as cavity-embedded quantum dots [Reithmaier2014, Yoshie2004,
Peter2005], artificial atoms based on Josephson junctions in superconducting circuits
[Wallraff2004], phonons [Le Gall1997] or plasmons [Craig1983]. Exciton-polaritons also
exist in the bulk semiconductor [Frshlich1971]. Hence, the concept of polariton is
very general in condensed matter physics. The excitons considered in this manuscript
are confined in quantum wells and the word “polariton” refers specifically to micro-
cavity exciton-polaritons.

Microcavity exciton-polaritons exhibit specific intriguing properties, which make
them unique for research in fundamental physics as well as for their applications in
photonics.

Photons confined in a cavity acquire a very small effective mass (typically 107 -
107 of the free electron mass). Polaritons inherit this small effective mass near the
center of the Brillouin zone. Furthermore, they obey to bosonic statistics in the
regime of weak excitation. The combination of these two remarkable properties
offers the possibility of creating a macroscopically occupied coherent state at rela-
tively large temperatures [Kasprzak2006], analogous to a Bose-Einstein condensate in
atomic physics. The superfluidity of such polariton condensates was predicted in
2004 [Carusotto2004] and observed a few years later [Amo02009]. Furthermore, it has
been proposed that polariton condensates would give rise to a low-threshold laser
emission [Imamog [u1996, Bajoni2008a]. A room temperature electrically injected laser
emission was thus recently demonstrated [Bhattacharya2014].

In addition, polaritons experience strong mutual interactions due to their ex-
citonic component, enabling the observation of Optical parametric amplification
(OPA) [Ciuti2000] and oscillation (OPO) [Ciuti2003] processes. In OPA and OPO
processes, pump polaritons with frequency wp are coherently (and reversibly in the
case of OPO) converted in signal and idler polaritons with frequencies ws and w;,
provided phase-matching and energy conservation conditions are fulfilled (such as
ws + w; = 2wp for example). This enables the miniaturization and integration of
OPOs, which are nowadays typically made with a non linear cristal such as Lithium
Niobiate in complex optical cavities and pumped by powerful laser light. Addition-
nally, this process produces in theory non-classical states such as quantum-correlated
signal and idler polaritons (or “twin polaritons”), raising interest for applications in
quantum cryptography and quantum information [Mertz1991].

Hence in 2000 the first experimental observation of stimulated parametric polariton-
polariton scattering [Savvidis2000, Stevenson2000] brought about intense research on this

10
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topic. These experiments exploited one specific aspect of the polariton energy dis-
persion: at large in-plane wavevectors, the lower polariton branch is no longer a
parabola but exhibits an inflection point containing a large density of states with
longer lifetimes. This feature had been spotted earlier as it is responsible for a bot-
tleneck effect: polaritons accumulate in these modes and the phonon-assisted relax-
ations towards the center of the Brillouin zone are inhibited [Tassone1997, Miiller2000].
Thanks to this inflection point, phase-matching conditions can be fulfilled if the
pump is sent at a specific large incidence angle (the so-called “Magic Angle”) and
parametric processes are possible.

However, the first implementations of micro-OPO using an optical pump at the
Magic Angle produced strongly intensity-unbalanced signal and idler beams, which
is a serious obstacle to the study of their quantum correlations. The use of a large
oblique angle is also a major drawback for an easy device integration. To overcome
these problems, our group at the Laboratoire Pierre Aigrain (LPA) has proposed to
engineer the microcavity dispersion so as to open new scattering channels and isolate
these from transitions towards the excitonic reservoir. This is possible when several
lower polariton branches are accessible. A degenerate interbranch OPO initiated by
a normally-incident pump producing intensity-balanced signal and idler beams has
first been observed on coupled microcavities? [Diederichs2006], later in microwires
(1D-microcavities obtained by etching a planar microcavity) [Ardizzone2012] and in
micropillars (OD-microcavities) [Ferrier2010].

Indeed, when the dimensionnality is reduced, a quantization of the cavity mode
is induced and several lower polariton states are confined. In the work of Vincenzo
Ardizzone [Ardizzone2013a], the presence of a lifting of degeneracy between polariza-
tion parallel and perpendicular to the wires was exploited for the study of quantum
and classical correlations in a micro-OPO. In this manuscript, a detailed study of
this polarization-dependent lifting of degeneracy is presented. The origins of this
splitting are manifold and the splitting magnitude can be therefore engineered as
a function of various degrees of freedom such as the exciton-photon detuning, the
cavity mode index, the angle of the wire with respect to the crystalline axes, etc.

Another consequence of the strong polariton-polariton interactions is that they
can be assimilated to a fluid [Carusott02013], exhibiting peculiar effects such as po-
lariton vortices [Lagoudakis2008]. Moreover, analogous to the formation of Rayleigh-
Bénard convection cells in hydrodynamics, a pattern formation process was experi-
mentally demonstrated by Vincenzo Ardizzone at the LPA in a double microcavity
[Ardizzone2013b], after the proposal of the teams of Stefan Schumacher in Paderborn
(Germany) and Rolf Binder in Tucson (USA) [Schumacher2009, Dawes2010, Luk2013].
These patterns are initiated by directional instabilities and stabilized by high-order

2The presence of a second lower polariton branch in a double microcavity also opens new allowed
optical transitions. We [Huppert2014b] have proposed a design for a double microcavity device able to
efficiently detect and potentially generate THz frequencies, taking advantage of bosonic stimulation
effects [Kavokin2010, De Liberato2013]. This work will not be treated in this manuscript. A detailed
discussion is available in the phD manuscript of Simon Huppert [Huppert2014a].

11
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non linear processes. They are the optical analog of animal coat patterns such as
zebra stripes, or sand ripples, etc. They were first described theoretically by A. Tur-
ing in the context of chemical reactions and the biological process of morphogen-
esis (cellular differentiation) [Turing1952]. Other nonlinear optical systems, such as
atomic vapours [Maitre1994] or macroscopic OPO devices [Ducci2001], display similar
behaviours.

The spontaneous breaking of spatial symmetry is worth studying from a funda-
mental point of view, but also from the perspective of applications in photonics. We
will show that the pattern formations can be controlled in many ways, from polar-
ization, to a slight tilt in the pump incidence, paving the way for the development of
ultrafast all-optical switches (since the polariton lifetime is typically a few picosec-
onds [Bloch1997]) and original photonic devices such as microscopic lighthouses.

Finally, polaritons can be attributed a pseudo-spin which is directly connected
to the polarization of light absorbed or emitted by the microcavity. This pseudo-
spin can be manipulated using several tools such as the presence of a momentum-
dependent TE-TM energy splitting, and the spin-dependence dynamics of polariton-
polariton interactions. This leads to a variety of phenomena such as the Optical Spin
Hall Effect [Kavokin2005, Leyder2007], the formation of polarization vortices [Liew2007]
and patterns [Schumacher2008], and skyrmions spin textures [Cilibrizzi2016].

All those exceptional properties open an interesting future for polaritonic devices
[Sanvitto2016]. Besides polariton lasers, twin-polaritons generation, and all-optical
switches, several theoretical proposals and experimental demonstrations have al-
ready been developed, such as electrically-injected light-emitting diodes up to room
temperature [Bajoni2008b, Khalifa2008, Tsintzos2008], all-optical gates [Ostatnicky2010, Sol-
nyshkov2015,Ga02015], all-optical transistor [Ballarini2013], and exciton-polariton router
[Marsault2015].

This work focuses on some polarization-dependent aspects arising in structured
semiconductor microcavities, in the perspective of integrated optical devices.

After a detailed description of semiconductor microcavities and the derivation of
polariton eigenstates in the strong coupling regime, the first chapter describes the
consequences of the presence of a y(®) susceptibility such as the blueshift of polariton
energies and optical parametric amplification and oscillation. Some polarization
effects such as the so-called “Optical Spin Hall Effect” and the spin-dependence of
polariton-polariton interactions are then introduced.

The second chapter is devoted to the description of the various experimental se-
tups and tools: imagery of the momentum space, of the real space, and observation
of angle-resolved energy dispersion. The properties of the excitation laser are dis-
cussed and compared to an alternative excitation source exhibiting better monochro-
maticity and stability in the continuous wave regime. The experimental polarization
control is exposed in detail.
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The third chapter presents the detailed study of a normal polarization-dependent
energy splitting arising in 1D-microcavities. This splitting exhibits a universal law
as a function of exciton-photon detuning. Various origins for this splitting are dis-
cussed. Then experimentally-induced parameters are compared to the results of me-
chanical calculations and simulations.

The fourth chapter is devoted to the experimental results obtained in various
regimes of excitation power sent on a double microcavity. An all-optical control
of the Optical Spin Hall Effect is demonstrated. The interplay between the TE-
TM splitting and spin-anisotropic polariton-polariton scattering is explored in the
regime of parametric amplification, by using pump-probe(s) scenarios. Lastly, at
large pumping powers, the “instability” threshold is reached and the optical para-
metric oscillation gives rise to unstable off-axis fields, which spontaneously organize
into patterns in the far and near field. Various experiments aiming at understanding
and controlling the orientation and stability of those patterns are presented.

13



14



INDEX OF SYMBOLS

X proportion of Aluminium in AlGaAs
DBR Distributed Bragg Reflector
QW  Quantum well

Eg  GaAs direct bandgap energy at the I" point

X as subscript or superscript, refers to the exciton
c as subscript or superscript, refers to the photon
p as subscript or superscript, refers to the polariton

mp  Free electron mass
Ey,  Binding energy between the hole and the electron
Ei/C/p Exciton/photon/polariton dispersion with in-plane wavevector k

A Exciton-photon detuning (= Ef - Ef)

my/./p Exciton/photon/polariton effective mass

e Exciton field

c Electromagnetic field confined in the cavity

v Polariton field (usually a low polariton mode)

k| Exciton, photon or polariton in-plane wavevector, equivalent to the angle of

emission . Sometimes the symbol || is omitted for simplicity.
7 Light incidence angle in the air
O Intracavity angle (= arcsin(niC sin 6))

apsp  Fermionic phase-space filling, leading to a saturation of the light-matter coup-
ling at large powers

nge  Saturation exciton density (= 1/apsg)

Vur Repulsive Coulombic interaction in the Hartree-Fock approximation
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L.g  Effective length of the cavity (taking into account the penetration of the elec-
tric field inside the DBRs)

LPB Low polariton branch

Elastic circle At a given energy, due to the paraboloid form of the energy dispersion
with angle, the resonant modes form a circle with a fixed radius in the k-
space

OPA  Optical Parametric Amplification (or parametric scattering)
OPO Optical Parametric Oscillation

FWM Four-wave mixing

E Electric field

B Magnetic field

k-space Parallel wavevector space/Fourier space/momentum space/angular space/reciprocal
space: image of the far field emission

Real space Image of the near field (surface of the sample)

H/V  Horizontal/vertical linear polarization (see Subsection 2.2.4)
+/- Left/right circular polarization

PL  Photoluminescence

j Integer labelling the cavity mode in microwires

In j = n cavity mode in microwires

(x0,yg) Crystalline axes of GaAs

(X,Y) Short and long axes of the microwires. X corresponds also to the direction
of the cavity wedge.

6w  Angle between yy and Y (wire long axis)

0E_,; Polariton energy splitting between polarizations perpendicular and parallel

pol
to the wire long axis Y

0Ex  Heavy-hole exciton energy splitting between polarizations perpendicular and
parallel to the wire long axis Y

dE. j = O cavity mode energy splitting between polarizations perpendicular and
parallel to the wire long axis Y
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dQr  Rabi coupling energy splitting between polarization perpendicular and paral-
lel to the wire long axis Y

H  Wire height
W Wire width

L Wire length
G Stress tensor

Cjjk1  Stress-strain tensor
& Young’s modulus
v Poisson’s ratio

ux  Displacement field in the direction X

™

Strain tensor

£ Dielectric permittivity tensor
€ Strain due to the relaxation of the lattice-mismatch induced constraints for
7z > HX

Hyx y Relaxation length along z due to constraints along X or Y

Am  Relative change in lattice parameter between the layer (m) and GaAs

h{™)  Thickness of the DBR layer (m)
nc  Refractive index of the cavity spacer
nm  Refractive index of the DBR layer (m)

Pik1  Photoelastic tensor

AE  Energy splitting between the light-hole and the heavy-hole exciton due to
their confinement in a QW

AEgr Short-range exciton exchange energy

0.g  Effective intracavity angle due to the confinement along X in microwires
Q.  Cavity-cavity coupling in a double microcavity

0 Azimuthal angle along the elastic circle

TE/TM Transverse electric/ Transverse magnetic

17
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2
Ai’TL Polaritonic TE-TM splitting energy (= hT @ - ngE))

Ai’i Polaritonic TE-TM splitting (= Aﬁ’TLe:FZisﬁ)
¢o  First zero of the degree of linear polarization along the elastic circle

spatial Azimuthal angle on the elastic circle where the probe is located

Ppol,pump Direction of the pump linear polarization

A¢  Angle between the probe location and the direction of the pump polarization

(= Ppol,pump ~ Pspatial)
OSHE Optical Spin Hall Effect
X1/2/4 Probe 1, 2 or detection is co-polarized to the pump
Y/5/4 Probe 1, 2 or detection is cross-polarized to the pump

OPO threshold Also called instability threshold. Above a certain polariton density,

OPO and pattern formation processes take place.

FOFWM First-order first-wave mixing, involving two pump polaritons and two off-
axis signal and idler polariton modes

SOFWM Second-order first-wave mixing, involving one pump polariton and three
off-axis polariton modes
T**, T*" Spin-dependent exciton-exciton interaction strengths

a**, a™" Spin-dependent polariton-polariton interaction strengths

") Azimuthal angle along the elastic circle starting at the polarization of the
pump (= ¢ - ¢pol,pump)



PROPERTIES OF
MICROCAVITY
EXCITON-POLARITONS

This first chapter introduces the nanostructures of interest and the main properties useful

for the next chapters. Planar semiconductor microcavities confine both light (in a Fabry-
Pérot-like cavity) and matter excitations (in a quantum well). In the strong coupling
regime, the elementary excitations are balf light, half matter quasi-particles called micro-
cavity exciton-polaritons. Planar microcavities can be structured to tune the polariton
energy dispersion with momentum. First, the introduction of a wedge on the spacer layer
allows to modify the wavelength allowed in the cavity with respect to the energy of the
matter excitation. Second, the microcavity can be etched so as to form microwires and
the reduced dimensionnality gives rise to a quantification of the modes allowed in the 1D-
microcavity. Finally, multiple microcavities can be superimposed and coupled inducing
again new allowed cavity modes.

Thanks to their matter component, polaritons can mutnally interact, giving rise
to nonlinear effects such as optical parametric scattering and oscillation, depending on
the optical power sent on the microcavity. Furthermore, polaritons can be attributed a
pseudo-spin directly linked to the polarization of their light component. This psendo-spin
evolves during the polariton propagation by the presence of a momentum-dependent TE-
TM splitting. Intrinsic and extrinsic constraints or the reduction of dimensionnality can
also lead to polarization-dependent liftings of degeneracy. Finally, the polariton-polariton
interaction strength exhibits a pseudo-spin dependence as well.

All these properties are detailed in this first chapter, and are essential ingredients for
the understanding of varions methods which will be used to manipulate polaritons and
their pseudo-spin.

The furst section is dedicated to the presentation of polaritons in microcavities in the
strong coupling regime. The second section is devoted to the consequences of the third or-
der susceptibility in AlGaAs and GaAs, such as optical Kerr effect and parametric effects.
The third section presents various polarization-dependent effects, taking into account lin-
ear and nonlinear processes.
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1.1. EXCITONS-POLARITONS CONFINED IN STRUCTURED
SEMICONDUCTOR MICROCAVITIES

1.1 Excitons-polaritons confined in structured semi-
conductor microcavities

The semiconductor structures of interest in this manuscript are composed of Alu-
minium Gallium Arsenide with various proportions of Aluminium (x). The general
chemical formula is AlyGaj_xAs. These III-V semiconductor compounds crystallize
in a Zinc-Blende-like structure (¢f. Fig. 1.1).

Figure 1.1: Crystalline structure of AlyGaj_yAs (Zinc-Blende like). The yellow
atoms designate the Gallium or Aluminium atoms (as a function of x the Aluminium
fraction) and the grey atoms represent the Arsenium atoms. From Wikimedia Com:-
mons.

The refractive index of AlyGaj_yAs depends of the Aluminium fraction x, as well
as temperature and wavelength. At low temperature (6K) and in the near-infrared,
the refractive index vary approximately between 3 for AlAs (x = 1) and 3.58 for
GaAs (x = 0). Thanks to this property, the realization of efficient Distributed
Bragg Reflectors (DBRs) is possible (¢f- Subsection 1.1.2).

At low temperature, the bandgap energy varies between approximately 1.52eV
for GaAs and 3.04eV for AlAs. For x < 0.4 [Adachi1985], Aluminium Gallium
Arsenide is a semiconductor with a direct bandgap, enabling the confinement of
direct excitons in quantum wells (¢f. Subsection 1.1.1).

The lattice constant (typically 5 A) also varies quasi-linearly with x [Adachi1985].
The lattice mismatch between AlAs and GaAs is very small (less than 0.01 A [Adachi1985])
such that thin layers of both materials can be superimposed to form stable micrometers-
thick structures, containing a small amount of crystalline defects. However, we
will see in Chapter 3 that the lattice mismatch between several Aluminium Gal-
lium Arsenide layers having different proportion of Aluminium, despite its small
amplitude, plays a key-role for the polarization-anisotropic constraints induced in a
1D-microcavity.
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1.1.1 Properties of excitons confined in quantum wells
1.1.1.1 Band structure of GaAs

GaAs is a semiconductor with a direct bandgap Eg lying at the center of the Bril-
louin zone (the “I"” point, ¢f. Fig. 1.2).

The conduction band contains electronic states of symmetry s, that is, of orbital
angular momentum 1 = 0. The valence band is formed by electronic states of type

p (orbital angular momentum | = 1). Due to spin-orbit coupling, the valence states

form two bands of total angular momentum J = 3 and jh = 1, split by an energy

Ago. At ambiant temperature, EG ~ 1.5eV and Agp ~ 0.3 eV for GaAs [Fishman].
The J» = 3 valence band is itself split in two subbands. They are energy-
degenerated at the center of the Brillouin zone but do not have the same energy
dispersion with the in-plane wavevector k. We can attribute to each of them a dif-
ferent (negative) effective mass: = = %g%k—] The “heavy hole” band has a angular

momentum along z]?h = i% whereas the “light hole” band has angular momentum
along z]lzh = :I:%.
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Figure 1.2: Left panel: Complete band structure of GaAs [Fishman]. Right panel :
zoom of the GaAs band structure at the vicinity of the I' point.

The effective mass for electrons in the conduction band is me = 0.0662 mg, for
electrons in the “heavy hole” valence band myy, = -0.34 mg and in the light hole
valence band my, = -0.094 mg, where mg =9.11 x 1031 kg is the free electron
mass [Madelung].

1.1.1.2 The concept of “hole” in a semiconductor

In a semiconductor or insulator, the valence band is completely filled with N elec-
trons. If a valence electron is excited, it fills an empty state of the conduction band
and leaves behind a “hole” in the valence band.
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The hole state is thus defined as the antisymmetric product of the N-1 remaining
electron states. It can however be easily manipulated using the Kramers conjugate
and considering the following properties for the quasi-particle:

1. The hole charge is the opposite of the one of the missing electron: it is there-
fore positive.

2. The hole effective mass is the opposite of the missing electron: it is positive.

3. The hole spin is the opposite to the spin of the missing electron, defined as the
z component of the total angular momentum J5.

1.1.1.3 Excitons in quantum wells

An exciton is a quasi-particle formed by a conduction electron and a hole bound by
Coulomb interaction. The exciton energy is therefore the energy of the bandgap
Eg to which the binding energy Ey is substracted. Two kinds of excitons are present
in the bulk of semiconductors: the Frenkel exciton, which Bohr radius is of the
order of magnitude of the lattice parameter, and the Mott-Wannier exciton, which is
delocalized over a few unit cells.

In this thesis, we study microstructures in which GaAs nanometers-thick layers
are surrounded by Alp 95Gag g5As barriers, constituting a quantum well. The ex-
citons are confined inside the quantum well in the z direction, or growth axis (see
Fig. 1.3).

> > B
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Figure 1.3: Schematic representation of a GaAs quantum well with length L. z
is the “growth axis”. The plane orthogonal to z is the “layer’s plane”.

In quantum wells, the confinement along z shifts the electron and hole energies

by a confinement energy Egé g ¢~ Due to their different effective masses, the value of
this confinement energy differs between light and heavy holes: consequently, it lifts
the degeneracy between them (typically several tens of meV). The binding energies
of light and heavy hole excitons also differ only by a few meV at most. The next two
paragraphs are devoted to calculating the total lifting of degeneracy between heavy

and light hole excitons AE, which will be useful in Chapter 4.
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Calculation of the confinement energy The confinement energy for electron and
holes can be calculated solving the finite quantum well problem [Fishman]. We will
consider for the calculation a GaAs quantum well of thickness Loy =7 nm with
Alp95Gag psAs barriers. The carrier effective masses are mg,a and mpjgaag 10
GaAs and Alp 95Gag g5As, respectively.
The envelope wavefunction for confined electron or hole in the quantum well
has the form:
€(2) = {Cin cos(kz) for |z| < Lqw/2 (L.1)

Cexte_K|Z| for |Z| > LQW/Z ’

where C;, and Cex; are normalization constants. k (resp. K) is the wavevector
in the QW (the AlGaAs barrier).
The confinement energy reads:
h2k? h?K?2
=V

E S EE— f—5
2InGaAs con 2mAlGaAs

(1.2)

conf =

where V¢ is the height of the barrier as defined in Fig. 1.3.
Furthermore, £(z) and ﬁé '(z) must be continuous, which leads to the follow-
ing condition:
ktan(kLQ—W) — K DGaAs (1.3)
2 MA]GaAs
for the lowest energy state.

| | Light hole | Heavy hole | Electron | Reference
Barrierheight | 170 v | 474mev | 711 mev [Bastard]
Vconf
rr}GaAs’ )
Effective mass in | 0.094mg 0.34mg 0.0662mg [Madelung]
GaAs
m[_—\lGaAs’ )
Effective mass in | 0.153mg 0.409mg 0.146mq [Adachi1985]
Alp.95Gag,05As

Table 1.1: Confinement potential and effective masses for electron, light and heavy
holes. myg is the free electron mass and x = 0.95 is the Aluminium fraction in the
barrier.

Combining egs(1.2) and (1.3), E_ ¢ can be determined. Using the values ex-
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pressed in Table 1.1, we find:

¢ ~ 61meV

conf
lh -~

ECOl’lf ~ 46 meV
hh

Econf ~ 17 meV.

The light hole and heavy hole energies are therefore separated by ~29 meV due
to the confinement in the QW.

Order of magnitude for the binding energies In this paragraph, insight is given
on the order of magnitude of the binding energy of heavy and light hole excitons,
using Fig. 1.4.b. reproduced from [Bastard].
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Figure 1.4: a) Probability of presence £(z) of the heavy and light holes inside
the QW (colored in gray) and in the barriers, computed from eq.(1.1). b)
From [Greene1984, Bastard]. Binding energy of a GaAs QW inside various barriers

(Alp.15Gag g5As, Alg3Gag 7As and infinite barriers) as a function of the QW length.

The red dots indicate the binding energy values for the infinite well for an effective

length Lghw of = 8:071nm for the heavy hole and LlQhW off = 9-352nm for the light

hole.

In Fig. 1.4.b., the finite quantum well is approximated by an infinite quantum
well, using effective quantum well thicknesses for the heavy and light holes which
take into account the wavefunction penetration in the barrier (Fig.1.4.a.). This
effective thickness Ly, o is determined such that the confinement energy for a
quantum well with infinite barrier potentials and of thickness Loy, o4 is the same as
the confinement energy for a real quantum well of thickness Ly calculated in the
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previous paragraph. We find for the electron L?QW of = 9-6nm, Lghw of = 8.1nm

and LIQhW of = 9-4nm for the heavy and light holes, respectively.

The binding energy between the electron and the hole is thus slightly different
(approximately 1 meV according to the calculation shown in Fig. 1.4.b.). Note that a
more accurate calculation of the binding energies, taking into account the Luttinger
parameters, can be found in Ref. [Andreani1990].

Conclusion The main contribution to the exciton energy in the typical GaAs
quantum wells of interest is therefore the confinement which lifts the degeneracy
between light and heavy hole excitons by approximately 29 meV. The difference in
the binding energy is only 1 meV. In total, the energy splitting between heavy and
light hole excitons is AE = 28 meV.

The ground state of a quantum well is therefore a 1s exciton formed by an elec-
tron in the conduction band and a heavy hole in the valence band. Its energy is
expressed by [Fishman]:

h?k]

2my

X X
ky =Fo+

where EX = E, + E¢ , + Eib _ Ep, my = me + my, ~ 0.41mg is the exciton
. 0 g conf conf . : .
effective mass (my, = -my}, defined in Subsection 1.1.1.1) and k is the exciton’s
in-plane wavevector.
The angular momentum of this first excited state along z is obtained by summing

the angular momenta along z of the heavy hole and of the conduction electron
(¢f- Subsection 1.1.1.1):

exe _Je 4 phh o 49 40,

7z =

1.1.1.4 Dipolar coupling

In the electric dipolar approximation, the interaction between an electron confined
in the quantum well and the electromagnetic field reads:

where p is the momentum of an electron with charge —e and mass mg. A is the
vector potential, defined with the gauge [p,A] = O [Fishman].

The probability of creating an exciton through photon absorption is propor-
tional to the matrix element (& |p - A|e), where | @) is the fundamental state of the
crystal, without exciton, and |e) is the first excited state (the heavy hole exciton).
The following selection rules apply [Bastard]:

® For spatial symmetry reasons, the exciton must be of type “s” (which is the
case for the heavy hole exciton considered),
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* The optical excitation of JoX¢ = +2 states is forbidden since the angular mo-
mentum of a photon is £1, corresponding to left and right circular polariza-
tion. The J$X¢ = +2 states are therefore called “dark states”.

® Due to translation invariance in the layer’s plane, the in-plane wavevector of
excitons must match the photon in-plane wavevector.

® The energy of the photon absorbed or emitted must match the exciton energy.

The radiative lifetime of free QW excitons, given by the Fermi Golden Rule, is ap-
proximately 10 ps [Deveaud1991]. The efficiency of the excitonic radiative coupling
can be described using an oscillator strength fosc proportionnal to the square modu-
lus of the matrix element of the dipolar interaction corresponding to the creation of
an exciton.

In this thesis we will concentrate our study on the bright heavy hole exciton of
angular momentum J3*¢ = +1 along z.

1.1.2 Properties of microcavities

The coupling between excitons and photons is obtained by inserting the quantum
well inside a semiconductor microcavity, the properties of which are detailed in this
section. These micrometers-thick monolithic structures are fabricated using Molec-
ular Beam Epitaxy (MBE). The resulting heterostructure has a high quality factor
(typically 10°) and confines photons like a Fabry-Pérot resonator. An important
consequence of this confinement is that the photons acquire a (very small) effective
mass. The structuration of microcavities through various ways (etching, multiple
cavities) as well as the method used to simulate the structure and the fabrication
technique are briefly presented.

1.1.2.1 Distributed Bragg Reflectors

The first ingredient of large quality-factor Fabry-Pérot cavities consists of high qual-
ity mirrors. In solid-state physics, this is possible using Distributed Bragg Reflectors
(DBRs), formed by the alternance of two semiconducting layers with a large refrac-
tive index difference. The thickness of each layer is A\/(4n;), where X\ is the wave-
length of the incoming light and n; the refractive index of the layer. Under these
conditions, an interference takes place which extinguishes transmission on a band of
frequencies called stopband, centered on A.

The reflectivity of such mirrors increases with the refractive index contrast be-
tween the two layers and with the number of pairs. Fig. 1.5 presents the reflectivity
spectrum of a Bragg mirror with Al 95Gag g5As and Alg ;Gag gAs layers, calculated
by the transfer-matrix method (see Subsection 1.1.2.5).
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Figure 1.5: Reflectivity spectrum at normal incidence for a Bragg Mirror centered at
1.6 eV with 20 pairs of Alg 95Gag p5As/Alg yGag gAs surrounded by air, calculated
by the transfer-matrix method.

1.1.2.2 Fabry-Pérot cavity
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Figure 1.6: a) Reflectivity spectrum at normal incidence of a cavity centered around
1.6 eV surrounded by 20 DBR pairs at each sides, calculated by the transfer-matrix
method. b) The corresponding cavity structure is shown in black. In red, the repar-
tition of the squared electric field in the structure. The main antinode is located at
the center of the cavity (in gray).

If a spacer of effective thickness \/(2n.) (where n¢ is the refractive index of the

spacer) is inserted between two Bragg mirrors, the light of wavelength A is allowed to
penetrate the structure, similarly to Fabry-Pérot cavities. Once inside the structure,
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the photons perform a large number of roundtrips (typically 10° in the samples
presented in this thesis) before being reflected or transmitted.

Fig. 1.6.a. shows an example of the reflectivity spectrum of such structure for
normally incident light. The distribution of the electric field intensity correspond-
ing to the cavity mode in the structure is shown in Fig. 1.6.b.

1.1.2.3 Photons effective mass

Due to the confinement along z in the microstructure, the light wavevector k is
quantized such that k, , = 5—7; where p € N* and with Lg the effective length of
the half-wavelength (p = 1) cavity (taking into account the field penetration into
the neighboring DBRs, see Fig. 1.6).

The energy of the admitted mode is therefore:

¢ _ he
k|~ n

C

™

k? + (—
I Leff

)2, (1.4)

where k|| is the projection of the wavevector in the layer’s plane. The typical

photons in-plane wavectors are small compared to 7/L.g, so the cavity mode is a
nchr
cLeg”

quasi parabolic function of k. The photon acquires an effective mass m =~

This effective mass is typically 107 of the free electron mass, which is several orders
of magnitude below the exciton effective mass (¢f. paragraph 1.1.1.3).
The finesse (which corresponds to the mean number of roundtrips) and quality
factor of such half-wavelength cavities coincide:
e

where 7. corresponds to the linewidth of the cavity mode, or to the cavity losses.
The lifetime of the photons in the cavity is typically a few picoseconds.

A large number of DBR pairs reduces the theoretical ¢, which increases the
finesse and the coupling of excitons and photons (see Subsection 1.1.3). However,
the number of defects such as dislocations and interface roughness is increased as
well, which in turn increases the real photonic losses. In any case, the total thickness
must not overcome =~ 10 um to ensure the heterostructure mechanical stability.

1.1.2.4 Equivalence between incidence angle and in-plane wavevector

Hence, the energy of the light admitted into the microcavity depends on the effective
cavity length L g and the in-plane wavevector k of the photons confined in the
microcavity.

The intracavity angle of the confined photons 6. is obtained by the law of re-
fraction: n¢ sin 0. = sin 6, where 0 is the light incidence angle on the microstructure
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in the air (see Fig. 1.7.a.). For a resonant excitation, this implies that the photons
in-plane wavevector is conserved when entering the structure.
kj is related to 6 by the following equation:
EC
. 0o -
kH = Kk, sinf ~ fic oin 6. (1.5)

Since the angles considered here are below 30°, sin 6 can be approximated to 6, such
that a one-to-one correspondance between k| and 6 is possible.
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Figure 1.7: a) (x,y) is the “layer’s plane”, orthogonal to the growth direction z. The
angle of incidence of the incoming light, 6, is easily related to the in-plane wavevector
k. b) Cavity mode energy dispersion with either k| or 6.

Therefore, energy dispersions as a function of either 6 or k| will be presented in
this thesis. An example is given in Fig. 1.7.b.

1.1.2.5 Simulation : transfer matrix method

The light acceptance of a 2D-microstructure can be computed using the transfer
matrix method [Born& Wolf].

The principle of this method is to calculate the electric and magnetic fields pene-
trating into the structure layer by layer. In the case of microcavities, this calculation
allows:

¢ To visualize, at a given incident angle, the reflectivity of the structure, and to
deduce the admitted wavelength (like in Figs. 1.5 and 1.6).

® By concatenating the reflectivity at several angles, to visualize the cavity angle
dispersion which is supposed to follow a quasi-parabolic law (see eq(1.4)). The
TE-TM splitting (see Subsection 1.3.1) can be also computed.
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 To visualize the electric field repartition in the structure (like in Fig. 1.6.b.).
In order to maximize the light-matter coupling, the quantum wells must be
placed at the antinodes of the electric field penetrating the structure.

Quantum wells layers can be added in the calculation and modelized as absorbers.
The bound exciton resonance is taken into account in the energy-dependent linear
susceptibility of the QW layer including an oscillator strength fosc [Khitrova1999]:

fosc ' E’Sz

(D(E)
) EX? -F2 - insE’

where EJ is the exciton energy (assumed constant considering its large effective
mass), 7x corresponds to excitonic losses.

1.1.2.6 Fabrication: growth by Molecular Beam Epitaxy

The samples are fabricated using Molecular Beam Epitaxy (MBE). This deposition
method is done in ultra-high vacuum, by varying the temperature of the Ga, As and
Al sources which are deposited on a GaAs wafer. The duration of deposition deter-
mines the thickness of each layer. All the samples presented in this manuscript have
been grown by Aristide Lemaitre at the Laboratoire de Photonique et Nanostructures
(LPN) in Marcoussis.

For a uniform deposition on the substrate, the wafer can be rotated during the
growth. However, the wafer is often kept fixed during the growth of the spacer
so that a wedge on the spacer thickness L occurs. Consequently, the cavity mode
energy has a quasi-linear dependency on position.

The wedge also affects the quantum well thickness inside the spacer. However,
for a7 nm-thick GaAs quantum well, the dominant contribution to the energy vari-
ation is the exciton confinement energy of about E ¢ = E_ - + E?gnf ~ 80 meV
(see Table 1.1), the exciton binding energy being only a few meV. For infinite bar-
riers, the confinement energy scales as 1/ Léw, where Loy is the quantum well

thickness and the normal cavity mode energy E§ varies as 1/Lg, where L g is the
cavity effective thickness taking into account penetration of the electric field in the
neighboring antinodes.

Assuming a similar relative increase in the quantum well thickness and cavity
effective length due to the wedge, we deduce that the exciton energy variation com-
pared to the cavity energy variation scales as 2E_,¢/E§, where E§ ~1.6eV. This
variation is thus approximately 10% of the cavity energy variation and can be safely
neglected.

To increase the confined cavity mode energy variation even faster, the rotation
of the wafer can be also stopped during the growth of the Bragg mirrors to shift the
DBRs stopband as well.
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1.1.2.7 Structured microcavities

The structuration of microcavities enables the confinement of several optical modes.
Two possible methods are presented in this subsection.

1D microcavity

The microcavity can be engineered so as to break the rotation invariance in the
layer’s plane. This is possible by etching the 2D-microcavity so as to form narrow
wires. Chapter 3 is devoted to such 1D-microcavities, and the etching was done by
Isabelle Sagnes at the Laboratoire de Photonigue et de Nanostructures.

This breaking of symmetry introduces new boundary conditions and gives rise

to a splitting of the 2D optical mode in several photonic modes labelled by j € N.
The confinement along the short axis of the wire X induces boundary conditions
for the electric field, which then writesEx o< cos(kxX) or Ex o sinkyX, where
kg = % and W is the effective wire width [Kuther1998]. The index j corresponds
therefore to the number of nodes of the electromagnetic field in the direction X. If
is even (respectively odd), the electromagnetic field has a symmetric (resp. antisym-
metric) distribution along X.

With kﬁ = k%( + k%(, the new photonic mode energies write:

2

(&

©(j + 1)

i hc
Ec,]

= k? +
ky ~n.\ Y (

)2

Some cavity mode energy dependencies on ky and their corresponding electric
field distribution along the wire short axis, are represented on Fig. 1.8.
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Figure 1.8: a) Energy dispersion for the various cavity modes of a 3 pm-large 1D-
microcavity as a function of ky (Y is the long axis of the wire). The energy disper-
sion of the cavity mode of a 2D-microcavity is shown as a plain line, as a function of
ky (equivalent to any other in-plane wavevector component in a 2D structure). b)
Corresponding electric field amplitude along X (short axis of the wire).
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Coupled 2D-microcavities

By superimposing two identical 2D-cavities separated by an intermediate Bragg
mirror, a coupling can occur between the two cavity modes. Two energy modes are
then admitted in the cavity, separated by an energy 2Q¢. The value of this splitting
depends on the number of layers constituting the intermediate Bragg mirror and can
be computed using the transfer-matrix method (see Subsection 1.1.2.5).

Fig. 1.9 shows the result of the simulations of a structure composed of two iden-
tical microcavities having a resonant cavity mode energy at 1.6V (such as the one
shown in Fig. 1.6). In Fig.1.9.a., they are separated by 20 DBR pairs. Two opti-
cal modes are now allowed separated by 6 meV. In Fig. 1.9.b., the number of DBR
pairs is reduced to 10, such that the cavity-cavity coupling increases: the two optical
modes are now separated by 25 meV.
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Figure 1.9: Reflectivity spectra of two superimposed microcavities identical to the
one of Fig.1.6. a) Double microcavity with 20 intermediate DBR pairs. b) idem
with 10 intermediate DBR pairs.

A such double microcavity will be studied in Chapter 4.

1.1.3 Strong coupling regime
1.1.3.1 Light-matter coupling strength

We consider now the case of quantum wells that are inserted at the antinode of the
electric field (at the center of the cavity). When the light-matter coupling is larger
than the cavity and exciton losses, the strong coupling regime is achieved. A lifting
of degeneracy between the excitonic transition and the cavity mode energy takes
place with strength 2Qg, where Qg is the normal-mode splitting (also called Rabi
coupling or Rabi splitting in solid-state physics), proportionnal to the square root
of the oscillator strength fosc and to the overlap integral between the wavefunction
of the exciton and the cavity mode.

For N identical quantum vells, this Rabi coupling is increased by a factor v/N.
In practice, the number of quantum wells coupled to an antinode of the electric
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field cannot be increased indefinitely due to its finite size. Moreover, the quantum
wells must be well separated so as to avoid any mutual coupling. Given those con-
straints, in order to increase the light-matter coupling, some quantum wells can also
be inserted into the neighboring antinodes of the cavity, that is, inside the first neigh-
boring Bragg mirrors from each side of the cavity.

In the structures presented in this thesis, four quantum wells are inserted in the
cavity spacer, and four on the neighboring Bragg mirrors on each side, such that the
oscillator strength fosc 1s increased by ~ 12.

1.1.3.2 Microcavity polaritons

The eigenstates resulting from this strong coupling are mixed exciton-photon states
called microcavity excitons-polaritons, evidenced for the first time by Weisbuch et
al. [Weisbuch1992] in 1992. From a general point of view, the term polariton refers to
any quasi-particule mixing photon and an elementary excitation of matter, such as
phonon [Le Gall1997], plasmon [Craig1983], etc. Exciton-polaritons are also observed
and well-known in the bulk semiconductors [Frshlich1971].

Eigenenergies
Let us denote ¢ the cavity field, e the exciton field and ¥ the polariton field. The
indices and exponents x (respectively c) refer to excitons (respectively photons). For
simplicity, k = kj labels the wavevector of excitons and photons in the layer’s plane.
When 200R is larger than 15 (excitonic losses) and ¢ (cavity losses), the strong
coupling regime is achieved and the Schrodinger equation for the exciton and photon

fields reads: .
ihﬁ(ek)= [Ek'”" SR ~<ek), (1.6)
Ck
k]

ot \ ¢k -Qr  Ef -17c
here Ef = Ej ki h 1 di I ith k. Similarly, E7
where E} = Ej + 5 is the exciton energy dispersion with k. Similarly, Ej =
2p.2

hokj | . . . .
Ej + T(g is the cavity energy dispersion with k.

In this regime, the system can be studied by considering quast particles half pho-
ton half excitons (polaritons) which are eigenstates of the above system of equations:

‘IJIEP = Xkek + Ckck (1.7)
P = —Cpep + X (1.8)

where Xy et C are the Hopfield coeficients [Hopfield1958], which determine the
exciton and photon weights in the upper (¥YP) and lower (W) polariton modes.
At large in-plane wavevectors, the upper (resp. lower) polariton mode is close to the
photonic (resp. excitonic) mode.

The eigenenergies are solution of the two coupled oscillators equation (which
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corresponds to the determinant of the matrix 1.6):
(EP - E¥ + i) (EP - Ef + ire) = QF, (1.9)

such that:

A

. 1 .
4 S einp oS /(A miCe- W + 408 (L10)

A . 1 .
Bf + SEip + 5/ (A -ite -2 + 403, (11D)

Erp(k)

EV (k)

where Ay = E| -E[ is the exciton-photon detuning, and 7, = 1e30x corresponds to

polariton losses at null detuning. In this thesis, we will focus on the lower polariton

modes \IftP with energy EEP(k), which will be noted ¥y and Ei in the following.

The eigenenergies as a function of k = k| for various exciton photon detuning
atkj =0, A = Ay, are represented on Fig. 1.10 (losses neglected).

In Fig. 1.10.a., the bare exciton and cavity dispersion as a function of in-plane
wavevector are displayed for vanishing exciton-photon detuning A = 0. The exciton
energy is approximated constant considering its much larger effective mass.

In the strong coupling regime, a lifting of degeneracy takes place between the cav-
ity and exciton energy dispersion, leading to two polariton branches (Fig. 1.10.b.).
At normal incidence (k| = 0), the polariton modes up and down are 50% pho-
ton, 50% exciton. At large in-plane wavevectors, the lower polariton branch is very
close to the exciton one. This region is called excitonic reservoir since the density of
these quasi-excitonic states is large. In-between, the low polariton branch exhibits an
inflection point which enables the fulfilment of the phase-matching conditions for
nonlinear optical processes (see next section).

Fig.1.10.c. shows the evolution of the normal cavity, exciton, and polariton
energies as a function of detuning. At large negative detuning, the lower polariton is
almost entirely photonic, whereas at positive detuning its tends towards the exciton.

Figs. 1.10.d. and e. show the polariton dispersion when the cavity energy is
shifted out of the exciton resonance. At negative detuning A < 0, the minimum of
the lower polariton branch becomes more photonic. Inversely, at positive detuning
A > 0, the lower polariton branch is more excitonic, and its curvature is reduced.
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Figure 1.10:  (a, b) Energy dispersions with in-plane wavevector k for vanishing
exciton-photon detuning A = Ef - Ef = 0. The cavity effective mass is much
smaller than the exciton’s. For this reason, the exciton dispersion is approximated by
a horizontal line. In b), the strong coupling between excitons and photons induces

a lifting of degeneracy of strength 2Qg for k| = 0, resulting in “up” and “down”
polariton branches. The excitonic fraction | Xy |? (resp. |Cy|?) for the low (resp.
up) polaritons (see egs. (1.8) and (1.7)) is represented via a colorscale. ¢) Cavity,
exciton and polariton energies at k| = 0 as a function of exciton-photon detuning,

figuring an “anticrossing”. (d, e) Cavity, exciton and polariton energy dispersions
for A = £10 meV.

1.1.3.3 Transition to the weak coupling regime

At null detuning, the lifting of degeneracy occurs only if |[y¢ -~*| < 2Qg. If
this first condition is fulfilled, then, the lifting of degeneracy is visible only if the

splitting strength Qg overcomes the polariton loss /P = WC}”X. Overall, the strong
coupling is effective when the photonic and excitonic losses are small compared to
2QR. The weak coupling regime is thus described by a perturbative treatment: the
cavity modifies the spontaneous emission properties of the quantum well excitons.
The exciton desexcites irreversably and its radiative lifetime is given by the Fermi
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Golden rule. The Vertical Cavity Surface Emitting Lasers (VCSEL) operate in this
regime at low density.

On the one hand, the Rabi coupling is maximized by using a large numbers of
high quality DBR layers, and by increasing the number of quantum wells in the
structure, but they are limited by the total size of the structure and the size of the
main antinodes of the electric field, as discussed in Subsection 1.1.2.3. On the other
hand, the sources of losses for the cavity and exciton are numerous:

¢ Inhomogeneous broadening due to structural defects, impurities, interface rough-
ness, inhomogeneities between the quantum wells or DBRs,

® Phonon-assisted relaxation. This source of loss is temperature-dependent, and
increases the exciton linewidth. For this reason, in this work, all experiments
are performed at 6K. This relaxation process is particularly efficient for the
upper polariton modes, which are typically located slightly above the excitonic
reservoir,

e At large polariton densities (above 101! cm™2), saturation of the light-matter
coupling occurs (see Subsection 1.2.2.4), which leads to the loss of the strong
coupling regime.

Experimentally, the light-matter strong coupling is lost when either the optical
power or the temperature is increased. Typically, for III-V semiconductor micro-
cavities containing a single quantum well, the strong coupling is lost above 100K
and for excitation densities above 8 kW.cm™ [Houdré1995].

1.2 Parametric effects in microcavities

In GaAs/AlGaAs-based semiconductor microcavities, large high-order nonlineari-
ties take place leading to various parametric phenomena analogous to four-wave-
mixing processes in nonlinear Optics. In this section the nonlinear equations are
presented, with a focus on the third order terms in the electric field. Various nonlin-
ear effects such as the Optical Kerr Effect, responsible for a blueshift of the polariton
energies, and the Optical Parametric Amplification are introduced. The second part
is devoted to the discussion of the Optical Parametric Oscillation (OPO).

1.2.1 Third-order susceptibility
1.2.1.1 Nonlinear dielectric polarization

The response of a material to an applied electric field is taken into account by a
susceptibility tensor x(™), where m labels the order of the nonlinearity. The lincar
susceptibility is related to the refractive index: n2 = Re(1+ x(1). This susceptibility
tensor takes into account anisotropies (for example structural anisotropies aligned
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with the crystalline axes of the material). When the optical power is sufficiently
strong, the polarization of the medium is a nonlinear function of the electric field
such that:

P = pU4p@ L pO) 4
where
P(m)(w =Wl +twy+ .. +wy) = gox(m)(w;wl,wz, vy wn) @ Eq(w1)Ez(w2)...Em(wm)

and ¢q is the vacuum permittivity.
Assuming an isotropic system, the propagation equation for the electric field
reads [Shen]:
106 1 o220 1 92p(ND)

AE - — = +
2 o2 gpc? 02 goc? o2

(1.12)

where PNL) is the nonlinear part of the polarization.

Assuming a plane wave propagating along z, the electric field reads: E(z,t) =
%e[zj E(z, wj)el(kiz_wit)], where ka = w}:z(l + X(l)(wj))/cz. In the slow-varying

amplitude approximation, eq. (1.12) rewrites:

. 85(Z,OJ') (k- 7—co- 1 82
Zzlij’el<kJZ wit) yym(NL)(wj,z), (1.13)
)

where PNL) is the complex nonlinear polarization.

Due to its crystalline symmetry [Shen], the GaAs second-order susceptibility is
null on the growth axis z. Therefore, the following subsections focus on the third
order polarization which writes:

P (z,1) = 2609(;121)5(2, w)E™ (2, wi)E(z, wl)ei[(ki‘kk+k1)~z‘(wj‘wk+w1)t]
ikl

The linear susceptibility (D is taken real, such that kj = n(w]-)wj/ c. The third-

order nonlinearity x(®) is considered scalar for simplicity.

1.2.1.2 Optical Kerr Effect

Assuming a single incident pump field with wavevector k, and frequency wyp, and
keeping only the terms with same phase as the incident field, we get:

360)((3)
4

‘3(3)(%) |g(z, Wp) |25(Z, wp)ei(kpz—wpt)-
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With |£(z,w)|? = 1, the propagation equation (1.13) becomes:

0E(z,wp)  Biwpy®)
0z ~ 8nc

- E(z,wp)

: 3)
One possible solution is £(z, wp) = € (O,wp)e‘¢NL(Z), where oNp.(2) = 3w§’ri<c -1

z. This nonlinear phase depends on the incident power I on the nonlinear medium,
phenomenon known as the optical Kerr effect. An effective refractive index n’ can

be defined : n’ = n + 3%‘—:) :

If the nonlinear medium is inserted in an optical resonator, the cavity resonant
energy is blueshifted. Experimentally, it implies that when the optical power sent
onto the microcavity is changed, the energy must be slightly shifted as well.

This phenomenon leads to a bistability: one can show [Lecomte2011] that the in-
tracavity intensity exhibits an hysteresis behaviour with the incident intensity close
to the resonance.

1.2.1.3 Optical Parametric Amplification

Let us consider now a second beam (signal) incident on the material with energy ws
and wavevector k. The nonlinear polarization rewrites:

3 . . . .
m(})(w) _ 5O)§( )(gpel(kpz—wjt) + 556—1(kpz—wjt) + Ssel(ksz_wjt) + g:el(ksz—w]-t))3,

The term £, &, & is responsible for the apparition of a beam with energy 2wp-ws,
called idler beam, which propagates with the wavevector 2ky -ks. This phenomenon
is a parametric conversion. Assuming a pump beam much more intense than the
signal and idler beams, the propagation equations for the signal and idler fields read:

{}— - §-0}(2)
&
dz

=g al(x)
with a5 = &9, 60(z) = 8% 1, 12 1612, and

_ (3) 3w < 2
8= X g |1&p |
is the parametric gain.

If a;(0) = 0O, case where no idler beam is sent onto the material, this system can

be solved:

as(0) cosh(gz) (1.14)
g (0) sinh(gz)

as(z)

@;(z)
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The signal beam is amplified by a factor | cosh(gz)|?. This is optical paramet-
ric amplification. An idler beam is furthermore created, with an energy fulfilling
Widler = 2wp — ws. In terms of photons, this corresponds to a four-wave mixing
process: two pump photons are converted into one signal and one idler photon.

Note that this process can occur only if the following phase-matching conditions

are fulfilled:

® energy conservation: Wjgje, = 2Wp - Ws
* wavevector conservation: k;yj., = 2kp - ks.

Eq. (1.14) holds as long as |as|, |a;| < |ap|. However, the amplification of the
signal and idler beams leads to a depletion of the pump beam, such that the pump
evolution with time cannot be neglected any longer. Thus, under certain conditions
described in the following subsection, a single pump beam can spontaneously and
reversibly generate signal and idler beams. This is called Optical Parametric Oscilla-

tion (OPO).

1.2.2  Optical Parametric Oscillation
1.2.2.1 Generalities

The nonlinear material is placed in a Fabry-Pérot cavity, resonant for one or several
frequencies. A resonant optical pump is sent onto the structure. When the para-
metric gain of the nonlinear medium is equal to the cavity losses, the system starts
to oscillate on the resonant modes. This parametric gain is a function of the pump
intensity, as seen in the previous paragraph. This phenomenon appears therefore
at large pump intensities (above the “OPO threshold”). When the signal and idler
beams intensities increase, the pump intensity decreases (since it is the source for
signal and idler beams) and the parametric gain saturates.

The Fabry-Pérot cavity can be resonant with a single mode (signal for example),
for two modes (such as signal and idler) or triply resonant (pump, idler and signal).
The advantage of doubly and triply resonant OPOs is that the OPO threshold is
lowered (from watts to a few milliwatts).

Commercial OPOs are used for the generation of new frequencies in laser cavi-
ties. The active medium is usually a nonlinear crystal such as KTP crystals, inserted
in complex optical cavities and pumped by an external laser. The advantage of these
macroscopic OPO is their tunability (505 - 750 nm range or 1 to 3 pm for the KTP
crystal). Besides, OPO devices are potential source of non-classical states such as
twin or squeezed states, with large applications in quantum cryptography, telepor-
tation, or information stockage [Heidmann1987, Mertz1991, Teja1998]. Phase-matching
or quasi phase-matching [Vodopyanov2004] is obtained using various strategies, such
as birefringence [Shen] or crystalline structuration [Myers1995, Vodopyanov2004, Baudrier-
Raybaut2004].
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In this manuscript, we will only consider degenerate microscopic OPOs created
in semiconductor microcavities, meaning that the signal, idler and pump beams all
have the same energy. Such OPO processes are the onset of spontaneous pattern for-
mation in a double microcavity, as will be shown in Chapter 4. In this section, the
strategies for obtaining the phase-matching for the OPO process in a microcavity are
presented. The coherence properties of the signal and idler beams have been exten-
sively studied in our group (V. Ardizzone, T. Lecomte and C. Diederichs) and a brief
summary of their work is given. The quantum treatment is presented, followed by a
discussion on the pattern formation in micro-OPOs, experimentally demonstrated
by V. Ardizzone in 2013 [Ardizzone2013b].

1.2.2.2 Phase-matching in microcavities

The first demonstration of OPO in microcavities was done at large oblique angle
for the pump. A pump light injects polaritons near the inflection point (called the
"magic angle") of the low energy polariton dispersion with k. Two pump polaritons
can be coherently scattered, giving rise to a signal polariton at kg = 0 and an idler
polariton at k;yj., = 2kp on the same polaritonic branch. This process is shown in
Fig. 1.11.a. Its first experimental demonstration in 2000 was an optical parametric
amplification, where an additionnal probe sent at kg = 0 is amplified by two orders
of magnitude [Savvidis2000]. Then, the OPO regime was reached [Stevenson2000, Baum-
berg2000].

The necessary ingredients for this phenomenon are:
1. large x©) nonlinearities,

2. the strong coupling regime to ensure the inflection of the polariton branch
and the fulfilment of the phase-matching conditions,

3. injection at a very specific angle which varies with exciton-photon detuning.
This is an important limitation in the perspective of integrated micro-OPOs.
For example, a VCSEL-type optical pumping is not possible.

Finally, since the idler beam is created on the lower polariton branch with a large
in-plane wavevector (see Fig. 1.11.a.), its photonic component is weak. Collecting
photons from this mode is particularly inefhicient, not to mention the strong imbal-
ance between signal and idler optical intensities, which complicates the measurement
of the non-classicity of the emitted beams.

To overcome these limitations, our group at the Laboratoire Pierre Aigrain has
proposed to structure the microcavities :

* By using multiple microcavities

® By using 1D-microcavities.
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In both cases, several low polariton modes exist since several cavity modes can couple
to the excitonic transition (see Subsection 1.1.2.7), allowing for interbranch OPOs.
In Fig. 1.11.b. for example, the pump is sent at normal incidence resonant with an
intermediate low polariton branch, and the signal and idler beams are detected at
normal incidence on the neighboring low polariton branches. This process was first
demonstrated by C. Diederichs in a triple microcavity [Diederichs2005, Diederichs2006].

In this work we will focus on the degenerate process presented in Fig. 1.11.c.: the
pump is sent at normal incidence, and signal and idler beams are detected at opposite
angles. Therefore, signal and idler beams have the same Hopfield coeflicients so they
are well balanced in intensities.

Note that these processes (b. and ¢.) involve energies situated below the excitonic
reservoir, such that the relaxation towards it are reduced.

(a) E (b) E (c) E

\ | (7 ‘\\/’/’

Figure 1.11: Reproduced from [Ardizzone2013a]. a) OPO at the Magic Angle. This
process produces strongly intensity-unbalanced signal and idlers due to their differ-
ent Hopfield coeflicients. b) Non-degenerate interbranch OPO at normal incidence
in a triple microcavity [Diederichs2005]. This process is not ideal for quantum infor-
mation applications, since signal and idler beams are not degenerate. However, it is
of interest in the prospect of micro-OPO devices. ¢) Degenerate interbranch OPO.

Note that, similarly to the optical Kerr effect (Subsection 1.2.1.2), the optical
parametric oscillation exhibits a bistable behaviour.

1.2.2.3 Coherence properties

In the process represented on Fig. 1.11.c. the signal and idler beams are produced
simultaneously, at the same frequency and with opposite angles. This horizontal
OPO process is therefore an excellent candidate for the generation of twin polari-
tons. Theoretically, twin polaritons should violate the following Cauchy-Swchartz
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inequality [Ardizzone2013a]:
2
0] < &0,

where ggzl) (0) is the cross-correlation between signal and idler beams, and ggz) (0)

(giz)(O)) is the self-correlation of the signal (idler) beam at zero delay.

However, the violation of this inequality is exalted for small photon fluxes.
Indeed, at large powers, the parametric oscillation creates a transition towards a
laser-like emission statistics. But, at small powers, parasitic signal such as resonant
Rayleigh scattering (see paragraph 1.3.1.2) spoils the parametric signal.

Therefore, no quantum correlation has yet been experimentally demonstrated
between signal and idler. Vincenzo Ardizzone has reached in 2013 the classical limit
g51(0) ~ g5(0) ~ g;(0) and detailed in his manuscript the experimental reasons for
the saturation of the Cauchy-Schwartz inequality [Ardizzone2013a].

1.2.2.4 Quantum treatment

The third-order nonlinearity is essentially due to a repulsive coulombic interaction
between excitons, which can be written in the Hartree-Fock approximation Vg =
27(1 - %ﬂz)(aéD)zEb, where agD is the exciton 3D Bohr radius and Ej is the
exciton binding energy.

Additionnally, the densities of excitons allowed in the structure saturates due
4777(9181))2. The phase-space
2 -

to Pauli-blocking fermionic phase-space filling apsg =

filling implies that the density of polaritons saturate at a density nge = | ¥
1/ apgg. Typically, nge = 20 X 1019 cm=2.

Including those two nonlinear terms, and taking into account all the scattering
channels in the k-space, the Schrédinger equation for the exciton field e rewrites as
a Gross-Pitaevskii equation [Schmitt-Rink1985]:

.. Oe . 1
lha_tk = (Bg-inde - Oreg + D 7l OPSEIR
k/k//
1
+E Z VHFelﬁ’ +k” k5K K
klkll

where £ is a normalization factor.
The equation for the electric field still writes:

., Oc :
lh(')_tk = (B} -17c)ek - QRreyg-

Therefore, for a microcavity in the strong coupling regime, the Gross-Pitaevskii
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equation for the lower polariton field rewrites:

L 0 :
ih= Wy = (Bp =~ iyP) W+ o > Wy Uy, (1.15)
k/kll

where o ~ %(VHF + apspf2R) near null exciton-photon detuning (the depen-
dency of these terms with the Hopfield coefficients and with wavevector is ne-
glected).

The term k' = k” = k in equation (1.15) can be assimilated to the Optical Kerr
Effect (Subsection 1.2.1.2). This term blueshifts the polariton resonance energy by
20| W |2, In practice, to remain at resonance, the laser wavelength needs to be
adjusted each time the power is changed.

The other terms correspond to x(®) nonlinearities due to polariton-polariton
interactions.

1.2.2.5 Pattern formation

OPO using x? nonlinear crystals have been shown to exhibit pattern formation
[Vaupel1999, Ducci2001]. A pattern is a self-organized structure, spontaneously aris-
ing due to the combination of nonlinearities (to saturate the growth of the unsta-
ble modes of the pattern) and spatial coupling terms. Pattern formation is there-
fore very general in nonlinear physics, from morphogenesis [Turing1952] to hydro-
dynamics [Cross1993] and chemistry [Kapral&Showalter]. The similarities between the
hydrodynamical equations and pattern formation in Optics are detailed in refs. [Arec-
chi1995, Oppo2008].

Following a proposal from theoretician teams from Paderborn (Germany) and
Tucson (Arizona) [Schumacher2009, Dawes2010, Luk2013], V. Ardizzone demonstrated
in 2013 [Ardizzone2013b, Ardizzone2013a] the formation of hexagonal patterns in the
degenerate OPO regime (process c. of Fig. 1.11) in a double microcavity. Several
degrees of freedom for the pattern formation can be exploited such as the polariza-
tion, the energy and the (small) wavevector of the pump beam, use of an additionnal
probe beam. Microcavities are thus a unique laboratory for the understanding of the
pattern formation physics. From an application point of view, the control of pat-
tern formation offers an excellent candidate for fast all-optical switch devices, easily
integrable with other electro-optics components such as VCSELs.

In Chapter 4, I continue the work of V. Ardizzone by a systematic study of the
various available degrees of freedom. In particular, a rotation over 360° of a two-
point pattern is demonstrated by rotating the pump’s linear polarization, paving the
way to a potential microscopic lighthouse device.
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1.3 Polarization effects in microcavities

The polarization effects arising in semiconductor microcavities are numerous, and
Ref. [Shelykh2010] gives a detailed review on these aspects. In this thesis, we will
concentrate on the polarization effects which affect the propagation of polaritons in
various scattering regimes. We will not discuss the polarization effects arising in the
regime of Bose condensation.

In the regime of resonant elastic Rayleigh scattering, where the the interactions
between polaritons can be safely neglected, we first discuss a long-range spin-orbit
coupling effect, namely the cavity TE-TM splitting. It gives rise to the so-called
“Optical Spin Hall Effect”. Then short-range effects, arising from 1D-confinement
or mechanical constraints, are introduced. Finally, we discuss the spin-dependence
of exciton-exciton interactions in the nonlinear regime, that is, above the OPO or
OPA threshold discussed in the previous section.

1.3.1 Long-range polarization effect: the TE-TM splitting

In this section, the TE-TM splitting, a k-dependent polarization splitting vanishing at
k| = 0, is detailed. Its origin lies in the photonic, the excitonic or the exciton-photon
coupling term of the polariton. The Optical Spin Hall Effect (OSHE) derives from
this effect.

1.3.1.1 Origins of the TE-TM splitting

TE and TM polarizations are defined with respect to the direction of the in-plane
wavevector k| (see Fig. 1.12.a. and b.).

TE-TM splitting on the cavity mode In 2D microcavities, the TE polarization is
always in the layer’s plane, whereas the TM polarization projects with an angle 6 in
the layer’s plane (see Fig. 1.12.a and b.). The penetration depth of the cavity mode
inside the DBRs is therefore different for TE and TM polarization [Panzarini1999].
This effect can be taken into account by a different effective cavity mass for the TM
and TE mode (see Fig 1.12.c.).

b’k

2 TE/TM

2m;

45



CHAPTER 1. PROPERTIES OF MICROCAVITY EXCITON-POLARITONS

46

™
k|
7
y TE Y
A A
a) k| =0 b)
1.610 T T —— TM Polariton modes ]{:
VA i/ — TE Polariton modes Y
5\ \ ,",,"' —— Exciton A
F/AN - Cavity modeTM
1.605 Y A ] Cavity modeTE
3 /
& 4
g 1.600 o (o)
= > kx
1.595@
Elastic circle
4 3 2 -1 0 1 2 3 1 TM and TE
c) Ky (um™) d)

Figure 1.12: TE and TM polarizations for excitation (a) at normal incidence (kH =
0) and (b) at oblique incidence (kH # 0). In (a), TE and TM polarizations are both
in-plane, whereas in (b), the TM polarization has an angle 6 with the layer’s plane
while the TE polarization remains in-plane. c¢) Energy dispersion with in-plane
wavevector. A TE-TM splitting is included here in the cavity mode (exaggerated
here with mpp/mpy; = 1.25), and induces in return a TE-TM splitting on the
polariton branches. The so-called “elastic circle” at energy 1.596 €V is sketched on
the dispersion and represented in (d) in the in-plane wavevector space. ¢ is the
azimuthal angle along the elastic circle.

In the basis of circularly-polarized light, the equations for the electric and exci-
tonic field rewrite:

et ES 0 -OQp 0\ [e*
- 0 E3 0o -0 -
m% Ce+ ol ; S Ali’li :+ (1.16)
c” 0 -Ogr AIC{’_ E} c”
bk
with Ef = E§ + — H (mifE + mC%M) the mean cavity dispersion and Ai’i =
h%(ﬁ - ﬁ)(kX F iky)2 including the cavity TE-TM splitting. This coupling
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results in a TE-TM splitting of the polariton modes (Fig.1.12.c. and d.) on the
elastic circle.

N.B.: The losses are neglected in the eq. (1.16), but one can show [Panzarini1999]
that the cavity losses ¢ at finite k|| also depend on the polarization. Additionnally,

for multiple microcavities, the cavity-cavity coupling €2 defined in paragraph 1.1.2.7
exhibits the same behavior.

TE-TM splitting on the exciton energy There is also a TE-TM splitting of the
exciton AX’i at large kH , coming from the long range part of electron hole exchange
1nteract10n However, its order of magnitude is only a few peV inside the light cone
and can therefore be safely neglected [Shelykh2010].

TE-TM splitting on the exciton-photon coupling Due to the cos § projection on
the layer’s plane for TM polarization, the exciton-photon coupling is larger for a TE
polarization than for a TM one for k|| # 0O (see Fig. 1.12), such that

QRk ~ QT | €OS 0.,
where 0. is the intracavity angle (see Subsection 1.1.2.4) [Panzarini1999].
Conclusion: TE-TM splitting on the polariton energy Whatever the origin of

the TE-TM polarization splitting, the equation for the lower polariton in the circular
polarization basis close to null exciton-photon detuning can be written:

. 0 ) 4+
lha\ylﬂ; = (B} -inp) U + AP, (1.17)

Ei ~ E5-Qp + b’ k 1( —F + %M) is the mean polarization dispersion with k,
mpT My
TE/ ™ ;

where ng/ ™ 2m; is the polariton effective mass for TE or TM polariza-
tions. Aﬁ’ = —(— - TE)(kX F 1ky)2 takes into account the TE-TM splitting.
mp
2
Ai’i can be rewritten as Ai’ eF29 where Ap T = hT mL - TE )k? and ¢ is

the azimuthal angle along the elastic circle as defined by Fig. 1.12.d.

1.3.1.2 Consequence: the Optical Spin Hall Effect

The Optical Spin Hall Effect is a direct application of this k-dependent TE-TM
splitting. Predicted by Kavokin et al. [Kavokin2005] and experimentally observed by
Leyder et al. in 2007 [Leyder2007], it is similar to the Rashba-Dresselhaus spin-orbit
coupling in semiconductors quantum wells. It results from the association of a scat-
tering mechanism (elastic Rayleigh scattering) with the long-range TE-TM splitting
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in semiconductors microcavities. In pure photonic cavities an analogue of this effect
has also been observed [Maragkou2011].

Consequently, the polariton polarization is rotated as a function of the direction
of its propagation, such that opposite polarizations are separated in space.

Resonant elastic Rayleigh scattering The Rayleigh scattering is an elastic scat-
tering on the microcavities defects. It allows to change the polariton wavevector
without affecting its energy (provided there is an available polariton state at the new
wavevector and energy).

Leyder et al. experiment In the original experiment by Leyder [Leyder2007], a
pump is sent at an oblique angle resonant with a polariton state. Its polarization
is linear. The pump polaritons are scattered by resonant elastic Rayleigh scattering
onto the other available states (the so-called elastic circle, see Fig.1.12). Due to
the TE-TM splitting, some eigenstates on the elastic circle are not co-polarized to
the pump’s polarization. Therefore, the pump polaritons rotate their polarization
during propagation. Looking at the circular polarization degree S3 = |¥+|? -
| W~ |?, the re-emitted light exhibits four quadrants as a function of polarization.
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Figure 1.13: First experimental demonstration of the “Optical Spin Hall Effect” from
[Leyder2007]. Degree of circular polarization in the far-field (a) and near-field (b) for a

«_»

x” (or horizontally) polarized pump sent at oblique incidence and resonant with the

elastic circle (ky = 1.56 pm™1). The TE-TM splitting strength is Ai’TL = 0.05meV.

Direct calculation To account for the experimental result, an “x”-polarized pump
term @b}fump is added in' eq. (1.17), with resonant energy Epump = Ei (elastic Rayleigh
scattering). Eq. (1.17) in the steady-state rewrites:

. ,TL _o;
st ) o)+ G
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+ X
where (¢Eump) - L (¢§ump > . Note that the pump term not only includes
¢pump \/E 77Z)pump

the pump polaritons at ky (see Fig. 1.13) but also the x-polarized Rayleigh-scattered
polaritons along the whole elastic circle.

We find:
2 -2
S3 = g7 |
,TL .
29p A ¢ yump |2 sin 20

T GgeapTee -

This sin 2¢ dependency of the degree of circular polarization is indeed observable
in Fig. 1.13.a.

Pseudo-spin evolution Alternatively, the non diagonal terms in eq. (1.18) can be
written as the linear combination of the identity matrix and a spin-orbit interaction

. ox) o 01 0 -
7B - o, where o = c;y is the Pauli matrix vector ox = <1 O) , Oy = (i O)
VA
and 0, = (é _Ol> . The modified effective magnetic field is
Ai’TL cos 2¢
B = AETL sin26 | - (1.20)
0

Fig. 1.14 represents the effective magnetic field as a function of ¢ on the elastic
circle.
The polariton pseudo-spin is defined using the Stokes parameters:

+
Sgi = (%7 ¥7) 0y @,—)

S; = UTUTF 4 UHUTF = 2Re(TUHUT)
ST ST = 20m(T D)
S5 = |wt|P-jur)?

w
N
Il

The evolution of the pseudo spin is given by eq. (1.21):

Pk _ 2B, AS -k 20 1.21
. kASK- "+ (1.21)
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where S is the pump polaritons pseudo-spin (proportionnal to ( | Y fump | 2,0, O) ),
7 = h/vp is the polariton lifetime and 7 is the Rayleigh scattering time constant.
The solution of eq. (1.21) gives the same form for S3 than eq. (1.19).

@) p ® otk

Figure 1.14: Adapted from Ref. [Kavokin2005]. a) Effective magnetic field induced
by the TE-TM splitting on the elastic circle. b) The pump location is shown by a
green circle, and the direction of its polarization by a green arrow. The Rayleigh-
scattered x-polarized pump polaritons are represented by the blue markers. When
the pseudo-spin (blue arrows) is not aligned with the direction of the magnetic field,
torque occurs on the pseudo-spin inducing its rotation on the Poincaré sphere.

The Optical Spin Hall Effect is therefore a spatial separation of polariton pseudo-
spin assisted by resonant elastic Rayleigh scattering, due to the TE-TM splitting and
the finite lifetime of polaritons. In Chapter 4, a full optical control of the OSHE is
proposed and demonstrated.

In the two next subsections, two possible origins for polarization splittings aris-
ing at k|| = 0 are considered.

1.3.2 Constraints-induced normal polarization splitting

We consider in this subsection polarization splittings arising from mechanical con-
straints at normal incidence.

Constraints can indeed lead to polarization-anisotropic splitting for the cavity
modes via stress-induced birefringence in the microcavity, resulting in a splitting of
the bare photon mode into two orthogonally-polarized states [Dasbach2005,Diederichs2007].

An excitonic polarization splitting due to the short-range part of the electron-
hole exchange interaction takes also place in GaAs quantum wells and microcavities
[Dasbach2002].

Additionnally, under anisotropic constraints, a Pikus-Bir deformation Hamilto-
nian has to be considered, which mixes the heavy-hole and light-hole excitonic states.
The diagonalization of the resulting hamiltonian leads to a splitting of the exciton
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energy and a difference in the exciton-photon coupling strength of the new states.
Such effect has been observed by applying a tip on a microcavity in [Balili2010]. Note
that the heavy-light hole mixing is negligible in unstressed samples since light and
heavy hole excitons are separated by approximately 30 meV in 7 nm GaAs quantum
wells (see Subsection 1.1.1.3).

1.3.3 Confinement-induced normal polarization splitting

In this subsection, we consider polarization splittings arising from additionnal 1D-
confinement (like in microwires, see Subsection 1.1.2.7) at normal incidence. The
confinement has an effect on the cavity mode and on the exciton-photon coupling
strength [Kuther1998].

First, let us define here the effective confinement angle 6.4: the lateral confine-
ment implies that the cavity modes are plane waves in the lateral direction labelled
by the lateral mode index j = 0, 1, .... Neglecting the contribution of the evanescent
field outside of the wire, the lateral wavevector reads ky = ﬂ(]\;{; D , where W is the
wire width (¢f Subsection 1.1.2.7).

. . n.E§ . . .
The internal wavevector isk = ——2, where nc is the cavity layer refractive index,
§ 1s the cavity mode energy, and c is the speed of light in the vacuum. We can then
define the effective confinement intracavity angle as:

i k her(j + 1)
sin Qeﬂ‘ = % ~ #CES (122)

which is the angle with respect to the normal direction of the virtual propagating
plane-wave corresponding to the considered laterally confined mode. This effective
angle increases with j and decreases with W. It induces an energy splitting between
linear polarizations along X and Y for the cavity mode and for the normal exciton-
photon Rabi coupling, which increases with 6 [Panzarini1999].

1.3.4 Spin-dependent exciton-exciton interactions

Lastly, due to direct and exchange two-excitons correlations [ Takayama2002], the exciton-
exciton interaction term presented in Subsection 1.2.2.4 is spin-dependent. They are
described by the energy-dependent parameters' T** and T, if the two excitons
have the same or opposite spins [Schumacher2007].

IThe system is assumed spin-symmetric such that T** = T™ and T*~ = T~*, where “+” and
refer to +1 and -1 exciton spins, which couple to left (“+”) and right (“-”) circularly polarized
light (see Subsection 1.1.1.4).

« »
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In the polariton basis, the Gross-Pitaevski equation 1.15 rewrites:

P P gt L APE
1ha\lfk = (B -1p)¥ + A \IIIT

+ ) (e v \plf,, +atTUr VR s

. (1.23)
. kK +k’-k K’ Kk i Vi)
kK

where ™t ~ %(T++ + apgpQlg) and o™ ~ —%TJ". They can be written as a
function of the Hopfield coefhicients, and depend therefore on detuning and k. They
are analogous to the polariton-polariton interaction potentials V1 and V, sometimes
used in polariton theory and experiments [Vladimirova2010, Lecomte2014].

The spin-dependent exciton-exciton interaction parameters affect the efficiency
of x® nonlinear processes. Typically, for the scattering processes and the negative
exciton-photon detuning used in this work, T** > 0and T*~ ~ -1T**. For lin-
ear polarization pumping, this implies in particular that the colinear configuration
(signal and idler co-polarized to the pump), involving the sum of the two contri-
butions, is less efficient than the cross-polarized configuration, which involves their
difference.

Conclusion

In this chapter, the main theoretical tools and concepts have been introduced. Mi-
crocavity exciton-polaritons are quasi-particles arising from the strong coupling be-
tween quantum well excitons and photons confined in semiconductor microcavities.
In single planar microcavities, their energy dispersion with the in-plane wavevector
(or, equivalently, with the angle of the incident light, see Subsection 1.1.2.4) exhibit
two quasi-parabolic branches (the “lower” and “upper” polariton branches). Micro-
cavities can be structured so as to tune the polaritonic modes allowed in the cavity.

Due to their excitonic component, polaritons can interact. The large x(®) sus-
ceptibility offered by GaAs/AlGaAs semiconductors induces a blueshift of the po-
lariton energies and leads to Optical Parametric Amplification and Oscillation pro-
cesses, where two pump polaritons are converted into one signal and one idler po-
laritons fulfilling phase-matching conditions, similarly to a four-wave mixing process
for photons.

Circularly-polarized light couples with excitons with a +1 z-component of their
total angular momentum. A pseudo-spin corresponding to the Stokes parameter can
thus be attributed to polaritons. Various polarization-dependent energy splittings
occur, either at large in-plane wavevector, or close to zero incidence angle. Finally, in
the nonlinear regime, the polariton-polariton interactions are in fact spin-dependent.

The next chapter is devoted to the experimental tools used to probe the physical
phenomena arising in the structured microcavities of interest.



EXPERIMENTAL METHODS

In this chapter, the various experimental setups used during this PhD thesis are detailed.
The setup is a confocal experiment specially designed for the observation of light emission
at large angles. Indeed, the quasi-parabolic polariton dispersion allows to define the so-
called elastic circle (see Fig. 2.1): to one excitation energy corresponds a cone of light
emission with a specific angle. The typical emission angles observed in this work are
between 20° and 30° (depending on the exciton-photon detuning).
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Figure 2.1: a) Energy dispersion of a single microcavity. At fixed excitation energy
(=~ 1.605 V) corresponds a fixed angle Ox = 0y, defining a cone of light emission depicted
in (b). The so-called “elastic circle” corresponds to the projection of this cone onto the

(%, ) plane.

The first section details the various possibilities for the excitation of the sample of
interest. The differences between rwo laser sources are described in detail (the “pump”), as
well as the optical path for additionnal probe beams an