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Preface

This book has been initially prepared as a special edition of Physica Status Solidi,
published as a festschrift in honor of Marc Ilegems, on the occasion of his retire-
ment. The editors however considered that the topic was important enough to de-
serve a publication per se. Let me therefore state in a few words why should this
volume be of interest for a large audience, and then rephrase briefly what were the
achievements of Marc Ilegems that deserved to see his name associated to such a
book. I will then summarize the different chapters so the the reader may have a
proper overview of the content of this book.

The idea of going from a standard semiconductor laser to a vertical surface emit-
ting system appeared at the end of the 80" (the so-called VCSEL — Vertical Cavity
Surface Emitting Laser). Interesting preliminary work was accomplished by the
group of Franz Karl Reinhart at Ecole Polytechnique Fédérale, in Lausanne. The
idea is in fact quite simple and resides in the very high gain achievable in semicon-
ductor active layers together with the possibility to grow monolithic distributed
Bragg reflectors exhibiting reflectivities very close to 100%. It was then possible to
imagine, and later indeed realize, semiconductor lasers with a very small thickness
for the active layer.

What was not planned at the beginning of such a process was that the coupling
between light and matter would be strong enough to bring the whole system in the
strong coupling regime. It is only with the seminal work of Claude Weisbuch, dur-
ing a stay in Japan, that he realized a very simple reflectivity experiment allowing
him to evidence, for the first time, the existence of a strong coupling regime in a
VCSEL structure, that we now call microcavities because the first aim of the system
is not to make a laser. The strong coupling between excitons in a quantum well and
the confined photon modes in the optical cavity, gives rise to a new quasiparticle,
called polariton, that is built from half an exciton plus half a photon.

The interest on the physics of polaritons as constantly been rising since then
because of the numerous and very specific properties that these new quasiparticles
show. In fact, such properties come from the double nature of polaritons, bearing
some resemblance to photons, and therefore behaving as bosons, as well as re-
membering that they are made up with electrons and holes, and therefore being
able to interact. The result is that we have true bosons in the low-density limit, with
an effective mass of the order of 10~ times the mass of an electron. At the same
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time, these quasi bosons may interact through their electronic constituents, possi-
bly opening the route towards real life devices. They also have a very strangely
shaped dispersion relation, which allows non-linear parametric effects to occur.

In the process between the discovery of microcavity polaritons, the understanding
of their complex physical properties, and the possible applications, the collaboration
between the group of Claude Weisbuch, and the group of Marc Ilegems has been
essential. The two teams have worked together towards first the realization of very
high quality microcavities, and second the realization of clear-cut experiments
allowing a very precise understanding of the properties of microcavity polaritons.

The present book aims at describing the latest advances in the physics of micro-
cavity polaritons. It will be, I hope, useful for students and researchers in the field,
allowing them to understand the basic properties of polaritons that make them so
attractive and interesting.

This book is then organized in the following way.

In Chapter 1 “Introduction” Vincenzo Savona provides a tutorial presentation of
the basics of the field and overviews what has already been published on the sub-
ject, but needs to be recalled here for sake of completeness of the volume. Indeed,
some of the students interested in microcavities might not have studied these early
developments.

In Chapter 2, entitled “MBE Growth of High Finesse Microcavities”, Ursula Oest-
erle, Ross Stanley, and Romuald Houdré describe the growth process that has al-
lowed them to obtain very high finesse microcavities, Such microcavities can con-
sist of hundreds of different layers and can be several microns thick, with the abso-
lute thickness of each layer and the smoothness of each interface having an impact
on the optical quality of the structure.

In Chapter 3, entitled “Early Stages of Continuous Wave Experiments on Cavity
Polaritons”, Romuald Houdré presents a description of the basics of cavity-polariton
physics. He describes several key experiments that he has been realizing and high-
lights the historical context of such experiments performed on cavity-polariton
during the period 1992-2000. In particular, the angle resolved emission properties
are described in great detail.

In Chapter 4, entitled “Exciton-Polaritons and Nanoscale Cavities in Photonic Crys-
tals”, Lucio Claudio Andreani, Dario Gerace, and Mario Agio give an overview of
recent theoretical work on exciton-light coupling in waveguide-embedded photonic
crystals is reviewed. The following issues are discussed: (1) a quantum-mechanical
formulation of the interaction between photonic modes and quantum-well excitons,
leading to a description of photonic crystal polaritons; (2) calculations of variable-
angle reflectance spectra, which show that radiative polaritons can be excited by an
optical beam incident on the slab surface; (3) a description of nanoscale cavities
with extremely high Q-factors and low mode volumes in photonic crystal slabs; (4) a
quantum-mechanical model of the interaction between confined nanocavity modes
and single quantum-dot transitions, leading again to a strong-coupling regime of
light-matter interaction.

In Chapter 5 entitled “Parametric Amplification and Polariton Liquids in Semi-
conductor Microcavities”, Jeremy J. Baumberg and Pavlos G. Lagoudakis provide a
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description of parametric amplification in semiconductor microcavities as an ex-
ample in which nonlinear optical interactions produced by the exchange interaction
of excitons become so large that multiple scattering of polaritons becomes impor-
tant. They review time-resolved observations of the polariton interactions in a num-
ber of different geometries including pumping at either the magic angle, or the
bottom of the polariton trap. Situations in which the polariton dispersion is multi-
ply occupied by large populations give rise to k-dependent energy shifts, modify-
ing the dispersion dynamically, a situation termed by them “the strongly-interacting
polariton liquid.”

In Chapter 6, called “Quantum Fluid Effects and Parametric Instabilities in Micro-
cavities”, Cristiano Ciuti and Iacopo Carusotto present a description of the non-
equilibrium properties of a microcavity polariton fluid, injected by a nearly-resonant
continuous wave pump laser. In the first part, they point out the interplay between
the peculiar dispersion of the Bogoliubov-like polariton excitations and the onset of
polariton parametric instabilities. They show how collective excitation spectra hav-
ing no counterpart in equilibrium systems can be observed by tuning the excitation
angle and frequency. In the second part, the impact of these collective excitations
on the in-plane propagation of the polariton fluid is explained. The authors show
that the resonant Rayleigh scattering induced by artificial or natural defects is a very
sensitive tool allowing to evidence fascinating effects such as polariton superfluidity
or polariton Cherenkov effect.

In Chapter 7, named “Non-Linear Dynamical Effects in Semiconductor Micro-
cavities”, Jean-Louis Staehli, Stefan Kundermann, Michele Saba, Cristiano Ciuti,
Augustin Baas, Thierry Guillet, and Benoit Deveaud describe an investigation of the
parametric amplification and its coherent control in a semiconductor microcavity.
The time and angle resolved pump and probe experiments show that several pico-
seconds after pumping the polaritons are still coherent and parametric scattering is
still going on. The experimental data concerning the time integrated measurements
are in qualitative agreement with the numerical data obtained from a relatively
simple theoretical model based on three polarization components, pump, probe,
and idler. The dynamics of parametric amplification is also studied in real time, the
measurements reveal that stimulation may be considerably delayed with respect to
the arrival of pump and probe.

In Chapter 8, entitled “Polariton Correlation in Microcavities Produced by Paramet-
ric Scattering”, Wolfgang Langbein describes the measurements of the spontaneous
and self-stimulated parametric emission from a semiconductor microcavity after
resonant pulsed excitation. The emission of the lower polariton branch is resolved
in two-dimensional momentum space, using either time-resolved or spectrally
resolved detection. The polariton-polariton scattering dynamics is generally in good
agreement with the theory using the nonlinearity due to the excitonic part and the
dispersion due to the photonic part of the polariton. The peculiar figure-8 shaped
distribution in momentum space of the final states of the parametric scattering is
observed. Renormalization of the dispersion due to the bound biexciton state is
found to influence the final state distribution. Using two pump directions the shape
of the final state distribution can be changed to a peanut or oval for the mixed pa-
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rametric processes. In this dual pump configuration, he finds that polaritons in two
distinct idler-modes interfere if, and only if, they share the same signal-mode,
showing the existence of polariton pair correlations that store the “which-way”
information.

In Chapter 9, named “Spin Dynamics of Exciton-Polaritons in Microcavities”, Ivan
A. Shelykh, Alexei V. Kavokin, and Guillaume Malpuech address a complex set of
optical phenomena linked to the spin dynamics of exciton-polaritons in semicon-
ductor microcavities. Their state can be fully characterized by a so-called “pseu-
dospin” accounting for both spin and dipole moment orientation. The pseudospin
dynamics of exciton-polaritons is quite rich and complex, giving rise to non-trivial
changes in polarization of light emitted by the cavity versus time, pumping energy,
pumping intensity and polarization. The authors overview the essential experimen-
tal results in this field before presenting a formalism allowing to interpret the key
experimental findings. The strong coupling regime leaving aside all polarization
effects in VCSELs is also discussed.

In Chapter 10, entitled “Bose—Einstein Condensation of Microcavity Polaritons”,
Vincenzo Savona and Davide Sarchi first summarize the basic facts about Bose—
Einstein condensation of weakly interacting systems. Then, they review the main
experimental and theoretical works aimed at the realization of this intriguing phe-
nomenon in the system of microcavity polaritons. All the experimental results until
present suggest that Bose— Einstein condensation is still eluding the experimental-
ists’ efforts. On the theoretical side, only recently polaritons have been described
within a quantum field theory of an interacting Bose gas, suggesting that polariton
condensation might occur at least as a consequence of polariton parametric scatter-
ing under resonant excitation.

In Chapter 11, named “Polariton Squeezing in Microcavities”, Antonio Quattropani
and Paolo Schwendimann describe the squeezed states that may be found in solids
when considering solid state excitations like polaritons. Squeezing may be observed
through the polariton radiation field component, whose statistics reproduces the
statistics of the polaritons. The squeezing of polaritons in different semiconductor
systems and excitations regimes is discussed. For a sufficiently low density of exci-
tation, an intrinsic but very small squeezing is found for bulk as well as for quan-
tum well and microcavity polaritons. When the density of excitation becomes larger,
a large amount of squeezing of microcavity polaritons induced by polariton—
polariton scattering is demonstrated both in theory and in experiment.

In Chapter 12, “High Efficiency Planar MCLEDs”, Reto Joray, Ross P. Stanley, and
Marc Ilegems extend the discussion of microcavities towards experimental and
theoretical work on the optimization of the light extraction properties of light-
emitting diodes. They demonstrate that such works have led to the current high
efficiency microcavity LEDs but also to the high brightness LEDs based on other
approaches, which are presently available on the market. An overview of the state of
the art of planar semiconductor microcavity LEDs is presented.

In Chapter 13, entitled “Progresses in III-Nitride Distributed Bragg Reflectors and
Microcavities Using AlInN/GaN Materials”, Jean-Francois Carlin, Cristof Zellweger,
Julien Dorsaz, Sylvain Nicolay, Gabriel Christmann, Eric Feltin, Raphael Butté, and
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Nicolas Grandjean propose to use lattice-matched AlInN/GaN to replace the
Al(Ga)N/GaN material system for III-nitride Bragg reflectors, despite the poor
material quality of AlInN reported until very recently. They report an improvement
of AlInN material that allowed for successful fabrication of a microcavity light emit-
ting diode, a distributed Bragg reflector with 99.4% reflectivity and microcavities
with a quality factor over 800. These results establish state-of-the-art values for III-
nitrides, and announce the future importance of AlInN in GaN-based optoelectron-
ics.

In Chapter 14, that closes this book, entitled “Microcavities in Ecole Polytechnique
Fédérale de Lausanne, Ecole Polytechnique (France) and Elsewhere: Past, Present and
Future”, Claude Weisbuch and Henri Benisty present an overview of semiconductor
microcavity research, with emphasis on the activities carried out at Ecole Polytech-
nique Fédérale de Lausanne and Ecole Polytechnique (Palaiseau, France). They give
clues for the understanding of the past as well as indications for future possible
developments.
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Chapter 1
Fifteen Years of Microcavity Polaritons

Vincenzo Savona

1.1
Introduction

In semiconductors with a direct interband optical transition, the fundamental elec-
tronic excitations above the ground state are excitons, namely hydrogen-like bound
electron-hole pairs. In a perfect bulk semiconductor material, however, a correct
description of the excited states must include the linear coupling of excitons to the
electromagnetic field. This coupling gives rise to normal modes that are linear
superpositions of one exciton and one photon mode, called exciton-polaritons. Exci-
ton-polaritons are the actual excited states of a bulk semiconductor.

Bulk polaritons were suggested in 1958 by J. Hopfield [58] and measured a
few years later by means of non-linear optical spectroscopy (2, 52, 57, 152]. The
normal-mode coupling for polaritons is a result of momentum conservation in the
exciton-photon interaction. This selection rule imposes a one-to-one coupling be-
tween exciton and photon modes having the same momentum. As a consequence,
within the linear coupling regime, the situation is analogous to that of two linearly-
coupled harmonic oscillators. Two normal modes at different energies, the upper
and the lower polariton, are formed. Due to the very different exciton and photon
energy dispersion, as a function of momentum, polariton modes display an anti-
crossing with a minimum energy separation that can be as large as 16 meV in bulk
GaAs [2]. Within the anticrossing region, polaritons are full admixtures of exciton
and photon modes, while they have pure exciton or photon character far from it.

The concept of polaritons remained linked to the physics of bulk semiconductors
for more than two decades. The progress in fabrication of epitaxial semiconductor
heterostructures, particularly quantum wells (QWs) led naturally to a description of
their electronic excitations in terms of the polariton concept. However, because of
the mismatch in the dimensionality of excitons (2D) and photons (3D), momentum
conservation applies only to the in-plane component, and one exciton mode couples
to a continuum of photon modes, resulting in an irreversible radiative decay instead
of a normal-mode coupling [6, 44]. Only at larger in-plane momenta, photon modes
that are evanescent in the direction orthogonal to the QW can form surface polari-
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tons, which however result in a vanishingly small deviation from the bare exciton
and photon modes [144].

To make the leap from three to two-dimensions, polaritons had to wait until
1992, when C. Weisbuch published the first successful measurement of normal-
mode coupling in a semiconductor microcavity (MC). Planar semiconductor MCs
were developed in the 80’s basically for producing vertical-cavity surface emitting
lasers (VCSEL’s). Below the lasing threshold, a VCSEL behaves as a light-emitting
diode and the spontanous emission rate is determined by the details of the MC
mirrors. These are stacks of layers ofdifferent semiconductor material, called dis-
tributed Bragg reflectors (DBRs), that are able to produce a high reflectivity thanks
to multiple interference. One of the main problems that were being studied in
connection with the MC-QW system was the change of the total spontaneous pho-
ton emission rate, starting from an initial exciton state [18], that should be en-
hanced according to the Purcell effect [114]. The main effect of DBRs, however, is to
concentrate the angle-dependent emission rate within a narrow cone around the
direction normal to the sample. This led to develop mirrors of increasingly high
reflectivity, resulting in a longer photon lifetime at small in-plane momenta, inside
the planar structure (see e.g. the contributions by Oesterle et al. [105] and by Joray
et al. [70] to the present volume). It was thanks to these advances that the exciton-
photon coupling rate became faster than the damping, and the first strong-coupling
sample was produced. The story behind this discovery is told by C. Weisbuch in his
contribution to this volume [150].

However, normal-mode coupling was being widely investigated in another sys-
tem, that of Rydberg atoms in metal resonators [16, 72]. The differences between
this system and that of polaritons are very substantial and led, in the past, to a some
misunderstandings in the context of microcavity polaritons. First, an atom is a
strongly non-linear object, well described in terms of a two-level system rather than
a harmonic oscillator. The Rydberg transition is saturated after a single quantum of
excitation has been absorbed (not accounting for spin). This intrinsic non-linearity
makes the Rabi frequency, namely the rate at which the excitation is exchanged
between the electromagnetic field and the atomic system, depend on the number of
atomspresent in the cavity. The well known Jaynes-Cummings quantum-mecha-
nical model [69] describes this behaviour as proportional to the square root of the
number of atomic two-level systems. In this respect, the basic Rabi frequency corre-
sponding to a single atom exchanging its energy with one cavity photon, is named
vacuum-field Rabi frequency, to highlight the fact that the initial condition (and one
through which the system ideally cycles during its time evolution) is that of an
excited atomic transition in presence of the photon vacuum. The so called self-
induced Rabi oscillations, corresponding to the regime of several atoms, had been
measured already in 1983 by Kaluzny et al. The first observation of vacuum-field
Rabi oscillations for a single atom in a cavity was instead made by Thompson et al.
in 1992 [148].” The intrinsic non-linearity of the atom-cavity system makes the Rabi

1) Curiously enough, in the same year the semiconductor-microcavity
polaritons have been also observed for the first time by Weisbuch et al.
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oscillations and their dependence on the number of atoms a purely quantum phe-
nomenon, as described by the Jaynes-Cummings model. Excitons, on the other
hand, are an almost non-saturable system at low density, due to the infinite spatial
extension of their total wave-function in a semiconductor QW. Ideally, nonlinear
effects in a QW become important when the excitons approach the saturation den-
sity [133]. Recently, however, more subtle nonlinear effects such as the polariton
parametric scattering [33, 35, 131, 141] have been observed in the limit of the lowest
densities accessible in an optical experiment (see also the contributions by Staehli
et al. [139], by Baumberg et al. [13], and by W. Langbein [85] to the present volume).
The second important difference between atom-cavity normal-mode coupling and
bulk polaritons is the way the single-mode selection is performed. In the polariton
case, the translational invariance provides the momentum selection rule that en-
sures single-mode coupling between photons and excitons. In the atom-cavity case,
the atom is a point-like system and momentum conservation does not hold. The
single-mode selection must then be engineered by photon confinement, with the
requirement of a high quality factor in order for the photon escape rate to be slower
than the Rabi frequency. Very recently, the same kind of vacuum-field Rabi splitting
as in the atom-cavity case, was achieved by embedding one semiconductor quantum
dot into a semiconductor microresonator where photons were confined in three
dimensions [79, 110, 116, 157] (see also the contribution by Andreani et al. [3] to the
present volume, where strong cavity-quantu-dot coupling is discussed in the case of
photonic-crystal microresonators). This result is the true semiconductor analogous
to theatom-cavity vacuum-field Rabi splitting.

Strong light-matter interaction and normal-mode coupling in solid-state devices are
objects of increasingly intense research. The reason lies in the perspective of engi-
neering new kinds of electronic excitations with unique quantum coherence proper-
ties, long correlation both in space and time, and robustness to environment-induced
decoherence, thanks to their hybrid nature sharing the properties of light and elec-
trons. Polaritons are the oldest manifestation of normal-mode coupling, and also one
of the more promising in view of these developments. This volume collects papers by
the most prominent actors in the field, providing a broad overview of the state of the
art and of the directions in which polariton research is moving. The readers interested
in the past evolution of the research on MC-polaritons, might look at several review
articles, each focusing on different aspects of the problem [75, 78, 122, 126]. The
present introduction aims at providing the reader witha general overview of the MC-
polariton physics as it progressed during the last fifteen years. This is not, however, an
exhaustive review, as certainly many important topics in polariton research are par-
tially or not at all covered (for example the role of spin and light polarization, for
which a starting point might be the contribution by Shelykh et al. [136] to the present
volume, or the recent progress in developing room-temperature polariton systems, for
which the reader can refer to the contribution by Carlin et al. [24]), while many others
are repeated in the individual contributions to this volume (see e.g. the contributions
by R. Houdré [59] and C. Weisbuch [150] to the present volume). It will nevertheless
help the reader go through the following chapters, that are individual research reports
by the most active researchers in the field.

3
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1.2
The Past

1.2.1
The Beginning of the Microcavity Polariton Era

Back in 1992, Claude Weisbuch, at the time visiting Tokyo University, proposed and
realized the first semiconductor microcavity device displaying vacuum-field Rabi
splitting [151]. The early work by Weisbuch et al. already contained all the essential
features of the MC-polariton system, including the anticrossing as a function of the
exciton-cavity detuning, the dependence of the Rabi splitting on the number of
QWs embedded in the cavity and on the exciton and photon linewidths, and finally
an analysis in terms of linear response theory. An exciting account of this discovery
is given by Claude Weisbuch in this volume [150], together with a short review of
the early MC-polariton physics.

The first observation of polariton vacuum-field Rabi splitting generated great
excitement within a restricted community of researchers who were in quest of
cavity quantum electrodynamics (CQED) effects [93] in semiconductor planar sys-
tems. Within a few months, further evidence of the 2-D polariton physics was pro-
vided by Houdré et al. with the observation of the vacuum-field Rabi splitting up to
room temperature [62], and with the measurement of the energy-momentum dis-
persion curve by means of angle-resolved emission spectroscopy. Finally, the vac-
uum-field Rabi oscillations were directly time-resolved in an experiment of ultrafast
photoluminescence upconversion spectroscopy by Norris et al. [102] and later by
Jacobson et al. [67].

Closely related to the observation of polaritons in MC-embedded QWs was the
measurement, by Tredicucci et al., of bulk polariton modes in a semiconductor
microcavity in which the whole cavity layer provided the excitonic transition [26, 27,
149]. In this system, the cavity layer displays a series of closely spaced exciton reso-
nances originating from the energy quantization of the exciton center-of-mass
motion, confined along the growth direction within the A-cavity slab.

Very soon after the first measurement of MC-polaritons, the very basic theoretical
framework for the description of the polariton modes was developed. The appear-
ance of a vacuum-field Rabi splitting in the polariton spectrum was understood in
terms of a simple linear disperision model [61], in full analogy to the case of atoms
in an optical cavity [159]. In this model, the exciton linear response function is
described in terms of a Lorentz resonance, and the overall response of the cavity—
exciton system is evaluated within linear response theory of the classical electro-
magnetic field. In the case of atoms in a cavity, the analysis by Zhu et al. [159] sug-
gested that the appearance of a spectral doublet in a classical linear dispersion
model would somewhat ruled out the idea of vacuum-field Rabi splitting, which
should be instead related to the quantum fluctuations of the field vacuum. Today
we know that the linear response theory is fully equivalent to the quantum model of
a Bose (non saturable) excitation coupled to the quantum field of radiation [5, 123].
In this case, the vacuum field Rabi splitting is equally well described in terms of a
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semiclassical linear-response model. Purely quantum effects are only present if the
system Hamiltonian contains many-body interaction terms (beyond the terms
quadratic in the quantum fields). For the atomic case, in which the two-level system
is the most appropriate description of a single atom transition, CQED effects appear
as soon as the number N of atoms is larger than one. This implies, in particular, an
increase of the Rabi splitting — the so called self-induced Rabi splitting — propor-
tional to /N [72]. For polaritons, on the other hand, nonlinear effects on the Rabi
splitting appear only when the exciton density approaches the saturation density,
namely when na} ~1 [133], where n is the exciton areal density in the QW and a,
the exciton Bohr radius which, in GaAs QWs, is of the order of 10 nm. In this limit,
the exciton oscillator strength and consequently the Rabi splitting vanish [68, 78],
contrarily to the atom-cavity case [72].

A microscopic model of the microcavity polariton modes and their energy-
momentum dispersion relation was derived from the diagonalization of the linear
exciton-photon coupling Hamiltonian [107, 124], within the assumption of ideal
cavity mirrors, and later by including the detailed frequency response of DBRs [71,
130]. These latter works presented a full three-dimensional treatment of the elec-
tromagnetic field, thus including leakage through the cavity mirrors. Within this
description, polaritons arise from the linear coupling of an exciton, having a given
in-plane momentum k,, to the continuum of photon modes having the same in-
plane momentum component — as required by the in-plane translational invariance
— and all the possible values of the remaining component k,. In the case of a bare
QW, this photon continuum has a smooth density of states, resulting in the intrin-
sic exciton radiative lifetime [6, 44, 144]. In presence of a planar MC, the photon
continuum in the z-direction displays a sharp peak in the density of states, corre-
sponding to the resonant cavity mode, and the normal-mode coupling arises. The
work by Savona et al. points out to the presence of leaky 7odesin a DBR-MC. Leaky
modes arise due to resonances within the multi-layered structure formed by the
cavity and the DBR layers, in which the electromagnetic field can penetrate. A par-
ticular role is played by leaky modes at frequency lower than the main cavity mode.
These, due to their energy-momentum dispersion, become resonant with the exci-
ton energy at some finite value of the in-plane momentum, typically outside the
external emission cone. The leaky modes appear as sharp peaks in the emission
rate of the lower polariton at large momenta [130], and in case of small exciton and
photon linewidths they can even produce strong coupling with an anticrossing of
normal modes. Given the two-dimensional density of states, the theory predictsthat
typically more than 80% of the luminescence is emitted into the leaky modes and
absorbed in the sample substrate [130]. Their presence is thus very relevant in de-
termining the overall dynamics of the polariton photoluminescence. Strong cou-
pling between the exciton and leaky modes was measured only very recently in a
II-VI sample by Richard et al. [119].

In the same years, the equivalence between semiclassical and full quantum de-
scriptions of MC-polaritons was finally established for the linear coupling limit
[5, 107, 123]. The work by Pau et al. [107] was the first to highlight the effect of an
inhomogeneous distribution of exciton resonances, aimed at modeling the effect of
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excitons localized by interface disorder in the QW. Within the linear dispersion
theory, the polariton spectrum including an inhomogeneous exciton distribution
was thoroughly studied by Andreani et al. [4]. This was however only a phenome-
nological way of including disorder and exciton localization into the polariton prob-
lem, as the in-plane momentum conservation is lifted and a full 3-D calculation of
the coupled exciton-photon modes is in principle required. This problem is briefly
reviewed in the Section on structural disorder.

1.2.2
Energy Relaxation and Polariton Photoluminescence

Most of the spectral properties of MC-polaritons are detected by angle-resolved
photoluminescence, which gives access to the energy- and momentum-resolved
population of the polariton states within the external emission cone. In this process,
the semiconductor is optically excited at high energy, producing a population of free
electron-hole pairs that eventually relax and populate the polariton states. A polari-
ton can relax energy basically in two ways. First, through the exciton-phonon inter-
action, by emitting optical or acoustic phonons. Second, via many-body Coulomb
interactions with other polaritons or with free carriers present in the system.

The photoluminescence dynamics is governed by the balance between energy
relaxation and spontaneous emission rates. If the relaxation rates are much slower
than the polariton radiative emission rates, then relaxation to the lowest states is
suppressed andthe spontaneous emission occurs most likely from the higher en-
ergy states. This phenomenon, called relaxation bottleneck, is expected already in the
case of QW excitons [111]. For polaritons, the bottleneck effect should in principle
be even more effective, due to the faster radiative rates and to the steep energy-
momentum dispersion in the strong-coupling region which typically suppresses
inelastic scattering rates.

The bottleneck effect was observed for the first time in MCs based on II-VI
materials [100, 101], where the Rabi splitting is larger, and soon afterwards in III-V
systems [142]. In these works it was clear how the bottleneck effect was less pro-
nounced than expected from theoretical calculations based on polariton-phonon
scattering [145], and rather strongly dependent on the excitation density. This ob-
servation suggested that many-body scattering effects take part very effectively in
the energy relaxation process. Indeed, a model of the relaxation dynamics in terms
of a Boltzmann equation predicts stimulated scattering to the lowest energy states
in presence of polariton-polariton Coulomb scattering [146] and also if only polari-
ton-phonon processes are taken into account [47]. Stimulated polariton scattering
was actually observed in experiments [38, 135]. It was however clear that while
stimulated scattering predicted the population buildup in the ground polariton state
at high density, it could not explain the rather efficient thermalization of the polari-
ton distribution that was typically observed at lower density.

The present understanding of this behaviour is that polariton relaxation at low to
medium density is governed by at least three mechanisms. The first was proposed
by Porras et al. [113] and consists in an interplay between Coulomb scattering and
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phonon relaxation. According to this mechanism, polaritons in the strong coupling
region can undergo Coulomb scattering, ending up in one polariton in a lower-
energy state and the other in the exciton-like region of the dispersion, at higher
energy. Within this region, which acts as a thermal reservoir, the excess energy is
relaxed by acoustic phonon emission. The Porras mechanism is not driven by final-
state stimulation and can therefore explain thermalization into a smooth distribu-
tion of populations. The second mechanism involved in polariton relaxation is very
likely the scattering on free carriers originating from charged defects. This mecha-
nism has been modeled within a Boltzmann formalism [94] and evidence of it was
found in experiments [12, 109, 143]. This mechanism is however strongly sample
dependent, as it relies on the quality of the sample fabrication, and an accurate
quantitative characterization of it is presently unavailable. As a third possible
mechanism, we mention structural disorder that should give rise to polariton local-
ization and to a lifting of the momentum conservation in the relaxation processes.
Disorder in MC-polaritons is discussed in more detail below. Again, however, anac-
curate characterization of its influence on the relaxation process, either theoretical
or experimental, is still unavailable.

1.2.3
The Problem of the Polariton Spectral Linewidth

The spectral linewidth of polaritons is determined by many factors, among which
the most effective are the photon escape rate, the polariton-phonon scattering, the
polariton-polariton Coulomb scattering, and the inhomogeneous spectral distribu-
tion due to structural disorder of the interfaces. The problem of polariton spectral
linewidths, in the early years of MC-polaritons, has always been object of intense
debate (see e.g. the account given by R. Houdré in his contribution to this volume
[59)).

Within the simplest possible description, consisting in a two-coupled-oscillator
model, linewidths can be included as damping rates for the exciton and photon
oscillators [123]. Then, the frequency eigenvalues of the problem are expressed as

o= 2t O O 0 0~ 7Y (1)

where w, and @, are the bare exciton and cavity mode frequencies, 2, is the va-
cuum-field Rabi splitting, and y, and y, are, respectively, the exciton and photon
damping rates. Within this purely phenomenological description, the linewidth
arises as a result of a damping phenomenon and the corresponding lineshape is a
Lorentzian. Equation (1) leads, in particular, to equal polariton linewidths for zero
exciton-cavity detuning o, = w,, given by the arithmetic average of the two initial
damping rates.

Although this idea was widely used in the literature, it was also strongly debated,
leading to many studies of the actual polariton linewidth. In samples with bad
interface quality, the actual linewidth was dominated by inhomogeneous broaden-

7
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ing due to disorder. For high quality samples, on the other hand, experiments
showed that upper and lower polariton linewidths were different even at zero detun-
ing, with a general tendency of the lower polariton mode to have a smaller
linewidth with unusually small dependency on external parameters like tempera-
ture or density [8, 63, 64].

This observation was understood as a true effect of the steep polariton dispersion.
The polariton damping rate of a given state is the result of outscattering processes
from that state. Scattering can occur because of phonon emission or absorption, or
because of collision with another polariton. In both cases, if we assume an ideally
planar system, the total energy and the total momentum are conserved in the proc-
ess. Then, polaritons in the strong-coupling region of the energy momentum dis-
persion are characterized by a very steep dispersion curve and therefore by a very
small density of final states available for an outscattering process. This mechanism
of course is not included in the simple two-oscillator picture and can lead to a lower
polariton mode that is extremely robust to line broadening. This was predicted by
theoretical analyses in terms of the Fermi golden rule, in both cases of phonon
[125] and collisional [32] broadening.

In most modern samples, because of this suppression of collisional broadening,
the lower polariton linewidth is fully determined by the cavity mode linewidth.

1.2.4
Influence of Structural Disorder

Structural disorder in heterostructures can dramatically influence their optical
response. This is the case of excitons in QWs [160], where interface roughness and
alloy disorder always produce localization of the center-of-mass exciton wave func-
tion over tens of nanometers. Correspondingly, an inhomogeneous distribution of
the energy spectrum of the localized eigenstates arises. Exciton localization is re-
sponsible of two phenomena. The first, as already mentioned, is an inhomogeneous
broadening of the optical spectrum. The second is the resonant Rayleigh scattering,
namely the resonant scattering of a plane electromagnetic wave in all directions due
to the breaking of the in-plane translational invariance.

In the case of MC-polaritons, the inhomogeneous broadening problem was the
object of an intense and, in the light of our present understanding, overenphasized
debate. All the existing works have focused on the effect of QW disorder on the
exciton, while assuming an ideally planar MC. In a first work, Whittaker [156] sug-
gested a mechanism called motional narrowing in which the small polariton effective
mass results in a long-range polariton center-of-mass wave function that averages
out the exciton disorder potential, resulting in a suppression of the inhomogeneous
polariton linewidth. The first theory by Whittaker was however fawled by an erro-
neous application of the Born approximation in perturbation theory, and Whittaker
published soon a correct analysis of the problem within similar assumptions [153].
In the meantime, Savona et al. presented a numerical result of the full diagonaliza-
tion of the coupled exciton-photon Hamiltonian in presence of QW disorder [127].
Though technically correct and successful in reproducing the asymmetry in the
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polariton linewidth, this work included an incorrect qualitative interpretation of the
numerical result in terms of interbranch scattering on disorder, that affected exclu-
sively the upper polariton branch. In the same work, however, it was correctly
pointed out that the effect of motional narrowing on the lower polariton was of the
same extent as for a bare QW exciton. A more sound and simple explanation of the
asymmetry funally came with the following work by Whittaker [153]. The polariton
linewidth in absorption or reflectivity experiments can be modeled within linear
dispersion theory, provided one adopts the microscopically computed exciton re-
sponse function in presence of disorder. This latter, because of excitonic motional
narrowing, typically shows an asymmetry with a sharp low-energy tail and a more
slowly decaying high-energy one [160]. This can easily explain the observed asym-
metry and was later shown to be the correct approximation [154] to apply when
starting from the general problem [127]. This was also confirmed by an accurate
simultaneous measurement of the exciton and polariton linear response [50].

Similar considerations apply to the resonant Rayleigh scattering. In this case, the
MC scattering spectrum can be modeled as the bare QW exciton scattering spec-
trum filtered by the MC optical response [55, 154].

As a general consideration, we conclude that the exciton-photon coupling does
not change significantly the wave functions of localized exciton states in presence of
disorder. The polariton spectral features can therefore be thought of as the result of
strong coupling between the photon mode and the ensemble of all localized exciton
states.

We conclude this section by pointing out that very few works have been devoted
to study the effect of disorder at the interfaces of the MC. Given the strong resonant
character of a planar resonator, it should be expected that thickness fluctuations of
thecavity layer should give rise to an inhomogeneous photon spectrum and, to
some extent, to lateral photon localization. As a result, polaritons should also be
localized and inhomogeneously broadened. Evidence of the influence of photon
disorder is found when comparing the measured cavity mode linewidth with the
one calculated from the nominal value of the DBR reflectivity. The former is always
significantly larger than the latter, suggesting an additional inhomogeneous broad-
ening. More direct evidence of polariton localization was provided by Langbein et al.
[86], who measured the intrinsic momentum broadening of resonant Rayleigh
scattering of polaritons, deducing a polariton localization length of the order of
30 pm in a typical GaAs/AlGaAs MC. Further evidence comes from the ubiquitous
cross-shaped pattern present in resonant Rayleigh scattering in momentum space
[54, 83]. This pattern is originated from the crosshatch pattern in real space caused
by misfit dislocations in the epitaxial growth [15]. Given the GaAs/AlAs lattice mis-
fit, the typical length scale of planar regions bounded by cross hatches should be of
the order of a few tens of pm, in agreement with the estimated polariton localiza-
tion length in these systems. Finally, recent measurements of spatially resolved
emission in presence of a large occupation of the lowest-energy polariton states in a
II-VI MC [117], gave direct visual access to the localized polariton states, whose
typical size in this material is of the order of a few microns.

9
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13
The Present

Most of the present fundamental research on MC-polaritons is focused on nonlin-
ear optical phenomena, particularly those involving parametric polariton scattering
and quantum polariton optics. The early experiments at high excitation density had
prompted the experimentalists with a quite straightforward phenomenology, in-
cluding an increase of the polariton linewidth and a corresponding bleaching of the
Rabi splitting as a function of density [60, 78]. It was soon understood that the basic
excitonic nonlinearities can reasonably explain these observation. In particular, the
saturation of the exciton oscillator strength [133], well described by a Hartree—Fock
model of the many-body exciton system, is responsible for the disappearance of the
Rabi splitting. To the next order of scattering theory, many-body interactions also
give rise to an excitation-induced dephasing, explaining the increase in linewidth.
This scenario and the relevant research works are discussed in great detail in the
review article by G. Khitrova et al. [78]. In this work, the reader will also find a thor-
ough account of the so called “Boser controversy”, that we will briefly discuss in the
following section.

1.3.1
Parametric Amplification and Photoluminescence

Great excitement was brought by the discovery in 2000, by the groups by
J. J. Baumberg and M. S. Skolnick, of two phenomena that would mark a new era of
MC-polariton physics: the polariton parametric amplification [131] and its sponta-
neous counterpart [141], the parametric photoluminescence.

Polariton parametric processes bear a very close analogy with parametric down-
conversion of photons in nonlinear crystals, as known from the quantum optics
domain [97]. In this latter case, by pumping the crystal with photons at energy 7o,
the y® nonlinearity can produce two new photons of energy %, and #w,, whose
sum is equal to the initial energy f®. Depending on the geometry of the crystal,
phase-matching conditions imposed by total momentum conservation have to be
additionally fulfilled. In the case of polaritons, parametric processes originate from
the third-order nonlinearity characterizing the polariton system. It stems from the
exciton-exciton Coulomb scattering and from the density-dependent saturation of
the oscillator strength, both resulting in a contribution to the Hamiltonian of fourth
order in the polariton field [34]. In the traditional setup, one laser beam is used to
resonantly pump polaritons in one given mode along the lower-polariton energy-
momentum dispersion curve. Given the peculiar shape of this curve — which dis-
plays an inflection point at half energy distance from the band bottom and the bare
exciton energy — the scattering of two pump polaritons to two new polaritons, re-
spectively at smaller and larger energy, is made possible by energy-momentum
conservation. The two final states are called signal and idler polariton respectively, as
in photon parametric downconversion.



1.3 The Present

The polariton parametric amplification is the process by which, in presence of a
pump, a weak probe probe beam resonant with the signal mode is amplified by
stimulating the parametric process. Correspondingly, the stimulated scattering
generates a polariton field in the idler mode. It is a process involving intense fields
that can be fully described in terms of classical polariton field amplitudes [34], as in
classical nonlinear optics. The first observations were obtained at the so called
“magic angle”, namely by choosing a pump momentum that results in the signal
mode being at zero momentum, so that the probe beam enters the sample at nor-
mal incidence. As we will see below, however, this is not the only allowed configu-
ration. Polariton parametric amplification was observed in samples made of differ-
ent materials and can result in extremely large gain on the probe beam, reaching a
few thousands at low temperature [120]. It has a sharp resonant character and
hence is extremely fast,allowing switching times below 1 ps even at liquid nitrogen
temperature in II-VI samples. In samples with small inhomogenous broadening,
it persists up to high temperature, thanks to the polariton robustness to loss
mechanisms, and it can be coherently controlled [81] (see also the contributions by
Baumberg et al. [13] and by Staehli et al. [139] to the present volume). When GaN-
based polariton samples will finally be available [22, 147] (see also the contribution
by Carlin et al. [24] to the present volume), the amplification should persist at room
temperature, thus opening the way to possible applications as fast optical switches
or amplifiers.

Polariton parametric photoluminescence is a spontaneous process based on the
same scattering amplitude and on the same selection rules as parametric amplifica-
tion. When a polariton mode is resonantly pumped, emission is measured at the
signal and idler modes even in the absence of a probe beam. The most intuitive
explanation of this phenomenon is that the parametric scattering is stimulated by
the vacuum field fluctuations at the signal and idler modes in the low density limit.
The polariton parametric photoluminescence is an extremely complex process, one
for which the theoretical modeling was essential for understanding the rich phe-
nomenology it displays. The most considerable contribution to the theory of para-
metric processes and photoluminescence in particular was given by C. Ciuti and is
reviewed in Ref. [34]. In the basic theory, the pump polariton field is assumed to be
a purely classical field, driven by the resonant laser beam. By further neglecting
polariton scattering terms that do not involve the pump mode, the resulting Hamil-
tonian is quadratic in the signal and idler polariton operators p, and p, , however
containing anomalous terms that do not conserve the particle number. Here k is
the signal momentum, k; =2k, -k is the idler momentum and k, is the pump
momentum fixed by the external pump angle. Then, the dynamical equations for
the signal and idler polariton populations N, =( fJZ Py and N =¢ fo,“ p,,) are linearly
coupled to an analogous equation for the anomalous quantum correlation
A, =P} p,;> Here we report these equations for clarity (restricted to the lower po-
lariton branch),
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where E, is the polariton dispersion, y, the parametrized polariton damping rate
(accounting for radiative and nonradiative mechanisms), @, is the pump frequency,
B, is the classical pump polariton field, and g is the nonlinear coupling strength
assumed k-independent for simplicity. The quantities £, , ,, derive from quantum
Langevin random forces that are needed in the formalism, if the damping terms are
included. From these equations,it appears clearly that the polariton populations are
driven by the pump only through the anomalous correlation A,. This proves that
parametric photoluminescence is a purely quantum process and cannot be inter-
preted in terms of a Boltzmann equation involving solely population variables, as
was done by some authors [51]. A very detailed experimental characterization by
W. Langbein [84] on a high-quality sample, in particular, showed that the increase
of signal and idler populations in a pulsed experiment is not instantaneous, follow-
ing the increase of the anomalous term (see also the contribution by W. Langbein to
this volume [85]). Many features can be inferred from Egs. (2) and (3). For a fixed
pump momentum k,,, the parametric process is allowed for a set of values of the
signal and idler momentum, forming an “eight”-shaped curve in momentum coor-
dinates. This pattern was measured for the first time very recently by W. Langbein
[84]. This “eight”-shaped pattern was never observed before, as a sample of ex-
tremely good quality was required. In particular, the polariton energy-momentum
dispersion must be well defined not only in the strong coupling butalso in the exci-
ton-like region. For QWs with some amount of disorder, the inhomogeneous dis-
tribution both in energy and momentum, in the exciton-like region of the disper-
sion, will completely wash out the selection rule for the parametric process. The
sample adopted by W. Langbein was designed with state-of-the-art exciton inhomo-
geneous broadening and is, up to now, the only sample on which the parametric
momentum pattern has been measured. If two pump beams are used to pump
different polariton modes, than mixed parametric processes arise in which two
polaritons, each from a different pump, scatter to a signal and a idler mode. The
energy-momentum conservation in this case can give rise to a rich variety of shapes
of the momentum pattern, that were measured on the same sample [121] (see also
W. Langbein’s contribution to this volume [85]).

If Fourier-transformed to the frequency domain, Eqs. (2) and (3) predict the reso-
nant frequencies of the parametric photoluminescence. It turns out [34] that for
large pump intensity these resonances are shifted with respect to the bare polariton
dispersion, and can display bifurcations or a change in the sign of the first deriva-
tive of the dispersion curve. Evidence of this behaviour has been found in experi-
ments [132].

In Eq. (3), the term (1+ N, + N, ) shows that for N >1 the parametric photolumi-
nescence displays a stimulated behaviour, which was experimentally characterized
with high accuracy [84]. Far above the stimulation threshold, Egs. (2) and (3) no
longer hold and will diverge for a finite value of the pump polariton amplitude. In
more realistic terms, the stimulated behaviour will deplete the pump polariton
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mode at a rate faster than the input rate provided by the external pump beam. In
this case the equations can be generalized by introducing a third equation for the
classical pump field, with the external laser field amplitude as the pump parameter.
If this is done, then the pump mode inthe model is depleted before reaching the
critical value for which the equations diverge. A very interesting issue however
arises in connection with the stimulated behaviour. It is expected that above thresh-
old a spontaneous symmetry breaking occurs and the polariton field at the signal and
idler modes acquires a classical complex amplitude (p,) # 0. This is called polariton
parametric oscillation. It can be interpreted as a poor men’s Bose—Einstein condensa-
tion (BEC), with the classical field amplitude at the signal mode being the order pa-
rameter for the phase transition [14]. Indeed, below threshold the phases of the signal
and idler quantum fields are purely fluctuating, while only their relativephase is fixed
by the link to the classical pump amplitude. C. Ciuti was the first to suggest the possi-
ble occurrence of parametric oscillations by noticing that a singular solution with a
non-zero classical field is admitted by the parametric photoluminescence equations,
if the pump polariton amplitude takes exactly the critical value. Since however the
parametric photoluminescence Eqgs. (2) and (3) assume purely quantum fluctuating
fields and diverge for the pump amplitude approaching this critical value, they cannot
describe the way this spontaneous symmetry breaking occurs for increasing pump
intensity. Later, Savona et al. [129] extended the parametric photoluminescence theory
in the spirit of the Hartree—Fock—Bogoliubov approximation [137], commonly
adopted to model BEC of an interacting gas. This model was limited by the restriction
to three polariton modes, but allowed for the first time a description of the transition
to the parametric oscillation regime. A quantum montecarlo study closely followed
[25], generalizing this result to all polariton modes. The polariton field amplitudes in
the parametric oscillation are expected to behave in all respects as a quantum fluid, in
particular featuring superfluidity [11, 29].

If parametric oscillations at the signal and idler modes occur, the corresponding
classical field amplitudes can in turn act as pump fields for parametric photolumi-
nescence involving other polariton modes. This gives rise to off-branch resonances
and multiple scattering [34, 155]. This behaviour was observed in experiments [132],
and represents a proof — though indirect — that parametric oscillations with sponta-
neous symmetry breaking do take place. Further indirect evidence was found in the
observation of optical bistability in parametric oscillations [9, 10].

Finally, we point out to a recent experiment [45] where parametric oscillation was
observed in a very special setup of three vertically stacked semiconductor MCs in
the weak coupling regime.

13.2
Quantum Correlation and Non-Classical Properties

Probably the most appealing feature of polariton parametric photoluminescence is
that signal-idler polariton pairs are produced in non-classical states with quantum
correlations. These have their origin in the expression of the parametric Hamilto-
nian, that reads

13
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is a parametric coupling term generalized to the case of two pump fields at mo-
menta k,, and k,,. The signal and idler momenta are now denoted k, and k;. If one
evaluates the time-evolution of the system, starting from the vacuum polariton state
as the initial state, then in the limit of low pump amplitude (or equivalently in the
limit of short time) the quantum state of the system will be

Ly () =a(t) [0+ B (1) 1, 1,) +... (©)
b

where f < a. In this state, signal and idler polaritons are pair-correlated, namely
the joint probability of having a signal polariton and and idler polariton is equal to
the probability of just having one of them [73, 121]. Again, this scenario is closely
related to what happens in quantum optics, where the analogous property of para-
metric photon downconversion has been used to produce pair correlated and en-
tangled photons, even in the limit of intense laser beams [82].

Very recently there were several proposals of taking advantage of this feature of
polariton parametric photoluminescence for observing non-classical states of polari-
tons. One of the first observations of this kind was the amplitude squeezing of light
emitted from parametric oscillation, by Karr et al. [74]. Indeed the parametric Ham-
iltonian, with the assumption of a classical pump field, is identical to that of a
nonlinear Kerr medium [97] and is therefore able to produce a quantum state for
which the Heisenberg uncertainty of one quadrature operator is smaller (by only
5% in this experiment) than that of its canonical conjugate, always fulfilling the
uncertainty principle. The experiment by Karr et al. was performed in the special
setup in which pump, signal and idler polariton modes coincide at zero momentum
— a singular point in momentum space for which parametric scattering is always
allowed. This result was confirmed by a theoretical analysis [134]. It should be
pointed out that polariton squeezing was already predicted, although in the limit of
negligible many-body interactions, long before by Hradil et al. [65]. Intrinsic polari-
ton squeezing can in principle occur because of the anti-resonant terms in the
minimal coupling Hamiltonian between radiation and matter in the Coulomb
gauge. However, the theory predicts an extremely small amount of squeezing in
this case, that cannot be detected in realistic situations on GaAs-based materials. A
full account of polariton squeezing, both instrinsic and in parametric oscillations,
can be found in the contribution by A. Quattropani and P. Schwendimann to the
present volume [115].

Another expression of non-classical physics that can arise from parametric photo-
luminescence is polariton entanglement. By inspection of the quantum state (6), we
see that it is a linear combination of the vacuum field and of an entangled state all
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possible signal-idler pair-states allowed by the conservation rules. Hence, momen-
tum entanglement is a natural outcome of polariton parametric photolumines-
cence. In a similar way, spin entanglement is also possible. In fact, the polariton-
polariton scattering is spin conserving, and the exciton-radiation selection rules are
such that spin-up (-down) polaritons couple to clockwise (counterclockwise) circu-
larly polarized light [31]. By using a linearly polarized pump beam then, simple
linear superposition principle shows that the signal-idler polariton pair will be
generated in a linear combination of the two possible spin states. This kind of po-
larization entanglement would require photon-coincidence detection to be meas-
ured and is still awaiting experimental confirmation. Ciuti recently proposed a
special kind of momentum entanglement called branch entanglement [28]. In this
case the entanglement arises with respect to the polariton branch index, and can be
obtained by setting the pump resonant with the upper polariton branch. However,
as Ciuti pointed out, a pump beam resonant with the upper polariton will generate
a large amount of outscattering to the exciton-like part of the lower polariton branch
at large momenta, implying a fast loss rate that might make an experimental verifi-
cation challenging. The only evidence of polariton momentum entanglement was
obtained by W. Langbein in an experiment where a two-pump setup was used [121],
following a theoretical prediction by Savasta et al. (an account of this experimental
result can also be found in the contribution by W. Langbein to this volume [85]).
The scope of this experiment was to prove Bohr’s quantum complementarity prin-
ciple on polaritons. To this purpose, the two idler polaritons produced by the two
pump beams were made interfere on a detector. In the low intensity limit, below
the parametric oscillation threshold, at most one signal-idler polariton pair at a
given time is present. Then, the same situation as in Young’s two-slit experiment
exists. The two idler-polariton paths will produce quantum interference if and
only if the two paths are indistinguishable. This happens only if the two corre-
sponding signal modes coincide. Differently, it would be possible — by independ-
ently detecting one of the two signal polaritons — to gather “which-way” information
on the two idler channels and, quantum interference could not arise. A similar
experiment was successfully carried out in the case of parametrically downcoverted
photons by Mandel et al. [96]. The experimental proof of this mutual exclusion
between “which-way” information and quantum interference was an indirect evi-
dence that, in the case of two distinguishable signal polaritons, the polariton pair is
produced in a momentum-entangled state. The possibility of fabricating polariton
quantum boxes (see next section) could make it possible, by the same principle, to
produce spatially entangled pairs of confined polaritons over distances of several
microns.

It should be pointed out that a polariton is a many-body electronic excitation of a
semiconductor device, existing in a densely packed medium and therefore in prin-
ciple subject to strong decoherence induced by coupling to the environment. The
ability to generate nonclassical states of electronic excitations holds great promise
for future implementations of quantum information technology in semiconductor
devices. Polaritons, due to their hybrid nature and robustness to decoherence,
might be the best candidate for achieving this purpose.
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To conclude this section, we point out to a general difficulty in measuring the
idler-polariton photoluminescence in parametric experiments in the standard sin-
gle-pump configuration. This is due basically to three factors, all related to the fact
that the idler mode is located in the exciton-like region of the polariton dispersion.
First, the idler is almost fully exciton-like, with a small photon component, thus
suppressing the coupling to the external electromagnetic field and the photolumi-
nescence intensity. Second, outscattering mechanisms are more favoured by the flat
dispersion curve, and the damping rate of the idler polariton mode is consequently
faster than that of the signal mode. Third, disorder induced inhomogeneous broad-
ening, both in energy and momentum, is only effective in the exciton-like part of
the polariton dispersion, thus lifting the momentum selection rule and partially
washing out the sharp resonance of the idler photoluminescence. This feature is
very general, as already remarked. More emphasis should therefore be devoted to
experiments in the double pump geometry or using quantum-confined polariton
levels in quantum boxes (see below), where these limitations are not present.

1.4
The Future

1.4.1
Polariton Quantum Collective Phenomena

The perspective of observing polariton quantum collective phenomena is the driv-
ing force of present and future research on MC-polaritons. By quantum collective
phenomenon we mean a phase transition resulting in a spontaneous symmetry
breaking with formation of a quantum mechanical order parameter. Such a situa-
tion is very appealing because it would imply the existence of a macroscopic quan-
tum state of many polaritons, displaying properties such as superfluidity, Josephson
oscillations in confined geometry, robustness to decoherence. In addition to the
fundamental interest of this novel quantum collective phenomenon in solids, it
would also bear a great potential for applications in devices exploiting the quantum
phase, like quantum information processing.

In the previous section we have already mentioned the occurrence of spontane-
ous symmetry breaking in the transition from the regime of polariton parametric
photoluminescence to parametric oscillation. If, on one side, this is at present the
only polariton quantum collective phenomenon backed up by convincing experi-
mental evidence, its behaviour is not governed by the physics of phase transitions
in thermal equilibrium. In particular, temperature and chemical potential cannot be
defined for this system, although in the limit of the generalized Gross- Pitaevskii,
analogous to the zero-temperature Bogoliubov model of BEC, the pump energy can
be interpreted as a pinned chemical potential, in the sense of the ground-state en-
ergy of the quantum fluid. Further, the signal and idler polariton gases below —
threshold, though being each an incoherent gas of quasiparticles, still have quan-
tum pair-correlations. Nevertheless, the parametric oscillator is expected to display
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quantum fluid behaviour and superfluidity, as was described by Ciuti and Carusotto
[25] (see also their contribution to this volume [30]).

An intense research activity is being instead devoted to the quest for polariton
BEC [42, 43, 46, 48, 49, 76, 77, 87, 88, 95, 98, 99, 113, 117, 118, 128, 138, 158] (see
also the contributions by Baumberg et al. [13], Ciuti et al. [30], Savona et al. [128],
and Shelykh et al. [136] to the present volume). As in the case of excitons, for which
BEC has been sought for about fourty years (see e.g. [53] and the special issue of
Solid State Communications Vol. 134, 2005), the idea was stimulated by the quasi-
bosonic behaviour of polaritons in the limit of low density, and by their extremely
small effective mass. This topic is widely reviewed later in this volume by Savona
and Sarchi [128], and we would not indulge in a repetition of the same concepts. Let
us just highlight a few important points concerning the two-dimensional character,
the non-equilibrium nature and what would be conclusive experimental evidence in
a spectroscopy experiment.

The Hohenberg—Mermin—Wagner theorem [56] states that conventional BEC
with the formation of off-diagonal long-range order cannot take place in two dimen-
sions. The reason is that thermal fluctuations of the quantum phase would domi-
nate at any finite temperature, fully destroying the condensate. No long-range order
can then arise. However, it can be shown that for an interacting gas, still a super-
fluid behaviour can be achieved below a critical temperature T.. In this case, a dif-
ferent kind of phase transition is instead expected: the Berezinskii—Kosterlitz—
Thouless transition [112]. This is a topological phase transition in which, above a
critical temperature Ty, vortices can spontaneously form (thanks to the fact that a
vortex in two dimensions costs a finite amount of energy), destroying superfluidity.
The critical temperature T,,; is always lower than the superfluid critical tempera-
ture T. of the spatially homogeneous gas, and is therefore the phase transition that
should be observed in two-dimensions. The Berezinskii—Kosterlitz—Thouless tran-
sition has been discussed in the context of MC-polaritons [76]. This interpretation
should however be revisited in the light of disorder and polaritonlocalization, al-
ways occurring in MCs. The Berezinskii—Kosterlitz—Thouless is a topological tran-
sition and makes sense only in a perfetly homogeneous medium. Polariton localiza-
tion, as mentioned above, occurs within the range of a few to a few tens of microns
[86, 117]. A rigorous proof holds [89] that whenever in a two-dimensional system a
finite energy gap separates the ground single-particle state from the excited states,
then thermal fluctuations no longer dominate and conventional BEC with a macro-
scopic occupation of the ground state is recovered. Such a gap can typically arise in
confined systems (see discussion below), or even in presence of disorder because
locally, within the area interested by optical excitation, polariton localization will
give rise to a discrete energy spectrum for the lowest-lying states. Even in the limit
of a system of infinite extension, it can be rigorously proved [91] that an ideal Bose
gas can undergo conventional BEC, thanks to the Lifshitz tail in the lowest part of
the density of states, causing condensation to occur in some localized state at finite
values of temperature and density. Both confinement and polariton localization
implie a finite spatial extension of the condensate.
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The deviations from thermal distribution of polaritons, in connection to the re-
laxation bottleneck effect, have already been discussed. A debate is currently ongo-
ing, on whether polariton BEC can be understood in terms of standard equilibrium
thermodynamics or if deviations from equilibrium occur. A conclusive answer to
this question is not yet available. However, if on one hand it is clear that at suffi-
ciently high excitation density the relaxation mechansims taking place through
many-body interactions will favour thermalization within the polariton branches
[113, 143], this does not exclude that a large non-equilibrium population of hot
excitons or electron-hole pairs at large energy and momentum exists. This hot
population, while not affecting the condensate thermalization, could nevertheless
modify the polariton spectrum via many-body scattering and by saturating the exci-
ton oscillator strength [133]. Another deviation from thermal equilibrium are quan-
tum fluctuations of the condensate, that are expected to occur even at zero tempera-
ture. These typically tend to deplete the condensate by occupying single-particle
excited states [37, 90, 112]. In the case of strong many-body interactions, this con-
densate depletion can be very effective and produce deviations from the standard
Bose—Einstein distribution of polariton populations.

Finally, let us briefly discuss what would be the “smoking gun” of polariton BEC
in an optical experiment. In the case of diluted alkali atoms, the striking observation
was a peaked distribution in momentum space of the atomic population [1]. This
was very remarkable as, for a common atomic gas, classical statistical mechanics
and the Gibbs principle make this particular configuration in the system phase
space extremely unlikely. There are however other unique features characterizing a
Bose condensate. First, the energy-momentum dispersion of collective excitations,
displaying the typical Bogoliubov linear behaviour at small momenta [140]. Second,
the off-diagonal long-range order, expressed in the spatial quantum correlations,
that are nonzero up to infinite distance [20]. These correlations are today considered
as the true distinctive feature of an interacting condensate, according to the Pen-
rose—Onsager criterion [108]. Third, related to the spatial coherence, there is the
ability of two condensates to produce quantum interference when overlapping [7].
All these features were clearly observed in the case of diluted atoms, but were sim-
ply considered as further confirmations of theoccurrence of BEC. For polaritons,
observing a macroscopic occupation of the ground state might be not enough. The
reason is twofold. First, a coherent pump beam is present in the system at high
energy, and might induce a coherent excitation of the ground state by some unex-
pected many-body scattering effect (we have just seen how this can happen in pa-
rametric oscillations). Second, a semiconductor at high enough excitation density
will start lasing, with the result of emitting light in a single mode of the momentum
space. This ambiguity, in particular, was at the basis of the “boser” controversy, that
followed an observation of strong single-mode emission under high density excita-
tion [106] (for a detailed account, see Khitrova et al. [78]). The observation was later
explained in terms of a bleaching of the exciton-photon coupling and a subsequent
lasing effect [80], and the same authors withdrew their initial interpretation [23].
Credit must be given, however, to the work by Imamoglu and Yamamoto [66], who
have for the first time suggested the possibility of MC-polariton BEC. Later, a simi-
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lar strong nonlinear emission at zero momentum under high-energy nonresonant
excitation was reported by several authors, in more controlled experiments where
simultaneous evidence of polaritons in the strong coupling regime was provided
[19, 21, 38, 135]. Although very promising, these observations are not sufficient to
claim BEC, as explained. More recently, polariton BEC was claimed by Deng et al.
[42, 43], again on the basis of a momentum redistribution of polaritons, but with
simultaneous measurement of the spatial intensity profile and of the second-order
time coherence of the emitted light. Yet, these observations are not conclusive, as
none of the distinguishing features mentioned above has been evidenced, while the
measured second-order time coherence does not display a sharp transition atthe
supposed condensation threshold, casting therefore doubts on the validity of this
claim. The most recent experiments are focusing on coherence properties in real
and momentum space [117, 118], and leave hope that a conclusive observation of
polariton BEC is not very far ahead.

1.4.2
Engineering Quantum Confined Polariton Nanodevices

The history of semiconductor physics has been marked by a continuous progress
towards reducing the dimensionality of semiconductor structures, from bulk semi-
conductors, to quantum wells, quantum wires, eventually producing a rich variety
of zero-dimensional nanostructures. These advances were driven by the idea of
confining electrons in order to obtain a quantized spectrum with discrete energy
levels that would display novel optical and transport properties to be exploited in
nanodevice technology.

Polaritons in bulk materials were first described by Hopfield in 1958 [58], but it
took until 1992 [151] before the idea of two-dimensional polaritons in MCs was
conceived and realised! The reason is probably to be attributed to the need for high-
quality semiconductor optical resonators that were made available only with the
advances in epitaxial growth. The two further steps, towards one-dimensional and
zero-dimensional polariton systems, are the object of very recent research.

Zero-dimensional confinement of polaritons would be extremely attractive both
for fundamental studies and in view of applications. On the fundamental side, we
have already remarked that a discrete polariton spectrum could be favorable to BEC
and to parametric polariton photoluminescence or oscillations with an even balance
between signal and idler. Pairs of polariton quantum boxes with tunnel coupling
might display Josephson oscillations as soon as a quantum fluid — either a Bose
condensate or a parametric oscillation — is formed. They would also allow the de-
sign of several configurations in which polariton spatial entanglement can be
achieved. It should be also pointed out that polaritons, due to their very steep dis-
persion, would display quantum confinement and a discrete energy spectrum al-
ready when confined over a few microns. This would make fabrication, optical and
electronic addressing of such a microdevice an extremely simple task, if compared
to semiconductor quantum dots [17]. Among the possible applications, one could
imagine devices for single photon emission, as well as for the generation of entan-
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gled pairs of electronic excitations or the storage of quantum information, that
could be employed in quantum information technology.

The studies on confined polaritons are very recent and mostly based on the idea
of etching a micropillar out of a planar semiconductor MC. This approach is justi-
fied by the fact that the micropillar fabrication technology can benefit of the pro-
gress in vertical-cavity surface-emitting lasers (VCSELSs). The experimental efforts
were also motivated by the quest for strong coupling and the formation of normal
modes between a zero-dimensional cavity mode and an interband transition in a
quantum dot [116]. The transition from two-dimensional polaritons to one and zero
dimension was studied for the first time by Dasbach et al. [39, 40] and by Obert
etal. [103, 104]. In the experiments by Dasbach et al., both one-dimensional wires
and pillars were studied by photoluminescence spectroscopy. The one-dimensional
result clearly displayed polariton dispersion features, with the simultaneous pres-
ence of upper and lower polariton branches [39, 41]. The single-micropillar spec-
trum clearly showed discrete energy modes from which it was possible to observe
parametric photoluminescence [39, 40]. In this case, however, a clear signature
ofsimultaneous upper and lower polariton modes was not reported. Evidence of
upper and lower polariton is essential to claim the formation of strong coupling and
exciton-photon normal modes, as parametric scattering can be equally obtained in
the weak coupling regime [45]. The reason why polariton features were not ob-
served in these early studies is perhaps to be attributed to the low quality factor of
the resonator, introduced by etching the whole body of the microcavity. This tech-
nology has however progressed very quickly in the last years and presently micropil-
lars can be fabricated with quality factors approaching 10° [92]. Although these new
microresonators would probably display striking polariton features, no samples
with embedded quantum wells have been produced so far.

It is interesting to notice, however, that the common scheme used in today’s
microcavity samples, consisting in producing two-dimensional confinement of both
excitons and photons, is redundant, as polaritons already exist in the bulk material
and their energy-momentum dispersion is dominated by the steep photon mode
dispersion. Ideally, by reducing the dimensionality of a bulk polariton system, con-
fined polaritons could be obtained. Indeed, this idea is the starting point of the
realisation of bulk MC-polaritons, by Tredicucci et al. [149], where only the photon
mode is confined to two dimensions, the excitonic transition being provided by the
bulk cavity layer. An analogous idea to produce polariton quantum boxes has re-
cently been introduced by El. Daif et al. [36]. Starting from a planar MC, photon
modes can be confined by engraving a very shallow pattern on top of the cavity layer
and growing the top mirror afterwards. Thicker regions on the MC plane will have
aphoton-mode resonance at a frequency lower than in thinner regions. Thus, by
patterning e.g. a circular region thicker than the surrounding, this will act as a
lateral potential well for the photon modes, eventually producing confinement. If
the planar MC has one or more embedded quantum wells and displays polariton
modes, then confined polaritons will arise by virtue of this mechanism. A very
shallow pattern is enough to produce confinement of a few polariton modes. As an
example, the sample in Ref. [36] has circular mesa patterns of 6 nm height and
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three different diameters: 3.6, 9 and 19 pm. The 6 nm height corresponds in a
GaAs MC to a variation of the photon mode energy of about 9 meV. As a result, the
smallest diameter mesa clearly shows three confined modes of the lower polariton,
and three corresponding confined modes of the upper polariton. The energy quan-
tization amounts to about 1 meV in this sample, and it is smaller (with correspond-
ingly more extended modes) for the two larger mesas. The interest in this kind of
samples lies in the presence of both confined and extended modes, due to the finite
height of the energy barrier in the confining potential. The photoluminescence
measurements clearly show both lower and upper confined polaritons, displaying
an anticrossing behaviour as the exciton-cavity detuning is varied. The spectral lines
are very narrow, suggesting that the interfaces are very flat within the mesa region.
These polariton quantum boxes can thus reduce the polariton linewidth to the
minimum value determined by the cavity mode lifetime. Thanks to the ease in
fabrication and optical addressing, this new technique is very promising for the
realisation of systems of coupled polariton quantum boxes that are an ideal system
for the observation of polariton quantum fluids and nonclassical states.

1.5
Conclusions

We have reviewed the most important developments in the field of MC-polaritons
during the last fifteen years. Started as a straightforward extension of three-
dimensional polariton physics, this area of research has now become extremely
active after the recent developments in polariton parametric effects, the possibility
of Bose-Einstein condensation, and the evolution towards polariton nanodevices. It
involves an increasingly large number of research groups in the world, who are
currently exploring new fronteers along the directions of nanostructure engineering
and the use of new materials. The feeling within the community — beautifully ex-
pressed by the various contributions to the present volume — is that the time is not
far when polariton devices will become a perfect workbench for studying funda-
mental quantum physics, and a prominent technology for modern quantum opto-
electronics.
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Chapter 2
MBE Growth of High Finesse Microcavities

Ursula Oesterle, Ross P. Stanley, and Romuald Houdré

2.1
Introduction

Fabry—Perot resonators, consisting of two Distributed Bragg Reflectors (DBRs),
separated by a cavity with active medium such as (In,Ga)As quantum wells, are the
basis of a wide range of devices, i.e. lasers, enhanced photodiodes, and light emit-
ting diodes [1, 2]. These vertical microcavity structures containing at times
hundreds of different layers require highly stable growth conditions, with precise
control over compositions and individual layer thickness, while maintaining
smooth interfaces. Although advanced growth techniques such as molecular beam
epitaxy (MBE) and metal-organic chemical vapour deposition (MOCVD) can provide
the critical tolerances, they are being pushed to their limits. In this chapter the
growth by MBE and characterization of such high finesse microcavity structures
using a combination of different diagnostic tools will be discussed.

2.2
Principles of MBE Growth

MBE is a cold wall vacuum evaporation technique [3]. True to its name, molecular
beams generated from heated effusion cells interact on a heated crystalline substrate
to produce a single-crystal epitaxial layer. Because of the ultra high vacuum environ-
ment (starting at a base pressure of <1 x 107 mbar and going up to 5 x 107 mbar
during growth), the flow of components from the sources to the substrate is in the
molecular flow regime. Thus the beams can be considered unidirectional with negli-
gible interaction between them. Shutters in front of the source effusion cells control
the atom beam flow towards the substrate.

The atom arrival rate, which is related to the element vapour pressure, is con-
trolled through the temperature of the effusion cells. Typical growth rates in MBE
are in the order of one monolayer per second (1 um per hour). This allows epitaxial
layers with different compositions to be deposited a single monolayer at a time with
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atomically abrupt interfaces between layers. Since the typically growth temperature
is low (550-650 °C for GaAs), interdiffusion between layers and surface accumula-
tion effects can be considered negligible. Under normal growth conditions, all the
incident group III atoms stick to the substrate and only enough group V atoms
adhere to satisfy the group III atoms giving rise to stochiometric growth. The excess
group V species are desorbed. In this case, the epitaxial growth rate and compositi-
on are proportional to the group III flux rates, which are controlled through the
temperature of the source effusion cells.

At high enough substrate temperature, desorption of the group III element
atoms can become significant and their sticking coefficients are no longer unity.
The surface migration and desorption of the group III elements depends on the
bond strength, which varies from element to element; aluminium has a higher
bond strength than gallium, gallium in turn has a higher bond strength than in-
dium. Consequently aluminium migrates less easily than gallium, and therefore
requires a higher substrate temperature and less arsenic for growth. Indium, in
InAs on the other hand, starts to desorb at rather low temperatures, around 560 °C,
compared to 640 °C for gallium in GaAs and 750 °C for aluminium in AlAs [4, 5].
Desorption of the group III elements changes the growth rates but stochiometric
growth persists as long as there is sufficient arsenic to incorporate.

2.2.1
Growth of Al Ga,_,As/AlAs DBRs

Distributed Bragg Reflectors (DBRs) are stacks of alternating high and low refracti-
ve index materials, where every layer has a A/4 optical thickness. They can easily
contain at least 25 pairs and be several microns thick. Smooth interfaces and preci-
se accuracy in the individual layer thickness are key param-eters for very high re-
flecting DBRs. As the thickness of an epitaxial layer is controlled through the
III-material source flux, very stable temperature of the source effusion cells and a
continuous supply of source material are imperative throughout the whole growth
time, which can easily take 12 hours. Smooth interfaces are only formed when two-
dimensional growth, which is related to the substrate temperature and the arsenic
flux, persists throughout the whole growth process.

DBR mirrors with the best optical properties are grown at relatively high sub-
strate temperatures (620-630 °C) to overcome the limited surface migration of alu-
minium, yet still be below the temperature at which gallium starts to desorb. The
optical pyrometer used to measure the temperature of the substrate works around
the same wavelength (950 nm) as the centre wavelength of the DBR structures
being grown. As soon as a few pairs of the DBR mirror are grown they interfere
with the pyrometer reading, leading to erroneous temperature measurements. To
overcome this problem, the power setting of the substrate heating filaments is
calibrated against the temperature measured by the pyrometer before initiating
growth. These values are then used to change the substrate temperature during the
growth, independent of the pyrometer reading.
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The interference of the pyrometer reading with the reflection of the DBR structu-
re being grown leads to an oscillation in the pyrometer reading correlating the
period of the mirrors, which means the number of periods grown can be counted
from the number of oscillations. A quarter wavelength oscillation in the pyrometer
reading corresponds to an optical thickness of the growing layer of A/4 for this
wavelength. Therefore, oscillation in pyrometer temperature readings can be used
for in-situ control of the thickness of DBRs centred on the same wavelength [6].

2.2.2
Growth of (In,Ga)As Quantum Wells

Two factors need to be taken into consideration when growing (In,Ga)As structures:

1. (In,Ga)As has a larger lattice parameter than GaAs and is therefore compressively
strained in the plane. When growing (In,Ga)As on GaAs, a correction factor in
the growth rate, which takes into account the lattice deformation due to the
strain has to be introduced.

2. Indium starts to re-evaporate at relatively low substrate temperatures and a cor-
rection for the lost indium has to be taken into consideration when growing at
higher substrate temperatures.

Although, higher substrate temperatures (around 600 °C) may give better
(In,Ga)As quantum wells [7], precise control of indium incorporation is lost. When
accurate composition and thickness of the quantum wells is needed (i.e. emission
at a well defined wavelength), the substrate temperature should be below the indi-
um desorption temperature. In this work, the In,,Ga;gAs quantum wells on GaAs
were typically grown at low substrate temperatures, 520—530 °C using high growth
rates under excess arsenic conditions.

2.23
Growth of Vertical Cavity Structures

A typical microcavity structure used in our work, consists of two sets of 20—27 pairs
(Ga,Al)As/AlAs DBR mirrors separated by a 3/2 lambda GaAs cavity with two sets
of 3 (In, Ga)As quantum wells, see Fig.2.1. When growing a complete vertical
cavity structure, the growth of the DBR mirrors, the GaAs cavity spacer and the
(In,Ga)As quantum wells all have to be compatible. This means making compromi-
ses in the substrate temperatures and growth rates of the different materials. As the
(In,Ga)As quantum wells in the cavity need to be grown around 520 °C, the DBR
mirrors are grown at a substrate temperature as low as possible without losing
optical quality, i.e. 590—600 °C.

When designing microcavity structures for optical pumping of the GaAs cavity,
the DBR mirrors need to be transparent to pump beam. Thus the GaAs in the DBR
mirror is replaced with Aly;GageAs. To grow such Aly;Ga,,As/AlAs DBRs at rea-
sonable growth rates requires two Al sources: one for the AlAs layers and one with a
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Fig. 2.1 Typical microcavity structure consisting of a bottom
(Al,Ga)As/AlAs DBR, a 31/2 GaAs cavity with 2 sets of 3 (In,Ga)As
quantum wells and a second (Al,Ga)As/AlAs DBR. The total thickness
is over 7 um.

much lower flux for the small amount of aluminium in the Aly;Ga,,As layers.
However, when only one aluminium source is available, the Al;,Ga;,As can be
grown as a pseudo-alloy, i.e. a short period superlattice of binaries. If the individual
layers in the superlattice are thin enough, the carriers will tunnel through them and
the pseudo-alloy will have the same properties as the bulk material [8]. In our case,
this solution was chosen and the Al,;Ga,,As was grown using a superlattice with a
40 A period, consisting of 4 A AlAs and 36 A GaAs.

The calibration of the absolute growth rates as well as the short term fluctuations
and long term stability of the effusion cells are crucial. In order to achieve the neces-
sary precision, the flux from the effusion cells (equivalently the growth rate) has to be
measured just before the actual growth of the structure, once the effusion cells have
been stabilized at the growth temperatures. Classical calibration techniques such as
RHEED oscillation measurements or measuring the fluxes using the ion beam gauge
on the substrate manipulator (which may give precise ratios between the fluxes), are
not sufficiently accurate for the absolute growth rate values required here.

In our case, a calibration sample consisting of a 5-pair AlAs/GaAs DBR and an
(In,Ga)As quantum well is grown, once the cells had been given enough time to stabi-
lize at growth temperatures, and just before commencing the growth of the final
vertical cavity structure. The current growth rates of the aluminium and gallium
sources are determined from X-ray diffraction measurements of the 5-pair DBR, while
photoluminescence of the quantum well, is used to determine the indium growth
rate. In order to not perturb the equilibrium in the cells, the gallium and aluminium
cell temperatures are not changed. Instead thickness adjustments are made by chang-
ing the time for the growth of each layer. Composition corrections of the (In,Ga)As
quantum wells are made by changing the indium cell temperature. Such adjustments,
if any, are minute. This calibration procedure of characterizing a test structure before
the growth of high finesse microcavities and does not take longer than RHEED oscil-
lation measurements and proved to be more successful for our needs.
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2.3.1
Error Tolerance

A simultaneous alignment of the peak emission wavelength of the active medium,
the peak reflectivity of the DBR mirrors and the Fabry—Perot mode is essential for a
resonant microcavity structure. The peak emission wavelength of the strained quan-
tum wells depends both on the indium composition and the thickness of the quan-
tum wells. For the DBR mirror, the peak reflectivity wavelength depends on the
thickness of all layers in the mirror stack. The cavity resonance depends both on the
thickness of the cavity as well as the layers in the DBR mirror. Thus, the rate at
which each feature of a microcavity structure shifts with changes in the growth
rates varies. Small errors in thickness and composition of the individual layers in
the structure can already lead to deteriorations of the optical properties.

The stopband has a maximum width and a maximum reflectivity when both
types of layers in the DBR have the same optical length, and the thickness of each
type of layer corresponds to roughly to a quarter wavelength optical path. The effect
of a systematic error in the thickness of the layers in a DBR stack is shown in
Fig. 2.2. These simulations show that the effect of a systematic error in one type of
layers in the DBR stack shifts the stopband, but does not significantly degrade the
peak reflectivity. A decrease in thickness of the layers shifts the peak reflectivity to a
shorter wavelength. In case (b) of Fig. 2.2, a 5% reduction in the thickness of the
AlAs layers reduces the peak reflectivity from 99.95% to 99.91% and shifts the

msamug

Fig. 2.2 Simulation of a 20-pair
AlAs/GaAs DBR centred at 940 nm
showing the effect of a systematic
error. In case (a) all the layers have a
A/4 path, (b) all the AlAs layers are
reduced in thickness by 5%, (c) all the
AlAs layers are reduced in thickness by
5% while all the GaAs layers are in-
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stopband by 30 nm to shorter wavelength. The width of the stopband depends on
the thickness of the individual layer and reduces with any errors in the optical
length. However, the position of the stopband depends on the optical thickness of
a mirror pair and not on the thickness of the individual layers when there are
many pairs in the DBR. Thus, the period thickness and not the individual layer
thickness is the crucial parameter for the mirror to be centred at the right wave-
length. The most likely error during growth is a drift of the source fluxes due to
the emptying of the cells. Such a systematic error leads to inhomogeneous layer
thickness and can destroy the properties of the Bragg mirror.

The wavelength at which the cavity resonance is positioned will ultimately deter-
mine the emission wavelength of a microcavity device. Assuming a non-dispersive
medium, any error in the position of the Fabry—Perot mode is due to errors in the
thickness of the layers. As the cavity consists of GaAs, an error in the gallium flux
will shift the Fabry—Perot mode as well as the peak reflectivity of the DBR, which
shifts at a slower rate than the Fabry—Perot mode. Due to the penetration of the
optical wave into the DBR mirror an error in the aluminium flux will not only shift
the peak reflectivity of the DBR accordingly, but also induce a slight shift of the
Fabry—Perot mode. A systematic error of 5% in all the layers will shift the peak
reflectivity of the DBR as well as the Fabry—Perot mode, such that it will remain
roughly in the centre of the stopband.

Finally, the Fabry—Perot mode has to be aligned with the peak emission of the
quantum well. For (In, Ga)As quantum wells, the band gap decreases with increasing
indium composition. At the same time the confinement energy of the electrons and
holes decreases with increasing well width. Taking a 75 A In0.2Ga0.8As quantum
well as an example: A 10% increase in the gallium flux will increase the well thick-
ness, shifting the emission wavelength to a longer wavelength by 3.8 nm. At the same
time the extra gallium causes a decrease in the indium composition, which will shift
emission wavelength to a shorter wavelength by 3.1 nm. Therefore a 10% error in the
gallium flux will cause no significant net shift of the energy of the quantum well. Also
a small error in the indium flux will have no significant effect on the emission wave-
length, considering that the indium composition in the quantum well is <20%.

Independent of errors in the growth rates, the inhomogeneity of the fluxes from the
effusion cells will automatically induce a thickness variation across a wafer. In some
cases, this inhomogeneity can be turned into an advantage to voluntarily induce a
thickness gradient in the cavity spacer layer by momentarily stopping the rotation of
the substrate during growth. In these structures the DBR stopband and the gain
spectrum of the quantum well stay roughly the same across the wafer, whereas the
Fabry—Perot mode varies by about 30 nm across the wafer for a 2 minute rotation
stop. This ensures that resonance conditions occur at some point on the wafer.

2.3.2
Structural Properties

The wedge transmission electron microscope (TEM) image of a microcavity struc-
ture, shown in Fig. 2.3, consists of three (In,Ga)As quantum wells in a GaAs cavity
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with an AlAs/Al,,Ga,,As DBR on both sides — 27 pairs on the substrate side and
20 pairs on top. When exposed to air, AlAs oxidizes strongly inducing the strong
bending of the thickness fringes seen in the image. The images show how small
the cavity (266 nm) is compared to the whole structure of over 7 um. The insert
shows an enlargement of the cavity with the three (In,Ga)As quantum wells, where
the dispersion of the thickness fringes in the quantum wells is due to the built-in
strain. While the AlAs on GaAs interfaces are flat, the GaAs on AlAs interfaces

SVIV

3xInGaAs Alo,‘[ Ga 09AS

cavity

S
growth direction

Fig. 2.3 Wedge TEM image showing a complete microcavity struc-
ture consisting of a 27-pair top DBR, a A GaAs cavity and a 20-pair
bottom DBR. The insert is an enlargement of the cavity region,
showing 3 (In,Ga)As quantum wells and the superlattice structure
of the Aly Gag gAs layers in the DBR.

Al).1Ga0.9As

AlAs

3 x InGaAs

Fig. 2.4 X-section TEM of the cavity region, with a GaAs/AlAs DBR on
one side and an Al ,Ga, As/AlAs DBR on the other side of the cavity.
The Al ,Ga,,As layers consist of a superlattice structure of 4 A of AlAs
and 36 A of GaAs. The three thick dark lines in the centre are the
(In,Ga)As quantum wells.
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show roughness. Growth of GaAs tends to flatter the growing layer, while growth of
AlAs induces some roughness due to the limited surface mobility of aluminium.
The amplitude of the roughness is in the order of 20 A and the undulation of the
order of 50 A. A closer look at the Al,,Ga,oAs layers shows their pseudo-alloy struc-
ture, where the dark lines are the 4 A AlAs layers and the lighter layers between the
dark lines correspond to 36 A of GaAs, see Fig. 2.4.

X-ray diffraction measurements show two distinct groups of features; one set
originating from the quantum well structure and the second set close to the sub-
strate originating from the DBR structure, see Fig. 2.5. Although the overall shape
of the features arising from the cavity and quantum wells can be easily understood,
simulations are necessary to determine numeric values of the quantum thicknesses
and composition. The periodicity and composition of the mirrors can be calculated
from the angular position of the satellites around the substrate peak. To obtain
more precise results, measurements are carried out close to the GaAs (002) as
well as (004) directions and over a 180° spread in azimuth position to counteract the
effects of residual substrate disorientation [9].

In the example in Fig. 2.6, consisting of a 20-pair AlAs/Al;,Gay,As DBR, the
satellite peaks have a full width at half maximum (FWHM) of 15 arcsec, which is
close to the theoretical values, and show no broadening up to the fourteenth order
implying good crystal quality and little variation in thickness between individual
layers. A fit to the X-ray satellite peak gives a mirror periodicity of 1438.6 A for the
satellites close to the GaAs(002) reflection and 1439.9 A for those close to the
GaAs(004) reflection, giving an average period of 1439 + 1 A. The Al concentration
in the (Ga,Al)As pseudoalloy is in the range of 9.5-10% depending on the model
used [10, 11].
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Reflectivity and photoluminescence [12] measurements are not only used to charac-
terize the optical properties of the microcavity structure but can give a lot of insight
to growth related parameters such as growth stability, uniformity of growth, materi-
al purity and upper limits of long-range interface roughness. At the same time they
give a good estimate for internal absorption and for material composition when
combined with X-ray diffraction measurements. An empty microcavity (with no
active medium) is an excellent structure to extract growth related parameters
through optical measurements. The width of the Fabry—Perot mode is directly
related to the reflectivity of the DBR mirrors. However, if quantum wells are pre-
sent the Fabry—Perot linewidth is limited by the quantum well absorption. The
empty cavity structure used in the discussion below consists of a bottom DBR mir-
ror consisting of 27 pairs of (675 A A1y,Ga,4As)/(764 A AlAs); a 2670 A GaAs cavity
and a 20-pair (675 A Al;Gag,As) /(764 A AlAs) top mirror. Due to the fact that
only one aluminium source was available for the growth, the Aly;Gaj,As was
grown as a pseudo-alloy consisting of 4 A AlAs and 36 A GaAs.

Figure 2.7a shows a reflectivity spectrum taken at the centre of the sample. There
is a wide stopband from 880 to 975 nm, with sideband minima to either side. In the
middle a sharp Fabry—Perot mode can be seen. The Fabry—Perot mode is shown
with greater resolution in Fig. 2.7b. The solid line is a Lorentzian with a FWHM of
0.95 A. When including instrumental resolution this corresponds to a linewidth of
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Fig. 2.7 (a) Reflectivity spectrum of an empty cavity structure.
The solid line is a calculated curve. (b) Details of the Fabry— Perot mode.
The solid line is a Lorentzian with a full width half maximum of 0.95 A.

0.84 A. The minimum reflectivity is 40% while the maximum transmission is 20%
implying that 40% is absorbed or scattered by the sample. Taking into account the
absorption of the n-doped substrate, measured to be ~12 cm™, the corrected re-
flection, transmission and absorption in the FP section are 37%, 48%, and 14%
respectively. These values place a limit of 0.9 cm™ on the internal losses due to
absorption of scattering. Such a small number is indicative of material with very
good optical quality.

The exact form of the reflectivity spectrum is highly sensitive to the periodicity
and composition of the individual layers. When the structure deviates far from the
ideal form, the spectrum can become complicated to analyse. In our case the struc-
ture is close to ideal, allowing a lot of information related to the growth to be extrac-
ted. However, to avoid any measurement errors a narrow and highly parallel beam
has to be used.

The reflectivity spectrum was calculated using the known dispersion relations of
GaAs, Aly;GagoAs and AlAs, along with the knowledge of the individual layer
thicknesses measured by X-ray diffraction. Care was taken to measure the same
spot on the sample with both X-ray and optical measurements. The standard me-
thod of transfer matrices was used to calculate reflectivity [13]. The results are
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shown as the solid line in Fig. 2.7a. The only unknown parameter was the position
of the Fabry—Perot resonance, which could not be measured by X-ray diffraction.
The most uncertain parameter is the concentration of Al in Al,Ga;_As. The effect
of changing the concentration is to shift the position of the stopband and to change
its width. The best agreement with measurement is obtained with a value of 9.7%
Al which falls in the range 9.5-10% calculated from the X-ray data.

In a perfect DBR microcavity the pairs of side-lobes on each side of the Fabry—
Perot resonance are symmetric. Any variation from the ideal structure leaves well-
defined traces in the side-lobes and so the side-lobes can be used to determine any
deviations from ideal. In other words, the side-lobes are characteristic for a sample.
In Fig. 2.7a there is a strong asymmetry, with the short wavelength pair having
equal heights while the long wavelength pair has very different heights. This can be
simulated by assuming that the second mirror is thinner than the first mirror. The
agreement with the measured spectra is excellent if the second mirror is assumed
to be 0.25% thinner than the first mirror. This thickness variation is small consid-
ering that the growth for this sample lasted 20 h, i.e. 10 h from the middle of the
first mirror to the middle of the second. The reflectivity spectrum of a DBR Fabry—
Perot is very sensitive to any relative change between the two mirrors because it acts
as a differential measurement, where the reflection minima are due to interplay of
both mirrors.

More information can be extracted from the linewidth of the Fabry—Perot mode,
when comparing cavities with high mirror reflectivities with theoretical calcula-
tions. The finesse can be calculated from the linewidth AX of the Fabry—Perot mode
at the wavelength A by [13]

_ freespectralrange 4 )
AL mAA

F

where m is the order of the fringe. A A sized cavity is a second order cavity (m = 2)
so with = 9300 A and A\ =0.84 A this gives a finesse of 5530. However, as the
phase shift depends on the wavelength for dielectric mirrors the cavity is effectively
longer than the spacer layer and this increases the finesse over a similar structure
with ideal or metallic mirrors. This may be taken into account by using an effective
order, mqg For our sample, m = 2 and mg=7.54. The reason for using m. is that
many authors quote the finesse in terms of a local free spectral range divided by the
linewidth, which is equivalent to using m.y in Eq. (1). Taking this definition the
effective finesse, Fg, of the cavity becomes F ¢ = 1470.

For ideal mirrors the finesse can be related to the reflectivity of the front and back
mirrors in the limit of high reflectivities by

F=nJR/1-R) 2)

Using the effective finesse determined above, the experimental mirror reflectivity
will become R = 99.82%. The theoretical linewidth of a Fabry—Perot resonance
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calculated both analytically and using the transfer matrix method for multilayer
structures, is equal to 0.4 A as opposed to the measured linewidth of 0.84 A. Be-
sides measurement errors due to using a convergent probe beam, the difference
between these values can be attributed to several factors: (a) residual absorption or
scattering at interfaces, (b) diffraction losses due to mirror roughness, and (c) cavity
width fluctuations.

The possibility of internal loss, due to either residual absorption or scattering at
interfaces, can be calculated by including a distributed loss in the theoretical calcu-
lations. The internal losses of <0.9 cm™ assessed above set an upper limit of a
linewidth of 0.5 A. This factor is not as important in the observed linewidth, as
expected from high purity undoped material.

Secondly it is known that MBE growth leads to interface roughness in the order
of a few monolayers. Davies [14] has shown that for a surface with micro-roughness
the distribution of heights alone is sufficient for calculating its reflecting and scatte-
ring properties. Given a Gaussian distribution of heights where o <\, an ideal
mirror of reflectivity R, has its reflectivity at normal incidence reduced to

R=R, exp[-(4nc/A)] 3)

A linewidth of 0.9 A implies that the FWHM of the height distribution is ~50 A.
From TEM images, the growth is known to be smoother than this. So one can
conclude that micro-roughness is a relatively unimportant scattering mechanism at
normal incidence in comparison to large scale roughness.

Finally besides surface roughness, large scale thickness variations also influence
the Fabry—Perot linewidth. The effective finesse of the cavity indicates that average
cavity width fluctuations across the diameter of the probe spot are less than 0.5 A,
which implies that the mirrors are both very flat and highly parallel. Due to the
growth conditions the sample is thicker in the middle than at the edges.
The narrowest linewidth was measured in the very centre of the sample where the
sample variations are minimal. To either side of this region the cavity linewidth
increases by 50% to 1.5 A implying that the difference in the theoretical and meas-
ured linewidths is due to the very slight curvature of the sample.

2.4
Conclusion

Resonant microcavity structures require simultaneously alignment of the DBR
mirrors, the cavity and the quantum well emission. From the growth point of view,
it is fairly easy to obtain the right peak emission wavelength of the quantum well.
However, the alignment of the stopband of the DBR is more sensitive than the
quantum wells to errors in thickness and composition induced by the growth, while
the position of the Fabry—Perot mode is the most sensitive component. Combining
information extracted from different characterization techniques such as X-ray dif-
fraction, TEM and detailed analysis of reflectivity measurements including both the
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finesse and the side-lobes can provide valuable insights to growth related parameters
such as growth stability, uniformity of growth, and giving upper limits of long-range
interface roughness. This growth related feedback is crucial to the growth of such
highly sensitive structures like resonant high finesse microcavity devices. In the end,
what really counts for microcavity devices are the optical properties of the structure
and how the optical wave sees the surface roughness and thickness variations.

DBR microcavity structures with Fabry—Perot linewidths of 0.84 A at 930 nm,
implying finesse in excess of 5500 and an effective finesse greater than 1450 can be
grown by MBE. Detailed characterization of such structures show that: (i) DBRs
with reflectivity as high as 99.82% are attainable, (ii) the internal losses are <1 cm™
and are not a limiting factor of the Fabry—Perot linewidth in undoped structures,
(iii) the stability of the growth is better than 0.25% over 10 hours, (iv) the variation
in the homogeneity of the source flux during growth is the limiting factor of the
finesse, and (v) samples show a very slight curvature of 1/10*
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Chapter 3
Early Stages of Continuous Wave Experiments
on Cavity-Polaritons

Romuald Houdré

3.1
Introduction (1992)

The aim of this paper is to highlight the historical context of the early stages of the
continuous wave experiments performed on cavity-polariton with M. Ilegems dur-
ing the period 1992-2000. The other key players of this work were C. Weisbuch,
R. P. Stanley and U. Oesterle.

The first encounter with what was initially called exciton vacuum field Rabi splitting
and the group of M. Ilegems occurred some day in early 1992: C. Weisbuch, with
whom we had very close collaboration and who used to spend week (and weekend)
long visits in our group, convinced us to work on what he familiarly used to call his
“Japanese effect” he had recently observed [1] during a sabbatical stay in Japan. At this
time a one to one comparison with the atomic physics case was the best picture we
could imagine of the phenomenon and we could somewhat naively describe it the
following way: Two regimes for photon—matter interaction can occur when the num-
ber of photon modes is reduced by a microcavity, those of weak and strong coupling.
In the first one the spectral width of the emission can be much narrower than in free
space and the spontaneous emission rate can be altered [2, 3], either enhanced or
inhibited. The change in spontaneous emission rate had led to much interest in mi-
crocavity structures [4, 5]. The strong coupling regime corresponds to an active me-
dium with atomic-like transitions inside a microcavity so strongly coupled to the
photon modes that the position of its energy levels is altered by this coupling. In such
a regime, the normal perturbative approach of Fermi’s golden rule breaks down [6].

The cavity quantum electrodynamics (CQED) treatment of a two level atomic
system resonantly coupled to a single photon mode predicts that the eigenstates of
the system are no longer the photon and atomic oscillator states

|e>at |O>phol and |g>at |1>phot (1)

(where e and g denotes the excited and ground states of the atomic oscillator and 0
and 1 the optical cavity mode with 0 and 1 photon) but two mixed symmetric and
antisymmetric states:
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) = Curle)a [0} ot + Co 18Dt 1)y (2)

=) =Co 16D 10} ot = Con 18D 11D et &)
The energy separation being

4,=12=gl+n 4

where g is a coupling factor that only depends on the dipole matrix element and the
cavity volume, and » is the number of photons in the cavity [7]. For zero photons
(n=0), a splitting still occurs, which can be regarded as coupling between the
atomic oscillator and the vacuum field of the cavity (i.e. in the absence of a driving
field). This effect was first called vacuum field Rabi splitting by J. J. Sanchez-
Mondragon et al. [7] as it is related to the textbook case of intense field Rabi split-
ting [8, 9] which, in the present case, is induced by the zero point field fluctuations
in the cavity. If several atomic oscillators are present it can be shown [10] that the
coupling constant increases as the square root of the number N of atoms:

g.0(N)=gyVN (5)

Provided the system is prepared in a pure atomic oscillator or photon oscillator
state, it will oscillate between these two states at the Rabi frequency 2. In a classical
description, the overall system exhibits an anticrossing behaviour when both oscilla-
tors are resonant, with the two split modes corresponding to the normal modes of
the system. In an atomic transition language, one considers the system as undergo-
ing a coherent evolution with a photon being absorbed by an atom, which subse-
quently emits a photon with the same energy and wave vector k, the photon being
reabsorbed, and so on.

The conditions for observation of Rabi splitting obtained from a linear dispersion
model or CQED are the following. The Rabi frequency must be larger than the
damping rate of both oscillators, i.e. £2 > Y.y, and 2 > v, The matching condi-
tion of both oscillator linewidths implies that, provided that the conditions for vac-
uum field Rabi splitting are fulfilled, improving one oscillator only is detrimental.
In other words, if the cavity damping rate is too long (“too high” Q) the system is
badly coupled to the outside world and the coupled particle decays via nonradiative
processes before being emitted out of the cavity. The maximum splitting Q2
reached when both oscillator linewidths are matched. Q,_,,
electric dipole matrix element of the atomic transition (4) (or the oscillator strength

max 1S
is a function of the

(f) in a classical model), N the number of atomic oscillators and the cavity size is
Veavity (i-€. the length for a planar cavity or the volume for a 3D cavity):
ty g 1% ty ty

Q.o S ocd /L (6)
Vcavity Vcavity
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A relevant physical parameter that can be used as experimental evidence of vacuum
field Rabi splitting is absorption (i.e. the dielectric susceptibility) [10], neither reflec-
tivity nor transmission are unambiguous parameters [11]. The existence of two split
levels in the cavity + atom system is evidenced by transitions that can occur at these
energies. Existence of a structure in reflectivity does not make the distinction be-
tween absorption and a change in the reflectivity/transmission balance (see below).
This important point is, even now, often forgotten and led to repetitive erroneous
claim by newcomers in the field.

Vacuum field Rabi splitting had been a domain of interest in atomic physics for
many years. In order to observe a similar effect in solids we need the equivalent of
both atomic and photon oscillators in a monolithic semiconductor structure. Semi-
conductor microcavity structures have very simple 1D implementations: planar
Fabry—Perot microcavities where the mirrors are multiple quarter-wave stacks
distributed Bragg reflectors (DBR’s) are used for the optical resonator, whilst for the
the atomic transition counterpart, excitons are the obvious choice. Due to the elec-
tron—hole interaction the oscillator strength of the electron-hole continuum in the
volume of the exciton is concentrated at the exciton energy, making it equivalent
to a two level atomic system [12]. Quantum well excitons have the advantages of
an increased oscillator strength and an increased binding energy compared to bulk
ones and it is also possible to locate them at the exact optical field antinode posi-
tions inside the cavity.

With this simple but very fruitful comparison we had in mind all the very exciting
concepts developed in quantum optics [6] and we did not worry much about an old
paper in atomic physics by Y. F. Zhu et al. [13], arguing that even in atomic physics,
this so-called vacuum field Rabi splitting did not require any quantum field theory
or even quantum mechanics to be explained and that, probably quantum effects, if
any, were to be searched in more subtle properties and experiments.

First practical application that was sought was an exciton emitter at room tem-
perature oriented toward the once fashionable threshold-less laser [4, 5, 14, 15]. This
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Fig. 3.1 Thermalization and bottleneck effect in the photoluminescence
of cavity-polariton, original and current picture. Reprinted from [51].
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idea was indeed described in one of the workpart of the Esprit European program
named SMILES. The very simple original thoughts were as follows: It was hoped
that strong coupling would lead to a new fast and efficient recombination channel
in semiconductors at room temperature: whereas in weak coupling excitons are
readily ionized after formation before recombining, the strongly coupled exciton
can decay radiatively very quickly before re-ionizing with a lifetime of the order of
twice the photon lifetime in the empty cavity (Fig. 3.1). As usual things did not turn
out as expected and led to the current picture depicted in Fig. 3.1 that will be dis-
cussed in Section 3.5.

The first conference or summerschool with long discussion session on Rabi
splitting in semiconductors occurred at the Erice summerschool in Sicily entitled
“Confined electrons and photons” in 1993.

3.2
First Liquid Nitrogen and Room Temperature Observation (1993)

The first objective to achieve, if any practical application was ever going to exist, was
to obtain strong coupling at liquid nitrogen temperature first and then at room
temperature. Thanks to the expertise on growth and fabrication of VCSEL acquired
in the past, this was an easy task. The design of the first samples was very close to
the design of an optically pumped VCSEL.

GaAs substrate

air 4 A AlAs
[ M4 AlIGaAs \ 36 A GaAs
% M4 AlAs 4AAIAs ¥ 2
= | M4 AlGaAs . o=
— ° . < =)
o) x 15 < o
o0 . - EE— O =
g | ——mM 36 A GaAs = 2
MAAIAs 36 A GaAs
= M2 GaAs
=
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Fig. 3.2 Sketch of a semiconductor microcavity. After [17].



3.2 First Liquid Nitrogen and Room Temperature Observation

A sketch of a semiconductor microcavity is shown in Fig. 3.2. The low (high) index
material is usually AlAs (GaAs) where the refractive index is n=2.96 (3.54). For
optical pumping it can be useful to use Al,Ga,_,As (x = 10%) instead of GaAs. The
alloy is sometimes grown as a pseudo alloy for molecular beam epitaxy technical
reasons. The quantum wells are In,;Ga,g,As and 75 A thick, allowing experiments
in reflection and transmission. In the design of the quantum well, a compromise
between the limitations induced by the mismatch strain, the increasing oscillator
strength and inhomogeneous linewidth broadening when decreasing the thickness
has to be made. In optimizing the structures to achieve a large splitting a compro-
mise also needs to be made because, although 2 increases with f*/2, it decreases
with the cavity length. In practice all the quantum wells cannot be positioned
where the field intensity is maximum. A structure factor arises from the phase
difference between the different wells and thus 2 grows more slowly than the
square root of the number of quantum wells. The cavity of the structures that have
been investigated is 34/2 long (i.e. two usable anti node positions) with 3 quantum
wells at each anti node. The splitting can then be studied as a function of the detun-
ing, 8= Epp — Ey, between the Fabry—Perot mode and the exciton energy by making
use of the fine sample inhomogeneity across the wafer.

Figure 3.3 shows the cavity-exciton absorption spectrum, at 77 K, of the structure
described in Fig. 3.2 when both the Fabry—Perot mode and the quantum well exciton
are at resonance. The absorption (A) spectrum was deduced from reflectivity (R) and
transmittivity (T) measurements. Moreover the structure was deliberately unbalanced
(i-e. the reflectivity of the back mirror is greater than the top one) so that at resonance
T<R,then A=1-R- T~ 1- R. The splitting is 8.8 meV. A linear dispersion model
was used [13]: In atomic physics it consists of modelling the atomic system by a set of
classical Lorentz oscillators and the cavity by the standard Airy description of a Fabry—
Perot. The DBR-FP is modelled by a standard transfer matrix method and a 2D exci-
ton is included with a Lorentz oscillator dispersive dielectric constant:

fq'n 1
me,L, el —€* —iye

sle)=n(e) =¢, +

o

()

where f'is the oscillator strength per unit area, q(m) the charge (mass) of the elec-
tron and L, the quantum well thickness, ¢, the exciton energy and y the exciton
linewidth. The continuous line in Fig. 3.3 is a fit, where the fitting parameters are
the oscillator strength and the excitonic linewidth which is assumed to be the in-
homogeneous linewidth. The inhomogeneous linewidth (2.7 meV) and the oscilla-
tor strength (4.8 x 10" cm™ per quantum well) are in good agreement with the
literature [16]. It should be noticed that this fitting procedure allowed one of the
most accurate and reliable measurements of the oscillator strength of a quantum
well exciton. Figure 3.3 shows the absorption spectrum, measured under normal
incidence, of the same nominal structure tuned so that the cavity and the quantum
wells are resonant at room temperature. The splitting is now 4.6 meV. An excellent
fit is obtained with the same oscillator strength that was measured at 77 K, by add-
ing to the 77 K inhomogeneous linewidth the homogeneous linewidth given by LO
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Fig. 3.3 77 K'and 300 K absorption spectrum. The solid line is a linear
dispersion model fit. The oscillator strength per quantum well is
4.8 x 10" cm™. Reprinted from [17].

phonon scattering at 300 K (=6.5 meV). No broadening due to band to band transi-
tions is observed in this case because of the smaller Rabi splitting.

33
Cavity-Polariton Dispersion Curve (1994)

The term cavity-polariton was used for the first time in 1993-1994 in [17] where
some remarks implied the claim for the existence of an underlying cavity-polariton
dispersion curve resulting from the anti-crossing behaviour between the exciton
and Fabry-Perot cavity dispersion curves. It became apparent that we were
measuring this dispersion curve when performing angle resolved photolumines-
cence, but the question why we were measuring it in this case whilst we knew this
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was never the case for bulk exciton-polariton or exciton in a quantum well, eluded
us for a while, although explanation was just in a couple of drawing (thanks to
discussions with D. Citrin and L. C. Andreani). However at this time, the field was
quite small and sedate and angle resolved measurements remained in a drawer,
not-understood for more than a year.

The physical picture is the following: a quantum well exciton state, with a well-
defined transverse k-momentum (k;), is coupled to a single cavity-photon mode
with the same in-plane wavevector due to momentum conservation enforced by the
in-plane translational invariance of the electronic and photon systems. This selec-
tion mechanism explains why the single atomic picture of two coupled levels ap-
plies here although we are dealing with a pair of two-dimensional continuum sys-
tems. For a given k, a single photon mode and the single coupled exciton interact
with an equivalent oscillator strength of about 10'? atoms [18]. While experiments
previously reported dealt with the optical response of the coupled exciton-cavity pho-
ton mode as seen through reflectivity or transmission, it was important to evaluate
how much the strong coupling regime modifies the luminescence process, both for
fundamental reasons and for applications purposes. The situation now is quite differ-
ent from atomic physics [19]: an atomic beam, having a monochromatic emission
line, can only interact with a single mode of the cavity, while in a semiconductor
micro-cavity photons and excitons have an in-plane dispersion. During the photolu-
minescence process, a number of states with different k; are populated. It is known
that this makes the analysis of bulk polariton luminescence somewhat difficult.

Figure 3.4 shows photoluminescence spectrum for series of emission angles.
Figure 3.5 is a plot of the positions of the photoluminescence peaks as a function of
the in-plane photon wave vector for three different positions on the sample. We
have shown that, due to the peculiarity of the emission process of the cavity-
polariton, the position of the photoluminescence peaks allows the direct determina-
tion of the cavity-polariton dispersion curves [20].

Bulk polariton luminescence line shape is given by the escape rate of polaritons
at the surface in the observation solid angle [21]:

I(E7 gout)d'Qout = Z ﬁ(E’ gin’z:()) p:(E) ng,i(E)T;(E7 Hin)d'Qin (8)

i=lp,up

where the sum is over the upper and lower branch of the polariton, f(E, 6, z) is the
polariton energy distribution function at the surface, p is the polariton density of
states, v, is the component of the polariton group velocity perpendicular to the sur-
face, T the transmission coefficient of a polariton incident at the surface into an out-
side photon, the propagation directions &, and 6, and solid angles d2 are related by
Snell-Descartes law. Although the energy and k; selection rule are already included in
6., 6, and T(E, 0) it is instructive to include them in the following form:

I(E,6,,)d2,, = Y f/(E6,,2=0)p,(E)v,,(E)T,(E,6,) 5 (E-E(k))

i=lp,up

X5(ku‘(‘1'“u)“u)dgin = > I(E(k +gsing,,))dQ, 9)

i=lp,up
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where g is the photon wave vector and u; a unitary vector in the direction of k. It
follows that the line shape essentially depends on geometrical, static (p, vy, T, etc.)
and dynamic, f(E, 6, z) factors. Therefore photoluminescence of the bulk polaritons
does not give direct information on the polariton dispersion curve without an explicit
calculation of the energy distribution function.

The cavity-polariton situation is quite different: as cavity-polaritons are a macro-
scopic property of the microcavity, the luminescence process does not involve any
transport of excitation. Therefore, we can describe the luminescence process just by
the knowledge of the distribution of the cavity-polariton along its dispersion curve,
and by the outside transmission coefficient of such cavity-polaritons. Because of the
absence of a perpendicular wave vector the cavity-polariton case is simpler. As both
the exciton and the cavity mode energy only depends on k, the in-plane k selection
rule reduces the photoluminescence spectrum to a sum of two delta functions:

I(E,0,,)d2,. = Y. fi(E.6,) p,(E)T.(E,6,) 5(E-E(k)) 5k, —(q-w) w ) de2,

i=lp,up

= > I(E0,)5(E-E(gsiné,,))da, (10)

i=lp,up
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Fig. 3.5 Cavity-polariton dispersion curves, deduced from angle re-
solved photoluminescence measurements, for different resonance
conditions: (a) resonance at 6= 0°, (b) resonance at §=29° and

(c) @=35°. The continuous lines are theoretical calculations and the
dashed lines are the uncoupled exciton and cavity dispersion curves.
The interaction energy £2and exact resonance position are determined
from the minimum splitting between both photoluminescence lines.
An external emission angle grid is drawn in (a). Reprinted from [20].
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3.3 Cavity-Polariton Dispersion Curve

and therefore the emission spectrum for a fixed incidence angle exhibits two lines
whose position are directly related to the cavity-polariton dispersion curve and the
relative intensities of which are function of static and dynamical factors. In the
presence of homogeneous or inhomogeneous broadening the delta functions are
replaced by Lorentzian or Gaussian type lines but their energy position is not chan-
ged as long as the broadening is smaller than the energy separation of both lines.
This allows us to interpret Fig. 3.5 as dispersion curves of the cavity-polariton.
These arguments are summarized graphically in Fig. 3.6.

Finally, at this time a more accurate picture started to emerge and it was under-
stood that the so-called vacuum field Rabi splitting effect was more complex in
semiconductors than in atomic physics: optical transitions form a continuum and
the strong coupling regime cannot be obtained with such excitations because the
dephasing time of electron—hole pairs is much shorter than the Rabi frequency.
Nevertheless atom-like excitation exist in solids on the form of excitons, which
represent the Coulomb-correlated electron—hole pair which is the lowest excited
electronic state of the crystal [18, 22]. They can be seen as an electron—hole pair
entangled in an hydrogen-like relative motion, the whole pair having a translational
motion throughout the entire crystal. This delocalised state leads to an oscillator
strength proportional to the crystal volume (bulk) or surface (quantum well). As such
the exciton has the same translational symmetry as the crystal, 3D for bulk material
and 2D for quantum well and the wavevector remains a good quantum number. An
exciton with a well defined in-plane momentum, k;, can only couple to the photon
mode of the same momentum. This selection rule explains why, although these states
form a continuum, the atomic physics picture remains valid. It should be noted that
this strong coupling regime occurs in the case of a bulk material or a quantum well
exciton in a planar cavity because both continua have the same dimensionality and
therefore a one to one correspondence between each state is possible. The coupled
eigenstates are then true eigenstates of the crystal + field system and have an infinite
lifetime in the ideal case. Luminescence can only occur through an extrinsic scattering
or dephasing mechanism (surface ...). The case of a 2D exciton not in an optical cavity
is fundamentally different because the excitonic state, being coupled to a k, conti-
nuum of photons, acquires an intrinsic radiative lifetime (Table 3.1).

Table 3.1 Exciton—photon interactions for different class of dimensionalities. (After [51])

Bulk Exciton 3D Strong coupling
Photon 3D Exciton-polariton
k;, selection rule Extrinsic radiative process
Quantum well Exciton 2D Weak coupling
Photon 3D Intrinsic radiative process
k, continuum
Quantum well in Exciton 2D Strong coupling
planar cavity Photon 2D Cavity-polariton

k; selection rule Extrinsic radiative process
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3.4
Bleaching of the Oscillator Strength (1995)

It had been suggested that the strong coupling regime could have an important
impact on optoelectronic devices [23]. This point became of particular interest since
the strong coupling regime had been observed up to room temperature. New types
of lasers and low noise light sources were proposed as well as electrooptic modula-
tors. Lasers in the strong coupling regime were proposed as an approach to the so-
called “thresholdless lasers” [14, 15, 24]. From its very definition, as the excitonic
state in the strong coupling regime is only coupled to a single photon mode and
emission or coupling into other photon modes can be neglected, we exactly are in
the S~ 1 condition [4]. Although this condition can easily be achieved under reso-
nant optical pumping [25], where only the coupled exciton and photon states are
created. The issue of the electrical or more generally nonresonant pumping had not
yet been addressed. Optical nonresonant pumping was the most convenient way to
investigate such effect. The result showed that for nonresonantly pumped struc-
tures the strong coupling regime is destroyed before achieving the proposed effects,
at least for the quality of the sample available at this time. Not much later, it became
more obvious to us that a “cavity-polariton laser” (if the concept had any meaning)
could not be an ordinary laser: As the light—matter interaction is already taken into
account in the description of the exciton—photon coupled states, the optical mode of
the cavity cannot be exploited again for the realization of a laser consisting of an
active gain medium and an optical cavity. Only light amplification could be envi-
sioned with e.g. parametric amplification or cavity-polariton — cavity-polariton scat-
tering (see Section 8).

In fact, these measurements turned out to be a very good tool to study saturation
effects: the simple relation between the mode splitting and the exciton oscillator
strength enables a direct and precise measure of the oscillator strength. Moreover,
because the bandgap renormalisation exactly compensates the decrease of the exci-
ton binding energy [26], the resonance condition is always fulfilled during the blea-
ching process. Only at much higher excitation intensity does the Fabry—Perot mode
become degenerate with the electron—hole pair continuum, whose gap lies at or
below the Fabry—Perot mode energy. This results in an important system where a
continuous transition from a discrete strongly coupled state to a weakly coupled
continuum can be observed (another situation where a transition from weak to
strong coupling can be observed is under application of a magnetic field [27]).

Two spectra taken at low (a) and high (b) excitation power densities are shown in
Fig. 3.7. The low intensity spectrum exhibits the doublet structure characteristic of
the strong coupling regime. The excitation spot on the sample is selected to have
exact resonance between the exciton quantum well and the Fabry—Perot mode at
normal incidence. Both lines have different relative intensities because of different
Boltzmann population factor. The high intensity spectrum exhibits only one single
broad line characteristic of a weak coupling regime. Note the symmetric splitting of
the strongly coupled lines (a) with respect to the uncoupled energy level as meas-
ured from the weakly coupled spectrum (b). This confirms the zero detuning be-
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Fig. 3.7 110 K cavity-polariton
photoluminescence spectrum
under low (a) and high (b) excita-
tion power density under nonreso-
nant excitation. Reprinted from [30].
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tween the exciton and Fabry-Perot. The transition from an anti-crossing to a cross-
ing behaviour in the dispersion curves was also verified.

The oscillator strength as a function of the electron—hole density was extracted
from the measurements, using a transfer-matrix formalism [11] to calculate absorp-
tion spectrum and assuming a Boltzmann distribution along the dispersion curve.
The following procedure was used: linewidth of both uncoupled oscillators y and
Yrp Were measured from a photoluminescence spectrum taken far off resonance. As
Yrp is usually found to be larger than the theoretical empty cavity value, losses in the
cavity are included to fit the measured value of yp. The oscillator strength remains
the last free parameter and is used to fit the splitting Q. No significant broadening
was experimentally observed up to the complete bleaching of the strong coupling
regime. From lifetime measurements, 7~ 1.5 ns in the range of excitation power
intensity used in this study. The calculated absorption of the pump light is 45% in
the GaAs cavity. The plot of the oscillator strength vs. electron—hole density is
shown Fig. 3.8, assuming that all the excited carriers are evenly shared between the
six quantum wells in the cavity. This last assumption will tend to overestimate the
electron—hole pair density, as the capture efficiency is probably less than 100% [28].
The measurements could be well fitted by the standard screening function [29]:

1.0

0.8
t=15ns

=
=
N
<
-
4
O 06} % pump = 0-45 i Fig. 3.8 Exciton oscillator
® n_ =4310"cm?® strength as a function of elec-
o 04l 4 tron—hole pairs density. The
= f continuous line is a fit with a
S o02f f= a H:/n N usual screening function
3 “' J(Ney) =Jo/ (1 + Ney/Nogy)-

00 i I Reprinted from [30].
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fo
f (Ne—h ) =T
1+Ne—h/Nsat (11)
with N, = 4.3 x 10" cm™. This corresponds to a remarkably low incident satura-
tion intensity I,, = 100 W cm™ of the cavity-polariton, in agreement with theoretical

estimates for an In,Ga; ,As/GaAs quantum well [30].

3.5
Continuous Wave Photoluminescence Experiments (1995-1996)

The bleaching results suggested that most of the interesting effects that had been
proposed would only be observed under resonant excitation. Nevertheless a detailed
investigation of the continuous wave photoluminescence was performed and its
analysis provided the ground for novel experiments a couple of years later.

Although the simple atomic picture holds for the optical response, this is not the
case for photoluminescence experiments because during the thermalization process
a whole set of states with different k are involved. Simultaneously, theoretical
studies of the thermalization dynamics were extensively studied [31, 32]. One of the
major results is the existence of a relaxation bottleneck, as predicted by Tassone et
al. [33, 34] and experimentally confirmed [35-37], see “Current Picture” in Fig. 3.1.
This makes difficult to take advantages of the dramatic modification of the emission
properties under nonresonant excitation [32].

3.5.1
Nonresonant Excitation

Photoluminescence spectra were measured at various positions/detuning on the
sample, simultaneously from the front and the edge of the sample. Several features
were observed [38] with state of the art samples of this period:

(1) The photoluminescence is thermalized, in that it is identical to the absorption
multiplied by a Boltzmann filling factor. The thermal distribution of the photolumi-
nescence (normal incidence, 4° angular aperture) exists for all detuning accessible on
the sample and the temperature is independent of J, this behaviour is still observed at
temperature as low as 30 K (Fig. 3.9). This should not be mistaken with a thermal dis-
tribution due to a thermodynamic equilibrium, instead what occurs is that both states
are populated via phonon scattering from the bottleneck reservoir with rates in a ratio
equal to Boltzmann distribution [32].

(2) There is strong cavity pulling, that is the maximum photoluminescence inten-
sity is observed away from resonance and furthermore, it is the photon-like line
which has the most intense luminescence in the first sample generation (Fig. 3.10).
This effect can be understood in terms of impedance matching of both electronic
and photon oscillators [38]. Although this is important for microcavity light emitter
devices, it does not have a strong physical relevance.

(3) The spectrally integrated edge photoluminescence shows no variation with
detuning implying that the overall lifetime, 7, does not change with detuning. The
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spectrally integrated front surface photoluminescence, has a Lorentzian variation
(Fig. 3.11). We showed that this, in conjunction with the thermalized emission and
the constant lifetime, is a direct experimental evidence of strong coupling effects as
opposed of the picture of uncoupled radiative states within a cavity, acting as a filter.
This is an important result as most of the experimental evidence presented before
(like time resolved experiments) could not formally make such a distinction (see
note 57 of Ref. [38]). The physical argument is that the integrated photolumines-
cence must have a symmetric variation with respect to the true excitations of the
system which are shown to be the cavity-polariton states and not the excitonic
states. More precisely, the absorption A of the cavity + exciton object can be de-
scribed as the product of the density of states times a coupling factor toward the
external world, i.e. A(e - E, 8) =p(e- E, 9) - Ce - E, 6), where E is the average en-
ergy E = (Ex + Epp)/2, and from symmetry arguments: A(e — E, &) = A(-e — E, -9).
Similarly the emission (which is the reverse process of absorption in the low inten-
sity limit) includes a population factor: E(e — E, &) = r(e — E, 9) - fz(e) - Cle — E, 9),
where fz(e) is the Boltzmann factor exp (—e/kT). The main difference originates
from what we include in p(e — E, 8) and C(e — E, ¢). In the filter approach p(e - E, 8)
is still the uncoupled exciton density of states p(e — E, 8) = px(e — Ex) and ‘Rabi
splitting’-like effects are included in C(e — E, ¢). In the cavity-polariton approach
p(e—E, 9) is the density of states of the quantum coupled exciton and photon states,
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ple—E, 6)=pcple — E, 8 and C(e — E, o) holds the same symmetry property that
C(e — E, —=6) = C(—e — E, ¢). It has been shown that A(e — E, ¢) is independent of
the cavity-polariton or exciton + filter approach [32]. These distinctions become im-
portant for the emission. When comparing E(e, ) for different values of detuning
spectrum must be normalized in such a way that the number of excitations N, is
kept constant (because 7(J) = const):

E(e—E,8)=N, p(e—E, &) jp(e;“g)f o C(e—E,5) (12)
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Fig. 3.11 Integrated front surface
photoluminescence as a function
of detuning (dots). The dashed
line labeled ‘filter’ shows the
asymmetry expected from the
exciton in a Fabry—Perot filter.

! | | Adapted from [38].
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As a consequence the integrated emission must be symmetric with respect to §in
the cavity-polariton approach:

[E(e~E,5) de=N, [C(e~E, &) de=N, [C(-e~E,~5) de (13)
=N, [C(e~E,~8)de= [E(e—E,~5)de (14)

while it is not in the exciton + filter approach:

E(e—E,6)=N,-p(e-E,0) fB( ) C(e—E,&) (15)
Ipx fB
_N. M .
=N, -p(e—E Jpx ) Toe C(e E,S) (16)
=const-A(e—E, ) fy(e—Ey) (17)
and
_[E(B—E,(S)de:const-JA(e—E,&)fB(e—EX)de (18)
:const~JA(e—E,&)fB(e—é—E)de (19)
while
J.E(e—E,—ﬁ)dezconst IA(e—E,—é')fB(e+5—E)de (20)
=const-J‘A(fefE,&)fB(eﬁLéfE)de (21)

= const- JA(e—E, 5) fu(~(e—6)—E)de> J.E(e—E, &)de (22)
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Figure 3.11 is the comparison of the two models with the experimental results, it
clearly shows that the asymmetry expected from the exciton + filter model is not
observed.

352
Resonant Excitation

Later on, in continuous wave photoluminescence performed under resonant excita-
tion, we have shown the role of acoustic phonons in the cavity-polariton relaxation
[39]. The form of the spectra is almost independent of excitation wavelength at
30 K while the spectra change markedly at 5 K. This difference was attributed to the
transition from multiple to single acoustic phonon scattering. An elementary model
agrees [39] with the data using only the temperature as a free parameter (Fig. 3.12).
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Fig. 3.12 (a) Photoluminescence from a semiconductor microcavity
at 30 K. Dots give the experimentally measured photoluminescence,
while the solid lines give a fit to the data using the model in [39]. The
curve denoted “phonon” uses Eq. (7) while “Boltzmann” uses Eq. (9)
of [39]. (b) Same as for (a) except that the temperature is 5.2 K.
Reprinted from [39].
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The data at 30 K show qualitatively the same trends as that of quantum wells at 4 K,
while the 5 K data show that the radiative lifetime has become faster than the acous-
tic phonon scattering time. These results imply that the acoustic phonon scattering
rate is faster than previously estimated for homogeneous cavity polaritons, and
gives evidence of the important role that acoustic phonons play in polariton ther-
malization at low temperatures.

3.6
Linewidth, Disorder Effects and Linear Dispersion Modelling (1995-1997)

The summer of 1995 was also marked by a summerschool in Cargese (Corsica)
entitled “Microcavities and photonic bandgaps: physics and applications”. Several
new topics in the field of cavity-polariton emerged during the hotly debated discus-
sion sessions, the first one dealt with the strange exciton-polariton ladder of
Y. Yamamoto [40] and a preliminary disorder effect calculation from D. Whit-
taker [41]. The second question asked whether there was anything more than classi-
cal solid state and electromagnetism with cavity-polariton also referred to as normal
mode splitting, as pioneered by H. Gibbs and S. W. Koch whilst the third question,
linked to the previous one, concerned the so-called “Boser” effect form Y. Yama-
moto [42] and the potential ability for cavity-polariton to behave as boson and to give
rise to Bose—Einstein condensation as proposed in Cargese by A. Imamoglu. The
last topic is fully detailed in a special article of the present issue and deals mainly
with non-continuous wave experiments. We concentrated on the first two issues.

3.6.1
More on Linear Dispersion Modelling

As mentioned above the inclusion of a Lorentz oscillator with its associated dispersive
dielectric constant (Eq. (7)) within a transfer matrix method reproduces remarkably
well the linear optical response of cavity-polariton. Here are a couple of examples:

(1) As pointed out by Savona [43] the necessary condition to observe an anti-
crossing behaviour differs for the transmission, reflectivity, absorption spectrum
and eigenvalues (Egs. (17), (18), (20) of [43]). For the eigenvalues, the interaction
energy must be larger than the difference of the linewidths of both oscillators
(2% > (73p — %)?) while this is the sum in the case of absorption (£2* > (> + %7), it
is a more complex expression for transmission, see Fig. 3.13. This effect is also well
known in atomic physics where J. J. Childs qualifies this intermediate regime as
non-perturbative, with no ringing regime [19]. Obviously, only the last condition is
meaningful as it is related to the actual existence of two distinct eigenstates with
two distinguishable eigenvalues. The observation of a splitting in transmission
alone does not allow to distinguish from a genuine normal mode splitting to an
absorptive dip created in a broad Fabry—Perot mode. These considerations are per-
fectly illustrated in a linear dispersion model, as it can be seen in Fig. 3.14. Although
this is not an issue anymore for the present generation of samples in GaAs based
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materials, this is an important question for samples in new material systems such
as nitride.

(2) Any shape of dispersive dielectric constant can be considered, provided care is
taken to manipulate Kramers—Kronig conjugated real and imaginary dielectric
constants. This can be applied e.g. to excited excitonic transition (2s etc. . .), colli-
sional broadening, oscillator strength bleaching, modelling of bistabilty effects [44],
inhomogeneously broadened system as it will be discussed below and inclusion of
band to band transition. Regarding this last point, it should noted that the Kram-
ers—Kronig analytical conjugated real part, n, of a step-like absorption, k, is written
as [45, 46]:

ke)="2T1(c~E) and n(e)=1+50 1| < Eo
e e | Je—E,y

(23)

where E is the band edge energy and k,/E, is the step amplitude corresponding to
an absorption length a =2k, /(%c) which can be rewritten in a more compact form
(with the appropriate argument for the complex In function):

n+ik—1+k°ln[e+E°j

e e—E,

(24)

This form is convenient for the introduction of a phenomenological broadening,
in using an imaginary component of the band edge energy: E; = E, — iy, allowing
the modelling of the optical response of a crossing/anticrossing behaviour at the
continuum band edge.
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Fig. 3.14 Absorption (thick line), reflectivity and transmission
(dashed line) of a Lorentz oscillator in a Fabry—Perot distributed
Bragg mirror microcavity. Top: weak coupling regime, center: weak
coupling regime with a non-relevant splitting in reflectivity and
transmission, bottom: strong coupling regime that exhibits a vacuum
field Rabi splitting. Reprinted from [11].

3.6.2
Disorder Effects and Inhomogeneous Broadening (1995)

Disorder effects in quantum wells lead to inhomogeneous broadening in the 1 meV
range. In good cavity-polaritons samples disorder effects can be as low as 50 peV,
due to a disorder averaging over a much larger region of the order of the cavity
mode size (10 um) instead of the exciton mode size in quantum well (100 A).
A theoretical description of the effects (initially refereed as motional narrowing
[41]) was first given in one-dimension by Savona et al. [47] and then in 2D by
Whittaker [48]. The original question that was issued by the exciton-polariton ladder
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Reprinted from [49].

of Y. Yamamoto [40] was as follows: let £2be the one atom Rabi splitting, is the Rabi
splitting for an inhomogeneous set of n electronic oscillators equal to the collective
Rabi splitting of n atoms, inhomogeneously broadened or equal to the incoherent
superposition of the one-oscillator Rabi splitting (Fig. 3.15). This last option was
proposed to explain the very small Rabi splitting (0.3 meV instead of 3 meV) ob-
served in some semiconductor microcavities [40]. We have shown that none of
these hypotheses is entirely correct, the inhomogeneous broadening has no effect
on the peak separation of the splitting, and, in general, does not lead to an inhomo-
geneous broadening of the split states (Fig. 3.15) [49].

The simple physical picture of linear dispersion theory is that in order to form a
Fabry—Perot resonance the cavity round-trip phase shift has to be an integer multi-
ple of 2n. Due to the form of the real part of the Lorentz oscillator refractive index,
the round-trip phase shift vs. photon energy becomes N-shaped, up to a point where
the phase shift conditions are fulfilled three times. This gives rise to the doublet
structure because the central solution, which also corresponds to a maximum of
absorption, does not create a Fabry—Perot resonance. Extension of this method to a
set of non identical oscillator, corresponding to a pure spectral disorder (i.e. no in-
plane spatial disorder but a set of oscillator of different energy) is performed in
replacing &by

+o0

5(V)=”(V)2=5w+1zgi(‘/) or Is(v,vo)g(vo)dvo (25)

—o0
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Fig. 3.16 Absorption spectrum of vacuum field Rabi splitting (£2) for
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where g(v,) is the spectral density of oscillators at the frequency v,. Simulations are
shown in Fig. 3.16. The absorption spectrum exhibits two main lines and residual
structures of lower optical activity at the resonance energy. The existence and the
peak separation of the splitting in absorption is independent of the homogeneous
or inhomogeneous nature of the electronic oscillator. This can easily be understood
considering that no specific distinction between inhomogeneous and homogene-
ous lines is made in this linear dispersion model. The refractive index, n, is only a
function of the integrated absorption via the Kramers—Kronig transformation
which is linear. Figure 3.16 illustrates that for large splittings the linewidth is given
by the homogeneous linewidth. As can be seen when increasing the interaction
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energy the linewidth A, of the Rabi split lines decreases from (o + Ynoton)/2 t0
(¥ + Yhoton) /2- Here o refers to an inhomogeneous linewidth and y to an homoge-
neous linewidth. This can be understood from a property of the plasma dispersion
function (i.e. the convolution of a Gaussian and a Lorentz function) stating that the
central energy region has a Gaussian shape while out in the wings (v— 1, > o) the
function has a Lorentzian shape (see Fig. 3.16, log. scale). As the linewidth is deter-
mined by the slope of the round-trip phase shift vs. energy function, this explains the
linewidth reduction. Such models applied with a more realistic (or measured)
asymmetric lineshape exciton line have shown to be in perfect agreement with ex-
perimental observation and up to now it has not been possible to show quantum
effects in the linear response of cavity-polaritons, even if quantum models do some-
times provide pictures that are easier to handle.

Very similar conclusions can be drawn from a simple quantum model with spec-
tral disorder and it can be shown [49] that to the first order in perturbation the n + 1
quasi degenerate states (n electronic oscillators and 1 photon mode) gives n—1
uncoupled states that are not optically active (these states often referred as dark
states play however an essential role in the relaxation process). At the resonant
energy, only two states separated by the same Rabi splitting as in an homogeneous
case (i.e. n*/22) and eigenstates are a collective excitation of the whole set of elec-
tronic oscillators, analogous of a Dicke state in quantum optics:

1 1 &
|i,0)—ﬁ(|g...g)|1)i\/;;|g...ei...g)|0)]
1 1 .,
—ﬁog---g) |1>iﬁc lg---8) |0>j (26)

3.6.3
The Second Generation of Samples (1996)

The controversy on the existence of any quantum effect in cavity-polariton aug-
mented over the following years. It was becoming evident that for the present state
of the art samples, nothing beyond linear dispersion theory was observed, at least
for experiments dealing with the linear response of cavity-polaritons and that if a
quantum mechanical description of cavity-polariton was often used, this was
because it provided easier to handle conceptual pictures. Observation of any genu-
ine quantum effects required better samples.

We already knew how to fabricate nearly perfect optical oscillators [50]. Figure 3.17
shows a reflectivity spectrum of an “empty” (i.e. no quantum well) cavity fabricated to
quantify the performance of the cavity alone. The top and bottom mirrors have 20
and 27 pairs and the cavity is one wavelength long. There is a near perfect fit with
the simulated spectrum in the 1.1-1.6 eV range (not shown). The full width at half
maximum of the Fabry—Perot mode is 1.4 A (0.2 meV) which leads to a finesse in
excess of 3300. The residual broadening of the Fabry—Perot mode can be modelled
by interface roughness and residual sample curvature and shows that the mean
square thickness fluctuations is of the order of one monolayer, an intrinsic limit.
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Thus, the next step was how to improve the excitonic oscillator. First idea would
be to use a GaAs/Ga,Al,_,As quantum well which would not suffer from alloy dis-
order broadening as it was the case in In,Ga; ,As quantum well, however this op-
tion complicated the growth of the whole sample because, in order to avoid light
absorption, AlAs/Ga,Al;_,As had to be used with the drawback of a reduction of the
index contrast of the Bragg mirror (and hence a larger number of periods) and last
it obliterated the possibility to perform experiment in transmission. A better solu-
tion was proposed by the Tucson group (H. Gibbs and G. Khitrova) to use shallow
In,Ga;_As quantum well, with the lowest InAs content (as alloy scattering grows as
(1 - p)) that allows design of quantum well whose energy level confinement and
exciton binding energy are large enough compared to the cavity-polariton splitting
energy. This optimum occurs for 80 A wide quantum well with an InAs content
around 4 to 5%. Low temperature photoluminescence linewidths as low as 500 peV
could be measured on such a single quantum well structure. Combination of these
high quality cavities and narrow linewidth quantum well excitons gave rise to the
second generation of samples with linewidths significantly below 1 meV and a
cavity-polariton splitting to linewidth ratio exceeding 50.

This second generation of samples turned out to exhibit remarkable temperature
dependence broadening with linewidth still extremely low at 100 K (Fig. 3.18). Once
again such behaviour could easily be understood with a cavity-polariton picture,
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however this was still not an evidence of deviation from classical linear dispersion
theory, as will be discussed in the next section.

3.64
Inhibition of Acoustic Phonon Broadening (1996)

Because of the very peculiar shape of the cavity-polariton dispersion curve homoge-
neous broadening of the lower cavity-polariton state can be reduced to a value as
low as 100 peV. Photons at these energies do not interact strongly with acoustic
phonons so it is the exciton part of the cavity-polariton which determines the scat-
tering and have been calculated in the Born approximation taking into account the
confinement of the quantum well exciton. The exciton broadening at k = 0 is given
by the sum of the transition rates to all possible final states. Assuming the same
electron and hole masses, one obtains for the broadening:

: K ,
TR ] dk (27)
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where p and u are the density and longitudinal sound velocity in GaAs respectively,
Qv is the deformation potential and E(k') is the exciton dispersion relation. Here g,
is given by energy conservation and is found from

huaq: +k* =E(k') (28)

The terms I(k) and I 1(g20) are the superposition integrals of the exciton envelope
function with the phonon wave function in the in-plane and z-directions, respec-
tively. Both superposition integrals introduce cut-offs in wavevector space. The
important cut-off for (In,Ga)As is the one in z-direction and corresponds to g, =~
31/Lyy- If we neglect the in-plane phonon dispersion, which is nearly flat compared
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to the exciton dispersion, we have hiug, = E(k'), and the cut-off in g, becomes equiva-
lent to a cut-off in the energy exchanged in the phonon absorption (or emission),
and [I,(q,)| = O(E.y — E). The cut-off energy, E.,, comes from the limited overlap of
phonons propagating in the z-direction and the quantum well exciton when the
phonon wavelength is much smaller than the quantum well width. For a quantum
well of width L, E..="%u3n/Ly,. The temperature dependence can be seen by
taking the limit of kz T > E_,, then I, reduces to 7, = bT, which gives the standard
linear temperature dependence of the exciton linewidth. Substituting the standard
values for the constants in GaAs and taking E.,,= 3 meV, then b= 5 peV/T for the
full width half maximum.

Lower polariton branch (LPB) scattering is shown schematically in Fig. 3.19 (right
panel). Polaritons at k=0 are mainly scattered to region B. Scattering to A is re-
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Fig. 3.19 Dispersion curves of cavity-polaritons showing the allowed
phonon scattering channels for k= 0. Upper panel shows absorption
and emission scattering of the upper polariton branch (UPB); lower
panel shows scattering for the polariton branch (LPB). Note the log
scale for . Reprinted from [51].
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duced due to the low density of polariton states. There is no scattering to energies
greater than E_ (region C). For upper branch polaritons, there is the possibility of
both absorption and emission of phonons (see Fig. 3.19, left panel) and no inhibi-
tion effects are expected. The cut-off energy directly translates into a detuning cut-
off for which the energy separation between the LPB at k=0 and the B region is
larger than E_:

(2/2)-E,

- (29)

A=

cut

A is positive when the cavity is at a higher energy than the exciton. For 4 < 4, the
LPB thermal broadening is negligible. As the Rabi energy increases, the detuning
cut-off moves from negative to positive detuning. When E_,;~ /2 the detuning
cut-off occurs near resonance.

Figure 3.20 shows the linewidths of both branches as a function of cavity-exciton
detuning at 10 and 60 K. At 4 K the linewidth of LPB remains almost constant with
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Fig. 3.20 Linewidth of upper (squares) and lower (circles) lines
derived from reflectivity spectra. Solid symbols are at 4.2 K and open
symbols are for 60 K. The dashed lines are a guide to the eye for the
4.2 K data. The solid lines are the sum of the temperature dependent
acoustic phonon scattering broadening calculated at 60 K plus the
4.2 K linewidth. Reprinted from [51].
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a slight minimum at 6 meV detuning. In contrast the UPB is larger and its line-
width increases dramatically at around 3 meV detuning due to continuum states
which introduce additional absorption. On increasing the temperature, the upper
polariton branch (UPB) broadens almost uniformly with detuning. The LPB shows
a broadening which decreases towards negative detuning as expected [51].

3.6.5
Test of Linear Dispersion Theory (1997)

Still remained hotly debated the issue whether true quantum effects were observed,
not only in non-linear effects (“Boser effect”, see below), but also in simple experi-
ments dealing with the linear response of cavity-polariton. The controversy was
boosted by the lively participation of the Tucson group in the debate and recent
studies of Whittaker et al. [41] and Savona et al. [47] showing that the excitonic
response of semiconductor microcavities depends very sensitively on structural
disorder [52, 53]. The very fascinating question in this context was whether light-
coupling effects are indeed able to modify the influence of structural disorder on
the excitonic quasiparticles within their quantum wells. In collaboration with the
Tucson group [54], we performed an experimental test using extremely high-quality
samples to study the interplay between light-coupling and disorder effects. Even
though the concept is rather straightforward, the detailed analysis required substan-
tial accuracy and very good sample characteristics. For this purpose we grew a se-
ries of quantum-well structures with and without Bragg mirrors. We then measu-
red the optical response of all these structures such that we knew the energy de-
pendent reflectivity of the bare quantum well in a high-quality microcavity. Clearly,
since this is an experiment, all microscopic effects are included consistently. The
optical response of all these structures was then measured so that we knew the
energy dependent reflectivity of each microcavity containing one or more quantum
wells. Next, we measured the optical transmission of our reference quantum wells
and used these results to extract the disorder averaged excitonic response. Using
this effective measured susceptibility in linear dispersion theory, we computed the
microcavity spectrum and compared it with the experimental results of the comple-
te microcavity system. If the linear dispersion theory results were able to reproduce
the experimental spectra of the microcavity system, this would demonstrate that
polaritonic effects in the exciton-disorder light coupling are negligible.

This was performed with great care on high quality samples form Tucson [54]
and EPFL samples. Experimentally measured optical response of the bare quantum
wells is shown Fig. 3.21 which allows, via Kramers—Kronig transformation to extract
with a good accuracy the real and imaginary part of the susceptibility of the bare
quantum well. Plugging such measured susceptibility spectrum into a simple trans-
fer matrices formalism for calculation of the optical response of the cavity-polariton
leads to spectrum in perfect agreement with the experimental values as shown in
Fig. 3.22.

In studies of cavity-polariton linewidths, surprise had been expressed over two
observations. The first surprise was that the upper branch linewidth vy, is broader
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Reprinted from [54].

than the lower branch linewidth vy. The second surprise was that on resonance v, is
sometimes less than the mean of the bare quantum well exciton linewidth y_ and
the empty cavity linewidth y, which would be the result expected for a homogene-
ously, symmetrically broadened oscillator. Linear dispersion theory provided an
explanation of both of these puzzles by considering the bare quantum well exciton
line shape.

The linewidths of the two branches were found to be very sensitive to small local
changes in the excitonic absorption coefficient and refractive index in the immedia-
te vicinity of the cavity-polariton peaks, denoted by E, and E,. The absorption line, as
can be seen in Fig. 3.22a, is affected by disorder, resulting in an asymmetric line
shape with higher absorption on the high energy side. Consequently, equality of the
reflection dips does not occur at the resonance condition E = E; instead E,> E, is
required, so that the exciton tail absorptions are equal at E and E,. The linewidths y,
and v, are determined mostly by the locally different slopes of the quantum well
refractive index, resulting in vy, >y, explaining the first surprise. In contrast, at
resonance, the smaller low energy tail absorption is the main cause of the smaller
linewidth of the lower branch.
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The case of y,, > vy, where v,, is strongly inhomogeneously broadened, is the most
pronounced example of the second surprise. While in this experiment we have
emphasized the importance of line shape asymmetries and spectrally local values of
the susceptibility, we had shown (see above) that for symmetrically inhomogene-
ously broadened lines and an cavity-polariton splitting much larger than y,,, line-
widths become ¥, ® (Yexnom + ¥o)/2. This, combined with asymmetric broadening is
the basic physics of the second surprise.

This analysis showed clearly that for the currently available top-quality samples it
is an excellent approximation to assume that the disorder-averaged excitonic re-
sponse determines the optical properties. Seven years later this conclusion still
holds and we are not aware of high quality samples whose linear optical response
cannot be modelled by linear dispersion models. This certainly does not imply that
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quantum effects do not exist in cavity-polariton but that they have to be searched in
more elaborated experiments.

3.7
Rayleigh Scattering (2000)

The second generation of samples also allowed a series of very innovative experi-
ments in the field of elastic or Rayleigh scattering. Interference and coherence
effects in elastic light scattering from disordered systems are important in many
domains of physics. They have been revived by the analogies that can be made with
theories and experiments developed for the propagation of electrons in disordered
systems, such as the weak and strong localization regimes.

In such experiments, the light re-emitted by the system consists of: (1) a coher-
ent, elastic part due to static disorder, called resonant Rayleigh scattering; (2) an
incoherent, elastic part called resonant hot luminescence, involving inelastic scatter-
ing events such as phonon scattering; (3) partially or completely thermalized con-
tributions called photoluminescence. These emissions yield information on the
energy level scheme and nature of these levels, as well as on their dynamics. This is
well demonstrated in 2D semiconductor quantum wells: early work on resonant
Rayleigh scattering demonstrated exciton localization effects and the existence of a
mobility edge [55] while more recent studies dealt with the dynamics of resonant
Rayleigh scattering [56, 57] and the speckle spectroscopy of disorder [58]. Rayleigh
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Fig. 3.23 Rayleigh scattering in a bidimensional system: quantum
well exciton vs. cavity-polariton. Reprinted from [103].
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scattering of cavity-polariton under resonant excitation exhibits remarkable features
which impact on light scattering [59].

Let us first consider what happens for non-resonant 3D disordered systems in
microcavities (the disorder is considered small enough for a cavity mode to de-
velop). In a first approximation, the scattered far-field light is distributed on the
Fabry—Perot cones. Now consider resonantly excited excitons in 2D quantum wells,
one deals with a quasi-two dimensional electronic system, in which ideally elasti-
cally-scattered excitons lie on a constant energy ring in k-space. However, multiple
scattering leads to a randomization of the scattered photon wavevector, with energy
being conserved only between initial and final photon states (Fig. 3.23). This occurs
because of the small exciton dispersion on the scale of the photon wavevector. There-
fore the resonant Rayleigh scattering intensity is isotropic and does not reflect the
bidimensionality of the excitons [55, 57, 60, 61]. Investigating resonant Rayleigh
scattering of a quantum well in a microcavity in the weak-coupling condition, one
mainly expects a cavity filtering of the scattered light and therefore a featureless ring
of scattered light. In contrast a microcavity in the strong coupling regime is a near
ideal 2D photonic system because of the significant curvature of the cavity-polariton
dispersion curve (Fig. 3.23). It is therefore expected, and indeed observed, that scat-
tering events occur on the quasi-elastic ring of resonantly excited states. The first pre-
liminary experimental indication of the annular structure of the resonant Rayleigh
scattering of cavity-polariton was reported by Freixanet et al. [62].

Figure 3.24 shows the far-field image of the microcavity emission and scattered
light as a function of angle. The excitation laser spot is in resonance with the lower
polariton branch at an incidence angle of 10°. In this image, a narrow ring of reso-
nantly scattered light can be seen, showing some structure along the ring. The
exciting beam covers a finite range of incidence angles larger than the cavity-
polariton angular width. A neutral density filter has been used to reduce the inten-
sity of the reflected spot in Fig. 3.24a. A dark arc in the reflected beam can be seen.
It coincides with the ring of resonant Rayleigh scattering, and represents the polari-
ton as it would be seen in reflectivity.

Careful investigations show that: (i) The scattered ring is only observed when excit-
ing resonantly the lower polariton branch and for all accessible negative and positive
detunings up to 6=+2.5 meV. (ii) At negative detunings, it conserves the linear po-
larization of the incident photon. (iii) The intensity variations along the ring resemble
speckle features. They are very sensitive to any variation in position, angle or wave-
length of the laser. (iv) The emission is spectrally identical to the laser. (v) The inten-
sity of the ring is strongly temperature dependent. At higher temperatures (20 K) the
intensity vanishes and the ring becomes a featureless ring of unpolarized light. (vi) Due
to the limited dynamic range of the camera, other effects are not visible in the figure.
There is photoluminescence inside the circle which is not observable in the figure
because of the weaker intensity. The photoluminescence is non-resonant with the
laser, shows the same linewidth as the lower polariton branch, changes wavelength as
a function of observation angle and follows the cavity-polariton dispersion curve.

According to the previous discussion on disorder effects in cavity-polariton, it
may be surprising to observe a strong Rayleigh scattering corresponding to an in-
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Fig. 3.24 (a) Far field image observed under resonant excitation of the lower
cavity polariton branch. Note the elastic Rayleigh arc of circle, its speckle, the
attenuated specularly reflected spot, with the absorption beam appearing as a
dark arc against an undiminished, nonresonant, reflected beam. Upper part:
Rayleigh intensity vs. azimuth scattering angle. (b) Far field emission pattern
set-up, screen (a) is used in most measurements, screen (b) is used for
backscattering measurements. Reprinted from [59].

plane momentum variation much larger of the reciprocal size of the polariton state.
It can be shown that weak disorder first tends to break the vectorial in-plane mo-
mentum polariton dispersion, while still preserving the absolute value in-plane
momentum polariton dispersion, i.e. while k= (k, k,) is not a good quantum
number anymore, |k;| remains so. The polariton states are then complex coherent
superposition, with cylindrical symmetry, of ideal polariton state of different azi-
muthal orientation. The Rayleigh scattering can then be understood as the excita-
tion of a subset of the whole eigenstate which then re-emits over its whole exten-
sion in k-space.
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A remarkable feature observed in Fig. 3.24a is that the reflected intensity is
stronger in the backscattered direction showing that additional effects do occur. As
seen in Fig. 3.24a the line shape shows an enhancement of a factor 2 in the back-
scattered direction with respect to the forward direction, exactly as is expected from
coherent backscattering. However the angular linewidth of coherent backscattering
typically reported is in the range of a few mrad (both for 3D and 2D systems). In
our observation the angular linewidth is around 90°, leading to A4z/I* value close to
0.2 where Ay is the de Broglie wavelength of the polariton and I* is the elastic mean
free path. It is significantly below the Ioffe-Regel limit A4p/I* = I* for optical Ander-
son strong localization and is a regime never observed before these measurements,
where lineshape modification of the coherent backscattering is expected. Quantita-
tive analysis of the present coherent backscattering phenomena was clearly required
before making such a strong claim and has not been achieved yet as it requires a
new formulation of coherent backscattering in strongly coupled systems. Moreover
experimental phenomenology is even more complex due to disorder anisotropy
effects along [0 £1 1] crystallographic orientation that are superimposed to coher-
ent backscattering-like lineshape [59]. Finally it should be mentioned that coherent
backscattering in 2D system applies only to the in-plane wavevector, i.e. inthe —kj| ¢\
propagation direction. This leads to two possible directions of observation, one in
the usual backscattered direction in reflection, as is discussed here, and one in
transmission which is now in the mirror direction of the incident beam, making it
very interesting as this direction is not in the specular beam anymore (last sketch of
Fig. 3.23). Such enhancement effect in transmission was also observed [63]. Unfortu-
nately, only the surface of this topic has been explored and since then there has not
been a lot of activity with the exception of a few but important contributions from
W. Langbein et al. [58, 64, 65] and M. Gurioli et al. [66—68] and very recently [69].

3.8
Nonlinear Continuous Wave Effects (1999-2000)

The same high quality samples opened the way to a whole new class of experiment
which are mostly non continuous wave experiments and do not belong anymore to
the early stages of the cavity-polaritons history. They are detailed in other articles of
this issue. Nevertheless some preliminary continuous wave investigations were
performed [70] which led to a rich experimental phenomenology [71].

In the high density regime cavity-polaritons exhibit nonlinear interaction, for
which remained the unanswered question whether the quasi-particles, being com-
posite bosons, behave as fermions or bosons on the length scale where nonlinear
effects manifest. This typically occurs for densities for which the average distance
between particles is comparable to the thermal de Broglie wavelength. For quantum
well excitons it is well known that on this scale (=50 nm) excitons behave like fer-
mions.

The large elastic mean-free path and Broglie wavelength implied by their disper-
sion had led many to search and claim quantum effects [31, 33, 72—77]. Some non-
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Fig. 3.25 Far field image in the nonlinear regime, above threshold:

(i) elastic Rayleigh circle, (ii) photoluminescence from the lower cavity-
polariton branch, (v) resonant photoluminescence, (vi) nonlinear
structure. Reprinted from [70].

linear phenomena, in particular, the laser-like nonlinear emission observed under
both non-resonant and resonant excitation had been the subject of considerable
debate. The main mechanisms used to explain such nonlinear emission in this
system have been the Boser effect [72], and more recently boson assisted stimula-
tion [77], as well as Bose—Einstein condensation and bi-exciton effects. The Boser
effect is the stimulated scattering of bosons into their ground state when the
ground state occupancy is greater than unity. For cavity-polariton the scattering
could be mediated by phonons (Boser) or by the cavity-polariton themselves. Part of
the problem was that some experiments dwelt on the energy spectrum of the emis-
sion, neglecting the dispersion which is fundamental to the nature of cavity-
polariton, other experiments neglect spatial effects.

The experimental set up and sample were identical to the Rayleigh scattering
experiment. On increasing the excitation power, a sudden transition occurs and an
intense emission occurs as either a disk, a ring or a more complex pattern (depend-
ing on conditions) (region (vi) in Fig. 3.25) inside the elastic Rayleigh ring, and a
crescent shaped resonant photoluminescence becomes clearly visible (region (v)).
Performing angular resolved photoluminescence measurements, three components
are found in the emitted spectra, of varying amplitude for different emission angles:
a Rayleigh component at the exciting energy and centered on the Rayleigh cone, a
cavity-polariton luminescence line the energy of which shifts with angle according
to the cavity-polariton dispersion curve, a strong nonlinear emission line which is
dispersionless, at an energy slightly above the bottom of the cavity-polariton disper-
sion curve. This shift ruled out an interpretation of the new emission line as a Bo-
ser-type effect as it would be unshifted compared to the bottom of the cavity-
polariton band.

Key phenomena can be observed under various experimental conditions and are
summarized in the following way: (i) At threshold, depending on the detuning,
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either an angular point or an actual discontinuity can be observed in the “light in —
light out” curves. (ii) Around —1 meV detuning, the threshold can reach values as
low as 17 mW peak incident power, corresponding to an estimated absorbed photon
density of 7 x 10" em™ s It is difficult to translate this number into a steady-state
population as both lifetime and excited volume depend on excitation intensity via
changes in relative populations of cavity-polariton states with widely different life-
times, resonance energy shift and spatial pattern formation. (iii) The nonlinear
emission energy, angular spread, even emission pattern depend on the excitation
conditions. For a given cavity detuning, the nonlinear emission follows the excitation
variation, both in energy (i.e. nonlinear emission energy vs. pump energy) and
angular extension (i.e. nonlinear emission angular spread vs. incident pump angle),
although in a non-trivial manner. (iv) For pump power densities accessible in our
experiment, this nonlinear behavior is only observed while exciting the lower po-
lariton branch. (v) From a spatially-filtered image, one observes that the strong
nonlinear emission originates from a region which is no greater than half of the
excitation spot (measurement limited by our spatial resolution at the large numeri-
cal aperture of the experiment). (vi) No clear differences are found between linear
and circular polarization excitation. This latter result rules out a priori nonlinear
mechanisms based on biexcitonic effects as it can be assumed that under resonant
excitation little spin depolarization occurs, and therefore circular polarization
should inhibit biexciton formation as the total biexciton angular momentum must
be 0.

By pumping a strongly-coupled microcavity intensely the system evolves toward
the weak coupling regime [30]. Therefore it was important to check whether the
cavity was still under strong coupling conditions when reaching threshold. While
the persistence of the Rayleigh scattering of the polariton state and observation of a
cavity-polariton photoluminescence line would imply that strong coupling was
not bleached, we have shown that the experimental features are far more com-
plex [70]. Under high excitation the polariton absorption observed in the reflected
beam is bleached at the center of the excitation spot, while absorption continues to
occur in the outer part of the spot. The observation of this inhomogeneous situation
greatly helps to solve the puzzle of the many apparently incompatible observed
facts, the main one being the coexistence of “well-behaved” cavity-polariton photo-
luminescence with a new emission line incompatible with a cavity-polariton de-
scription: they are due to the coexistence of regions in strong coupling (periphery of
excited spot) and regions (center of excited spot) where the resonance energy is
spatially shifted, by either carrier renormalization, bleaching or by homogeneous
broadening.

Below threshold radiative cavity-polaritons states are directly excited through the
resonant excitation. The energy is then redistributed in energy, direction, eventually
space, through inelastic processes (relaxation) or elastic processes (Rayleigh scatter-
ing). Neither the thermalized photoluminescence nor the elastic ring change in
intensity at threshold. Therefore there must be another channel invisible in our ex-
periment into which the pump energy is scattered below threshold. Such channels
could be leaky and guided modes that remain trapped inside the GaAs material.
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Regarding the nonlinear mechanism, cavity-polariton / cavity-polariton scattering,
which conserves both energy and momentum, can be viewed as parametric am-
plification (or non-degenerate four wave mixing) where two cavity-polaritons scatter
simultaneously from k=k' to k=0 and k=2k'. Such phenomena were later on
demonstrated by Stevenson et al. [78] and Savvidis et al. [76], in pump-probe ex-
periments, where the cavity-polaritons were excited resonantly at k = k' and k = 0,
with resulting emission at k= 2k’. Their results and ours triggered a novel theo-
retical treatment [79] based on a phase-matched four wave mixing or parametric
amplification. In our experiments, the thermal photoluminescence acts as an idler
(probe) which seeds the parametric process. After a certain pump intensity there is
sufficient power to provide gain at k = 0. Many of the features observed in our
experiments such as the blue shift of the nonlinear emission with respect to the
cavity mode by a quantity of the order of the cavity-polariton homogeneous
linewidth are also predicted in this model [79] as well as off branch polaritons mul-
tiple scattering [76]. In addition quantum noise measurement shows a phase de-
pendence of the amplification which is typical of coherent multiwave mixing pro-
cess [80].

39
Conclusion

After these initial studies on cavity-polariton until around the year 2000 most of the
“easy” and straightforward effects were observed and more elaborated experiments
and models started to emerge. They are discussed in the following chapters of the
present special issue. The samples discussed in the last sections of the text still
represent the state of the art of the present time. Nevertheless this short history of
the early stages of the cavity-polaritons would not be complete without the mention
of work in other material systems, such as II-VI [81, 82] where the temperature
dependence differs sensibly due to a different scale of the exciton binding energy
and linewidths, oscillator strength, optical phonon energy, bulk active layer [83, 84],
organic materials [85—89], numerous attempts to achieve strong coupling with a
collection or single quantum dots in different kind of optical cavities, just recently
successful [90, 91], attempts to electrically inject carriers [92], tunability [93], interest
for nitrides was mentioned early but up to now results compare at best with the first
generation of samples [94—96] and other groups, namely Y. Yamamoto et al. in
Stanford [4, 5, 15, 24, 25, 31, 33, 40, 42, 97], H. Gibbs and G. Khitrova et al. from
Tucson [98], S. W. Koch et al. from Marburg [99, 100], M. Skolnick et al. from Shef-
field [41, 76, 77, 93], R. Planel and now J. Bloch et al. from Paris [75, 101], A. Quat-
tropani et al. from EPFL [32, 43, 47, 79], R. André, Le Si Dang and J. Bleuse et al. in
University and CEA Grenoble [81], E. Giacobino et al. from Laboratoire Kastler-
Brossel and Ecole Normale Supérieuere, Paris [80, 102].
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Chapter 4
Exciton-Polaritons and Nanoscale Cavities
in Photonic Crystal Slabs

Lucio Claudio Andreani, Dario Gerace, and Mario Agio

4.1
Introduction

Strong exciton-light coupling and the formation of polariton states is a recurring
theme in solid-state physics and optics. The quantum theory of exciton-polaritons in
bulk crystals was first formulated by Hopfield [1] and Agranovich [2]. The effect of
quantum confinement on exciton-polariton states has been the subject of a number
of investigations (for reviews see, e.g., [3—5]). Photon confinement in planar semi-
conductor microcavities with embedded quantum wells (QWs) leads to a strong-
coupling regime of exciton-light coupling and to robust cavity polariton states [6—
9]. Exciton-light coupling in microcavities with full three-dimensional photon
confinement, like micro-pillars and micro-disks, has also been investigated [10-12].

The field of photonic crystals (PhCs) has become increasingly important since the
pioneering works of Yablonovitch [13] and John [14]. In particular, photonic crystals
embedded in planar waveguides (also known as photonic crystal slabs) can lead to a
full control of light propagation because of a two-dimensional (2D) photonic lattice in
the slab plane combined with dielectric confinement in the vertical direction [15-17].
Nanoscale cavities in PhC slabs with extremely high Q-factors and low mode volumes
have been recently demonstrated [18, 19]. The performance of these nanocavity struc-
tures for optical confinement is, in principle, much better than that of conventional
planar microcavities or of micro-pillar and micro-disk structures. Recently, the strong-
coupling regime of quantum dot transitions coupled to high-Q cavity modes has been
demonstrated for both micro-pillars [20] and PhC nanocavities [21].

In this paper we describe recent theoretical work dealing with exciton-polariton
states in PhCs and in nanocavities. In Section 2 we review a few basic concepts
related to photonic mode dispersion in PhC slabs. In Section 3 we present a quan-
tum-mechanical formulation of exciton-light coupling in PhC slabs with embedded
QWs, leading to the conditions for the occurrence of a strong-coupling regime, and
calculations of variable-angle reflectance from the slab surface: the quantum and
semiclassical approaches agree with each other and show that radiative exciton-
polaritons can be probed by surface reflectivity. In Section 4 we describe a basic
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nanocavity structure and present results for the Q-factor as a function of cavity
geometry. In Section 5 we treat the coupling of a single quantum-dot transition
with a high-Q cavity mode, and quantify the conditions for the occurrence of a
strong-coupling regime. Section 6 contains concluding remarks.

4.2
Mode Dispersion and Linewidths in Photonic Crystal Slabs

Photonic crystal slabs consist of planar dielectric waveguides patterned with a one-
dimensional (1D) or two-dimensional (2D) lattice. They can have either a weak
refractive index contrast between core and claddings (like in the GaAs/AlGaAs or
InP/InGaAsP systems) or a strong index contrast like in the self-standing mem-
brane or air-bridge. Electromagnetic eigenmodes in PhC slabs can be either truly
guided (if their frequency lies below the light line of the cladding material) or quasi-
guided (if the frequency lies above the light line). Truly guided modes are evanes-
cent in the cladding regions and have low propagation losses that are due only to
fabrication disorder (in the transparency region of the medium in which absorption
losses are absent). Quasi-guided modes, instead, have a radiative component in the
cladding regions and suffer from high scattering losses due to diffraction out of the
slab plane. For the same reason, however, they couple to an electromagnetic wave
incident on the slab surface and represent optically active excitations of the photo-
nic system. Indeed, the dispersion relations of quasi-guided modes have been stud-
ied in a number of angle-resolved linear [22—25] and nonlinear [26-29] experi-
ments. Recently, truly-guided modes have also been probed by optical experiments
from the slab surface using an attenuated-total-reflectance configuration [30].

In order to calculate the dispersion relations of guided and quasi-guided modes
in PhC slabs, we adopt the guided-mode expansion (GME) method recently devel-
oped [31]. As conveniently done for photonic crystals, we start from the second-
order equation for the magnetic field

V{1V><H}:ij, (1)
&(r) c

where &(r) is the spatially dependent dielectric constant. If the magnetic field is

expanded in an orthonormal basis set as H(r)= z c,H,(r), then Eq. (1) is trans-
formed into a linear eigenvalue problem “

2
> H,c, = f— 6, )

where the matrix H,, (which is the analog of a quantum Hamiltonian) is given by

M = IL(VXHf(r))-(VxHV(r)) dr. o)
&(r)

v
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For the case of a PhC slab we have a waveguide along z and a periodic patterning in
the xy plane. The basis states H,(r) are chosen to consist of the guided modes of
an effective waveguide, where each layer j has a homogeneous dielectric constant
given by the spatial average of &(x,y). The index x4 can be written as
u=(k+G,a), where k is the 2D Bloch vector, G is a reciprocal lattice vector and
a labels the guided modes at wave vector k+G . The basis states with the same
Bloch vector k are coupled by the dielectric modulation. The matrix elements (3)
can be expressed in terms of the inverse dielectric tensor in each layer &'(G,G'),
which is evaluated by a numerical inversion of the dielectric matrix &,(G,G').

The basis set consisting of the guided modes of the effective waveguide is or-
thonormal but not complete since the leaky modes of the waveguide are not in-
cluded. Coupling to leaky modes produces a second-order shift of the mode fre-
quency: the neglect of this effect (which is usually small, at least for the low air
fractions that are employed here) is the main approximation of the method. When
the guided modes are folded in the first Brillouin zone, many of them fall above the
light line and become quasi-guided. Indeed, first-order coupling to leaky modes at
the same frequency leads to a radiative decay width, which is expressed as twice an
imaginary part of the frequency. This can be calculated by time-dependent pertur-
bation theory, like in Fermi Golden Rule for quantum mechanics, and is

given by
2 w?
P [k; Cz"j , )

where p(k; wj/c’) is the 1D photonic density of states at fixed in-plane wave vector
[32, 33]. Notice that the mode Q-factor can be obtained as Q = @/[2 Im(w)].

As an example of photonic mode dispersion, in Fig. 1 we show the photonic
bands of a triangular lattice of air holes in a membrane with the dielectric constant
of GaAs at optical frequencies, along the I'-M and I' -K symmetry directions of
the 2D Brillouin zone. In Fig. 4.1(a) a schematic picture of the structure and a defi-
nition of its direct and reciprocal lattices is displayed. A high-index membrane
supports both guided modes (lying between the cladding and core light lines) and
quasi-guided modes (lying above the air light line). It should be noted that the pho-
tonic band dispersion is calculated assuming the low temperature value at 1.48 eV
for the dielectric constant of the GaAs layer, i.e., £=12.95. Although the band
dispersion in Fig. 4.1(b) is calculated with a frequency-independent dielectric con-
stant, an exciton level at E,, =1.48 eV (corresponding to a low-temperature exciton
in a typical InGaAs quantum well) is also shown. This will be useful for the study of
radiation—matter interaction in the next Section. It can be seen that the exciton

2
Wi
—Im [Czj = Tc‘7{1eaky, guided

energy crosses several photonic modes of the 2D photonic lattice. Only even modes
with respect to the horizontal midplane (indicated with o, =+1) are considered
here.

An expanded plot of the dispersion and the mode linewidths (twice the imaginary
parts of the energies) along the main symmetry directions is shown in Fig. 4.2.
Along the ' M orientation, mode 2 has vanishing radiative linewidth when cross-
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Fig. 4.1 (a) Schematic picture of a high index
PhC membrane of thickness d patterned with

also plotted. Only even modes with respect
to the horizontal midplane (o, = +1) are

a triangular lattice of air holes, together with
its direct and reciprocal lattices. (b) Photonic
band dispersion for the structure in (a) with
the following parameters: dielectric constant
&= 12.95, lattice constant 4= 350 nm, mem-
brane thickness d=0.43, hole radius r=0.3a.
The fundamental exciton level at 1.48 eV is

shown, and for each symmetry direction the
modes are classified as odd (o, =-1) or
even (o, = +1) with respect to the corre-
sponding vertical plane of incidence. The
dotted lines represent the light dispersion in
the air claddings and in the effective wave-
guide core.

ing the light line and becoming a truly guided mode, while mode 1 has vanishing
linewidth on approaching the I' point. The latter behavior is determined by
symmetry considerations [15, 33] since at I" only dipole-active, twofold-degenerate
modes are coupled to normally incident light. Considering now the I' K direction,
the two photonic modes have different symmetries with respect to the correspond-
ing vertical plane of incidence. In particular, the even mode (indicated with
0}, =+1) has vanishing linewidth on approaching the I' point, like the correspond-
ing mode along I' M. On the contrary, the odd mode (o, =—1) has much higher
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Fig. 42 Complex energy dispersion of o, = +1 photon modes for
energies around the excitonic resonance, along the main symmetry
directions of the triangular lattice (parameters as in Fig. 4.1).

Left: mode linewidths along I'M. Middle: real part of mode energies.
Right: mode linewidths along I'K. The points corresponding to a
non-dispersive exciton resonance with £, = 1.48 eV and linewidth

T =2x10™eV are also shown.

XC

radiation linewidths (2 Im (E)>20 meV). The value of the photonic mode (and
exciton) linewidth is a crucial parameter when considering the interaction between
photon and exciton states, as discussed in the next section.

It is important to notice, in the left panel of Fig. 4.2, that in correspondence to
the exciton resonance both photonic eigenmodes have very small linewidths
(2Im (E)<107eV). We thus reasonably expect that photonic crystal polaritons
should form at two different points in the irreducible Brillouin zone along I' M,

with two distinct anticrossings between exciton center-of-mass levels and photonic
bands.

4.3
Exciton-Polaritons in Photonic Crystal Slabs

In order to develop a quantum-mechanical theory of polaritons in PhC slabs, we
have to quantize both the photon and exciton states in the dielectric structure
(a detailed account of the formalism is presented in Ref. [34]). The electric and
magnetic fields are expanded as

1/2
2tho . . )
E(r,t)= ( %’j a,E (r) e iout 4 dﬂE*(r) el ’ )
%1 4ne,V { e uS }
1/2
2nhw , , ‘
H(r, t) = [ “ ] 4 H (T) eft(w,t + GAV'H*(Y) e""*‘t i (6)
; 4me,V { e uitu }
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where 4§, (4,) are creation (destruction) operators of field quanta with energies
o, . In the above formulas, ¢, is the vacuum permittivity, V is a quantization
volume, and u = (k,n) is a combined index which includes the Bloch vector k and
the photonic band index n. The field eigenmodes E,(r), H,(r) can be calculated by
solving the classical Maxwell equations and are normalized as

[e0)E (N E(rydr=5,, (7)

H

[H,nH}(r)dr=5,,. 8)

7

For the exciton part, we consider a membrane containing a thin QW layer that is
also patterned with air holes, assume strong electron—hole confinement leading to
separability of the exciton wavefunction, and solve the Schrédinger equation for the
center-of-mass motion in the QW plane

v}
{_ZM ” +V(T|)}ch(f|)=hQch(rl)’ .

exc

where r,=(x,y) and the effective potential V(r)=oco in air regions, while V(r)=0
in the non-patterned regions of the quantum well. We neglect dead-layer effects
(the thickness of the dead layer is usually less than 10 nm, i.e., much smaller than
the length scale of the photonic structure) and also image-charge potentials. Equa-
tion (9) is solved numerically by plane wave expansion, yielding quantized center-of-
mass levels in the periodic potential. By this procedure, the exciton levels are
labelled by the same quantum number of the electromagnetic modes: i.e., by a
Bloch vector K
(destruction) operators Z;C', (l;U) corresponding to the energies 72 , where o=
(Ko V) is again a combined index.

In the interaction with photon states, the Bloch vector is conserved, or K

and a discrete index v . This allows introducing exciton creation

exc

=k.

However, a photonic mode with band index n couples to exciton center-of-mass

exc

levels with any v. The interaction is determined by a matrix element of the full
Hamiltonian, as first shown in Refs. [1, 2] for bulk exciton—polaritons and later
extended to quantum-confined systems [3-5]. The coupling matrix element be-
tween exciton and photon takes the form

1/2
2me’hed}
Cp=| 2% | g S B (r).r]0), 10
o [Womknj ( m; (1)) 1,10 (10)
where ¥7) is the exciton wavefunction, and the sum is over all the electrons in the
QW material. If the QW exciton is a heavy-hole state, only the in-plane components
of the electric field are involved and &, =+1 modes (often called TE-like modes in
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the literature) are preferentially coupled. The integral can be expressed in terms the
oscillator strength f of the excitonic transition, which is generally defined as

Zma)

f= e Z g |0> (11)

v Zp]|0>

where m is the free-electron mass, € is the polarization unit vector of the exciton
and r;(p;) is the position (momentum) operator of the QW electrons. The matrix
element (10) is found to depend on the oscillator strength per unit area, f/S, as well
as on the spatial overlap between the exciton center-of-mass wavefunction and the
mode electric field in the QW plane:

Cknv :[ me f] J‘é'Ekn(r\P ZQW) ch(rl\) dT” . (12)

4ne,m S

The full quantum Hamiltonian describing coupled photon and exciton states is
finally given by

kv

H = Z hwkndzndhn + z h‘kabkvbkv +i z Cro Gy, +8 kn) (bfv b )
k.n

CE Cov JURE
+z Z — a'flml + a‘;ml ) (a‘lmz + aiknz ) . (13)
kv nyn, h‘Qk\

It should be noticed that both photon and exciton energies are taken to be complex
quantities: i.e., the imaginary part of the frequency for quasi-guided photonic mo-
des, as well as the exciton linewidth arising from non-radiative processes, are in-
cluded in the calculation. Hamiltonian (13) is diagonalized by using a generalized
Hopfield transformation [1, 35] to expand new destruction (creation) operators
B, (B) as linear combinations of &,,(a),) and b, (b},), with the condition
[P,, H]= E,D,. The transformation, which leads to a non-hermitian eigenvalue prob-
lem, applies also to a Hamiltonian that includes dissipative terms. The new ei-
genenergies E, correspond to mixed excitations of radiation and matter, which can
be either in a weak or in a strong-coupling regime: in the latter case they give rise to
photonic crystal polaritons.

For a GaAs membrane containing a typical InGaAs/GaAs quantum well at the
field antinode, the coupling matrix element is calculated to be of the order of 6 meV
in the present structure. The exciton linewidth in high-quality structures at low
temperature can be made lower than 0.6 meV [36], i.e., negligibly small as com-
pared to the energy scale of the interaction. Thus, the eventual regime of the exci-
ton—photon coupling depends critically on the value of the photonic mode
linewidth. If the exciton interacts with a truly-guided mode, the (intrinsic) linewidth
is zero and the exciton-light coupling is always in a strong-coupling regime. The
resulting polaritons are evanescent and non-radiative, as they lie below the air light
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line. Radiative polariton states are obtained when the exciton interacts with a quasi-
guided mode whose linewidth is smaller than the exciton—photon coupling. Several
possible situations for the interaction of the exciton with quasi-guided modes are
illustrated in Fig. 4.2 above.

Radiative polaritons in PhC slabs can be probed by reflectance (or transmittance)
from the slab surface, as done in a pioneering paper where the strong exciton reso-
nance of an organic molecule [bis-(phenethyl-ammonium) tetraiodoplumbate (PE-
PI)] with a giant oscillator strength per unit area was employed to observe the
strong-coupling at room temperature [22]. Observing the same effect in III-V se-
miconductors is more difficult and has not been achieved at time of writing. Here
we calculate the angle-resolved reflectance from the surface of the PhC slab using
the scattering-matrix method [37, 38], which yields an exact numerical solution of
Maxwell equations for a stratified medium consisting of patterned layers that are
homogeneous in the z-direction. The presence of the exciton resonance is taken
into account at a semiclassical level by adding a Lorentz-oscillator term to the di-
electric function in the QW layers:

forl@)=e, | 14— MO | (14)
h(QeXC - w) - 11—’8)«:/2

where ¢, is the background dielectric constant of the QW material, @,; is the
longitudinal —transverse (LT) splitting and %€, , I, are the bare exciton energy

and linewidth as in the quantum calculation. The LT splitting may be related to the
quantum-mechanical oscillator strength per unit area by

2mhe’ f

hoyw =————— =,
ey, m2, Loy S

(15)

exc

where Loy, is the QW width. This relation is valid for a single quantum well in the
strong (electron—hole) confinement regime. A fuller discussion of the relation
between semiclassical and quantum descriptions of the light—exciton interaction
can be found elsewhere [3-5].

In Fig. 4.3 we show a comparison between quantum and semiclassical treatments
of PhC polaritons (results for 1D photonic lattices were previously presented in
Ref. [39]), for a structure containing two InGaAs QWs. In order to make the quan-
tum and semiclassical calculations consistent with each other, an oscillator strength
per unit area f/S=4.2x10" cm ~ is assumed for each InGaAs QW, corresponding
to a quantum well of width Ly, =8 nm and a LT splitting ~@;; =0.2 meV in the
semiclassical calculation. Panels (a), (c) display angle-resolved reflectance spectra
along the I'-M and I'-K orientations, respectively, while panel (b) reports the dis-
persion of coupled exciton-photon modes as calculated from the quantum theory
(small circles) and extracted from the spectral structures in reflectance taking into
account parallel momentum conservation (square points). Along the '-M orienta-
tion (TE polarization of incident light) there are two anticrossing points, i.e., exci-
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Fig. 4.3 Photonic crystal polaritons in a 2D triangular lattice along
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the main symmetry directions (parameters as in Fig. 4.1). Scattering
matrix calculations of reflectance spectra along (a) I'M (TE incident

light) and (c) T'K (TM incident light) are compared to quantum
calculations of mode dispersion in (b): small circles are from the
quantum theory results, while square points are extracted from

reflectance spectra in (a) and (c).
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ton-light coupling is in a strong-coupling regime for both photonic modes 1 and 2
previously shown in Fig. 4.2. Along the 'K orientation (TM incident polarization)

there is only one anticrossing point. It is worth noting that odd modes (o, =-1)

are excited by TE incident radiation along I'K, whilst even modes (o, =+1) are
excited by TM incident beams along I'M. The results of Fig. 4.3 demonstrate that
radiative polaritons can be observed by angle-resolved reflectance, provided the

photonic mode linewidth (and, of course, the exciton linewidth) be smaller than the

exciton—photon coupling. They also demonstrate that the semiclassical and quan-

tum treatments of photonic-crystal polaritons yield results that are in very good
agreement with each other — the expected results for linear optical properties.

Notice that the polariton splitting at resonance is of the order of 10 meV with two
embedded QWs. This is larger than common values for I1I-V microcavities which
are typically of the order of 4 meV with two QWs [40], and no larger than 6-8 meV
even with several quantum wells close to the field antinodes [7-9]. This increase of
the polariton splitting has little to do with the x,y dependence of the electric field
and of the exciton envelope function: since the exciton center-of-mass levels are

nearly degenerate, for a given photonic mode there is always a linear combination

of exciton states which has the proper spatial dependence to yield an overlap matrix
element (10) close to unity. In this respect, the physics of exciton-light coupling in
photonic crystals is similar to the case of pillar microcavities [35] where a cavity
mode couples to several exciton states and the polariton splitting has only a slight

dependence on the pillar radius. The reason for the increased polariton splitting in

PhCs lies in a better field confinement along the vertical direction: in a microcavity

with dielectric mirrors the penetration of the electric field in the distributed Bragg
reflectors reduces the overlap of the cavity mode with the exciton state [5, 40], while
in a PhC slab the fundamental waveguide mode is almost perfectly confined within

the slab, thus yielding optimal coupling with the QW exciton.
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4.4
Nanoscale Cavities in Photonic Crystal Slabs

Point defects in PhC slabs behave as 0D cavities and support localized modes in the
photonic gap. Cavity modes are always subject to radiation losses, as they have no
wave vector and are coupled to the continuum of leaky slab modes by the dielectric
modulation. Still, photonic cavities with large quality factor Q and small mode
volumes can be defined. The quality factor can be increased by a momentum-space
design, which allows to reduce the radiative component of the confined photonic
mode [41]. In real space, this corresponds to changes of the position or size of the
nearby holes. One of the best performing cavity structures consists of three missing
holes along the 'K direction of the triangular lattice: by using the principle of “gen-
tle confinement”, which consists of shifting the positions of the holes close to the
defect, Q -factors as high as 1.5x10° have been demonstrated [42]. The very high
Q-factors can also be interpreted with a Fabry—Perot model [43]. Using a conceptu-
ally different design approach, based on PhC slab heterostructures with varying
lattice constants, measured Q-factors of the order of 6x10° have been reported
[44].

Within the present method, the quality factor is calculated as Q = w/[2 Im(w)] by
introducing a supercell in two directions and evaluating Im (@) in perturbation
theory with the use of Eq. (4). Notice that by using a supercell, all photonic modes
that fall above the light line upon folding in a reduced Brillouin zone become radia-
tive: by this procedure, the determination of the Q-factor of cavity modes is similar
to the calculation of propagation losses of extended modes. We focus on cavities
with one, two or three missing holes in the triangular lattice (L1, L2, L3 defect) and
consider a displacement or a shift of the nearby holes in I" K direction, as illustrated
in Fig. 4.4. We calculate only intrinsic losses, i.e., we do not include the effect of
disorder which is left for further analysis.

In Fig. 4.5 we show the quality factor as a function of (a) hole displacement and
(b) hole shrinking. All curves have a pronounced maximum, confirming that the
Q-factor is indeed increased by gentle confinement. For the case of the L3 defect

L1 L2 L3
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Fig. 4.4 Schematic structure of L1, L2, L3 point defects with

(a) hole displacement and (b) hole shrinking.
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Fig. 4.5 Quality factor for L1, L2, L3 defects in a silicon membrane
with & =12, a =420 nm, d/a=0.6, r/a=0.29 as a function of
(a) displacement and (b) shrinking of the two holes close to the point
defect along the I' K direction. The experimental points are taken
from Ref. [18]. The mode considered has symmetry o, = +1.

with hole displacement, we find Q =4.5x10* for Ax/a =0.15, in agreement with
the experimental results [18] obtained on nanocavities in Silicon membranes with a
cavity mode around A =1.55 um. The maximum calculated value is Q =1.5x10° at
Ax/a =0.18. The experimental values for Ax/a=0.2 and 0.25 are lower than the
theoretical ones. Turning now to the case of hole shrinking, we notice that the
maximum of the Q-factor as a function of Ar/a is broader, implying that the struc-
ture may be more tolerant to small imperfections in fabrication. When the two
nearby holes are shrunk to zero radius, the curve relative to the Ln defect tends
to the value for the L(n+2) defect at Ar=0. The results of Fig. 4.5 show clearly
that an L3 cavity with optimal hole displacement or shrinking (maximum of L3
curves) has a higher Q than a bare L5 cavity (end point of L3 curve in Fig. 4.5b).

In Fig. 4.6 we show the electric field profile along the main symmetry directions
for the ground mode of the L3 cavity (for null displacement and shrinking of nearby
holes). The square modulus of the electric field has a maximum at the cavity center,
but it oscillates along the I'-K direction (and, to a lesser extent, along the I'-M

0.15 : : 0.15 :
r-K direction I'-M direction
y=0 x=0
5010} { 0410}
1d =
2r/a Yo' TM 2 005 1 005}
X or 0.00 : : . 0.00 ! ! L
TK 3 2 A 0 1 2 3 -2 -1 0 1
iE) position x/a position y/a

Fig. 4.6 Schematice picture of a L3 nanocavity and field profile of the
ground cavity mode along the I'-K and I'-M symmetry directions for
structure parameters as in Fig. 4.5. The field is calculated for the
structure with no shift or shrinking of nearby holes.
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direction) with secondary maxima. The oscillations along I'-K result from the
physical origin of the L3 cavity mode, which results from quantization of the line-
defect mode corresponding to a missing row of holes along the 'K direction or
W1 waveguide [45]: the quantized wave vector in the extended zone scheme is of the
order of 4m/(3a), which explains the period of the oscillations. Figure 4.6 implies
that there are three favorable positions for placing a dipole emitter at field antinodes:
however, the extension of the region where the field is close to its maximum value is
of the order of £0.1a , i.e., much smaller than the lattice constant. From Fig. 4.6 it is
also possible to deduce the mode volume, which is generally defined as [46, 47]

o [e(r) |E(r)} dr

’ 16
g(rpeak ) |E(rpeak )|2 ( )

where r,, is the peak position of the product &(r)|E(r)’ and the integral is the
normalization of the electric field. The mode volume for the field shown in Fig. 4.6
is \N/:(‘s,|E(rpeak)|z)'l =0.67a’, where the electric field is normalized according to
Eq. (7), and since the dimensionless frequency of the cavity mode is a/1=0.27 we
get V=0.56(4/n,) (n, =\/E is the dielectric constant at the peak position). The

mode volume of this kind of PhC nanocavity is smaller than a wavelength cub-
ed, i.e., the electromagnetic field is very well confined in all three spatial directions.

4.5
Strong Exciton-Light Coupling in Nanocavities

In this section we consider a single InAs quantum dot (QD) coupled to a PhC na-
nocavity realized in a GaAs membrane. While quantum-well excitons are described
by bosonic operators, the exciton transition in a single quantum dot can be mod-
elled to a first approximation by a two-level system. The theory of radiation-matter
coupling in this case relies on the Jaynes—Cummings model. If the QD interacts
with a single cavity mode, the Hamiltonian is
H=n0,06,+ho,@,d,+1)+inQ(6.a4,-6.4,), (17)

exc

where Q. is the fundamental exciton frequency, &, 6, &; are pseudo-spin opera-
tors for the two-level system with ground (excited) state |g) (le)) and al,a, are
creation/destruction operators for the cavity mode u. The coupling constant

0, =(d- E)/l of the quantum dot—cavity interaction is

QOZ( 1 nezf] ’ (18)

4ne, emV,

where f is the oscillator strength of the transition, V, is the mode volume defined
in Eq. (16), &,(&,) is the relative (vacuum) permittivity and m is the free-electron
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mass. We are assuming that the quantum dot is located at the peak position of the
electric field. The condition of spatial overlap between the QD and the cavity mode
can be met by aligning the cavity around a chosen quantum dot, as demonstrated in
Refs. [48-50].

The quantum Hamiltonian (17) has a discrete spectrum consisting in a
ladder of dressed states, in which each excited state is split into two levels
separated by 2712,\/n+1, where n is the number of photons in the cavity mode
[51]. In the weak excitation regime, we can consider only the transition between the
ground state and the first excited doublet, whose splitting 272, corresponds to the
vacuum-field Rabi splitting between the QD transition and the single cavity mode.
In order to take into account the finite linewidth of both the QD exciton (/7.,.) and
the cavity mode (2 Im(%w,)="%wo,/Q,), a master-equation approach has been used,
which allows calculating the spontaneous emission spectrum. This leads to an
analytical expression for the complex energy splitting of the two oscillators
52, 53]

hQ, =hQ, + Jm; —[FE“ _(j:w“/Q)) -i [F e (f“’#/ Q)J . (19)

We assume the quantum dot to be in resonance with the cavity mode, i.e., the QD
has to be not only spatially but also spectrally resonant. Achieving spectral overlap is
made difficult by the size distribution of self-assembled QDs. Spectral resonance is
imposed here by properly designing the GaAs PhC nanocavity to have the ground
cavity mode at energy %, ~1.3 eV (4, ~ 950 nm), which is a typical value for the
fundamental exciton resonance of InAs QDs.

The solutions of Eq. (19) are plotted in Fig. 4.7 as a function of the Q-factor.
We take a mode volume V =1.1x107" cm’, estimated from ~ 0.56(4/n,)’ at a wave-
length 4 =950 nm and n, = \/Z =3.54 (low temperature value for GaAs at 1.3 eV).
The oscillator strength f =10.7 is a typical value for self-assembled InAs QDs corre-
sponding to the measured lifetime 7 ~1 ns [10]. The crossover from weak to strong

0.2 : 0.0
> 0.1} ©
£ _ E 02t
~ Rabi -
’E} 0.0 splitting Is"’ 0.3¢
a S -04¢
< -0.1 g
~ — _0_5,
0.2 : 0.6 ‘
10> 10* 10° 10° 10* 10°
Q-factor Q-factor

Fig. 4.7 (a) Real and (b) imaginary parts of Eq. (19) as a function of

Q-factor, for QD parameters 7, =0.05 meV, f =10.7, and effective

cavity mode volume V =1.1x10™% cm’.
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Fig. 4.8 Results for a PhC slab nanocavity in GaAs air bridge. Parame-
ters of the structure are: & =12.53,d =126 nm, a =258 nm, r/a=0.3.
(a) Energy, (b) @-factor, and (c) mode volume for the cavity mode as
a function of the shift of two holes along the xdirection. (d) Real and
(e) imaginary parts of Eq. (19), plotted as a function of the holes’ shift
by using the quantities calculated in (a), (b), and (c), and QD para-
meters I, =0.05 meV, f =10.7.

coupling is seen to appear at Q ~2000, even if the corresponding imaginary part is
still larger than the Rabi splitting. The maximum Rabi splitting for this kind of sys-
tems is seen to be reached already for Q ~10000. Such values of Q are well within
the reach of present-day fabrication technology, even for cavities in GaAs slabs for
which the Q-factor is limited by absorption at the GaAs/native oxide interfaces at
the hole sidewalls [50].

In Fig. 4.8(a—c) the calculated mode energy, Q-factor and effective volume are
plotted as a function of the holes’ shift, Ax/a, for proper design parameters of the
GaAs PhC membrane. The resonance energy and the mode volume do not change
appreciably, while the Q-factor has a dramatic increase with a maximum Q > 10’ for
Ax/a ~0.18. The latter results are employed to calculate the complex splitting as a
function of Ax/a, which is shown in Fig. 4.8(d) and (e). It is evident that the system
is always in the strong coupling regime, regardless of the displacement of the near-
by holes. This result is in agreement with the calculations of Fig. 4.7, because the
QO-factor is always higher than 2000 for the present nanocavity. The imaginary part
of the complex splitting has a minimum for a value of Ax/a corresponding to the
maximum Q-factor. It is arguable that, in order to observe the strong coupling,
shifting the holes in the PhC slab nanocavity could be of importance for reducing
the emission linewidth of the two peaks. These results agree well with recent ex-
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perimental findings [21] as well as with a theoretical study of the strong-coupling
based on a Green'’s function approach [54].

Notice that the physics of the Jaynes—Cummings model (17) is very different
from that of the Hamiltonian (13) describing the interaction between photonic
modes and quantum-well excitons. The point is that the QW exciton is a delocalized
excitation that represents a collection of excited unit cells and has a bosonic charac-
ter, while the quantum-dot transition is localized and has to be modelled by a two-
level system which cannot be excited more than once. The two systems behave in a
similar way under weak excitation conditions, but the differences become mani-
fest on increasing the excitation, as the quantumdot transition coupled to the
nanocavity mode gives a Rabi splitting that increases like vn+1. Indeed, the
coupled QD-cavity system is expected to display a Mollow-type spectrum [55] with
a classical Rabi splitting at high excitation intensity. Of course, a more complete
model should take into account bi-exciton and multi-exciton states of the quantum
dot [56, 57] with their complex many-body interactions.

4.6
Conclusions

Photonic crystal slabs are very suitable systems for the control of light propagation
and confinement in all spatial directions. A recently developed theory of photonic
crystal slabs has been reviewed. The main conclusions of the present work are as
follows.

Exciton-polaritons can form in PhC slabs with embedded quantum wells when a
narrow excitonic transition is in resonance with either a truly-guided or a quasi-
guided photonic mode: in the latter case, the intrinsic linewidths of the exciton and
of the photonic mode need to be smaller than the coupling matrix elements. When
these conditions are met, the polariton splitting can be larger than for polariton in
microcavities, due to the tighter field confinement in a high-index planar wavegui-
de. Polaritons arising from excitons in interaction with quasi-guided modes are
radiative and can be probed by reflectance from the slab surface. The results of
quantum and semiclassical treatments of photonic crystal polaritons are in very
good agreement with each other.

Nanoscale cavities realized in photonic crystal slabs have very high Q-factors and
low mode volumes: on these respects they are more performing than usual 3D
microcavities like micro-pillars and micro-disks. On the other hand, their electric
field profile is rapidly varying, making spatial alignment of a single quantum dot
more difficult to achieve. Starting from a Jaynes—Cummings model for a two-level
system coupled to a cavity mode, we have quantified the conditions for a single QD
transition interacting with a PhC nanocavity to be in a strong-coupling regime with
a vacuum-field Rabi splitting. Quality factors larger than 2000 are already sufficient
to achieve strong coupling. This makes PhC nanocavities very promising systems
for quantum-electrodynamics applications at a nanoscale level.
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Chapter 5
Parametric Amplification and Polariton Liquids
in Semiconductor Microcavities

Jeremy J. Baumberg and Pavlos G. Lagoudakis

5.1
Introduction

The discovery of parametric amplification in semiconductor microcavities in 2000
has opened up a new highly-nonlinear optical regime to explore [1, 2]. Prior to this,
optically-induced changes in the response of excitons in a semiconductor were at
the level of a few per cent or less, before the photo-injected carriers screened the
excitons into ionization. In semiconductor microcavities, the induced changes can
be several thousand percent while still retaining the bound exciton [3]. This opens
the way to exploring in some detail the nonlinear dynamics of excitons, and in
particular of exciton-polaritons. Because polaritons with small kinetic energy live on
a distorted dispersion relation, their dynamics is rather different to excitons, and
can be directly observed [4].

Here, we explore some of the rich possibilities that emerge from the dynamics of
polaritons. We aim to capture the broad feel of the phenomena through time resol-
ved studies, which have been essential to clarify and disentangle the different scat-
tering process that can occur. The predominant process is the pair scattering of two
polaritons to different final states along the dispersion relation, which is constrai-
ned by the shape of the lower polariton dispersion [5]. We first review the simplest
pair scattering, which occurs with the pump pulse incident at a ‘magic’ angle (in the
language of non-linear optics, we would call this a triply phase-matched angle). We
also explore the relationship between nonlinear optics and semiconductor quasipar-
ticle scattering. We then show that multiple scattering plays a role and new ‘nonli-
near’ polariton modes can appear, further distorting the dispersion [6]. Moving to a
geometry in which the pump pulse is normally incident, we explore the way that the
polariton dispersion can transiently distort, and propose a model in which the non-
linear interaction of light (of particular in-plane k) with polaritons can be thought of
in terms of a k-dependent oscillator strength. We assume the reader is familiar with
the strong-coupling regime of exciton-polaritons in a microcavity, and refer to pre-
vious reviews in this field [7].
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5.2
Parametric Scattering at the Magic Angle

5.2.1
Ultrafast Experiments on Semiconductor Microcavities

Measuring the dynamics of polaritons in semiconductor microcavities requires an
additional expansion of the tools of ultrafast spectroscopy. Undertaking angle-
dependent measurements is vital to identify the different mechanisms involved in
the scattering of these composite particles. Here we use two different techniques:
angle-dependent pump-probe differential reflection/transmission, and angle-
dependent luminescence analysed in a spectrometer or a streak camera. This requi-
red us to develop the first ultrafast goniometer in which several laser pulses can be
adjusted in their incident angle on a sample without changing their time-delay. A
number of implementations are possible in which the total path length travelled by
each pulse remains constant while the incident angle (and hence k) is tuned [8]. The
microcavity samples here are cooled to 4 K using a wide field-of-view, cold-finger
cryostat, allowing us to collect the light emission emerging at a range of angles.

Parametric scattering has been observed in a number of samples in our group,
including InGaAs Multiple Quantum Wells (MQWs) in 31/2 cavities, and GaAs
Single Quantum Wells (SQWs) in 4 and 24 cavities. Many groups have also obser-
ved the effects in alternative strongly-coupled heterostructures, including II-VI
microcavities [9, 10]. A number of questions remain open on the different efficiency
of the scattering in different samples, including the effects of the number and
placing of the quantum wells, the role of disorder both in the QW and the mirror
stacks, as well as the composition. While the standard coupled mode theory [11]
gives a good account of the angle- and detuning-dependence of the gain, it cannot
account for the temperature-, heterostructure-, and disorder-dependence. To ac-
count for these effects it is then needed to consider scattering with all the exciton
and polariton states in the microcavity. However, there still does not exist a good
understanding of which states become occupied after excitation on the lower polari-
ton branch. For instance, upper branch emission is also seen after lower branch
excitation. Nor do we have a good understanding of how occupation of other states
on the polariton dispersion affects pair scattering at the magic angle. An alternative
treatment including all 2-exciton states has highlighted the role of nonlinear ab-
sorption at the idler in controlling the gain possible in the parametric amplification
process [12].

5.2.2
Simple Pair Scattering

The simplest pair scattering process is one in which two polaritons at k, mutually
scatter to polaritons at k = 0, 2k, (Fig. 5.1a). This process can only occur near the
region of the lower polariton dispersion relation, which satisfies energy and mo-
mentum conservation between initial and final states. This polariton region is given
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by the solution of 2E(k,) = E(0) + E(2k,). This can be clearly seen experimentally [1]
when the gain of the normally incident probe pulse is measured as a function of the
incident pump angle, at several detuning conditions between the cavity and the
exciton resonance, A= E—~E, (Fig. 5.1b).

The optimum gain occurs at a magic angle which reaches a minimum near zero
detuning (Fig. 5.1D, ¢), due to the way the shape of the dispersion changes with
detuning. The strength of the pair scattering depends on the exciton fraction in the
initial and final states and the strength of the dephasing of these states, and hence
large positive or negative detuning conditions reduce the gain. Pair scattering is
virtually absent on the upper polariton dispersion, or on the bare exciton dispersion,
since the dispersion for these does not favour energy-momentum conservation.

To track the pair scattering process in more detail, the light emitted from the
lower polariton branch is recorded over a wide range of angles, both in the sponta-
neous (no probe) and stimulated (with probe) regime (Fig. 5.2).

When the probe pulse is absent, polaritons scatter in pairs from the pump into a
wide range of final states along the lower polariton dispersion [Fig. 5.2(a, c)]. The
higher k states appear weaker because their photon fraction is smaller, so they
escape more slowly from the microcavity, while the bigger exciton fraction of higher
k states increases the probability of scattering to states outside the light cone. When
the probe pulse is present, the pair scattering preferentially picks out the k=0
‘signal’ state. This language of pump, signal (low energy) and idler (high energy) mo-
des originates from optical parametric oscillator (OPO) theory. Occupation of a
polariton state increases the probability of scattering into that state; there is a ten-
dency for polaritons to accumulate in particular positions along the dispersion. The
transition of the pair scattering from spontaneous in the absence of the probe to
stimulated when the probe is present is a manifestation of the bosonic symmetry
of the polariton wavefunction. The absence of such transitions in bare quantum
wells implies that polaritons are ‘better’ bosons (the lower energy polaritons have

(@)
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Fig. 5.3 Maximum emission intensity at each angle (log scale) from
Fig. 5.2, with and without the probe pulse at low (a) 10 W/cm® and
high (b) 30 W/cm® pump power. Regions of resonant Rayleigh pump
scattering, spontaneous parametric scattering and stimulated pair
scattering are observed.
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less multi-particle scattering mixed into their states) and paves the way for the study
of polariton Bose condensation related phenomena [13-15]. The corresponding
‘idler’ polaritons are clearly visible at 2k, (Figs. 5.2 and 5.3). However it is possible
to note already a consistent feature of the idler polaritons, in that their energy spec-
trum and their wavevector distribution are considerably broader than that of the
signal polaritons.

The other universal feature observed is the blue shift of the entire polariton dis-
persion when the strong pump injects significant polariton densities at the magic
angle. This blue shift matches very well the simple theory, which is normally used
to quantitatively describe the parametric scattering [16, 17]. Following this, it is
possible to cast the equations for the coupling of the signal, idler and pump polari-
tons into a form which shows that new mixed states composed of both signal and
idler experience the gain (Section 5.2.3). These mixed states are the eigenstates of
the perturbed system and contain components from different in-plane wavevectors
[18].

523
Quasimode Theory of Parametric Amplification

In this section, we extend the theories developed for CW parametric scattering to
the dynamic regime. We aim to find the transient eigenstates of the pair polaritons
at each time, which independently experience the gain/loss. We assume a slowly
varying polariton amplitude (which is a reasonable approximation for these narrow
spectral linewidth cavities), and also work in the limit of negligible pump depletion
(i.e. at low probe powers). In this case the equations governing the slowly-varying
envelope of signal (S) and idler (I) can be written

oS

Loy s—aArt

o Vs

61* * *

EZ—%I -A"S 1)

where A(t)=iVP(t)’ e"" accounts for the coupling. Here V is the exchange inter-
action between polaritons, P is the dynamic pump polariton occupation, and
v=_2wp— ws— @, is the frequency mismatch from the magic angle condition. We
look for solutions corresponding to gain: S,I* oce®. Solving the determinant of
Eq. (1) produces the two solutions for the damping:

q. = —(”ST”I) +Jo +|Af 2)

with & =(y;—7,)/2. These solutions are time dependent, with g, <0 away from
the pump pulse corresponding to the individual damping of signal and idler. They
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Fig. 5.4 Quasimode calculations as a function of real time (ps) for
(a) eigenvalues of M, N, (b) mixing parameter y, (c) fractional
amount of signal and idler components in M, (d) dynamics of eigen-
modes M, N and (e) of signal and idler, when the probe pulse is at
t=-1ps, pump at =0 ps.

repel strongly when the pump arrives, to produce transient gain (g, > 0, Fig. 5.4a).
The eigenvectors of these solutions correspond to the two mixed modes (M, N)
which experience these gains.

M= [ ster ¥

N=— L [ers+enr¥ (3)
1+e”

where we have defined sinh y = /|4| and |4|e" = A. This mixed complex trans-
formation of the signal and idler is controlled by the phase mismatch, ¢ =vt, and a
mixing parameter, y(t). The mode M is amplified when the pump pulse arrives,
while the mode N is de-amplified. The gain of these modes is given by
q. =7 +|A|coshy, with the average damping, 7 =(y; +7,)/2. The incident probe
couples into both modes, giving new instantaneously decoupled dynamical equa-
tions:

oM e’

—=qM-————=S5_..(t
8t q+ m probe( )
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In the vicinity of the pump pulse, the modes M, N contain roughly equal admix-
tures of the signal and idler (Fig. 5.4c¢): in other words, when the pump is present,
the true modes of the system are not S, I but M, N. The dynamics of the quasi-
uncoupled modes and the signal and idler are shown in Fig. 5.4d, e for a probe
pulse which is 1ps before the pump, and with damping of signal and idler,
Y5; = 0.2, 0.4 meV corresponding to the experiments.

From these equations it can be seen that the amplification of the population of
polaritons in the M-mode is roughly given by:

2

~exp(2q.T)~exp (Z‘A‘ T) ~exp (ZVIPumPT) (5)

out

where T is the pulselength and I, is the pump power. This recovers the experi-
mental result. It is also not what might be at first expected from a pair scattering
process which in an uncoupled system would have a gain proportional to the square
of the pump intensity. The completely mixed nature of signal and idler polaritons is
what makes the parametric amplification so sensitive to dephasing of the idler
component.

5.2.4
Multiple Scattering at the Magic Angle

The above analysis shows that the parametric process creates new mixed pair states
linked by the scattering with the strong pump. Effectively the strong pump acts to
tie together polariton states in a pair-wise fashion. However, in pulsed experiments
it is possible to transiently inject very large pump polariton densities, which in turn
can lead to very large polariton densities at the signal and idler. These in turn act to
tie together new pairs of polariton states, further distorting the polariton dispersion
relation. We have previously analysed this case in some detail and summarise the
results here to draw together the theme of parametric amplification.

If the data of Fig.5.2(d) are analysed carefully it is possible to see additional
polariton emission at positions which do not lie on the blue-shifted dispersion
relation (Fig. 5.5) [6]. These directly correspond to the expected positions of new
polariton branches created by ‘dressing’ the dispersion with signal, idler and pump
polaritons. A number of off-branch modes have also now been observed under CW
excitation [19].

Hence the meaning of the dispersion relation becomes more difficult to ascertain
in the highly-nonlinear regime of parametric scattering in semiconductor micro-
avities. At any moment in time, a range of parametric interactions are available,

1m
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whose strengths also control the &dependent self-energy shifts of the dispersion-
relation. In turn, this modifies the allowed parametric interactions. This new
regime of nonlinear optics more closely corresponds to the strong-coupling of He
atoms in superfluidity, and could be termed a strongly-correlated ‘polariton liquid’
20, 21].

525
Double Resonant On-Branch Multiple Scattering

The experiments presented so far have concentrated on the simplest pair scattering
situation with the probe pulse arriving at normal incidence. However, it is clear
from the spontaneous scattering regime (e.g. Fig. 5.2¢) that many final pair states
can satisfy energy-momentum conservation along the lower polariton dispersion.
We describe now the results when the probe pulse is shifted to an angle of inciden-
ce of 6°, while the pump pulse remains at the magic angle of 17°. In this case we
see not just the signal (S1) (as an amplified probe) and idler (I1) at 28° but a second
signal beam (S2) emerging at an angle of —4° from the sample. Complementing
these two signals is a second idler pulse (I2) at 42°. These results are summarized
in Fig. 5.6.

Two possible routes exist for the pair scattering process to populate S2 and I2:
either directly from the pump (P + P — S2 + 12), or from the coupled pair of signal
and idler (S1 + I1 — S2 + I2). This process can be seeded either from the S2 (which
can be populated by Rayleigh scattering of the initial signal) or from 12 (which is
near degenerate with the exciton). This multiple scattering of coherent bosons can
also be accounted for as the four-wave-mixing of pump and probe pulses, producing
S2 and I1. In this equally valid description it is however less clear how to account
for the strength of 12, which must arise from higher mixing. Both descriptions
similarly treat the mixing of coherent bosonic fields, however four-wave-mixing



Energy (eV) Energy (eV)

Energy (eV)

5.2 Parametric Scattering at the Magic Angle

(a)
1.462 S2 S1 P 1

113

1.460
1.458
1.456
1.454

1.452

(b)
1.462

1.460

1.458 1462 - @ Pump & probe

O Pump
1.456 ]

1.460 —
1.454

1.452

Energy (eV)

1
1
1
1458 -
1
1,456 —{ga |

1.454 —

I I LN

-10 0 10 20 30
Incident angle (deg)

1

Fig. 5.6 Lower polariton branch emission (on a log scale), for the
three cases (a) probe alone at 6°, (b) pump alone at 17°, (c) both
pump and probe incident. With the probe arriving away from k=0,
new multiple scattering processes take place, giving rise to a second
signal at —4° and a second idler at 42°. The gain for the signal is
~400 in these conditions.

retains coherence in the photon fields and polarizations, while the parametric scat-
tering uses the polariton basis which more naturally accounts for the different
properties of polaritons along the lower branch. The double-resonant pair scattering
process seen here depends on all four states (S1, S2, I1, S2) being resonant on the
polariton branches for its strength. This is only true for certain selected conditions
of injected pump and probe polaritons, and for example does not work when the
probe pulse arrives at —6°. In general, as the probe in-plane wavevector approaches
that of the pump polaritons, the number of multiple scattering processes increases
strongly, allowing many orders to be observed.

Another interesting question is the extent to which the modes S1, S2, I1, 12 form
a new mixed polariton state with four components. It should be possible to probe
intensity and phase correlations in the photons emitted from these states. In the
Fourier domain, these correspond to spatial correlations in the polaritons inside the
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microcavity. However it is noticeable that the second idler is predominantly built of
exciton states, and thus suffers very strong scattering processes. This may account
for the large increase in emission from a broad range of lower energy states at high
angles (0 >40°) when the multiple scattering process turns on. It is also possible
that such broadband emission observed at large angles originates from localised
exciton states (at smaller angles the strong emission from the pump and the polari-
ton states in the trap hinders detection of light emitted from localised states that
exist is small numbers). Under non-resonant excitation, emission from localised
states can easily be observed and even lead to the appearance of a lasing mode due to
the achievable population inversion in these low density states [22].

5.3
Local Deformations of the Dispersion: Beyond Pair Scattering

The complete admixture of the idler in the mixed polariton state which is amplified
explains the limitations of the parametric amplification. A number of careful expe-
riments have compared how the gain changes with temperature, and number and
type of quantum wells [23]. Two models have been advanced to account for this
data, the first linking the increase in idler decoherence to the exciton binding ener-
gy, the second ascribing this to excitation induced dephasing of the pair-state to
higher-lying continuum states [11, 12]. The common theme is clearly the proximity
of the idler component of this mixed state to the very large density of excitons states
(both localised and not) and unbound electronic states [24, 25]. One way to progress
is thus to identify processes in which the idler can be energetically lower down
inside the polariton trap, and thus better protected from these dephasing mecha-
nisms.

A possible approach uses pump and probe beams at angles much closer to nor-
mal incidence, with all the scattering polaritons thus caught in the trap and so more
stable against ionization and scattering. The problem is the small gain in this confi-
guration due to the less advantageous shape of the dispersion for energy conserva-
tion in the pair scattering, and the short lifetime of polaritons before they escape as
photons emitted from the sample [26, 27]. Only the broadening of the polariton
mode in both energy and in-plane momentum caused by the finite lifetime of the
cavity photons and diffraction in the planar microcavity allows the process to occur
at all. This low gain is not predicted by the current models, which provide estimates
for the polariton gain which are comparable or exceed those at the magic angle.

5.3.1
Polariton Liquids at the Bottom of the Polariton Trap

To explore the transient energy shifts during the pair scattering process, we collect
the time-integrated transmission of pulses at different angles on the far side of the
sample, and spectrally analyse it. We compare the results both with, and without,
a probe pulse incident at 6., = 7° arriving simultaneously with the pump pulse
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Fig. 5.7 Time-integrated emitted light in transmission from the lower
polariton, with the pump pulse normally incident, and the probe
arriving at +7°. Parametric scattering is observed when both pulses
arrive (c), producing an idler pulse at —7°. For comparison, pump
alone (a) and probe alone (b).

which is at normal incidence. The polarization of the pump beam is linear while
that of the probe beam is circular, in order to maximize the parametric amplificati-
on process [28, 29]. When the pump and probe arrive together, the scattering
produces a gain of up to 15 of the probe beam, and a similarly intense backscat-
tered beam in the momentum-matched direction of ~0, o which is the idler. The
strength of the pair scattering driven by the pump depends on the cavity detuning
from the exciton and is maximised for 4=-1 meV. To achieve this gain also de-
pends on increasing the pump bandwidth (to several times the lower polariton
linewidth) to allow resonance throughout the transient blue-shifting of the lower
polariton branch. The angle dependent emission of pump, probe and phase-
conjugate idler are clearly seen in Fig. 5.7 demonstrating the expected energy selec-
tivity in the pair scattering process near the bottom of the polariton trap.

The parametric scattering process at the bottom of the trap nominally does not
conserve energy-momentum, with a mismatch of 0.2 meV expected from the un-
perturbed dispersion. However this should be compared to the lower polariton
linewidth for this sample at 4= 0, which is 0.5 meV. To gain an insight into the
effects of the population-induced shifts in the dispersion, we extract the positions of
peak emission and the emission strength as the pump power is varied by a factor of
twenty (Fig. 5.8). Initially, it can be seen that increasing the pump power increases
the signal and idler strength, however they rapidly saturate in intensity. On the
other hand, the energy of the signal and idler continually blue shift with pump
intensity. What is more surprising is that the the lower polariton branch at the
bottom of the trap is rapidly deformed to a “w” shaped non-linear dispersion.
Strong blue shifting appears where the pump, signal and idler are located. In the
next section we discuss a model that tries to give some insight into these results.

It is also clear that these radical energy shifts can have a dramatic effect on the
maximum possible gain observed (which is much less than expected). The gain can
be clamped when the energy shifts pass beyond the condition for allowed energy-
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Fig. 5.8 Extracted peak emission strength (a) and peak emission
energy (b) across the bottom of the lower polariton trap. The pump

is at 0°, and probe at 7°, (open squares = pump only, solid circles =
pump & probe), while the dashed line is the unperturbed lower polari-
ton dispersion. The pump power increases from top to bottom, from
0.5 W cm™ to 10 W cm ™, while the probe power is kept constant.

momentum scattering. At higher pump powers, it is clear that pair scattering at
other points of the dispersion enables more states on the bottom of the polariton
trap to become occupied. Once again this appears to be a situation more like that of
the strongly-correlated polariton liquid.

5.3.2
Local Oscillator Strength Model

One way to account for the data observed in the previous section is to treat the blue
shifts as arising from the reduction in oscillator strength of the exciton component
of the polariton. Since the Rabi splitting depends on the oscillator strength, the
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non-bosonic residual component of the polaritons which is sensitive to exciton
densities can cause a reduction in the Rabi splitting, 2. However we observe
k-dependent energy shifts which change with the polariton populations at each k.
We postulate that the admixture of exciton states in the polariton state at a particu-
lar k, can correspondingly lead to the change of oscillator strength for only that ad-
mixture of excitons. In other words, the oscillator strength which causes the Rabi
splitting can be k-dependent when it is the polaritons that are populated,

Q(k)oc \ flI(K)].

The lower polariton energy is given by

w,(k) =1, (k) + o, (k)] -3 \/[a)c(k) - a)x(k)]z +Q(ky (6)

From this, the resulting fractional energy shifts are found to be comparable to the
fractional change in oscillator strength Af/f. This mechanism would imply that the
upper polariton should also show an equivalent k-dependent reduction in energy.
However such experiments are hampered by the difficulty of observing the upper
polariton simultaneously with the pump—probe parametric scattering — no emis-
sion is observed at the upper polariton, and injecting a probe here can radically
modify the polariton scattering processes which occur.

Another possible way to account for the observations is that the emission we
observe is time-integrated, and that the signal and idler polaritons emerge promptly
when the pump polaritons are still in the sample (and thus the dispersion is blue-
shifted), while the emission at other k occurs much more slowly at much later times
after the pump polaritons have decayed from the sample (hence they emerge from
the unshifted dispersion). The difficulty with this explanation is that all polaritons
should show the same time dependence of emission — there are no non-resonant
states excited which would contribute to delayed emission. However to verify this
behaviour, it is necessary to directly time-resolve the emission during the paramet-
ric scattering as we show in the next section.

533
Direct Time-Resolved Emission During Parametric Amplification

To directly resolve the dynamical energy-shifts during the parametric scattering
process, we use a streak camera to track all the k = 0 emission as a function of time
together with a broadband 150 fs probe pulse which monitors the lower polariton
occupation. We revert to the magic angle geometry (Section 5.2.2) in these prelimi-
nary experiments, and vary the time delay between the pump and probe pulses on
the microcavity (Fig. 5.9). The signal light emerging from the microcavity at normal
incidence after the probe pulse is reflected is directly resolved in time — the dip in
the reflected spectrum at t=0 ps is the lower polariton branch. When the pump
pulse arrives close in time, a portion of the probe pulse becomes amplified. Clearly
visible is the chirp in the signal (or parametrically-amplified probe): the blue-shift is
initially large and reduces as time progresses as the pump polaritons are depleted
and escape from the sample. The chirp is reduced as the pump pulse arrives at later

17
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Fig. 5.9 Streak camera directly-resolved k = 0 emission when a nor-
mally-incident probe pulse arrives at time delays (¢ = 0 ps) close to
the pump pulse (delayed at time marked by the arrow) which is at the
magic angle. The dip in reflection is the lower polariton. The energy
shifts of the k = 0 polariton can be directly resolved. In (a) the pump
pulse arrives after the probe pulse, and only weak gain is seen, at
energies close to the polariton. In (c) the pump pulse is nearly simul-
taneous, and the gain is large, as is the energy shift.

times. Further experiments are underway to explore the parametric scattering desc-
ribed above, in the polariton liquid regime, to try and disentangle the different
processes occurring.

5.4
Historical Perspective (])B)

For this special issue reviewing our research on semiconductor microcavities, it is
perhaps worthwhile to reflect on how we stumbled upon the enormously-strong
parametric scattering process in semiconductor microcavities. Since the pioneering
work of Arakawa and Weisbuch in identifying the strong coupling regime in these
structures, much excellent work in the 1990s at EPFL, Sheffield and elsewhere had
gone into understanding how luminescence emerges from the two polariton bran-
ches. From my background in ultrafast spectroscopy of semiconductors, it was
natural to try and understand the dynamics of polaritons. However one of the most
frequent assumptions always made previously in the study of any semiconductor
heterostructure was that the angle of incident and emitted light is decoupled from
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any dynamics in the sample, essentially because the lowest energy exciton states
observed are relatively localised in space.

Initial experiments that I undertook at Hitachi Cambridge in 1997 in collaborati-
on with the Sheffield group thus used a conventional geometry in which incident
pump and probe beams were a few degrees from normal incidence thus observing
polaritons only around k = 0. The results from these experiments were truly puzz-
ling. Among the crucial observations was that the precise pump spectrum used
made a huge difference to both the time-resolved reflectivity, and the four-wave
mixing dynamical signatures. By using coherent pulse shaping with real-time
spectral filtering [30], we were able to deduce that not only were there drastic diffe-
rences between pumping the upper polariton alone, and pumping the lower polari-
ton alone, but also when pumping both branches together. Even more surprising,
was when pumping the lower polariton simultaneously with states at k = 0 at higher
energy up to the exciton energy (even though there is no direct absorption into
polaritons) produced a markedly different signal. This work signalled that so-
mething remarkably odd was sensitive in the polariton system, and on moving the
group to Southampton in 1998, I set out to try and understand what this could be.

Research at Sheffield beautifully depicted the angle-dependence of the polariton
branches, and I began to wonder about k-selection rules in the system. In particu-
lar, the identification of a bottleneck in relaxation of lower polaritons which reduces
the rate at which higher-k excitons relax into the lower branch k=0 polaritons
suggested that the dynamics would be interesting. Hence I decided to attempt
angularly-sensitive pump—probe experiments. To do this required development of a
new piece of apparatus for femtosecond spectroscopy since normal beamline geo-
metries had the unfortunate effect of changing the time delay every time the angle
of incidence was changed. The femtosecond goniometer that we developed had a
nice property that the temporal overlap of pump and probe pulses was preserved
(within about 100 fs) as the pump and probe angles were freely adjusted, allowing
simple comparison of dynamics at different angles, and hence different polariton
in-plane k. Pavlos Savvidis, my first PhD student at Southampton took on the job of
measuring the response when pumping higher-k polaritons to see how quickly they
could relax to k = 0, where they were probed by a second weak pulse. It was during
these first initial runs that Pavlos came to me saying there was something peculiar
(‘wrong’) with the data. At certain pump incident angles, the dynamical response
changed sign from giving a small pump-induced decrease in the probe reflectivity
to giving a vast increase. More puzzling, under investigation, it transpired that
more probe light could be reflected from the sample when the pump arrived, than
was actually incident on the sample. (This is rather easy to measure since the mic-
rocavity reflectivity off the polariton branches is close to 100%). At this point it was
clear that some new process which was particularly angular-resonant was occurring,
and we rapidly mapped out the angular-, spectral- and ultrafast-spectroscopy to
reveal the classic magic-angle parametric scattering process.

One remaining note in this story is salutary. The original paper that we submit-
ted to Physical Review Letters [1] also discussed the spin-selection rules for the
parametric scattering. Experimentally we had observed that seeding the stimulated
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scattering required the opposite probe circular polarisation to the pump. The incre-
dulity of the referee to this physics forced us to check repeatedly this fact. However
the point about the stimulated scattering is that it is so very strong that an extremely
weak probe pulse is necessary, on the order of microwatts. Hence the process of
checking directly the circular polarisation helicity of the probe was always done by
increasing the probe power and rotating a half-wave plate before a polarisation
beam splitter which split the pump-probe beamlines. Typically such optics are
imperfect at the level of 10~ and, having confirmed the helicity of the probe, we
reduced the probe power assuming that the helicity remained unchanged. The
severe scepticism of Benoit Deveaud to our findings eventually forced us to track
down the background amount of opposite helicity only present at low probe powers,
and confirm the expected intuition of spin-conserving parametric scattering. Inte-
restingly, subsequent research by Pavlos Lagoudakis in the group uncovered a far
more complicated story of spin in the parametric scattering process which was
partly triggered by the ideas discussed when trying to reconcile such peculiar spin
observations.

There are several observations to be taken from the semiconductor microcavity
field. Firstly, just because a research sub-topic slows down does not mean that there
is not huge life still to be teased out of it. Too quick an opportunistic redirecting of
research towards the latest sexy topic will miss much of the physics. Secondly, I
realise how little I understood about excitonic states in quantum wells until forced
to confront the issues when they are embedded in microcavities. The direct access
to states of different k which are here separated clearly in energy provides a spec-
tacular window on the excitonic state. I still understand less about the quantum
well electronic states than about the coupled exciton—photons in the microcavity,
but I think much progress has been made, visible throughout the papers collected
here. Thirdly, the physics opened up by exploring parametric scattering is an excel-
lent paradigm of research in action, and an excellent demonstrator of the breadth of
quantum optoelectronics: the connection between Bose-condensation of quasiparti-
cles in the solid state, and the technological application of ultrafast ultra-high-gain
micro-parametric oscillators and amplifiers is not an obvious one. Currently these
are still vibrant and open questions.
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Chapter 6
Quantum Fluid Effects and Parametric Instabilities
in Microcavities

Cristiano Ciuti and lacopo Carusotto

6.1
Preface

In the last decade, the research group of Professor Marc Ilegems at EPFL has been
working intensively and enthusiastically on the physics and device applications of
artificial photonic systems, such as semiconductor microcavities and photonic
crystals. In this Festschrift paper, we are going to present a theory of some exotic
physical properties of coherently excited semiconductor microstructures in the
strong exciton—photon coupling regime. We hope that the rich phenomenology
here described will contribute to a very pleasant celebration of his 65th birthday.

6.2
Introduction

The behavior of a quantum fluid has played an important role in many fields of
condensed matter and atomic physics, ranging from superconductors to Helium
fluids [1] and, during the last decade, Bose—Einstein condensates of cold trapped
atoms [2]. One of the most dramatic manifestations of macroscopic coherence of an
interacting many-body system is superfluidity [3].

In this paper, we will provide a comprehensive theoretical analysis of the pre-
dicted non-equilibrium propagation properties of a two-dimensional gas of polari-
tons in a semiconductor microcavity in the strong exciton—photon coupling regime
[4, 5]. Thanks to their photonic component, polaritons can be coherently excited by
an applied laser field and detected through the emitted light. Thanks to their exci-
tonic component, polaritons have strong binary interactions, which have been
shown to produce spectacular and rich polariton amplification effects through
matter-wave stimulated collisions [6—11], as well as spontaneous parametric insta-
bilities [12—18]. Recently, a significant amount of research has been also focusing
on the quantum optical properties of the polariton emission in the parametric
regime with the possibility of observing polariton squeezing and polariton pair
entanglement [19-26].
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Here, we are going to present a detailed discussion of the interplay between the
peculiar polariton collective excitations and the rich variety of parametric instabili-
ties, which occur in presence of a nearly-resonant continuous wave pump laser. In
addition, we are going to discuss the impact on the propagation properties of a
moving polariton fluid and analyze in detail the superfluid regime, which we pre-
dicted in a very recent Letter [27]. As our system is a strongly non-equilibrium one,
the polariton field oscillation frequency is not fixed by any equation of state relating
the chemical potential to the polariton density, but it can be tuned by the frequency
of the exciting pump laser. This opens the possibility of having a collective excita-
tion spectrum which has no counterpart in usual systems close to thermal equilib-
rium. In particular, we will analyze the propagation in presence of a static potential
(either for the photonic or exciton component), which is known to produce resonant
Rayleigh scattering (RRS) of the exciting laser field [14, 28—-30]. Superfluidity of
the polariton fluid manifests itself as a dramatic collapse of the resonant Rayleigh
scattering intensity when the flow velocity imprinted by the exciting laser beam is
slower than the interaction-induced sound velocity in the polariton fluid. Further-
more, a dramatic reshaping of the RRS pattern due to polariton—polariton inter-
actions can be observed in both momentum and real space even at higher flow
velocities, e.g. with the appearance of a variety of Cherenkov-like patterns. We will
present a rich set of predicted far-field and near-field images of the resonant
Rayleigh scattering emission.

6.3
Hamiltonian and Polariton Mean-Field Equations

In order to describe a planar microcavity containing a quantum well with an exci-
tonic resonance strongly coupled to a cavity mode, we will consider the following
model Hamiltonian [31]:

H=[de 3 2] (0) (V) + Vilx) 6] (%)

i,je{X,C}
+ 2B [dw ) P40 ) )

+ [dxhF, (%, 1) PL(x)+ he., (1)

where x is the in-plane spatial position and the indexes i, j run over the exciton (X)
and cavity photon (C) indexes corresponding to the field operators ¥, (x) and ¥ (x)
respectively. They satisfy Bose commutation rules, [, (x), YA’jT(x’)]:dz(x—x’) Oy
Note that, for simplicity, we will limit our treatment to the case of polariton modes
with the same circular polarization, which can be excited by a circularly polarized
pump. The approach here presented can be generalized to the spin-dependent
case by considering appropriate spin-dependent exciton—exciton collisional poten-
tials.



6.3 Hamiltonian and Polariton Mean-Field Equations

In the k-space representation, the single-particle Hamiltonian h° has the simple
form

01 oy (k) 2

where @.(k)=wg/1+k*/k? is the cavity mode energy dispersion as a function of
the in-plane wave-vector k and k, is the quantized photon wavevector along the
growth direction. (2, is the Rabi frequency of the exciton-cavity photon coupling. In
the following, we will consider a flat exciton dispersion @, (k)= wy. In this frame-
work of coupled harmonic oscillators, polaritons simply arise as the eigenstates of
the linear Hamiltonian (2). @pyp (k) denotes the dispersion of the lower (upper)
polariton branch Fig. 6.1(a). From Eq. (2), one obtains the real-space form which
appears in Eq. (1) by simply replacing the wavevector k with the operator —iV.

The term proportional to F,(x,t) in Eq. (1) represents an applied coherent laser
pump spot, which drives the cavity and injects polaritons. In the following, we will
consider the case of a monochromatic laser field of frequency w, and plane-wave
profile with in-plane wave-vector k,. The in-plane wave-vector is linked to the inci-
dent direction by the simple relationship k, =sin ,w,/c, 6, being the pump inci-
dence angle with respect to the growth direction. This means that an oblique pump
incidence generates a polariton fluid with a non-zero flow velocity along the cavity

(a) | (b)

> >
[} [} ' '
E 4 up | £ \ :
= x 1.5 v 1
I, I
L L -2
o
2.5
L LP
2 0 2 D 0 2
-1 -1
k[ (um)™] k [ (um)7]

Fig. 6.1 (a) Linear dispersion of the Lower (LP) and Upper (UP)
Polariton branches as a function of k, (k, =0). Cavity parameters:
hoy =hol =1.4eV, 210, =5meV. (b) Zoom of the LP branch.
The dashed line depicts the parabolic approximation around the
bottom of the dispersion.
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plane. For 7w, =1400 meV, an in-plane wavevector k, = 1 (um)™ corresponds to a
pump incidence angle of 8.1°.

The nonlinear interaction term in Eq. (1) is due to exciton—exciton collisional
interactions and, as usual, is modelled by a repulsive (g > 0) contact potential. For
the excitation parameters considered in the present work, the anharmonic exciton—
photon coupling [31] has a negligible effect. As we are considering the case of a
cavity photon on resonance with the exciton (@, (0) = wy ), the wavevector-dependent
component of the lower polariton branch is larger than the photonic one. At the
level of the present knowledge [31], the collisional exciton—exciton interaction is
therefore expected to be an order of magnitude stronger than the anharmonic exci-
ton—photon term, which will be therefore neglected for simplicity in the following
of the discussion.

Finally, V, (x) are the single particle potentials acting on the exciton and photon
fields respectively. These potentials break the translational symmetry along the
cavity plane. The exciton potential V,(x) can be due to natural interface or alloy
disorder in the semiconductor quantum wells due to unavoidable growth imperfec-
tions. The photonic potential V. (x) can be due to fluctuations of the cavity length or
imperfections in the Bragg reflectors (photonic disorder [24]). More interestingly,
V(%) can be designed and created deliberately by means of lithographic techniques.

Within the mean-field approximation, the time-evolution of the mean fields
Vxclx)= (‘IA’X’C(x» under the Hamiltonian (1) is given by:

ihd[wx(x)]:
dt\ yc(x)

+|h"+

0

HE ellor-ap
|

i
VX(x)+hg|y/X(x)|z—Eh7/X 0 [

i
0 Vc(x)_im/c

Using the language of the quantum fluid community, these are the Gross-—
Pitaevskii equations [2] for our cavity-polariton system. The quantities y, and y.
represent the homogoneous broadening of the exciton and photon modes respec-
tively. In the present work, we will be concerned with an excitation close to the bottom
of the LP dispersion, i.e. the region most protected [5] from the exciton reservoir,
which may be otherwise responsible for excitation-induced decoherence [32].

6.4
Stationary Solutions in the Homogeneous Case

In the homogeneous case (i.e., Vy(¥)=0 and translational invariance along the
plane), we can look for spatially homogeneous stationary states of the system in
which the field has the same plane-wave structure y (%, t) =exp [i(k, % —@,t)] w5 ¢
as the incident laser pump field. The mean-field equations



6.5 Linearized Bogoliubov-Like Theory

i ss ss ss
(wX(kP)_wp_E}/X+g|y/X|szX+QR‘//C:01 (4)

i ss Ss
(wc(kp)_wp_57cjl//c+-QR‘//XZ_FI,, (5)

are the non-equilibrium analogous of the state equation, which in equilibrium
systems links the chemical potential to the particle density. Importantly, we stress
that while the oscillation frequency of the condensate wavefunction in an isolated
gas is equal to the chemical potential x# and therefore it is fixed by the equation
of state, in the present driven-dissipative system it is equal to the frequency @, of
the driving laser and therefore it is an experimentally tunable parameter.
Hence, the microcavity polariton system allows us to explore regimes, which are not
accessible in systems close to thermal equilibrium, such as the ultracold trapped
atoms.

6.5
Linearized Bogoliubov-Like Theory

As usual in the theory of nonlinear systems, stability of the solutions of Egs. (4, 5)
with respect to fluctuations has to be checked by linearizing Eq. (3) around the
stationary state. Perturbations can be produced by classical fluctuations of the
pump field, quantum noise of the exciton and photon fields as well as the presence
of perturbing potentials V., (x), which have not been considered by the plane-wave
solutions in Egs. (4, 5).

In the stability region, the linearized response of the system to a weak perturba-
tion is analogous to the celebrated Bogoliubov theory of the weakly interacting Bose
gas [2]. Let us define the slowly varying fields with respect to the pump frequency
as

5¢i(%,1) = S, (%, t) exp (i, 1), (©)
and let us consider the four-component displacement vector
5P(%, 1) = (5 (x, ), Oc (%, 1), 5¢5 (. ), S (x, 1)) . (7)

The equation of motion for the four-component displacement vector reads
.d
la5¢:‘c'5¢+fpen’ (8)

where f,. is the inhomogeneous source term produced by the perturbation. The
expression for f . depends on which kind of perturbation is considered and will
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be given explicitly later for the case of a perturbation induced by the single particle
potentials V., (#). The linear operator £ is

irx

Wy +2g|‘//§§|2_a)p— 5 0, g et 0
2, @c(~iV) ~o,~ % 0 0
_ ssx2 21k x 0 3 5 2 _i}/ix _Q
gy € (0)X+ g|(/lx|)+a)p 5 A
0 0 42 —@.(~iV) +mp—%
©)
6.5.1

Stability of the Stationary Solutions

The stability of the solutions of Egs. (4, 5) can be determined by calculating the
imaginary parts of the eigenvalues of the operator £. If all the eigenvalues have
negative imaginary parts (i.e., as it happens in the non-interacting case), then the
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Fig. 6.2 Exciton mean-field energy hg| #;5[ calculated stable points, while the dashed
(meV) as a function of the incident pump line represents the unstable branch. The
intensity (arb. units). Cavity parameters: threshold points A and B are, respectively,
hyc=hy,=01meV, ho, =hol =1.4eV, due to a single-mode (Kerr) or a multi-mode
218, =5meV. (a) Bistability curve (parametric) instability. (b) Optical limiter
obtained with the excitation parameters: curve obtained with the same k,, but with
k, =0.314um™ (well in the parabolic region ha, —haw,(k,)=—0.47meV. In this case, all
near the bottom of the LP dispersion), stationary solutions are stable.

ho, —haoy(k,)=0.47 meV. Circles depict the
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Fig. 6.3 Same plot as in Fig. 6.2, but with pump in-plane wave-
vector k, =1.5um™" (close to the inflection point of the LP
dispersion). Pump frequency: (a) hiw, — i, (k,) =0.47 meV,

(b) hw, —hay,(k,)=—0.47 meV. In contrast with the case shown
in Fig. 6.2, both threshold points C and D correspond here to the
onset of instabilities of parametric type. This explains why the
point C is appreciably shifted to the right of the inversion point
of the hysteresis curve.

solutions are stable. Otherwise, an instability occurs. If the polariton instability
involves only the pump mode, we have the analogous of a Kerr instability. If the
instability is due to pairs of modes (formation of the so-called signal-idler pairs), we
have a parametric instability (in the field of quantum fluids, this kind of dynamical
instabilities are generally known as modulational instabilities [33]). In Fig. 6.2, we
have plotted the stationary solutions for the exciton mean-field energy hg|y il
(meV) as a function of the incident pump intensity (arb. units) for realistic micro-
cavity param-eters and with a small pump wave-vector (k, =0.314 um™), close to
the bottom of the LP dispersion.

In Fig. 6.2(a), we have considered the case of a pump frequency, which is blue-
detuned with respect to the unperturbed lower polariton energy (o, > @, (k,)). In
this case, there is a clear S-shaped bistability curve [34—37]. The unstable branch,
determined through the eigenvalues of the linear operator £, have been depicted
with a dashed line, while the stable points are represented by circles. The threshold
points A and B are due to a Kerr and to parametric instability respectively. By com-
parison, in Fig. 6.2(b), we have shown the same quantity, but for a red-detuned laser
frequency (w, <@, (k,)). In this case, the polariton system behaves as an optical
limiter [37], the absorption is highly sublinear and all the points are stable. To give a
more complete picture, we report in Fig. 6.3, the analogous calculations, but with a
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larger wavevector (k,=1.5um™), close to the inflection point of the LP dispersion.
It is apparent that, while the shape is analogous, the boundary between the stable
and unstable branches is modified. In particular, the threshold points C and D are
both due to parametric instabilities. Note that nice hysteresis loops due to pola-
riton bistability have been recently experimentally demonstrated in the case k, =0
[34] and for a pump wavevector close to the inflection point of the LP dispersion
[36].

6.5.2
Complex Energy of the Collective Excitations

The spectrum of the collective excitations (Bogoliubov modes in the quantum fluid
terminology) can be obtained from the eigenvalues of the operator £. As the system
is translationally invariant along the plane (we are considering the homogeneous
case V, =V, =0), the wavevector k is a good quantum number and the eigenvectors
of £ have a plane-wave form

Mf;{,x,]{ eikx
+ Wi et
5¢j,k(x) = vix; eitk-2k)x | (10)
&
V)i'c . oilk-2k,)x
satisfying the reduced eigenvalue equation
”ij{
+ A 5
(@] (k)-0,) £~ L(k.k,)) Vfﬂ* =0, (11)
J. Xk
Vick
where
ss i SS.
a)x+2g|l//x|2_% 'QR gWXZ 0
0, o (k) — % 0 0
ss*k2 ss|2 U/X
—8V¥x 0 pr_(a)x+2g|y/xl )_7 -
0 0 e 20 — .2k, k)~ e
R P c\="p 2

(12)
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For each k, the spectrum is composed by four branches. For each polariton branch
je{LP,UP}, two + branches exist, which are related by the symmetry

o; (k) =20, - o] (2k, k). (13)

Now, we wish to point out and list clearly the relevant properties and symmetries
in this problem. These properties will be later discussed in detail through a set of
comprehensive examples and elucidations.

(i) The collective excitations are characterized by the pump-induced coherent
coupling between a generic mode with wavevector k and the “idler” wavevector
2k, k. This corresponds to the elementary process {k,.k,} —{k,2k, -k}, ie.
the conversion of two pump excitations into a signal-idler pair (to use the quan-
tum optics terminology of parametric oscillators) with the same total momen-
tum.

(ii) The “idler” branch w,(k) is the “image” of the ordinary branch @/, (k) under
the simultaneous transformations [38] k —2k, -k and ® —»2®,-®. The same
relationship holds for the UP branches g, (k).

(iti) The matrix L(k, k,) is characterized by an anti-hermitian coupling between k
and 2k, —k. This feature is typical of parametric wave-mixing coupling (in the quan-
tum optics language) or Bogoliubov theory (using the quantum fluid literature
terminology).

(iv) The four branches of eigenvalues @, (k) are complex. As the real parts, the
imaginary parts of the eigenvalues depend both on k and on the pump parameters.
In the stability region, all imaginary parts are negative.

(v) In case of excitation close to resonance with the lower polariton branch, pro-
vided that the interaction energy g|w[* is much smaller than the polaritonic split-
ting @y, —®;,, there is no significant mixing between the LP and UP branches.
Hence, a simplified approach consists in neglecting the contribution of the upper
branch. With this approximation, the branches wj,(k) are the eigenvalues of the
simplified matrix

ELP(k7 kp)
2 iyLP(k) 552

a)LP(k)+2gLP|‘//ESI) _T 8 Vip

7 (ka -k)

—gp Vi Za)p _(a)LP(ka _k)+2gLP|WESP|2)_ 7

(14)

where the stationary lower polariton field is written as a linear superposition of the
exciton and cavity photon fields, namely

e =Xk, vy +Cok,) ye (15)
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being |X,,(k, )" and |C,,(k,)]* the exciton and photon fractions of the lower polariton
mode with the pump wavevector. The lower polariton linewidth is given by
71e (k) =X 1o (k) 7x +|Cio (k)] 7. The effective interaction strength

gue(k, kp):g|XLP(kp)|Z XLP(k)XLP(ka_k) (16)

takes into account for the exciton fraction of the involved lower polariton modes
(pump, signal and idler).

(vi) When the diagonal elements of £, (k, k,) are equal, it is easy to verify that
Rl (k)] =R[op(k)], while I[oy,(k)]#= I[@,(k)]. This means that the parametric
coupling produces a splitting of the imaginary parts of the two LP branches, while
the real parts are the same. If the difference between the diagonal elements of
ELp(k,kp) is small compared to the coupling g,,|w|’, then the same property
holds. In other words, the dispersions of the two branches @, (k) and @, (k) stick
together, while their imaginary parts are split. One branch is narrowed with respect
to the linear regime, while the other is overdamped. Analogous properties occur for
the exact eigenvalues of the 4 x 4 matrix L(k, k ,), which are reported in all the fig-
ures of this paper.

6.5.2.1 Excitation Near the Inflection Point of the LP Dispersion

In the following, we will show the exact eigenvalues (obtained by numerical calcula-
tions) of the matrix L(k,k,) in Eq. (12) as a function of the excitation parameters
(pump frequency, wavevector and intensity). We will focus on the subtle interplay
between the dramatic modification of the energy dispersions (depending on the real
part of the eigenvalues) and the onset of the parametric instabilities (depending on
the imaginary part).

As a first example, we consider the case of nearly-resonant excitation close to the
inflection point of the LP dispersion (see Fig. 6.4). The pump frequency has been
taken slightly blue-detuned with respect to the polariton energy in the linear re-
gime. In Fig. 6.4(a) the exact dispersions of the four polariton Bogoliubov branches
is shown. The upper polariton branches are energetically far away and play a negli-
gible role, while the relevant physics concerns the lower polariton branches o,
only. The corresponding imaginary parts are shown in Fig. 6.4(b). It is apparent
that there is a dramatic modification of the imaginary part around the wave-vectors
k. =0 and k, =2k,. Although the stationary solutions are here stable (negative
imaginary parts), we can see that we are close to a parametric instability. In fact,
there is one branch, whose imaginary part is not far from zero. Note that the
imaginary parts are split at k, as well, even if in a much weaker way. This is a pre-
cursor of a Kerr (or single-mode) instability.

In Fig. 6.5, we give another example, with the same excitation parameters as in
Fig. 6.3(a) and with an exciton mean-field energy 7ig| #5|* = 0.699 meV. In this case,
we have an unstable solution, because, as shown in Fig. 6.5(b), there are modes
with positive imaginary parts. The parameters of this plot correspond to a point of
the hysteresis curve of Fig. 6.3(a) which is just to the left of the threshold point C.
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Fig. 6.4 (a) Exact energy dispersions R[] of the four polariton

Bogoliubov branches measured with respect to the pump photon

energy fiw, (meV). (b) Corresponding imaginary parts (meV). Note
that negative imaginary parts imply stability. Excitation parameters:

k,=1.5um™ (along the xaxis), e, — o, (k,) =0.107 meV,
hg| ¥ |F =0.05meV . Cavity parameters as in the previous figures.
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Bogoliubov branches measured with respect to the pump photon

energy fiw, (meV). (b) Corresponding imaginary parts (meV). Excitation
parameters: k, =1.5um™" (along the xaxis), hw, —ha,(k,)=0.47 meV,

hg| 5| =0.699 meV . Note that here the stationary solution is un-
stable, because there are modes with positive imaginary parts.
This unstable point is close to the point C in Fig. 6.3(a).
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The fact that the instability is of parametric (or multi-mode) kind explains why C is
close but does not coincide with the inversion point of the hysteresis curve. In fact,
this point would instead correspond to the onset of a single mode instability [as it
happens at the point A in Fig. 6.2(a)]. In Fig. 6.5(a), we can see that the branches
oy, stick together in the wavevector region where the parametric instability takes
place.

6.5.2.2 Excitation Near the Bottom of the LP Dispersion

Here, we consider the case of a smaller pump excitation wavevector and energy,
such as to excite the LP branch close to the bottom of its dispersion. In this region,
as shown by Fig. 6.1(b), the dispersion of the unperturbed lower polariton branch is
parabolic. In order to stress the non-trivial effects here predicted, we start by show-
ing a spectacular case, depicted in Fig. 6.6. The excitation parameters correspond to
Fig. 6.2(a) with the exciton mean-field energy fig| 75|’ =1.02meV, i.e., a point close
to the threshold point A for the Kerr instability. The dispersions of the branches w;,
in Fig. 6.6(a) have a corner at the pump wavevector. This dispersion is reminiscent
of the celebrated Bogoliubov linear dispersion in superfluid helium and in the
atomic condensates. If we look at Fig. 6.6(b), we realize that the modification of
the imaginary part is peaked around the pump wavevector itself. Using the quan-
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Fig. 6.6 (a) Exact energy dispersions R[Ai@;] of the lower polariton
Bogoliubov branches measured with respect to the pump photon
energy hio, (meV). (b) Corresponding imaginary parts (meV).
Excitation parameters: k, =0.314 um™' (along the x-axis),

hw, —hop(k,)=0.47meV, hg| ¥[* =1.02meV. Note that this case
is the precursor of a Kerr instability, because the imaginary parts
are modified at the pumped mode only. This stable point is close
to the inversion point A in Fig. 6.2(a).
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Fig. 6.7 (a) Exact energy dispersions R[hw,] of the lower polariton
Bogoliubov branches measured with respect to the pump photon
energy hiw, (meV). (b) Corresponding imaginary parts (meV).
Excitation parameters: k, =0, i@, —hay, (k,) =0.532 meV,

hg| 5 =1.2meV.

tum optics language, this is the precursor of a Kerr instability, because it involves
the pumped mode only.

In Fig. 6.7, we give another example, which has no analog in equilibrium sys-
tems. Here, we have a blue-detuned pump at normal incidence, namely k, =0,
ho, —ho,(k,)=0.53 meV and iig| ¥’ =1.2meV . In Fig. 6.7(a), we can clearly see
that the dispersion of the polariton collective excitations is flat around the pump wave-
vector. For the parameters of Fig. 6.7(b), the imaginary parts are all negative, which
implies stability. The peak in the imaginary part at the pump wavevector in Fig. 6.6(b)
is the precursor of a Kerr instability. In Fig. 6.8, we have an analogous situation, but
with a finite pump wavevector. As shown by Fig. 6.8(a), the branches w;, stick to-
gether around the pump wavevector, with a dispersion exactly linear.

In Fig. 6.9(a), we show the dispersions for a stable point, which is close to the
threshold point B in Fig. 6.2(a). Note that here the exciton mean-field energy is
considerably smaller than the pump detuning. Hence, the branch sticking occurs in
a limited portion of momentum space, where the imaginary parts are affected, as
shown in Fig. 6.9(b).

Finally, in Fig. 6.10(a), we give another different example, with a full gap between
the branch @/, and the branch @y,. In Fig. 6.10(b), we can see that the imaginary
parts of the eigenvalues are unchanged with respect to the linear regime. Indeed,
for these excitation parameters (see the caption of Fig. 6.10), we are on the upper
branch of the bistability curve of Fig. 6.2(b) and no instability occurs if the pump
intensity is further increased.
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Fig. 6.8 (a) Exact energy dispersions R[] of the lower polariton
Bogoliubov branches measured with respect to the pump photon
energy hiw, (meV). (b) Corresponding imaginary parts (meV).
Excitation parameters: k, =0.314 um™' (along the x-axis),

hw, —hap(k,)=0.04meV, ng| ¥5|* =0.04 meV .
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Fig. 6.9 (a) Exact energy dispersions R[Aia;;] of the lower polariton
Bogoliubov branches measured with respect to the pump photon
energy i, (meV). (b) Corresponding imaginary parts (meV).
Excitation parameters: k, =0.314 um™' (along the x-axis),

hw, —hap(k,)=0.47 meV, hg| YE|* =0.04 meV .
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Fig. 6.10 (a) Exact energy dispersions R[%@;] of the lower polariton
Bogoliubov branches measured with respect to the pump photon
energy hio, (meV). (b) Corresponding imaginary parts (meV).
Excitation parameters: k, =0.314 um™' (along the x-axis),

haw, —hop(k,)=0.2meV, iig| P5* =0.6meV.

6.5.2.3 Simplified Analytical Model for Excitation Close to the Bottom
of the LP Dispersion

Now, after having shown a few examples of the rich spectra of non-equilibrium
collective excitations and the variety of interaction-induced polariton instabilities,
we present here a simple approximated approach, which allows us to grasp effec-
tively the physics contained by the eigenvalues of the matrix in Eq. (12). In particu-
lar, we consider the case of negligible mixing with the UP branches, which allows
us to focus our analysis on the simpler 2x2 matrix in Eq. (14) instead of the 4 x 4
matrix in Eq. (12). Moreover, we consider a pump excitation close to the bottom of
the LP dispersion, where the dispersion is approximately parabolic (see Fig. 6.1(b)),
ie.,

@, (k) = @, (0) + ——, (17)
2myp

where m,, is the effective mass of the LP dispersion. Under these assumptions, the
spectrum of the LP Bogoliubov excitations can be approximated by the simple ex-
pression

+ i?’ ss
Wy =0, +5k'vp _%i\/(zgwwlwr /P _Ap)(’kk _Ap) > (18)
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where 6k =k -k,

hok’
Nsk = > (19)
2m,

the pump mode flow velocity is v, =%k, /m;, and the interaction-renormalized
pump detuning

4, :wp_a)LP(kp)_gLPh//]isl’z’ (20)

In the case of resonant exciton—photon coupling (i.e. @.(0)=w,) and small
wavevectors, the excitonic fraction of the lower polariton mode is approximately 0.5.
Under these assumptions, we have |y 2| ws|" and g, ~ g/4 [see Egs. (15, 16)].
Therefore, g,,|wisf’ ~ 0.5 gyl
lower polariton is half of the mean-field energy for the exciton field. Note that there

i.e. the mean-field interaction energy “felt” by the

are three different cases, according to the value of 4, defined in Eq. (20). For given
values of k, and w,, one can go from one case to another by moving along the
hysteresis curve of Fig. 6.2(a) by varying the pump intensity.

(1) 4, =0. In this resonant situation, the + branches touch at k =k,. The effect of
the finite flow velocity v, is to tilt the standard Bogoliubov dispersion [2] via the
term Sk-v,. While in the non-interacting case the dispersion is parabolic, in the
presence of interactions [Fig. 6.6(a)] its slope has a discontinuity at k =k,. On each
side of the corner, the + branch starts linearly with group velocities respectively
given by v;’l =c, v, ¢, being the usual sound velocity of the interacting Bose gas

Cs :\/thP| BULS; Z/mLP . (21)

On the hysteresis curve of Fig. 6.2(a), the condition 4, =0 almost coincides with the
inversion point A, where a single-mode Kerr instability appears.

(2) 4, >0. In this case, the argument of the square root in (18) is negative for the
wavevectors k such that 4, > 77, > 4, -2 g| ¥5['. In this region, the + branches stick
together [31] (i.e. R[w/,]=NR[®,,]) and have an exactly linear dispersion of slope v,
as in Fig. 6.8(a) and in Fig. 6.7(a). The imaginary parts are instead split, with one
branch being narrowed and the other broadened [31, 38]. Increasing further the pump
intensity, the multi-mode parametric instability [38] sets in, corresponding to the
point B in Fig. 6.2(a).

(3) 4, <0. In this case, as it is shown in Fig. 6.10, the branches no longer touch
each other at k, and a full gap between them opens up for sufficiently large values
of |4,|. In Fig. 6.2(a), the region 4, <0 is indicated.

6.6
Response to a Static Potential: Resonant Rayleigh Scattering

The dispersion of the polariton elementary excitations is the starting point for a
study of the microcavity response to a perturbation. In particular, we shall consider
here a moderate static disorder as described by the potential V.. ; (x). In this case the
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perturbation source term for the equations of the linearized theory (see Eq. (8)) is
the time-independent quantity

fu%)= |- (22)

The induced perturbation of the exciton and photon fields is given by the expres-
sion

54,(%)=-L"- f,(x). (23)

We remind you that, as shown by Eq. (9), £ is an operator depending on the two-
dimensional spatial gradient V. It is convenient to perform a spatial Fourier trans-
form, which leads to the algebraic result

5 k) V, (k)5
Spek) | G Vel
SHE(2k, —k) =k k) -ho, ) Vi (k=2k,)gc* |’

SgE(2k, —k) ~Vy(k-2k,)g*

(24)

where the eigenvalues of the matrix £(k, k,), defined in Eq. (12), are the 4 branches
of polariton Bogoliubov excitations. The perturbation potentials V. ,(x) break the
planar translational symmetry of the microcavity system, thus exciting polariton
modes with in-plane wavevectors different from the pump wavevector k,. However,
as the perturbation V(%) is static, it can resonantly excite only those Bogoliubov
modes whose frequency is equal to @, (within the polariton homogeneous
linewidth). The observable quantity is

IRRS(k)OC|§¢ZC(k)|Z > (25)

i.e., the perturbation-induced intensity of the photonic field, which is proportional
to the far-field images of the resonant Rayleigh scattering signal [14, 24, 29].

6.6.1
Weak Excitation Regime and Elastic RRS Ring

In the following, we will show a few applications of Eq. (24), using the perturbation
potentials depicted in Fig. 6.11. Here, we have considered a single photonic
defect (depth 1 meV, width 1.5 pm) for the in-plane photonic potential V. (x) [see
Fig. 6.11(a)] and a disordered excitonic potential [see Fig. 6.11(b)]. We point out that
these potentials are just an example and that Eq. (24) can be readily applied for an
arbitrary set of perturbation potentials (see, e.g., the cover of this special volume).
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Fig. 6.11 Single particle potentials considered in the numerical
calculations. Note that this is a zoom around the origin of the

400 um x 400 LLm box (with a 256 x 256 grid) used for the numerical
calculations. (a) Photonic potential V.(x) (meV) (it can model an
artificial or natural point defect at the origin x =y =0). (b) Excitonic
potential V,(x) (disordered spatial fluctuations of the exciton energy).
The gray color scale is different with respect to the top panel.

For instance, the effect of an isolated excitonic defect is totally analogous to the
one shown in the following for the photonic defect. As long as it remains a pertur-
bation on the plane wave polaritonic eigenstates, a stronger disorder simply gives a
higher intensity of the corresponding RRS emission. In the numerical applications
here reported, we have considered a 256x256 spatial grid and a squared box
(400 um x 400 um), with the photonic dot at the center of the box.

In Fig. 6.12, we show the results for the weak excitation regime, where the many-
body effects produced by polariton—polariton interactions are negligible. In this
linear regime, we have the conventional unperturbed dispersions of the lower and
upper polariton branches. We have considered the case of resonant excitation close
to the bottom of the LP branch, where the dispersion is parabolic, as one can see
from Fig. 6.12(a). In Fig. 6.12(b), the intensity of the resonant Rayleigh scattering is
shown, displaying the well known elastic ring. In fact, in the linear regime, the
solutions of the equations w,,(k)=w, are k-points on a circle, because the unper-
turbed polariton dispersion depends on |k| only. The speckles on top of the elastic
ring are due to the random nature of the excitonic potential. The width of the ring is
due to the finite homogeneous broadening of the polariton modes. Note that, in
order to excite the elastic ring corresponding to the wavevector k,, the Fourier
component V., (k,) of the static potentials need to be finite. This condition is easily
fulfilled by a typical excitonic disordered potential or by a photonic defect whose
width is of the order of 1 um.

In Fig. 6.13, we show the corresponding spatial pattern. Precisely, we have plotted
the normalized quantity

IC(x) — |¢é§ eikpx + §¢C(x)lz (26)
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Fig. 6.12 Energy dispersion of the LP branches in the weak excitation
regime. (b) Intensity (arb. units) of the photonic resonant Rayleigh
scattering signal | 5¢. (k)|*. Note that the gray scale is inverted

(white corresponds to 0). Excitation parameters: k, =0.4 um™’

(along the x-axis), hw, —hayp(k,)=0meV, gl ;" =0.0001meV.
The photonic and exciton potentials are those shown in Fig. 6.11.

i.e., the total photon field intensity (homogeneous solution + potential-induced
perturbation) normalized to the intensity of the homogeneous solution without the
potential. For the considered potentials in Fig. 6.11, the dominant feature is due to
the photonic point defect. The polariton plane wave driven by the pump is coher-
ently scattered by the photonic defect (located at the position x =y =0), producing a
peculiar interference pattern, characterized by parabolic wavefronts. In fact, the
polariton field scattered by the point defect is a cylindrical wave. Hence, if we
consider only one defect and k, is along the x-direction, the total field has the
form f(x)=e"" + B e " The constant phase curves are given by the condition

k,x+k,\[x* +y* =2mn, whose solutions describe parabolic wavefronts with a

Normalized photon intensity

8 (€

Fig. 6.13 Spatial profile of the normal-
ized cavity photon density, i.e.,
Ic(x)/I°™ . Excitation parameters and
potentials as in Fig. 6.12. The coherent
diffusion pattern induced by the point
defect at the origin is the main feature
on top of the random landscape pro-
duced by the exciton disorder.
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Fig. 6.14 Superfluid regime. Same parameters as in Fig. 6.12, but
with hw, — i, (k,) = 0.467 meV, gl P5|* =1meV. In this superfluid
regime, the RRS elastic ring has collapsed.

symmetry axis oriented along the x-direction, as nicely depicted by the exact
solution in Fig. 6.13. Due to the presence of the exciton potential, additional disor-
dered features are superimposed on the main interference pattern produced by the
photonic point defect.

6.6.2
Superfluid Regime

In presence of interactions, we have seen that the spectrum of polariton Bogoliubov
excitations is dramatically different from the unperturbed case. This manifestation
of polariton many-body physics can be probed in a sensitive way by the resonant
Rayleigh scattering emission. In Fig. 6.14, we start by considering the most spec-
tacular regime of polariton superfluidity. This regime can be achieved when the
pump is resonant with the interaction-renormalized polariton dispersion at the
pump wavevector (A, =0) and when the sound velocity ¢, [see Eq. (21)] of the inter-
acting polariton fluid is larger than the flow velocity v, = 7ik ,/m,, imprinted by the
pump beam. This situation is more favorable to obtain for excitation close to the
bottom of the LP dispersion, implying smaller pump flow velocity v, and smaller
excitation density necessary to have ¢, >v,. As depicted by Fig. 6.14(a), in this case,
the equation R[w},(k)]-®, =0 has no solutions for k #k,, meaning that no final
states are available for the elastic scattering induced by the static potential. As a
dramatic consequence, the elastic ring in Fig. 6.12(b) collapses. As shown in
Fig. 6.14(b), only a weak emission around the pump wavevector k, is left, due to
non-resonant processes, which are allowed by the finite broadening of the polariton
modes.

The real space pattern is shown in Fig. 6.15, showing that the perturbation in-
duced by each defect remains localized around the defect positions. Hence, the
polaritonic propagation is superfluid. In analogous way to liquid Helium and atomic



6.6 Response to a Static Potential: Resonant Rayleigh Scattering

Normalized photon intensity

Fig. 6.15 Spatial profile of the nor-
malized cavity photon density in the
superfluid regime. Excitation parame-
ters as in Fig. 6.14. To compare with
the normal (weak) excitation regime,
see Fig. 6.13.

condensates [1, 2], we can state that the polariton fluid has a superfluid behaviour
according to the Landau criterion, if and only if both following conditions are satis-

fied:

(@) @ up(k)> o, for every k =k ;
(b) @, > @,,(0), i.e. there is an elastic ring in the weak excitation regime.

We point out that the condition (b) is necessary to have a meaningful definition
of polariton superfluidity. In fact, if @, <®,(0), already in the weak excitation re-
gime there are no real states at the pump energy and there is no resonant Rayleigh
scattering elastic ring. Note that the conditions (a) and (b) are achieved not only in
the resonant case 4,=0. Within the parabolic approximation in Eq. (18), condi-
tions (a) and (b) are satisfied when 4, <0 and

2
mpV,
h

2
m b
_gLPllvVESP'z _%< 4,< gLPlWlﬁ"z -

(27)
The calculations here reported show the robustness of the superfluid flow with
respect to elastic pro-cesses, such as the scattering on static defects. As the Landau
criterion for superfluidity involves also inelastic processes (e.g., emission of crystal
phonons or heating of residual free carriers), it is important to note that whenever
the superfluidity condition (a) for elastic scattering is fulfilled, then it is satisfied a
fortiori also for the inelastic channels. In fact, the stability of the mean-field solution
implies that, exception made for the incoherent parametric luminescence due to
quantum fluctuations, no Bogoliubov quasi-particles are present above a stable
mean-field solution. Whenever /,(k)>®,, no final states are available for the co-
herent polaritons to lower their energy by transferring energy to the environment.
This is here assumed to be at almost zero temperature, so that it can only absorb
energy from the polariton system. Friction is therefore absent in this regime.

On the other hand, the incoherent population of the Bogoliubov modes corre-
sponding to the luminescence gives rise to a sort of “normal” component of the
polariton fluid analogous to the one which would appear at a finite temperature
when the polariton fluid is heated because of its interaction with the phonon bath
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and the residual free carriers. As it happens in liquid Helium, this normal com-
ponent experiences a finite friction when flowing onto the defect. However, its
magnitude vanishes at low temperatures, and in any case it does not affect the
superfluidity of the co-existing superfluid component in a two-fluid picture.

6.6.3
Precursors of Parametric Instabilities and Branch Sticking

In the case 4, >0 (i.e., pump frequency higher than the renormalized frequency of
the pumped mode), the resonant Rayleigh scattering response is completely differ-
ent, as shown in Figs. 6.16 and 6.18. In this regime, the two LP branches stick
together, while there is a splitting of their imaginary parts [see, e.g., the analo-
gous situation in Figs. 6.8 and 6.9]. Such a scenario represents the precursor of a
multi-mode parametric instability, which can be triggered by further increasing the
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Fig. 6.16 Same parameters as in Fig. 6.12, but with 7w, — o, (k,)
=0.TmeV, fig| 75| = 0.07 meV . Branch sticking and amplified
RRS are precursors of a parametric instability. Note that a portion
of the image saturates the chosen gray scale.

Normalized photon intensity

Fig. 6.17 Spatial profile of the normal-
ized cavity photon density. Excitation
parameters as in Fig. 6.16. Note that
the gray scale of this plot is saturated
in the region around the point defect at
the origin.
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Fig. 6.18 Excitation parameters: k, =0.314 um™' (along the x-axis),

hw, —ha(k,)=0.47 meV, hg| ¥5|* =0.075 meV . Note that the gray
scale of this plot is saturated around the two brightest points. Here,
we consider the situation of a dominant photonic potential (V, =0).

excitation density. In contrast to the superfluid regime, a deformed RRS ring is ap-
parent in Figs. 6.16(b) and 6.18(b). In particular, depending on the topology of the k-
space region where the LP branches stick, the RRS intensity is strongly amplified
either on a segment parallel to y including the point k, [Fig. 6.16(b)], or around two
points of the straight line parallel to y and passing through the point k, [Fig. 6.18(b)].

The main consequence of this in the real-space pattern of Fig. 6.17 is an overall
amplification of the density modulation induced by the defect, in stark contrast with
the superfluid regime. In particular, note the long “shadow” in the downstream
direction with respect to the central defect, which extends to rela- tively far distances
thanks to the linewidth narrowing effect. In Fig. 6.19, the shadow of the defect is
even more peculiar, showing a series of fringes parallel to the x-direction. These
can be explained in terms of the interference between the pump and the two peaks
in k -space shown in Fig. 6.18(b).

Normalized photon intensity

Fig. 6.19 Spatial profile of the nor-
malized cavity photon density. Same
parameters as in Fig. 6.18.
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Fig. 6.20 Cherenkov regime. Parameters: o, = @.(0)—1meV,
k,=0.7um™ (along the xaxis), hw, —hw(k,) =0.599 meV,

hig| ¥ |* =1meV. Here, we consider the situation of a dominant
photonic potential (Vy =0).

6.6.4
Cherenkov Regime

Here, we consider the opposite case 4, <0, but with an excitation density which
is not high enough to enter the superfluid regime characterized by the condition
in Eq. (27). For the sake of clarity, as we have already done for Fig. 6.18 and
Fig. 6.19, we take here V, =0, so to concentrate on the effect of a single defect.
This situation can be realistically realized, e.g., when there is a single photonic
defect (natural or artificial) which is dominant over the background excitonic disor-
der. In Fig. 6.20(a), we consider the resonant case (4, =0), with a polariton sound
speed ¢, <v,. As shown in Fig. 6.20(b) the weak excitation elastic RRS ring is replaced
by an asymmetric pattern, which is strongly deformed and shows a singularity at
the pump wavevector. The aperture angle 26 of the singularity at k, satisfies the

Normalized photon intensity

Fig. 6.21 Spatial profile of the normal-
ized cavity photon density. Same
parameters as in Fig. 6.20. The photo-
nic point defect produces Cherenkov-
like wavefronts. Note that, in order to
show the peculiar shape of the wa-
vefronts, the gray scale of this plot is
saturated in the region around the
point defect.
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Fig. 6.22 Parameters: w, = w.(0), k, =0.7 um™ (along the xaxis),
hw, —hay(k,)=03meV, hgl Y5 =0.6 meV.

simple condition cos&=c,/v,. In this ¢, <v, regime where the polariton fluid is
moving at a supersonic speed, the defect produces a peculiar real-space pattern (Fig.
6.21) showing linear Cherenkov-like wavefronts [39, 40]. The aperture 2¢ of the Cher-
enkov angle has the usual value sin ¢ =c,/v,. This behavior is easily understood from
a physical standpoint as follows: a moving fluid propagating along the positive x-
direction in the presence of a static defect is equivalent, under a Galilean transforma-
tion, to a defect moving in the negative x-direction in a fluid at rest. This situation is a
familiar one, as it corresponds to the wavefronts cre-ated by a moving duck on the
surface of a lake. The rounded region on the left-hand side of the k -space pattern in
Fig. 6.20(b) was not present in the standard theory of Cherenkov emission in non-
dispersive media [39] and it is due to the fact that the Bogoliubov dispersion is linear
only in the neighborhood of k, and then it bends upwards. A remarkable conse-
quence of this property is the oscillatory perturbation shown by the real-space pattern
upstream with respect to the defect, as apparent in Fig. 6.21.

Normalized photon intensity

Fig. 6.23 Spatial profile of the normal-
ized cavity photon density. Same
parameters as in Fig. 6.22. The gray
scale of this plot is saturated in the
region around the point defect.
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Fig. 6.24 Parameters: w, = wc(0), k, =0.7 um™ (along the xaxis),
hw, —hap(k,)=02meV, hg| ¥; =0.6meV .

In the case 4, <0, the branches @, and @, are disconnected, as well as the
corresponding RRS emission pattern, as depicted in Fig. 6.22. The real-space wave
fronts shown in Fig. 6.23 are still Cherenkov-like, since the separation between the

two branches is relatively small.

The situation of Figs. 6.24 and 6.25 is instead different, with a full gap opened
between the two LP branches. The k-space emission is then concentrated around
the point k, where the Bogoliubov dis-persion touches the line w=w,. Corre-
spondingly, the near-field pattern shows a localized perturbation
around the defect, with a peculiar stripe pattern. This pattern is due to the inter-
ference of the Rayleigh scattering at k, and the pump beam at k,, so that the
wavevector corresponding to the fringes is equal to k, —k,.

Normalized photon intensity

Fig. 6.25 Spatial profile of the normal-
ized cavity photon density. Same
parameters as in Fig. 6.24. The gray
scale of this plot is saturated in the
region around the point defect.
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6.7
Conclusions

In conclusion, in this Festschrift paper, we have presented a comprehensive analy-
sis of the exotic collective excitations of a moving polariton fluid driven by a con-
tinuous-wave optical pump, which were recently predicted in a short Letter [27].

We have analyzed in detail the interplay between the non-trivial dispersions of
the collective excitations in the quantum fluid of microcavity polaritons and the
onset of single-mode (Kerr) or multi-mode (parametric) instabilities. These Bo-
goliubov excitation spectra can be dramatically changed by tuning the pump excita-
tion parameters, namely its frequency, incidence angle and intensity. As the pre-
sent system is a non-equilibrium one, qualitatively novel features appear in the
Bogoliubov spectra, which were not observed in systems close to the thermal equi-
librium, such as superfluid helium or the ultracold atomic condensates.

We have then studied the propagation of the polariton fluid in the presence of a
static perturbation potential acting both on the photonic and exciton component of
the polariton field. In particular, we have shown the strict connection between the
dispersion of the Bogoliubov excitations and the intensity and shape of the resonant
Rayleigh scattering on defects. We have pointed out some experimentally accessible
consequences of polaritonic superfluidity for realistic microcavity parameters. De-
pending on the pump excitation parameters, a very rich phenomenology has been
predicted for the far- and near-field images of the resonant Rayleigh scattering
emission, a phenomenology which generalizes the well-known physics of the Cher-
enkov effect.
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Chapter 7
Non-Linear Dynamical Effects in Semiconductor Microcavities

Jean-Louis Staehli, Stefan Kundermann, Michele Saba, Cristiano Ciuti,
Augustin Baas, Thierry Guillet, and Benoit Deveaud

7.1
Introduction

In 1992, the strong coupling regime between quantum well (QW) excitons (Xs) and
microcavity (pC) photons has been observed [1]. Since then, Fabry—Perot semicon-
ductor pCs have been intensively investigated [2]. The mixed X-photon states, the
polaritons, can be excited optically by external photons sent to the planar structure.
Initially, the pCs were strongly affected by disorder in the mirror and QW structu-
res. The latter leads to inhomogeneous X broadening, which of course strongly
influences the polariton spectra and in extreme cases even destroys the strong
coupling regime [3—5]. Moreover, this disorder causes also Rayleigh scattering to
occur in the pC, whereby the part due to the QWs is resonant [6, 7]. The spread of
the polaritons, after resonant excitation by light with oblique incidence, along a ring
in the wavevector plane parallel to the QW, is one of the most spectacular features
of resonant Rayleigh scattering [8, 9]. It is directly related to the strong coupling
regime and the particularities of the polariton dispersion that ensue. Thorough
experimental and theoretical investigations were needed to understand the influen-
ce of strong coupling, disorder effects, and the combination of both [10, 11] on the
optical properties and polariton dynamics in pCs.

It was not straightforward to understand even the linear optical properties of pCs
[12, 13]. The observation of the linear temporal dynamics of the transmitted intensi-
ty of a very short laser pulse is an important tool to characterise a pC sample. The
measured exponential temporal decay permits to confirm that the lower polariton
features a Lorentzian broadening, even when the QW X is strongly affected by
inhomogeneous broadening [3, 13]. Figure 7.1 also illustrates the spectacular pro-
gress which has been achieved in sample preparation, making it some times diffi-
cult to characterise a pC just by continuous waves optical spectroscopy. Time inte-
grated (TI) four-wave mixing (FWM) spectroscopy, in the degenerate two-beam
configuration, is a non-linear optical tool that is relatively easy to implement: two
pulsed laser beams derived from the same laser, with wave vectors k, and k,, are
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a 34/2 AlGaAs/GaAs pC containing six

7.5 nm wide Ing 13Gag g;As QWs [13]. (c) and
(d) The sample is a 4 uC containing a single
7.5 nm wide Ing 3,Gag ggAs QW (see Fig. 7.3)
[14]. Ais the detuning between the lowest
cavity mode and the lowest exciton state, and
Tis the exponential decay time.

focused on the sample at nearly normal incidence. The intensity of the diffracted
beam, propagating along k, = 2k, — k;, can be dispersed in a spectrometer and mea-
sured as a function of the delay 7 between the two incoming laser pulses. It is di-
rectly linked to the temporal evolution of the coherence of the optical excitations,
and the temporal evolution of the FWM signals differs strongly from that of a
transmitted single laser pulse (Fig. 7.2). Let us further remark that pump—probe (PP)
measurements, in a geometry where the pump and probe beams hit the sample
with different incidence angles and where the probe reflected or transmitted by the
sample is analysed, belong to the same family as FWM experiments, since they
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Fig. 7.2 Experimental (solid) and theoretical (dotted) TI FWM signals,
emitted at the lower and upper polariton energies, versus delay time ¢
between the two laser pulses. The incident beams are colinearly (||)
and cocircularly (6" ¢") polarised. Detuning A=-2 meV for (a), 4=0
for (b). The data were obtained using the same samples as for Fig. 7.1
[13,14].

both permit to investigate components of the third (and/or higher) order dielectric
susceptibility tensor (¢, 7, @, ki, I).

Even though the interpretation of FWM measurements is not always straightfor-
ward, these experiments revealed from the beginning a characteristic property of
pCs in the strong coupling regime: the long coherence times of the optical excita-
tions, the polaritons, which can reach values close to 100 ps [14—16]. It is the parti-
cular shape of the polariton dispersion that is at the origin of the observed very long
polariton dephasing times. With such long coherence times, pCs are interesting
structures for future applications making use of coherence. Coherent optical excita-
tions can be “manipulated” by ultra fast coherent control, employing one or more
very short laser pulses they can be rapidly generated, switched from one state to
another, and if required rapidly killed again. The temporal sequence, direction,
energy and phase of the incoming pulses determine direction, energy and temporal
properties of the light emitted by the cavity. Integrated optoelectronic devices con-
taining pCs might some day be used in this way to accomplish, within a few ps or
less, complex logical tasks.

The effects of strong excitation in pCs, which are featuring a very rich phenome-
nology, can be divided into two groups. The first one concerns excitonic non-
linearities which in principle could be observed also directly in QWs outside a cavi-
ty. Since a pC acts as a narrow spectral filter, inside such a device it is possible to
excite very selectively only fundamental Xs and to avoid perturbations caused by
free electron—-hole pairs. In this way, it has been possible eg. to observe directly the
resonant Stark effect of QW Xs [17]. The phenomena of the second group are con-
nected to the strong coupling regime, ie. polaritonic non-linearities are concerned.

153



154

7 Non-Linear Dynamical Effects in Semiconductor Microcavities

They are mainly due to the peculiar properties of the dispersion of pC polaritons.
The effective mass of the latter is as much as four orders of magnitude smaller than
that of Xs. This property, together with the long dephasing times, makes pC polari-
tons good candidates for the observation of bosonic effects [18]. In fact, occupation
numbers per mode of up to 10* can easily be reached by selective coherent excitati-
on of a few polariton modes [19, 20]. In other words, quantum degeneracy can be
reached while the polariton—polariton interactions are still quite weak. Therefore,
the fermionic character of the (still strongly correlated) electrons and holes, which
together with the photons are the components of the polaritons, does not perturb.

The peculiar shape of the inplane dispersion of pC polaritons gives rise to
another phenomenon occurring in pCs: parametric amplification (PA). Huge pa-
rametric gain can be observed in a degenerate and coherent polariton system [20],
the amplification factor depends sensitively on sample quality and in particular on
the polariton line width. Besides its high scientific interest, this phenomenon ap-
pears also to be well suited for optoelectronic applications, such as high-speed swit-
ches and amplifiers, within the framework mentioned above. This paper essentially
concerns the dynamics and the coherent control of PA, and the coherence of the
participating polaritons. The main experimental tool used up to now for our in-
vestigations are TI PP measurements employing one or two probe pulses. They
were performed as a function of pump intensity, PP delay, and the relative phase of
the two probes. The dynamics in real time t of the light emitted by the pnC will be
discussed shortly and in a non conclusive way in the last section of this paper. All
the experimental results are discussed using a theoretical model describing pC
parametric polariton scattering processes, in its simplest version it just distinguis-
hes three polarisation components, pump, signal and idler [21].

7.2
Experimental

7.2.1
The Microcavity

Most of the experimental work described here has been done on a sample of par-
ticularly high quality [22]. It is a A microcavity (uC) with a GaAs spacer layer, the
dielectric mirrors consist of 20 (top) and 26.5 (bottom) Ga, oAl As/AlAs /4 layer
pairs. At the centre of the structure where the electric field is strongest, there is a
7.5 nm wide In;,GajosAs quantum well (QW) (Fig. 7.3), its exciton (X) energy
matches that of the lowest cavity mode (ie. the cavity is at resonance). The spacer
layer is slightly tapered, which permits to vary the detuning between QW X and
cavity mode by moving the laser spot on the sample (Fig. 7.4). For zero detuning,
the minimum splitting amounts to 3.5 meV, the linewidths of the upper and lower
polaritons (Ps) amount to about 0.3 and 0.13 meV, and the cavity lifetime is about
10 ps. Thus, the strong X-photon coupling regime is well established.
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air
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E 26.5 Ga Al (As
/AlAs Fig. 7.3 Scheme of the micro-
cavity. The GaAs spacer layer
contains a single (In, Ga)As QW
GaAs

and is enclosed between
substrate (Al, Ga)As/AlAs distributed
Bragg reflectors (DBR).

The exciton-photon interaction is important only for inplane wave vectors k close
to zero. The dispersion of the two polariton branches is sketched in Fig. 7.5, for the
case of perfect resonance between X and photon mode. The lower branch features a
narrow valley with a minimum at k = 0 and reaches the X energy for wave vectors
that are bigger than the reciprocal X radius. Ps close to k = 0 have a very small effec-
tive mass, some 104 to 105 times smaller than that of free Xs. Ps occupying states
in the central valley interact only weakly with Ps and Xs outside the valley or with
phonons, because for such pro-cesses energy and momentum conservation is diffi-
cult to achieve. These Ps are thus isolated from the other excitations of the cavity
and the crystal, and have therefore very long dephasing times [15, 16, 23, 24].
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It can be said that the dispersion of the lower P branch close to k = 0 acts as a two
dimensional trap in k space, and preserves the coherence of the optical excitations
[25].

7.2.2
Pump—Probe Experiments and Parametric Amplification

Polariton—polariton scattering processes within the valley, however, are possible.
The process which will be discussed in detail in this paper (sketched in Fig. 7.5)
concerns Ps at k ~ k,, at an energy about halfway between the bottom and the top of
the trap, they can easily scatter to k ~ 0 and k ~ 2k, since energy and momentum are
conserved for this process. In fact, this process can be stimulated, e.g. by coherently
occupying the polariton states at k=~ 0. Or, in other words, a pC can work as an
optical parametric amplifier, if it is pumped with a laser beam incident at the angle
corresponding to k ~ k,. In experimental configurations like ours, where one of the
final P states is at k = 0, this pump angle has been called magic, since it is only for
this angle that PA can be observed [20].

The set-up of our pump—probe experiments to investigate parametric scattering
is sketched in Fig. 7.6. The sample is usually pumped at the magic angle and pro-
bed at normal incidence (k= 0). Both, pump and probe derive from a Ti:sapphire
laser delivering 150 fs long pulses, with a repetition rate of 80 MHz. The pump
beam is sent through a spectral filter of about 1 meV width, permitting to exclusive-
ly excite lower branch polaritons at k~k,. The probe pulses remain unfiltered,
having a spectral width of about 15 meV they can be used to probe polariton states
anywhere in the trap. Probe and pump beam are focused onto the sample, the spot
diameter is roughly 100 pm. Most of our experiments are done in transmission
geometry, due to the occurrence of parametric scattering light is emitted in three
different directions, with k ~ 0 (signal), k ~ k, (pump), and k ~ 2k, (idler). The use of

WAVEVECTOR (um™")
429 131 0 271 6.23

ENERGY

9 Fig. 7.5 Schematic representation
Cavity \ of the polariton dispersion vs.
\ angle of incidence and in-plane

\ / wavevector &, at perfect exciton—
Exciton \\\ s photon mode resonance. The
1487 eVp———====m———= T - parametric scattering process on
the lower polariton (LP) branch,
bringing two pump polaritons
into a signal-idler pair, is
sketched.
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Filter

Fig. 7.6 Outline of the pump—probe experiment.
While the probe hits the sample (held in a He
temperature cryostat) perpendicularly, the pump
impinges at the magic angle. The detection sche-
me, with a CCD (charge coupled device) camera,
allows to achieve angle resolved measurements
permitting to investigate at the same time pump,
signal and idler.
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Fig. 7.7 Angular distribution of the light idler emission on the same intensity scale as
emission of the microcavity on the backside. pump and signal, the emissions at angles
The emission intensity at the pump angle smaller than 12.5° have been attenuated by
is comparable to that of the signal at k=0, four orders of magnitude. In this measure-
while at the idler angle, where the photon ment, the signal emission occurs at a small
component of the polariton is small, the negative angle.

emission is very weak. In order to see the
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Fig. 7.8 Decay of parametric amplification with pump to probe delay.
The signal gain is defined as the ratio of signal intensity measured in
transmission with pump to that without pump. 4y~ 4 x 10" photons/
(cm” pulse) in front of the pC is approximately the threshold intensity for
PA, corresponding to a time averaged laser intensity of 0.77 W/cmz. We
estimate that roughly 3% of the pump photons penetrate into the uC.

a CCD camera permits to measure the time integrated light intensity versus emis-
sion angle. In most cases the experiments are done for different pump intensities
and pump—probe delays.

The effect of stimulation on the emission of the pC pumped at the magic angle
by a probe at k ~ 0is shown on Fig. 7.7. When only the pump beam excites the sam-
ple at the magic angle, spontaneous parametric scattering occurs, leading to signal
and idler emissions. If, contemporaneously with the pump pulses, the puC is probed
at normal incidence, the polariton states at k ~ 0 are coherently occupied which
stimulates parametric scattering of the pump polaritons, therefore the signal and
idler emissions are strongly enhanced. Let us remark that the number of probe
photons penetrating into the cavity is much smaller than that of the signal polari-
tons generated by spontaneous scattering of the pump polaritons (see Fig. 7.7),
nevertheless the former have a very strong stimulation effect. We note also that the
incidence angle of the pump does not exactly match the ideal (magic) value, which
causes the emissions related to the spontaneous and stimulated processes to occur
in slightly different directions. Moreover, the signal peak due to parametric stimula-
tion is narrower than those due to pump and probe alone.

The decay of parametric amplification with pump—probe delay is shown in Fig. 7.8.
For the lowest pump intensity of 71, the measured signal gain is relatively small. A
modest increase of the pump to 101, leads to a gain that is more than ten times higher.
In other words, we observe a threshold behaviour of parametric gain with respect to the
pump. Parametric scattering involving two polaritons, the scattering rate is proportio-
nal to the square of pump intensity, and threshold occurs when this scattering rate
overcomes pump escape and dephasing rates. Further, let us note that the decay of
parametric gain with increasing delay becomes faster at high polariton densities.
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A Simple Theoretical Model

A theoretical model for the pC parametric polariton amplifier has been developed
by Ciuti et al. [21]. In its simplest version, the model accounts for three polarisation
fields on the lower polariton branch of the uC, the pump P, at k =k, = kygic, the
signal P, at k=0, and the idler P,, at k =2k, The temporal behaviour of these
three polarisations are described by

dp,

= (EQ)=i70) By + EuiBly B+ et o
an .

ih dt!’ = (E(kp)_ U/kp ) Pkp + ZEinthp POPZkP + Fpump(t) R (2)
4Py ,

LFITP = (E(ka)_L}/ka ) Py, +E. PrE . o

In the first terms of the right hand side of the above equations, the polariton ener-
gies E(k) are renormalised with respect to the unperturbed energies E(k). Due to

the presence of an intense pump field P, , E(k) is blueshifted by the repulsive po-
lariton—polariton interactions,

E(k)=E(k)+2Vy 0B, [, (4)

where the effective interaction potential Vj,, acts on two polaritons having initial
wave vectors k and k' and exchanging momentum p. V,,,, is a sum of a direct con-
tribution, a boson exchange contribution, and one due to the saturability of the
exciton transition [21]. The damping rates y, that also appear in the first terms on
the right hand side include polariton dephasing and escape from the cavity. The
second terms describe parametric scattering of the pump polaritons to signal and
idler polaritons, and vice versa. The scattering rate depends again on the polariton—
polariton interaction potential,

En= %(Vk,,k,,k,, Vit , ) . (5)

The inhomogeneous terms are the pump and probe driving fields.

Let us mention some of the most important limits in the validity of this model.

(i) This model is inadequate for cases where spontaneous parametric scattering is
important. It is in fact unrealistic to describe spontaneous parametric scattering by
a three component model, since for a given pump wavevector k, the ensemble of
the possible wavevectors of signal and idler are not just the two points kq and 2k, in
k space, but form an eight [26, 27]. However, when stimulation is important spon-
taneous processes become negligible (Fig. 7.7), and in this case we expect that the
theoretical model is close to the experimental reality.
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(ii) For polaritons, the expectation value of a product of operators has been ap-
proximated by the product of the expectation values of the single operators. From
more elaborate models [28] we know that stimulated parametric scattering is
strongly influenced by signal-idler correlations. These correlations will be described
only in an approximate way by our model where the expectation values of polarisa-
tion operators have been factorised as mentioned. In particular, our model might
reproduce the temporal dynamics of the polarisations in a qualitative way only.

(iii) At the highest pump intensities employed in our experiments, higher order
scattering processes have been observed [29] which are not described by our simple
model including only terms up to the third order in the polarisations. Thus at high
excitation intensities, we have to expect deviations between the predictions of the
model and the experimental results.

The three coupled Egs. (1) to (3) have been integrated numerically. The calculati-
ons discussed here have been done for single probe—pump experiments, and for
pump intensities close to threshold. The following numerical parameters have been
assumed: y, =y, =7, =0.15meV (which means that polariton damping is
essentially caused by polariton escape from the pC); a polariton splitting of
3.5meV (as for our pC containing one In;,GayocAs quantum well); exciton and
cavity-mode energies 1.480 eV (at k = 0); duration of the probe pulses 150 fs; dura-
tion of the pump pulses 4 ps; zero delay between pump and probe pulse. Figure 7.9
shows the temporal dependence of the signal intensity. The probe to pump intensity
ratio is of the order of 107, The sharp rise close to zero is caused by the penetration of
the short probe pulse into the cavity. Without pump, the probe polarisation just decays

L e e e e B e I B S s B S B e B |

Pump Intensity

Emission Intensity (log scale)
T
1

Time t (ps)

Fig. 7.9 Calculated emission intensity of the signal (k= 0) as a func-
tion of real time ¢ in a pump-single probe experiment. Pump and
probe temporally coincide, and the results are shown for different
relative pump intensities that are close to threshold. Pump intensity
0.9 corresponds roughly to the threshold intensity [P =/ E
under corF:tinuous aa\)lles excitation [21]. The cP):cslsépn Inume}:?i/azlkp/
parameters are given in the text.

int
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exponentially. There is a delay of about one or two ps before stimulated parametric
sets in and the signal intensity rises. This delay tends to shorten and the signal rises
more rapidly with increasing pump intensity. The delay can be attributed to the fact
that signal-idler correlation has to build up before stimulated parametric scattering
can set in [28]; in our simple three component model this means that idler polari-
tons, absent at time zero, have to be generated before stimulated scattering starts
(Egs. (1) and (3), third terms). Moreover, there is a clearly visible threshold behav-
iour for increasing pump intensity, since —y /7, competes with Eimlﬁp szr (see
Eq. (1)). Also a saturation effect is visible, due to an increase of the pump intensity
by 18% from 0.85 to 1.0 the signal intensity shoots up by about 30 times, while
the 50% increase of the pump from 1.0 to 1.5 enhances the signal roughly by a
factor of 5.

7.4
Coherent Control

Pump—probe experiments can also be done with two probe pulses, and if not only
the delay but also the relative phase of the two probes can be varied, such an ex-
periment permits to coherently control the parametric amplification process. Phase

50F 1T 1 T 1 T 4% r T T T r T '

T=0ps

normalised intensity

800

normalised intensity

Phase Phase

Fig. 7.10 Coherent control: Time integrated signal intensity as a
function of the relative phase of the two probe pulses, for different
delays 7 between the two probes, and for different pump intensities
(lo=4x 10" photons/(cm2 pulse), see Fig. 7.8). The first probe pulse
coincides with the pump. The intensity has been integrated over the
whole spectral width of the lower polariton emission. The contrast C
of the oscillations is discussed in the text.
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controlled pulse pairs can be created using a Michelson interferometer; while the
delay can be varied by moving one of the mirrors with a micrometre screw, the
phase is changed and actively stabilised using a piezoelectric element controlled by
an optoelectronic feedback loop [30, 31]. The first probe pulse creates some polarisa-
tion near k = 0 in the pC, stimulating parametric scattering. The polarisation crea-
ted by the second probe interferes with that which is already there. Depending on
whether the interference is constructive or destructive, parametric scattering accel-
erates or slows down. Figure 7.10 shows the time integrated signal intensities col-
lected from the back side of the sample, for different pump intensities and delays =
between the two probes. For 7 close to zero of course the contrast C is practically full
(close to zero intensity for a phase difference of =), but for 7 as long as 8 ps the ob-
served contrast can still be almost 80%. This means that the phases of an important
part of the polaritons are conserved as long as stimulated scattering goes on. Let us
remark that at higher pump densities the oscillations in the signal intensities become
asymmetric, and that the contrast diminishes more rapidly with increasing delay.
Plotting the full angular dependence of the light emitted by the pC vs phase
difference for a series of coherent control experiments, graphs of the kind shown in
Fig. 7.11 are obtained. The oscillations of signal and idler are in phase, while those of
the pump feature lower contrast and are shifted by © with respect to the other ones.
This means that the pump is depleted when both probes are in phase, and stimu-

Pump

225+

8

£ 20

g 154

£ 104

=

o 54

Q 2n
%‘o
“
Angle (deg)

Fig. 7.11 Coherent control of the light emit- those of the probe. The signal and pump
ted in the signal, pump and idler directions emissions (up to an angle of 14°) were
from the back of the microcavity. The surface attenuated by four orders of magnitude. In
plot shows the emission intensity as a func- order to evidence the effects of the coherent
tion of the emission angle and the relative control on the emitted pump intensity, the
phase of the two probe pulses. The delay 7 probe densitgy employed here was relatively
between the two phase controlled pulses is high (5 x 10 polaritons/(cm2 pulse), and
roughly 2 ps. Signal and idler intensities the pump density was relatively low
oscillate in phase, while the oscillations of (z10” polaritons/(cm2 pulse)).

the pump are in antiphase with respect to
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lated scattering occurs. Thus signal, idler, and to a certain extent also the pump, are
controlled at the same time, as expected for a parametric amplifier. Further, when
the two probe pulses are out of phase, spontaneous parametric scattering occurs in
a similar way as already observed in Fig. 7.7; this leads to signal and idler emissions
having a wider angular spread than in the case of stimulated scattering.

The decay of the contrast of the oscillations with increasing delay between the two
probes has been carefully analysed (Fig. 7.12). Without pump the contrast decays at
a rate corresponding to the total polariton lifetime (determined mainly by the emis-
sion of photons through the mirrors, and by dephasing) of T~ 10 ps [31, 32]. For a
pump intensity of 71, slightly above threshold, the contrast decays more slowly,
evidencing a prolonged polariton coherence time. Increasing the pump intensity to
14 and 201, the decay becomes faster than without pump. Each probe pulse creates
some signal polarisation in the cavity, by directly creating seeding polaritons, and
indirectly by stimulating parametric scattering. At low pump powers when stimula-
tion is weak, the effects of the two probe pulses do not influence each other.
In this case the contrast can be calculated using the data of Fig. 7.8,

|A(0) + Az)] ~|A(0) - A(z)}
[A(0)+ A(r)] +]A(0) - A(z)}

C(r)= , (6)

where A(7) is the mean polarisation amplitude at k=0 created by a single probe
pulse at delay 7, we evaluate it by taking the square root of the time integrated sig-
nal intensity measured in the single probe experiments of Fig. 7.8. For zero pump
intensity, the contrast C(7) calculated in this way indeed coincides with the measu-
red one. Also at a pump intensity of 7I, the measured and calculated contrasts
agree, i.e. the slow-down of the decay occurs in the regime where the effects of the
two probes are independent; further this agreement proves that coherence of the
involved polaritons is fully conserved. At higher pump intensities, the calculated
contrast is close to that obtained for zero pump, while the measured one features a
rapid initial decay and is lower. This shows that far above threshold the effects of
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Fig. 7.13 Coherent control: Contour plots,

vs. pump intensity and delay between the two
probe pulses, of the contrast of the measured
0.03 signal oscillations (left panel), of the calculated
signal oscillations (centre panel) as explained in
the text, and of the calculated pump oscillations

0.00 (right panel).
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the two probes are not independent any more. This can be interpreted in terms of
excitation induced dephasing [33] and/or in terms of a depletion of the pump reser-
voir by the first probe.

The results of our detailed investigations of the contrast C vs. delay and pump
intensity are shown in Fig. 7.13. The experimental data (left panel) for the signal are
characterised by the following features: (i) Turning on the pump slightly increases
the decay rate of C. (i) At low pump intensities, below and slightly above threshold,
there is a slow-down in the decay of the contrast with increasing pump intensity, at
Lyump = 71, the contrast of the interference fringes is maximum, as already mentio-
ned. (iii) At pump intensities above 71, the contrast, at any delay, diminishes with
increasing I,,,,. Using the three component model presented in Section 7.3, the
contrast has been calculated (Fig.7.13, centre panel). Qualitatively, the model re-
produces the features observed experimentally: with increasing pump intensity
there is an initial increase of the decay rate, then the decay slows down and the
contrast goes through a maximum. Further, the theoretical simulations permit to

explain the observed asymmetry in the oscil-lations of Fig. 7.10. In Fig. 7.13, right
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panel, there are practically no oscillations in the number of pump polaritons, except
at highest pump intensities and short delays where these oscillations reveal a (weak)
depletion of the pump causing saturation of the parametric amplification and thus
the appearance of asymmetric interference fringes in the signal.

7.5
Measurements Resolved in Real Time

The dynamics resolved in real time of stimulated parametric scattering has also
been investigated. Figure 7.14 shows the experimental set-up employing upconver-
sion. In a non-linear crystal the signal coming from the pC is combined with a
100 fs long reference (or gate) pulse coming directly from the laser, if the two coin-
cide spatially and temporally light at the sum frequency (violet) is generated which
can be detected with a (slow) detector. Scanning the delay of the gate permits to
recover the temporal shape of the light emitted by the pC during a pump—probe
experiment. A disadvantage of this technique is the relatively low sensitivity, there-
fore the measurements can be done only with pump intensities substantially above
threshold.

Experimental results of the emitted signal intensities vs time t are shown in
Fig. 7.15. Even though the probe hits the sample at the same time as the pump,
initially the signal decays as if the pump were absent. It is only after a delay of 6 to
8 ps that the signal intensity increases sharply and reaches a first maximum at
about 10 to 12 ps. The signal does not decay monotonously, there are some rela-
tively slow oscillations leading to the appearance of a second maximum at about 19
ps. It has been found that the initial delay as well as the amplitude and period of the
oscillations sensibly depend on the experimental conditions, e.g. how well pump
and probe are in resonance with the cavity and how well the incidence angles corre-
spond to the phase matching conditions.

PMT

o
microcavity

Fig. 7.14 Scheme of the experimental upconversion set-up used for
PP measurements with real time resolution. If the light emitted by
the pC reaches the non-linear BBO (beta barium borate) crystal at
the same time as the gate, sum frequency light can be detected by
the photomultiplier tube (PMT).
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Fig. 7.15 Signal intensity resolved in real time, emitted during a PP
experiment with pump—probe delay zero, for different pump inten-
sities. Averaged external pump intensities, from bottom to top:

0 (bold), 22, 27, 34 and 42 W/cmz; probe intensity: 0.48 W/cmz.
The delay seems to depend only weakly on the excitation density.

Theoretical calculations corresponding to these experimental data are shown in
Fig. 7.16. (The wiggles in the curves are due to beatings between the emissions of
the upper and lower polariton branches, the probe being spectrally wide enough to
excite both; for the purpose of this discussion they can be ignored.) As for the calcu-
lations shown above in Fig. 7.9, at low excitation densities there is only a short

Signal Intensity [a.u.]

0 5 10 15 20 25 30
Real Time ¢ [ps]

Fig. 7.16 Signal intensity resolved in real time, calculated as explained
in the text for a PP experiment with pump—probe delay zero, for
different pump intensities. The bold curve at the bottom is the signal
intensity without pump. Averaged external pump intensities (outside
the pC) are: (a) 15, (b) 30, (c) 60, and (d) 90 \X//cmz. At higher pump
intensities, PA becomes saturated and it sets in with a delay.
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Emitted Intensity [a.u.]

Real Time ¢ [ps]

Fig. 7.17 Hypothetical signal, pump and idler intensities, resolved in
real time, calculated for a PP experiment with no pump—probe delay,
assuming that the exciton—exciton interactions do not cause any blue-
shift of the polaritons. Strong oscillations would appear, parametric
scattering occurring alternatively in forward and backward directions.
Bold continuous line: idler; thin continuous line: signal; dashed line:
pump. The idler intensity has been enhanced by a factor of 10.

delay of about 1 ps before the signal is rising due to stimulated parametric scatter-
ing, ie. this theoreti-cally calculated delay is quite shorter than what has been
observed experimentally. However, if in the calculations the pump intensity is
increased to levels quite above those used experimentally (Fig. 7.16, curves ¢ and d),
the maximum in the signal emission moves to bigger delays, at 80 W/cm? the
calculated signal intensity decreases before the rise due to parametric amplification
sets in at roughly 5 ps. This is similar to what has been observed experimentally,
but for quite lower pump intensities. However, the simulations predict that
this signal is rising during 5 to 10 ps, while experimentally 3 to 4 ps are observed.
Let us remark here that at least on an intuitive level an increase of the delay of
parametric amplification with increasing pump density is unexpected. This delay
cannot only be due to the build-up of signal-idler correlations as mentioned in
Section 7.3, it might also be linked to the blueshift of the polariton energies
which is changing with density during the experiment and which is caused by
exciton—exciton interactions and saturation effects within the quite dense polariton
system.

Finally, the calculations predict a monotonous signal decay, in contrast to the
experiments where an oscillation is observed and a second maximum appears. If
one artificially turns off the polariton blueshift due to exciton—exciton interactions
which occurs at high excitation densities, we obtain what is shown in Fig. 7.17. In
this hypothetical case, the signal intensity would be strongly oscillating with a
period of several ps, in phase with the idler and out of phase with the pump. At the
end of each period signal and idler intensities would practically come back to zero,
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i.e. these oscillations could be called parametric Rabi oscillations. Thus, when sig-
nal and idler intensities are decreasing parametric scattering goes backwards from
signal and idler to the pump. Further, after the initial excitation signal and idler
would rise with a short delay of the order of one ps, a delay corresponding to the
time needed to build up signal—idler correlation as mentioned in Section 7.3.

7.6
Conclusions

Semiconductor microcavities that are in the strong coupling regime can indeed
work as an efficient and rapidly responding parametric amplifier. From our results
it becomes obvious that probe pulses which are much weaker than the amplified
light leaving the sample can control PA in a pC. There is an optimum pump inten-
sity, just above threshold, at which coherent control is most efficient; ie. at this
optimum the polaritons at k = 0 remain coherent up to long delays between the two
probe pulses, and thus stimulated parametric scattering can still go on. At higher
excitation densities, there is a significant depletion of the pump leading to a rapid
decay of the interference contrast. Our relatively simple theoretical model [21],
based on just three polarisation components (pump, signal, and idler) which are
coupled in third order via exciton—exciton interaction, permits to understand the
major features of the dynamics of stimulated parametric scattering. However, the
exact origin of the delay that occurs before stimulated PA sets in still needs to be
clarified, requiring further experimental and theoretical investigations.

Acknowledgements

We thank U. Oesterle of Prof. Ilegems’ group for providing the high quality pC
samples used in the experimental investigations. We acknowledge stimulating
discussions with G. Bongiovanni, F. Quochi, M. A. Dupertuis, A. Quattropani,
P. Schwendimann, V. Savona, R. Houdré, and R. P. Stanley. This work has been
supported in part by the Fonds National Suisse de la Recherche Scientifique.

References

[1] C.Weisbuch et al., Phys. Rev. Lett. 69, 3314 (1992).

[2] For areview, see e.g.: V. Savona et al., Phase Transit. 68, 169 (1999); or: Special Issue on
Microcavities, edited by J. J. Baumberg and L. Vifia, Semicond. Sci. Technol. 18, No. 10
(2003).

[3] R.Houdré etal., Phys. Rev. A 53,2711 (1996).

[4] A.V.Kavokin, Phys. Rev. B 57, 3757 (1998).

[5] V. Savona, J. Cryst. Growth 184/185, 737 (1998).

[6] R.Zimmermann, Nuovo Cimento D 17, 1801 (1995).

[7] G.R. Hayes et al., Phys. Rev. B 58, R10175 (1998).

(8] T. Freixanet et al., Phys. Rev. B 60, R8509 (1999).

[9] R.Houdré etal., Phys. Rev. B 61, R13333 (2000).



(10]
(11]
(12]
(13]
(14]
(15]

(16]
(17]
(18]
(19]
(20]
(21]
(22]
(23]
(24]
(25]
(26]
(27]
(28]
(29]
(30]
(31]
(32]
(33]

References

T. Shchergov et al., Phys. Rev. Lett. 84, 3478 (2000).

W. Langbein and J. M. Hvam, Phys. Rev. Lett. 88, 47401 (2002).

R. Houdré et al., Phys. Rev. Lett. 73, 2043 (1994).

G. Bongiovanni et al., Phys. Rev. B 55, 7084 (1997).

M. Saba et al., phys. stat. sol. (a) 178, 149 (2000).

A. L. Bradley et al., in: Proc. 3rd Internat. Conf. Excitonic Processes in Condensed Matter
(EXCON’98), Boston, Nov. 1-5 1998 (The Electrochemical Society, Pennington, PA,
1998), pp. 10-19.

L. A. Dunbar et al., Phys. Rev. B 66, 195307 (2002).

F. Quochi et al., Phys. Rev. Lett. 80, 4733 (1998).

F. Tassone and Y. Yamamoto, Phys. Rev. B 59, 10830 (1999).

P. G. Savvidis et al., Phys. Rev. Lett. 84, 1547 (2000).

M. Saba et al., Nature 414, 731 (2001).

C. Ciuti et al., Phys. Rev. B 62, R4825 (2000).

U. Oesterle et al., J. Cryst. Growth 150, 1313 (1995).

V. Savona and C. Piermarocchi, phys. stat. sol. (a) 164, 45 (1997).

G. Cassabois et al., Phys. Rev. B 61, 1696 (2000).

J. J. Baumberg et al., Phys. Rev. Lett. 81, 661 (1998).

C. Ciuti, P. Schwendimann, and A. Quattropani, Phys. Rev. B 63, 041303(R) (2001).
W. Langbein, Phys. Rev. B 70, 205301 (2004).

P. Schwendimann, C. Ciuti, and A. Quattropani, Phys. Rev. B 68, 165324 (2003).

P. G. Savvidis et al., Phys. Rev. B 64, 75311 (2001).

M. U. Wehner, M. H. Ulm, and M. Wegener, Opt. Lett. 22, 1455 (1997).

S. Kundermann et al., Phys. Rev. Lett. 91, 107402 (2003).

S. Kundermann et al., phys. stat. sol. (a) 201, 381 (2004).

D. S. Chemla and J. Shah, Nature 411, 549 (2001).

169






Chapter 8
Polariton Correlation in Microcavities Produced
by Parametric Scattering

Wolfgang Langbein

8.1
Introduction

The strong coupling regime between the photon state of a Fabry—Perot cavity and
the excitonic resonance of a semiconductor quantum well (QW) creates a new type
of quasi-particle of mixed photon—exciton character, the planar microcavity polari-
ton [1, 2]. These polaritons have a defined in-plane momentum k, and are typically
contained in a micrometer-sized, monolithic, epitaxially-grown structure using
Bragg-stacks as highly reflective mirrors. Their photon content leads to a large
energy dispersion, and to the possibility of manipulating them via an external light
field. The exciton content, conversely, results in a strong mutual interaction of
polaritons, not present for photon modes. These peculiar properties have enabled
the observation of parametric amplification of polaritons [3, 4], which was inter-
preted as bosonic stimulation [3, 5, 6], owing to the fact that the polaritons are, to a
good approximation, bosons in the relevant exciton density regime.

In the absence of an additional injected polariton density to be amplified, para-
metric scattering results in a spontaneous emission of polariton pairs (signal and
idler) according to momentum and energy conservation criteria. For non-resonant
optical excitation, the polaritons are created by phonon-assisted relaxation of the
initially excited electron—hole pairs, and accumulate due to the relaxation bottle-
neck at a rather large k, with a circular symmetric distribution around k =0. The
resulting emission is ring-shaped [7], and can show the effect of final state stimula-
tion [8]. For resonant optical excitation, polaritons are created directly at a defined &,
and the momentum and energy conservation for the scattering of a pair of these
polaritons holds on an 8-shaped line of final states in k-space [9]. This mechanism
has been observed under continuous wave excitation for pump, signal and idler
wave-vectors lying on the symmetry axis of the 8-shape [10, 11]. Also here, a stimu-
lation is found, that leads to a macroscopic population of the final states. The possi-
bility of creating correlated polariton pairs was discussed [12, 13]. The 8-shaped
momentum space range was observed in my previous work [14], where a quantita-
tive comparison with the theory of parametric luminescence was presented. I report
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here an extension of these measurements of the time, spectrally, and directionally
resolved emission from a semiconductor microcavity (MC) after pulsed resonant
optical excitation of lower branch polaritons (LP) in a regime where the parametric
polariton—polariton scattering dominates the emission. A polarization-dependent
renormalization of the polariton dispersion in presence of a linearly polarized po-
lariton density is found, corresponding to a strong resonant birefringence. The case
of two pump directions is investigated. The k shapes of the observed mixed para-
metric processes are in agreement with the calculations using energy and momen-
tum conservation when including the polariton renormalization. Using two pump
directions, a signal polariton is corresponding to two idler polaritons. Detecting the
interference of the two idler polaritons, which are both incoherent to the pump
polaritons, I demonstrate the pair-correlation of the emitted signal-idler polaritons
in a “which-way” experiment.

8.2
Investigated Sample and Experimental Details

The investigated sample [15] was grown by molecular beam epitaxy and consists of
a 25 nm GaAs/Al ,Ga ,As single quantum well placed in the center of a A —cavity
with AlAs/Al .Ga, As Bragg reflectors of 25 (16) periods at the bottom (top). The
sample was characterized by reflection measurements reported in Ref. [16]. The use
of a wide GaAs QW leads to a negligible inhomogeneous broadening of the QW
exciton due to the small effect of interface roughness and the absence of alloy dis-
order. The exciton—photon coupling in the MC creates three polariton resonances
from the heavy-hole exciton, light-hole exciton, and cavity mode. The mixing is well
described by a three-coupled-oscillator model [15]. From the measured polariton
linewidths a cavity linewidth 7y, of 0.13meV and an excitonic linewidth of
Yy, = hyy, =0.06 meV were inferred.

The sample was held in a helium cryostat at a temperature of T'=5 K. The pump
polaritons were excited by Fourier-limited optical pulses from a mode-locked
Ti:sapphire laser of about 1 ps pulse length at 76 MHz repetition rate. The pulses
were focused on the sample by a 0.5 NA aspheric lens to a diffraction-limited spot
of 100 (50) pm diameter and a k-width of 0.03 (0.06) pm™ for the single (dual) pump
experiments. The excitation intensity I, corresponds to a photon flux of 21 ym™
per pulse at the sample surface. The excitation was linearly polarized along %, and
the cross-linearly polarized emission (i.e. p) was detected. Spectrally resolved emis-
sion intensities were acquired using a spectrometer and a nitrogen cooled CCD
camera with a resolution of 20 n eV. Time-resolved data were taken using a syn-
chroscan streak-camera with a time resolution of 2 ps. Directionally resolved, time
and spectrally integrated intensities were taken by a video CCD camera.
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8.3
Parametric Scattering for a Single Pump Direction

The case of the excitation by a single pump direction k, has been discussed exten-
sively in Ref. [14]. Here I show additional results concerning the density depend-
ence and the spectral imaging. The MC dispersion measured in the photolumines-
cence is described using the Rabi-energies of the heavy-hole exciton of
72, =1.82 meV, of the light hole exciton of 742, =1.1 meV, and the effective
index of the cavity mode of 3.5. The energy of the heavy-hole exciton was
E,, =1.52168meV, of the light-hole exciton E;, =1.52420 meV, and of the cavity
mode E_, =1.51930 eV at k=0, corresponding to a detuning of —2.4 meV to the
heavy-hole exciton. The pump direction was chosen to be k, =(1.73,0)um™. The
final states of the parametric scattering of two pump polaritons at k, on the lower
polariton branch respecting energy and momentum conservation (2E,(k,) = E,, (k)
+Ep(k;) & 2k, =k, +k;) are shown in Fig. 8.1 together with the LP dispersion

E E (MeV)

Fig. 8.1 Energy-momentum sketch of the
parametric scattering process for a single
pump at k,. The signal (red) and idler (blue)
polariton states for parametric scattering of
two pump polaritons (green) under energy
and momentum conservation are shown in
a three-dimensional graph of (k, E,, (k)) for
k,=(1.73,0) um ™" with the polariton dis-
persion E (k) as described in the text. For

illustration, a specific signal-idler combina-
tion with k, =(0,0.89) um ™' is high-lighted
by circles and connected by a line. The
projections on the two-dimensional planes
are given. On the lower plane, E ,(k)—E,,
is shown on a grey-scale contour from —
3.5 meV (black, innermost contour) to

0 meV (white), with 0.1 meV spacing.
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E,»(k). They form an figure-8 shaped line S in k-space. This shape is due to the
peculiar LP dispersion, having a negative effective mass region for |k|>1.45 pm™.
We measure the wavevector and time-resolved emission intensity I(k,t) after
excitation at t=0. I(k,t) is proportional to the polariton density N(k,t) times
the escape rate to the detected photons. The escape rate is given by the cavity
content c(k) multiplied with the photon decay rate of the cavity 2y., so that
I(k, t)c N(k, t) y.c(k). The resulting measured density N(k, t) is shown in Fig. 8.2a.
For an excitation intensity of 40, the time-evolution of N(k, t) is given in the left
column. A fast buildup of the 8-shaped region of final-state density within the first
10 ps, and its decay within the next 10 ps is observed. Afterwards, only the density
due to the emission of bound exciton states remains, which decays on a 100 ps
timescale. The final state density shows a strong narrowing of the k width of the
8-shape within the first 10 ps. This is predicted by theory [14], and is a signature of
the memory in the scattering process described by the anomolous signal-idler corre-
lation [9]. The white dotted lines indicate the calculated S, which is in agreement
with the measured density distribution apart from a slight size mismatch. The
origin of this slight deviation can be elucidated looking at the excitation density
dependence of the density distribution, which is shown in the right column. At the
smallest displayed excitation intensity of 10I, no significant deviation is observable.
With increasing excitation intensity, the deviation is increasing. The observed be-
haviour can be reproduced assuming a renormalization of the polariton dispersion
relative to the pump energy.

An example of the resulting S for +0.1 meV renormalization of E, (k) is given in
the graphs of 40 I, and 70 I,. Such a renormalization is expected [9], but since we
use a pulsed excitation, also the energy of the pump-polaritons is renormalized and
the net effect is expected to vanish. However, as the detected emission is cross-
linearly polarized to the pump, this result indicates a renormalization of the polari-
tons depending on their relative linear polarization to the pump polariton density.
This can be explained considering the biexciton bound state of ~1 meV binding
energy [18]. This state can be created by two co-linearly polarized excitons, but not
by cross-linearly polarized excitons. It is therefore to be expected that the pump-
polaritons experience a negative renormalization by this state, which is not present
for the cross-linearly polarized signal and idler polaritons. A similar behaviour was
measured for co- and cross-circularly polarized polaritons in a pump-probe ex-
periment" on the same sample [19], and has been used in the theoretical analysis of
polarization dependent polariton amplification measurements [20]. The appearance
of such a renormalization is even more evident from the results of the dual pump
geometries discussed in the next section.

The influence of the renormalization on the polariton scattering can be directly
seen in the spectrally selected polariton density N(k, @)« I(k, ®)/(y.c(k)) shown
in Fig. 8.2b. I(k, w) was measured time-integrated with a spectral resolution

1) Unpublished co and cross-linearly polarized pump—probe
experiments confirm the presence of such a renormalization.
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Fig. 8.2 Measured k-resolved polariton
density for resonant pulsed excitation at
k,=(1.73,0) pm ™' . a) Time-resolved data.
Left column: Different times after excitation
as indicated for an excitation intensity of
40 I,. Right column: Different excitation

intensities as indicated 10 ps after excitation.

The grey scale has a linear mapping from
zero (white) to a multiple of N, (black), as
indicated. No absolute value for the used
fixed experimental population unit N, is
available since the absolute intensity cali-

bration was not performed to a sufficient
accuracy. b) Spectrally resolved data. Linear
grey scale from zero to a multiple of N,

as indicated. For k, <2 pm ™ (signal)
taken from the measured intensity at

hew =E,, —2.63 meV, for k, >2 um ' (idler)
at fiw =E,, —0.42 meV. These energies are
conserving the energy of the resonant
pump polaritons, that was determined to

1.52015 eV by their resonant Rayleigh scatter-

ing [17] at 10 /,. For 20 Iy, the parametric
processes are indicated.
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of 20peV. At low pump intensity 10I,, the idler polariton emission at
hw=E,, —0.42 meV is resonant to the low-intensity polariton dispersion ring
that is visible due to the long-lived photoluminescence. With increasing intensity,
the idler forms a ring-shaped extrusion to smaller k, which is dominating above
50 I,. The direction to smaller k is explained by a positive renormalization of the
idler dispersion. The effect of the renormalization on the k distribution of the sig-
nal at aw = E,;, —2.63 meV is not as pronounced since the exciton content is smaller
and the dispersion is much steeper.

8.4
Parametric Scattering for Two Pump Directions

Using two pump directions k,;, k,, allows, additionally to the parametric processes
present for the individual pump directions, for mixed parametric processes involv-
ing one polariton of each pump. These mixed processes feature a variety of new
shapes for S, some of which are displayed in Fig. 8.3. For an azimuthal separation

an7ans
N

—~ 2t 4
‘e T PR R R U R R
= T T 7 — T T T T T T T T T T
x> 2tb) g
1F f\ /_\ 4
o m O
A\
a1 .
2oL 4
1 L 1 L L 1 L 1 L 1 L 1 L 1 L
-2 -1 0 1 2 3 4 5 6
-1
k (um’)
Fig. 8.3 Calculated Aspace curves of energy are mirror symmetric around the x-axis.
and momentum conservation S for the (a) Equal absolute value |k | =|k,,| =2 pm™,
mixed parametric process involving two for angles between k,, and k,, of
pump directions: k,, +k,, >k +k; . The 0,0.2m, 0.4, 0.6w, 0.8m, 7. (b) Equal direc-
dispersion parameters used are the ones of tions of k,; and k,, , with different absolute
the dual pump experiments (see text). The values with |k,, +k,,|=4 pm ™, and

pump directions are indicated as circles, and lk,, —k,;|{0,0.5,1.0,1.5} pm ™.
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of the pumps, the 8-shape deforms into a peanut, then an oval and finally to a circu-
lar shape. For an axial separation instead, the 8-shape splits into two separate loops,
that approach circular shape. These distinct behaviors are reflecting the different
detuning of the effective pump energy (E,, (k,,) + E;5(k,,))/2 compared to the equiva-
lent single pump case of E,,((k,, +k,,)/2). Due to the shape of the polariton disper-
sion, the effective pump energy is increased for an azimuthal separation, and (ini-
tially) decreased for a radial separation. The effect of the radial separation on S is
thus similar to the effect of the polarization selective dispersion renormalization
observed in Fig. 8.2.

To realize the dual pump configuration, we have expanded the original experi-
mental setup used for the single pump case by a Mach—Zender interferometer on
the excitation side (see @ in Fig. 8.4). It splits the excitation into two directions and
thus k values, which are individually adjustable by the tilt of the mirrors M1 and
M2. The mirror surface is imaged onto the sample surface by the lenses L and A.
Gimble mirror mounts are used for M1 and M2 to ensure that the excitation area
on the sample and the temporal coincidence of the excitation pulses is independent
of the mirror tilt. The MC emission is collected by the same lens combination, and
imaged onto a pinhole (PH) to reject scattered light from surfaces in the setup other
than the sample. The pump pulses directly reflected off the sample can be rejected

imaging
A
[ |—1POL
— |— PH

P
2M4

BS6

excitation @ @
BS1
M1 BS5 CC
M3
@
M2

1
~
[ZEEEN]
BS3

[N
BS2

R

LM A MC

Fig. 8.4 Scheme of the optical setup used for
the dual pump experiment. The two phase
coherent pump pulses are created in a
Mach-Zender interferometer @ consisting of
the mirrors M1, M2 and the beam-splitters
BS1, BS2. Their relative phase is adjustable
by a piezoelectric element (P1). The pump
pulses are imaged by the aspheric lens A of
0.5 numerical aperture from the mirrors onto

the MC. The emission from the MC is col-
lected by the same lens, and directed by BS3
into a second Mach—Zender @ which, by
using a double mirror (M3, M4) in one arm
and a corner cube mirror (CC) in the other
one, produces interference between fields at
k=(k,.k,) and k"= (k,, —k,). The detection
phase can be adjusted by P2. All beam-
splitters are non-polarizing.
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by a mask (M) in the Fourier plane of lens A to avoid their scattering in the subse-
quent optical path. The detected emission is analyzed using a Glan-Thompson
prism (POL), that transmits the emission cross-linearly polarized to the excitation
pulses only. The Mach—Zender interferometer on the detection side @ is used to
create an emission interference as discussed later. For the moment it is deactivated
by blocking one of its arms.

The following experiments were taken at a slightly different cavity detuning
compared to the single pump case presented in the previous section and in [14].
The LP dispersion was measured by spectrally and k resolved emission, and was
fitted by the three-oscillator model [21] using 72, =1.68 meV, i, =1.1 meV,
E,, =1.52187 meV, E, =1.5246 meV, E_, =1.5212 eV at k =0, corresponding to a
detuning of 0.7 meV to the heavy-hole exciton.

In Fig. 8.5 the measured time-integrated polariton densities N(k) for the dual
pump case are shown for different k,;,k,,. N(k) is deduced from the time-
integrated cross-linearly polarized emission intensity I(k) measured by the video
CCD using N(k) o I(k)/(y.c(k)). In a) the situation k,, =k, =(0,2.2) pm™ is shown,
corresponding to the angle 7 in the calculations of Fig. 8.3a. The k positions of the
two pump beams are visible as the strongest intensity spots due to the residual
transmission of the analyzer POL. The created polariton density shows a double
ring structure. The inner ring isue to bound exciton emission [14], which is at
smaller k as compared to Fig. 8.2 due to the different detuning. The second ring
is the mixed parametric process, which shows the predicted circular shape
(Fig. 8.3a). However, its radius is not equal to |k,|, as predicted by the calculation
(outer dotted curve), but significantly smaller. As in the single pump experiments,
this gives evidence for a polarization-dependent renormalization by the pump po-
lariton density. Using a fixed blue shift of 0.2 meV of the observed x polarized
dispersion compared to the y polarized dispersion relevant to the excitation pulses,
the observed circle is reproduced by the calculated S (inner dotted curve). Addi-
tionally, vertically displaced to k,, and k,,, a strongly enhanced emission on the
parametric ring is observed. This feature is related to the cross-hatched disorder in
the sample along the [110] and [110] crystal directions [17, 21], which coincide with
the x- and y -directions used in this work. The disorder allows the modes on the
ring that are displaced to the pumps only in x- or y-direction to be directly excited by
the pump. The resulting initial occupation of the modes leads to a stimulation of
the parametric scattering, which is significantly increasing their occupation well
beyond the purely additive effect. Such an interpretation is verified by the meas-
urements for all other pump configurations b)—i) shown in Fig. 8.5. In these con-
figurations, |k, |~|k,,|~2.2 pm™ is retained, while the angle between them is re-
duced from = in a) to 0.0857w in i). The observed shape of the parametric scattering
can be compared to the calculations of S shown in Fig. 8.3a. An evolution from a
circular (a) to an oval (b, ¢, d) and further to a peanut-shaped (e, f) parametric
scattering region is found. In all cases, the 0.2 meV renormalized calculation of S
(black dotted lines) is in good agreement with the observation. The parametric
processes created by the individual pumps are given as white dotted lines in d) to i),
using the same renormalization. These processes are generally weaker than the
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pulses through POL. The parts (a) to (i) refer
to different choices of k,,, k,,. The dotted
black curves are calculated S for the mixed
process, while the dotted white curves are

Fig. 8.5 Measured kresolved time-integrated
polariton density for resonant pulsed excita-
tion with two coincident excitation pulses at
k,, k,, for an excitation intensity of ~40 1,

per pulse. Fixed linear grey scale from
white (zero density) to black. The excitation
wave-vectors k,;, k,, were adjusted mirror-
symmetric around the x-axis, and are visible

calculated Sfor the individual pumps. Some
spurious signals are present due to residual
reflections of the optical elements in the
setup.

by the residual transmission of the reflected

mixed ones, which we attribute to the larger mismatch of the excitonic contents of
the involved polariton states (compare Eq. (8) in Ref. [14]). In the cases f) to i), the
renormalization changes the shape of S to a two loop structure, similar to the
calculations of Fig. 8.3b. Here, the strong enhancement of the parametric emis-
sion for the polaritons displaced in x -direction relative to the pumps due to the
initial population mediated by the disorder is obvious. In h), a coherent four-wave
mixing process (FWM) between the two pumps is observed. Higher-order mixing
up to the ninth order ( %) is found in i) and confirmed by interference measure-
ments similar to the ones discussed below.
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In summary do the experiments show a pronounced effect of the mixed paramet-
ric scattering, and the k regions of the final states are consistent with the calculated
curves of energy and momentum conservation S when taking into account a polari-
zation-selective renormalization of the polariton dispersion.

8.5
Polariton Quantum Complementarity by Parametric Scattering

The dual pump geometry allows one to probe the quantum complementarity of po-
laritons, which is a result of their quantum nature [22]. Here, we test a manifestation
of this property that makes quantum particles appear to be either particles or waves
under different experimental conditions. The underlying idea in our experiment is the
same as in Young’s double-slit experiment: due to its wave-like nature, a quantum
particle can travel along a quantum superposition of two different pathways, resulting
in an interference pattern. If however, it is possible in principle to determine which
way the particle has taken, the interference pattern is no longer observed.

To discuss the theoretical background, we follow the description given in Ref.
[23]. The effective Hamiltonian describing the parametric polariton process assum-
ing classical pump-fields is

F =Y E,(k) plp,+ Y [Glk. k') p} pl, +h.c.| 6 oy sor (1)
k k.k
kk,

where the Bose operators p; are the polariton creation operators, and G(k, k')
contains details of the pump fields and the polariton interaction. The experimen-
tal scheme employs two mutually coherent pump modes of momenta k,, and k,,
with the classical field amplitudes B, and B, , for which G(k,k')=gPP (0,
+64,,) (Opk,, +Ops,,). The constant g is the polariton—polariton interaction ampli-
tude, accounting for both the Coulomb interaction and the Pauli exclusion principle
[9]. Two of the four products of &’s represent parametric processes driven by a
single pump mode (black and red curve in Fig. 8.6). The two other terms are mixed-
pump processes involving one polariton from each pump mode, whose energy-
momentum conservation defines the magenta curve. We first consider a pair pro-
duced by one pump only (B, =0). In the limit of low excitation intensity
(r=g|R, " t < 1), the time evolution operator applied on the polariton vacuum state
|v) yields up to first order in 7 the entangled polariton state | ) =|v),; +7|1), 1),
where s and i label a pair of signal and idler modes. This quantum state shows that
the parametric process produces correlated signal-idler pairs. Using two mutually
coherent pump polariton fields of equal amplitudes P, =P, | e", pairs of paramet-
ric processes sharing the signal mode are allowed (see Fig. 8.6). Such a pair of
processes involves two idler modes i1 and i2 and one common signal mode s. In
the limit of low excitation intensity, the time evolution operator applied on the
polariton vacuum state yields in this case up to first order in 7:

[#) =[V), 150+ 7 [1), ([1):1]0):, +€7]0)1 1), ) - 2)
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-4
K (um”)
Fig. 8.6 Calculated Aspace curves of energy and momentum con-

servation Sinvolving two pump directions k,,,, = (1.7,£1.2) um™ .
The curves for the individual pump directions k,,(k,,) are black
(red). The mixed parametric process of both pump directions is
magenta. The dispersion parameters used are the ones of the dual
pump experiments (see text). Two parametric processes sharing the
signal k, (blue dot), giving rise to mutual coherence of the idlers
k.., ki, (black, red dots) are indicated. The dotted line is the border
of the krange detected in the experiment.

The resulting polariton population at the signal mode (| p;, p,|¥) is independent

of ¢ . Interference is absent due to the orthogonality of the idler states i1 and i2,
that contain the information from which of the two pumps the signal originated.
Interference is also absent from either idler-polariton density, since only one path is
present in them. However, when observing the sum of the two idler polari-
ton fields, again two pathways are involved. The resulting particle population is
(PIpi, +Pi,) (By, + Py )| ) =2F| i, by, | #) (1+cos (29)). Interference is present
since the two idler modes are pair-correlated with the same signal mode, which
therefore does not contain any “which-way” information for the mixed idler mode.

The polaritons at a given k are observed by detecting the photons emitted at the
same in-plane momentum [24], which carry the polariton amplitude and phase
information. The interference of the two emitted idler fields was measured as a
function of the relative pump phase ¢. This is accomplished by detecting two super-
imposed k -resolved images of the polariton emission, one of which is preliminarily
inverted along the k, axis. The two mutually coherent pump pulses are created by
splitting the exciting laser pulses (see @ in Fig. 8.4), and are synchronously imping-
ing on the microcavity with k,, = (k,.. k,,) and k,, =(k,,, —k,,). The relative phase ¢
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Fig. 8.7 Measured kresolved time-integrated polariton density for
resonant pulsed excitation with two coincident excitation pulses at

k,, k,~(1.7,£1.2) um™" for an excitation intensity of ~40 I, per

pulse. Fixed linear grey scale from white (zero density) to black. The
white shadows are due to a mask M in the Fourier plane blocking the
directly reflected pump pulses. (a) Only k,,, (b) only k,,, (c) both
pumps. The dotted lines are the calculated Sfor the individual (white)
and mixed (black) parametric processes for 0.2 meV renormalization.

of the pulses can be adjusted using a fine adjustment of the M2 position by a
piezoelectric transducer P1. The emitted photon field £(k) of the MC is directed
through a Mach-Zender interferometer (@ in Fig. 8.4) creating the superposition
& +e&,, where k=(k,.k,) and k'=(k,,—k,). The phase ¢ can be adjusted using
the piezoelectric transducer P2. Blocking one of the detection interferometer arms,
the intensity I(k)=|E(k) is measured, which is proportional to the polariton
number N(k)=(¥|p;p,|¥). The measured N(k) is shown in Fig. 8.7 for pump
1 only, pump 2 only, and for both pumps. The observed parametric processes are in
agreement with the calculated S including 0.2 meV renormalization (dotted curves).

Using both arms of the detection interferometer, the detected intensity is
I(k)=|E(k)+eE(k). Due to abberations of the collection optics, the phase ¢ can
show some systematic variations over k space. I(k) is proportional to the polariton
number N, =(¥|(p} +€*p,) (b, +e*P,)|¥), which depends in general on the
relative phase ¢ of the pump pulses. The measured N, are shown in Fig. 8.8 for
@ =m and various ¢ as indicated. To understand at which k, the idler polaritons
share the same signal mode, and thus interference is expected, we consider para-
metric processes driven by either one of the two pump modes. The pump at k,,
produces the emission of polariton pairs at k and 2k, —k respectively. Equiva-
lently, the pump at k,, produces pairs of k' and 2k,, —k'. By construction, the
modes at 2k, —k and 2k,, —k' have the same x component but opposite y compo-
nents *(2k,, —k,). Consequently, idler modes at k and k' share the same signal
mode if and only if k, =2k, (see dotted lines in Fig. 8.8). Interference is actually
observed in the experimental data at this k, for k, values at which the parametric

emission dominates, i.e. k, ~2.4 pm ™.
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Fig. 8.8 Measured k-resolved time-integrated phase differences ¢ as labeled. The leftmost
polariton interference density N(k) for reso- frame is an average over ¢=0...21 . The
nant pulsed excitation as in Fig. 8.7c. Fixed dotted lines indicates the k, at which the
linear grey scale from white (zero density) to idler modes share the same signal. The white
black. The white shadows are due to a mask region around k, =0 is due to the destruc-
M in the Fourier plane blocking the directly tive self-interference present for the detection
reflected pump pulses. Different excitation phase p =m.
31 a), J

ky(um
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Fig. 8.9 Measured interference between the parametric emission at k
and k'. (a) k resolved idler interference visibility (grey scale O (white)
to 1 (black)). (b) T(k) at k ~ (2.4,2.4) pm " (full curve) and at
k~(1.0,0.0) um " (dotted curve) versus pump phase ¢.

For a quantitative analysis of the interference, we determine the visibility from the
measurements using V, :JZ[((T,C)Z)‘ﬁ/(fk);—l], where (---), denotes the average
over ¢. For a sinusoidal modulation, this definition is equal to the standard defini-
tion V =(I,0 = Lin)/(Imax + Imin) - The measured visibility is given in Fig. 8.9a,
showing that interference is actually observed at and only at” the expected region
in k-space, with a visibility of about 0.5. The visibility is below unity due to contribu-
tions of photoluminescence and higher-order scattering processes to the emission.
The measured interference shows a cos (2¢) dependence (see Fig. 8.9b), as pre-

min )

2) Other interferences with a different ¢ dependence, related to the
mixed parametric processes and to four-wave mixing are also
observed, outside of the region shown in the visibility data.
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dicted by Eq. (2). Additionally, in agreement with the above analysis, the signal at
k. =0 (dotted) displays no interference, even though it is created by a superposition
of contributions from both pumps.

I point out that Eq. (2) is valid only in the low intensity regime, for which stimula-
tion is insignificant. The present measurement was performed at the onset of the
self-stimulated regime, corresponding to an excitation intensity of 40I, according
to Ref. [14]. In the self-stimulated regime, the conclusions about the interference
drawn from Eq. (2) are still valid, however, the interference could be also accounted
for by a classical parametric model including random-noise driving terms [25]. In
order to decide if the quantum nature of the particles is important for the observed
interference, we have therefore measured the time-resolved visibility of the interfer-
ence, and compared it with a quantum Langevin model [23]. From the comparison
it results that only the quantum origin can explain the observed high interference
visibility within the first 5 ps after excitation (not shown here).

8.6
Conclusions

In conclusion, we experimentally observed the final-state shape of the parametric
polariton—polariton scattering in a semiconductor microcavity pumped by two
pump directions, showing the possibility to manipulate this shape to a peanut or
oval for the mixed parametric processes involving one polariton of each pump. The
excitation of linearly polarized polaritons was found to result in a polarization-
dependent renormalization of the polariton dispersion due to the polarization selec-
tion rules of the biexcitonic state, that can be exploited as a strong resonant bire-
fringence. Using the dual pump scheme, pair-correlations of the parametrically
created polaritons were demonstrated using a quantum mechanical “which-way”
experiment. This result opens the possibility of producing many-particle entangled
states of light-matter waves in a semiconductor.
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Chapter 9
Spin Dynamics of Exciton Polaritons in Microcavities

Ivan A. Shelykh, Alexei V. Kavokin, and Guillaume Malpuech

9.1
Introduction

An exciton is formed by an electron and hole, i.e. by two fermions having projec-
tions of angular momenta on a given axis equal to J; =S. =+ for an electron in
the conduction band with S-symmetry and J' =S+ M! =+1,+3 for a hole in the
valence band with P-symmetry. The states with J!=+1 are formed if the spin
projection of the hole S* is antiparallel to the projection of its mechanical momen-
tum M". These states are called light holes. If the spin and mechanical momentum
are parallel, the heavy holes with J! =+3 are formed.

In the bulk samples, at k = 0 the light and heavy hole states are degenerate. How-
ever, in quantum wells the quantum confinement in the direction of the structure
growth axis lifts this degeneracy so that energy levels of the heavy holes lie typically
closer to the bottom of the well than the light-hole levels. The ground state exciton
is thus formed by an electron and a heavy-hole. The total exciton angular momen-
tum J (in the following it will be referred to as the exciton spin) has the following
projections on the structure axis: 1 and +2. Bearing in mind that the photon spin
is £1 and that the spin is conserved in the processes of photoabsorbtion, the exci-
tons with spin projections equal +2 cannot be optically excited. These are so-called
spin-forbidden or dark states. In quantum microcavities they are not coupled with the
photonic mode so we shall neglect them in the following consideration. We note,
however, that in some cases the dark states come into play: they can be mixed with
the bright states by an in-plane magnetic field or be populated due to the polariton—
polariton scattering.

The conservation of spin in the photoabsorbtion allows for spin-orientation of exci-
tons by polarized light beams, the effect which manifests itself in the polarization of
photoluminescence. 6" and ¢~ circularly-polarized light excites +1 and -1 excitons,
respectively. Linearly-polarized light excites a linear combination of +1 and —1 exciton-
states, so that the total exciton spin projection on the structure axis is zero in this case.
Optical orientation of excitons in bulk semiconductors and in quantum wells has
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been extensively studied in 1980s by several groups. For good reviews we address the
reader to the famous volume edited by Zakharchenia and Meier [1].

The polarization of exciting light cannot be kept infinitely long by excitons. Soo-
ner or later they lose the polarization due to inevitable spin and dipole moment
relaxation. As excitons are composed by electrons and holes, let us first remind the
main mechanisms of spin-relaxation for free carriers in semiconductors. Besides
the interaction with structure imperfections and impurities the most important are
the following three mechanisms:

1. Elliott—Yaffet mechanism [2] involving the mixing of the different spin wave
functions with k£ # 0 as a result of the kp interaction with other bands. In quan-
tum wells this effect plays a major role in the spin relaxation of the holes and
thus can lead to the transitions between the optically active and dark exciton
states, |[+1) 22 |-2), |-1) 2 |+2).

2. Dyakonov-Perel’ mechanism [3] caused by the spin—orbit interaction induced
spin splitting of the conduction band in the off-centrosymmetric crystals
and asymmetric quantum wells (Dresselhaus and Rashba terms respectively)
at k#0. This mechanism is predominant for the electrons and also leads
to the transitions between the optically active and dark exciton states,
1) e2fe2), 1) 2|2,

3. The Bir—Aronov-Pikus (BAP) mechanism [4] involving the spin-flip exchange
interaction of electrons and holes. In excitons the efficiency of this mechanism is
sufficiently enhanced, as the electron and the hole form the bound state. The ex-
change interaction consists of two parts, so called long range and short range
part of the Coloumb interaction [4, 5]. The short range part leads to the coupling
between heavy hole (hhe) and light hole excitons (lhe) and thus is suppressed
in the quantum wells where the degeneracy of lhe and hhe is lifted. The long
range part leads to the transitions within the optically active exciton doublet
|+1) 22|-1) and thus can lead to the inversion of the circular polarization in the
time-esolved polarization measurements [6].

Maialle, de Andrada e Silva, and Sham have shown in a seminal contribution [5]
that the third mechanism is predominant for quantum confined excitons. The long-
range electron-hole interaction leads to the longitudinal-transverse splitting of
exciton states (i.e. energy splitting between excitons having a dipole moment paral-
lel and perpendicular to the wave-vector). This splitting is responsible for rapid
spin-relaxation of excitons in quantum wells. There is no need to repeat here the
arguments that led to this conclusion. It has a very important consequence: for the
description of exciton polaritons in microcavities the dark states can be neglected,
which allows to consider an exciton as a two level system and use the well-
developed pseudospin formalism for its description. From the formal point of view
the exciton can be thus described by 2x2 spin density matrix which is completely
analogical to the spin density matrix for the electrons.
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One should not forget, however, that the statistics of the excitons (and exciton
polaritons) are closer to the bosonic than to the fermionic (excitons and exciton
polaritons become bosons in the small concentration limit), and the spin dynamics
of excitons and exciton polaritons can be thus very different from the dynamics of
the electrons.

All the mechanisms discussed above play role in the so-called linear regime (e.g.
at low optical pumping, when the polarization of photoluminescence is independ-
ent on the intensity of pumping). In the non-linear regime, at higher pumping, the
exciton—exciton interactions come into play. Evidentely, the pseudospin can be
changed during exciton—exciton collisions. In this regime new mechanisms of
spin-relaxation appear which are:

e The transformation of a pair of two bright excitons into a pair of dark ones and
vice versa |-1) [+1) 2 |-2) [+2) [7].

e The self-induced Larmor precession of the in-plane pseudospin vector of the
elliptically polarized polariton condensate [8].

e The 90° rotation of the polarization plane as a result of polariton-polariton
collisions [9]. These effects will be discussed latter in this chapter.

The difference between spin-relaxation dynamics of exciton polaritons and spin-
relaxation of pure (mechanical) excitons is expected to come from the different sha-
pe of dispersion curves and, consequently, different energy relaxation dynamics.
The Maialle mechanism [5] of spin relaxation is strongly enhanced because of an
additional splitting between the TE and TM polarized photonic modes in the cavi-
ties. It is also essential that the final state bosonic stimulation is much more effi-
cient for polaritons than for pure excitons, which makes collective effects in their
spin dynamics extremely important.

9.2
Experimental Results

The spin dynamics of cavity polaritons [10] has been experimentally studied by
measurement of time-resolved polarization from quantum microcavities in the
strong coupling regime. Between 2000 and 2005 a series of experimental works
appeared in this field, which reported unexpected results. Let us briefly summarise
the most important of them.

In the experimental work by D. Martin et al. [11] the dynamics of the circular
polarization degree g, of the photoluminescence from the ground state of the
CdTe-based microcavity has been measured. g, was determined as

I'=I" _Nio(t) = Nioft)
I'+I N, (t)

0. = 1)

where I* denote the circularly-polarized intensities that were measured, N,_, re-
present the populations of polaritons with spin projections equal to +1 in the state
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Fig. 9.1 Experimentally measured temporal
evolution of the photoluminescence of a
CdTe-based microcavity excited by circularly-
polarized light at the positive detuning,
upper polariton branch (a, § =10 meV) and
negative detuning, lower polariton branch
(b, § =-=10 meV). The filled circles/solid line

(open circles/dashed line) denote the 6" (07)
emission. The educed time evolution of the
circular polarization degree for positive and
negative detunings is shown in (c) and (d),
respectively. The inset shows the maximum
value of the polarization degree at 20 ps in
the negative detuning case. From [11].

k=0, N, (t)=N;_(t)+ Ny, (t). The pump impulse was circularly polarized and
nonresonant (i.e. the exciting laser energy was above the stop-band of the Bragg
mirrors composing the microcavity). In the linear regime, when the stimulated
scattering of the exciton—polaritons did not play any role, an exponential decay of
the circular polarization degree of photoemission was observed. However, above the
stimulation threshold g, exhibited a non-monotonic temporal dependence. At
positive detuning, the initial polarization of ~30% first increased up to ~90% and
then showed damped oscillations (Fig. 9.1). For negative detuning, the polarization
degree started from a positive value ~50%, fast decreased down to strongly negative
values, and then increased showing attenuated oscillations with a period of about
50 ps. As we will show in the next section this effect is connected with the ap-
pearence of the effective in-plane magnetic field created by the long-rang exchange
interaction between an electron and a hole.

In the experiments carried out by the Yamamoto group [12], the microcavity has
been pumped resonantly at some oblique angle (~50°). The dependence of the
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Fig. 9.2 (a) Emission from &, ~ 0 polaritons vs. pump power under
the circular pump. The two circular-polarization components of the
emission and their total intensity are plotted. (b) Same as (a) but for
the linear pump. (c) Circular degree of polarization @ vs. pump
power with circular (triangles) and linear (circles) pumps. From [12].

intensity and of the polarization of the light emitted by the ground state versus
pumping polarization and power has been studied. All experiments were carried
out in the continuous pumping regime. The pumping intensity corresponding to
the stimulation threshold appeared to be almost twice higher in case of circular
pumping than in case of linear pumping as shown on Fig. 9.2(a, b). Figure 9.2(c)
shows the dependence of the circular polarization degree of the emitted light on
the pumping intensity for different pumping polarizations. For both polarizations,
9. ~ 0 is observed far below the threshold and ¢, ~ 0.9 near the threshold.
This indicates that the spin relaxation is complete at low excitation density, and
that stimulated scattering into a definite spin component (say, spin-up) of the
ground state takes place at high densities. Above threshold, ¢, remains large in
case of a circular pump. In case of a linear pump, however, ¢, decreases sharply at
high pumping intensities. This effect was interpreted in terms of competition of
ultra-fast scattering and spin-relaxation of exciton—polaritons.
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Fig. 9.3 Experimental (a—c) and theoretical (d—f) intensities of circu-
larly (a, d) and linearly (b, ¢, e, f) polarized components of the light
emitted by a microcavity ground state as a function of the circular
polarization degree of the pumping light. From [13].

The polarization dynamics of the polariton parametric amplifiers was in focus of
the experimental research carried out by Southampton, Toulouse and Sheffield
groups. The parametric amplifier is realized if polaritons are created by resonant
optical pumping close to the inflection point of the lower dispersion branch at the
so-called magic angle. In this configuration the resonant scattering of two polaritons
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excited by the pump pulse toward the signal (k = 0) and the idler state is the domi-
nant relaxation process. The scattering can be stimulated by an additional probe
pulse used to create the seed of polaritons in the signal state, or it can be strong
enough to become self-stimulated.

In the experiments carried out by Lagoudakis et al. [13] the polarization of the probe
pulse was kept right-circular, whereas the pump polarization was changed from right-
to left-circular passing through elliptical and linear polarization. Consequently, the
spin-up and spin-down populations of the pump-injected polaritons were varied while
the pump intensity was kept constant. They have detected two circular components of
polarization of light emitted by the ground state and four in-plane linear components
(vertical, horizontal and the two diagonals ones) as a function of the circular polariza-
tion degree of the excitation. These measurments are shown in Fig. 9.3(a—c). To
briefly summarise these results, in the case of a linearly-polarized pump pulse and
circularly-polarized probe pulse the observed signal was linearly polarized, but with a
plane of polarization rotated by 45 degrees with respect to the pump polarization. In
the case of elliptically-polarized pump pulses the signal also became elliptical, while
the direction of the main axis of the ellipse rotated as a function of the circularity of
the pump. In the case of a purely circular pump, the polarization of the signal was
also circular, but its intensity was half that found for a linear pump. The polarization
of the idler emission emerging at roughly twice the magic angle showed a similar
behaviour, although in the case of a linearly-polarized pump the idler polarization was
rotated by 90 degrees with respect to the pump polarization. To our mind, the rotation
of the polarization plane in this experiment is connected with imbalance of popula-
tions of spin-up and spin-down polariton states, which provoked the spin-splitting of
the polariton eigen-states. This imbalance has been introduced by the elliptically
polarized pump. The whole effect, referred to as “self induced Larmor precession” will
be discussed in the next section.

The polarization dynamics in a parametric oscillator without probe has been
considered in the experimental work [9]. Quite surprisingly, it has been observed
that for the linear pump the polarization of the signal is also linear, but turned by
90°. This effect is connected with the anisotropy of the polariton—polariton scatter-
ing as we are going to show later.

9.3
Pseudospin Formalism and Pseudospin Rotation

As we have mentioned in the introduction, the main mechanism for spin relaxation
of exciton polaritons in the linear regime is the long-range electron—hole exchange
interaction leading to the transitions within the optically active doublet. Conse-
quently, the dark states can be neglected in most cases and exciton polaritons with a
given in-plane wavevector k can be treated as a two level system. It can be described
by the 2x2 density matrix p,, which is completely analogous to the spin density
matrix of the electrons.
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Fig. 9.4 A Poincaré sphere with a pseudospin. The equator of the
sphere corresponds to different linear polarizations, while the poles
correspond to two circular polarizations.

It is convinient to decompose the polariton spin density matrix as:
N
pk:7k1+sk'0" (2)

where [ is the identity matrix, ¢ is the Pauli-matrix vector, S, is the pseudospin of
the polariton state characterized by the wave vector k. It corresponds to the Poincaré
vector of partially polarized light and describes both the exciton spin state and its
dipole moment orientation (see Fig. 9.4). The common convention is to use the
basis of circulary polarized states, i.e. to associate states having definite S, with the
polariton radiative states with the spin projection to the structure axis equal to £1.
These states emit circularly polarized light. Their linear combinations correspond to
eigenstates of S, and S, yielding linearly polarized emission. The pseudospin paral-
lel to x-axis corresponds to x-polarized light (exciton), the pseudospin antiparallel
to x-axis corresponds to y-polarized light, the pseudospin oriented along y-axis
describes diagonal linear polarizations.

For noninteracting polaritons the temporal evolution of the density matrix (2) is
governed by the Liouville—von Neumann equation

. d
lh%:[Hk;pk]J 3)

where the Hamiltonian H, in terms of pseudospin reads:

Hy,=E,(k)— g4, 2 - Sy - 4)
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HereE, (k) is the energy of n-th polariton branch, g, is the effective polariton
g-factor (we take g, =2 in the following), 4 is the Bohr magneton and £ , is an
effective magnetic field. Unlike real magnetic field the effective field only applies to
the radiatively active doublet and does not mix optically active and dark states. We
do not consider here effects of real magnetic field on the polariton spin dynamics.

The x- and y-components of £ , are non-zero if the exciton states having dipole
moments in, say, x- and y-directions have different energies. This always happens
for excitons having non-zero in-plane wave-vectors. The splitting of exciton states
with dipole moments parallel and perpendicular to the exciton in-plane wave-vector
is called longitudinal—transverse splitting. The longitudinal-transverse splitting of
excitons in quantum wells is a result of the long-range exchange interaction. It can
be described by the following reduced spin Hamiltonian [4, 5]

_3 14O, f(k)( K (kxikyf] 5
(

"6 (o OF Tk \(k+ik) K
where AE,; is a charachteristic energy of longitudinal —transverse exciton splitting,
¢, and ¢, are three and two-dimensional exciton envelope wavefunctions, the
form-factor f(k)is given by

Flb)= [dz [d2' & (2) & (2) €1 £(2) G (2), (©)

&.(2), &n(2) being the electron and heavy hole envelope functions within the quan-
tum well. Non- diagonal terms lead to polariton spin flips and thus create an effec-
tive in-plane magnetic field £, ,, further referred to the Maialle field. As off-
diagonal elements of the Hamiltonian are proportional to (k, —ik,)’, £, is in
general not parallel to k, but makes with the x-axis twice the same angle as k. The
effective magnetic field is zero for k=0 and increases as a function of k, following
a square root law at large k. For more details the reader can refer to Tassone [14].
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In microcavities, splitting between longitudinal and transverse polariton states is
amplified due to the exciton coupling with the cavity mode. Note that the cavity
mode frequency is also split in TE- and TM-light polarizations [15]. The resulting
polariton splitting strongly depends on the detuning between the cavity mode and
the exciton resonance and, in general, increases with k. Figure 9.5 shows the longi-
tudinal-transverse polariton splitting 4,; calculated for a CdTe-based microcavity
sample from Ref. [11] for different detunings. For these calculations, polariton
eigenfrequencies in two linear polarizations have been found numerically by the
transfer matrix method. One can see that the splitting is very sensitive to the detun-
ing, and may achieve 1 meV, which exceeds by an order of magnitude the bare
exciton longitudinal-transverse splitting.

Using the pseudospin representation, one can rewrite the Liouville—von Neu-
mann equation for the density matrix as

ds s
T::%[Skxgeff,ky (7)

The Maialle field thus induces precession of the pseudospin of the ensemble
of circularly polarized polaritons and can cause oscillations of the circular pola-
rization degree of the emitted light in time as it was observed experimentally
[11].

The precession of the polariton pseudospin about the Maialle field resembles the
precession of electron spins about the Rashba effective magnetic field [16]. The
physical origin of these two fields is, however, different. The Rashba field is created
by the spin-—orbit interaction in asymmetric quantum wells, whereas the Maialle
field appears because of the long-range electron—hole interaction. The orientation
of these two fields is also different. The Rashba field is perpendicular to the wave-
vector, whereas the Maialle field is neither perpendicular nor parallel to it, in
general.

The z-component of &, , splits J=+1 and J = -1 exciton states, and is null if the
polariton—polariton interactions are neglected. However, in the nonlinear regime it
can arise due to the difference of concentrations of spin-up and spin-down polari-
tons [8]. To show this, let us first consider the connection of the pseudospin formal-
ism with the second quantization representation.

If the polariton concentration is less than the saturation density, they can be
treated as good bosons, and thus a pair of bosonic destruction operators a,;, a,, can
be introduced to describe the polariton doublet of wave vector k. The occupation
numbers of spin up, spin down polaritons and z-component of the pseudospin can
be found as

Ny =Tr [0 0y 043 1= (01 041),
Ny, =Tr[p, oy 0,,]=(a,,0,,) (8)

Se =7 [ap ) — (g 2]
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For in-plane components of the pseudospin one should introduce the bosonic
operators for linear polarized polaritons as follows:

1 1
A ==, 1 +a, ), Ay =—7=(@,r—ay, ),
k,+x \/E kT kol k,—x \/E kT k.

©)
“kwv:ﬁ(“quak,l)' akﬁyzﬁ(akﬁ_iak,i)'
These formulas allow to obtain S, , and S, , as:
Sk,x =2 [<a’l-:,+x ak,+x> - <a;,fx ak,ﬂc)] =Re <a;7¢akﬁ> ) (10)

Sk,y :%[<a’;,+yak,+y> 7<a;.fyak.—y>] =Im <a;,¢ak’?> .

Using this operator algebra we are now going to consider the polariton pseudospin
dynamics in the non-linear regime. Let us start from the simplest case where all the
polaritons are in the same quantum state, i.e. form a “condensate”, so that the
scattering to the other states is completely suppressed. Of course, this is an over-
simplification of the real situation, but nevertheless we will analyse this toy model
as it allows to introduce the concept of the self-induced Larmor precession of the in-
plane polariton pseudospin which is of crucial importance in the experiments with
resonant pumping. The general form of the interaction Hamiltonian reads

H=¢g(aja,+aja))+V(ataiaa, +ajaja a,)+2V,ala,a,a,, (11)

where the index corresponding to the polariton state k in the reciprocal space is
omitted. In (11) ¢ is the free polariton energy, the matrix elements V, and V, corre-
spond to the forward scattering of the polaritons in the triplet configuration (paral-
lel spins) and in the singlet configuration (antiparallel spins). If the polariton—
polariton interactions were spin-isotropic, i.e. the Hamiltonian (11) was covariant
with respect to the linear transformation of the operators (9), the matrix elements
would be interdependent, so that

V, -V, =0. (12)

However, this situation is not realized in microcavities, where the major contribu-
tion to polariton—polariton interaction is given by the exchange term, so that the
polariton—polariton interaction is in fact anisotropic, and V, > V,. This anisotropy
manifests itself experimentally in the optically induced splitting of the spin-up and
spin-down polariton states [17], which has been measured as a function of the
circular polarization degree of the excitation (directly linked to the imbalance of
populations of spin-up and spin-down states) (see Fig. 9.6).

The Hamiltonian (11) conserves N, and N, but not the in-plane components of
the pseudospin. It becomes evident, if one calculates the commutator of the Hamil-
tonian (11) with the operator aja, which governs the linear polarization. This
commutator is zero only if the condition (12) is satisfied, which is never the case
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experimentally. The equation of motion for <aI “¢> can be obtained from (3) and
(11) and reads

d(a a ;
<(LT>—;l2(V1_Vz)[wl%“laﬂ_<“I“I“¢“T>]- (13)

In the mean field approximation, the fourth-order correlators in the right side of
(13) can be decoupled and Eq. (13) transforms to the equation of precession of the
pseudospin in an effective magnetic field £, directed along the structure growth
axis. The absolute value of the field is determined by the difference between the
populations of spin-up and spin down polaritons,

gt 2, =2V, = V5) (N, = Ny). (14)

Experimentally, the effect manifests itself as a rotation of the polarization plane of
photoemission if the ¢* and ¢~ populations are imbalanced.

To conclude this section, we underline that the effective magnetic field acting on
the polariton pseudospin has two components, in general, 2. , =2, + 2, ,.
The in-plane component is governed by the long range electron—hole interaction. It
is concentration independent and leads to the beats between the circularly polarized
components of the photoemission. The component parallel to the structure growth
axis arises because of the anisotropy of the polariton—polariton interaction and
depends on the imbalance between spin-up and spin-down polaritons. It leads to
beats between linearly polarized components of the photoemission.

9.4
Interplay Between Spin and Energy Relaxation

In the previous section we have introduced the concept of the polariton pseudospin
and analyzed the mechanisms of formation of the effective magnetic field acting on
it. This has allowed us to explain qualitatively the experimentally observed oscilla-
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tions of the circular polarization degree and the 45° rotation of the polarization
plane in the polariton parametric amplifier. However, the scattering of polaritons
leading to their relaxation in the reciprocal space and their energy relaxation has not
been described. Consequently, some experimental data such as the difference be-
tween the polarization dynamics below and above stimulation threshold under
nonresonant pump [11] or the linear polarization inversion in a parametric oscilla-
tor [9] cannot be explained in this framework. Formally, kinetic equations for the
occupation numbers and pseudospins can be decoupled only in the linear regime.
Thus, a theoretical description of non-linear processes require the self consistent
accounting of both energy and spin relaxation processes as shown below.

Our starting point is the Hamiltonian of the system in the interaction representa-
tion. Polariton interaction with acoustic phonons and polariton—polariton scattering
will be taken into account. Only the lower polariton branch will be considered,
coupling with the upper branch and dark exciton states is neglected.

H=Hys+H (15)

scatt *
Here the “shift” term describes interaction of exciton polaritons having the same
momentum but possibly different spins:

_ + (1) + 2 (2) + +
Hyin = Z . (gB U211 00 10 o T Vi (00 k%6 1) + Vick 000,180,180,k a—s,k)
k,o=T,

(1) ot (2) + o+
+ z (Vk,k"OaJ,kaa,k'aJ,ka’d,k' + Vk,k',Oaa,ka—d,k' ad’ka’—o',k')' (16)
k. k'zk,0=T,1

Here a, ,,a, , are annihilation operators of the spin-up and spin-down polaritons,
Q= iy i, (2, and 21, are the x and y projections of the effec-
tive magnetic field). The “scattering term” describes scattering between states with
different momenta:

it

—(E(k)+ E(k') - E(k+q) ~ E(k ~q))
H_.=1 z e’

scatt 4
k. k', g#0,0=T{
+ + (2) +

) +
x {Vk,k',q O kg% kg% k%o T 2V 400 kg P o kg ok “fa,k'}

it
z e%(E(k)+hm!—E(k+q))

+H.c.+1 Uy g% kg% kb + hoC. (17)

k.g#0,0=T4

In (17) b, is an acoustic phonon operator, U, , is the polariton-phonon coupling
constant, E(k) is the dispersion of the low polariton branch. The matrix elements
Vir.q and V%, o describe scattering of two polaritons in the triplet and the singlet
configurations, respectively. As it has been discussed in the previous section, in real
microcavities the polariton—polariton interaction is strongly anisotropic: the triplet
scattering is usually much stronger than the singlet one [18]. Moreover, the matrix
elements V'), . and V{} | can have opposite signs [9]. Indeed, the interaction be-
tween two polaritons with parallel spins is always repulsive, while polaritons with
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opposite spins are characterised by an attractive interaction and can even form a
bound state (bipolariton) [19].

We use the Hamiltonian (1) to write the Liouville equation for the total density
matrix of the system p:

ih%:[H(t)’ p]:[Hshift(t)+Hscatt(t)’ p] (18)

We shall use the Born—Markov approximation familiar in quantum optics [20].
The Markov approximation means physically that the system is assumed to have no
phase memory. It is, in general, not true for the coherent processes described by the
Hamiltonian H,, but is a reasonable approximation for the scattering processes
involving a momentum transfer [21]. We apply the Markov approximation to the
scattering part of Eq. (18) which therefore rewrites:

t
9O L) ) JTHa . [Fonle) o] 07 (19)
t ih noe
The next step is to perform the Born approximation which is to factorize the density
matrix of the whole system as a product of the phonon density matrix and polari-
ton density matrix corresponding to the different states in the reciprocal space:
£ =Py ®Hpk. The phonons are then “traced out”, i.e. in the calculation their
k

occupation numbers are treated as fixed parameters determined by the tempera-
ture. The density matrices p, are given by Eq. (2). They contain information about
both occupation numbers and pseudospin components of all states in the reciprocal
space.

Equations (15) to (19) together with the formulas (8) to (10) for occupation num-
bers and pseudospins are sufficient to derive a closed set of dynamics equations for
N;,,N,, and S, =e.S,  +e,S,  as shown in [22]. Maialle spin—relaxation be-
cause of the TE-TM splitting and self-induced Larmor precession are reduced in
this model to the precession of the polariton pseudospin about an effective mag-
netic field £,; , that arises from the Hamiltonian term H,,;.Once polariton popu-
lations and pseudospins are known, the intensities of the circular and linear com-
ponents of photoemission are given by

I, =N,

I;=N,,,
N,.,+N

po NNy (20
N, ,+N_,

Ik_ : 2 - _Sx,k

Note that light polarizations parallel to x- and y-axes correspond to the pseudospin
parallel and antiparallel to x-axis, respectively.
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The general form of the kinetic Egs. (15) to (19) is complicated and their solution
requires heavy numerical calculations. However, some particular cases can be con-
sidered here.

If the pumping intensity is weak, the polariton—polariton scattering is dominated
by the scattering with acoustic phonons. The polariton—polariton interaction terms
can be thus neglected and the system of kinetic equations becomes quite simple
and can be easily solved numerically. For occupation numbers and pseudospin we

have:
dN 1 1
T;:**Nk +Z |:(Wk'k *Wkk')(* NNy +2(sk'sk’))+(wlck’Nk’ Wkk'Nk):|’
Tk ¥ 2
(21)
ds 1 1
(T: :_?Sk + ; E[(Wu =W )(Ni Sy + Ny 5, ) + (Wi S _Wkk'sk)]
sk !
+%|:Sk XQLT,I;:|7 (22)
where the transition rates are
2 2 , ’
7\U,c,,c,,,‘\ oy 10 (E(K)—E(k)—hay. ), |k|>[k|
Wkk' -
21 2 ' i
Ui (Bpn e +1) S(E(K') = E(k) - heoy., ), [k <[K|. (23)

The Dirac delta functions account for the energy conservation during the scattering
acts. Mathematically, they appear from the integration of the time-dependent expo-
nents in the second term of Eq. (19). Writing energetic delta functions in (23) we
assume that the polariton longitudinal transverse splitting does not modify strongly
the polariton dispersion curve. Of course, in numerical calculations the delta
functions should be replaced by resonant functions having a finite amplitude which
can be estimated as an inwerse energy broadening of the polariton state. The polari-
ton lifetime 7, has been introduced in Egs. (21) and (22) to take into account the
radiative decay of polaritons. The pseudospin life-time can be less then 7, and
should be estimated as 7' =7;' +7;' where r, is the characteristic time of the
spin-—lattice relaxation (by this we mean all the processes of spin relaxation within
the polariton doublet apart those provided by the longitudinal transverse splitting).

The last term in (22) is the same as in Eq. (7). It describes the pseudospin preces-
sion about an effective in-plane magnetic field given by the polariton longitudinal-
transverse splitting. This term is responsible for oscillations of the circular polariza-
tion degree of the emitted light.

Equations (21) and (22) were first obtained in Ref. [6] using the method of unitary
transformation of the spin density matrix. They simplify significantly if the problem
has a cylindrical symmetry. This case was analyzed numerically in [6], where the
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reader can find the details of the calculation. In brief, we have considered the mi-
crocavity of Ref. [11] at two different pumping powers, below and above stimulation
threshold, and with a pump circularly polarized. Below the threshold, the spin
system is in the collision dominated regime, i.e. relaxation of polaritons down to the
ground state goes through a huge number of random passes each corresponding to
the scattering act with an acoustic phonon. The polarization degree displays a
monotonic decay in this case. It is easy to understand, as in each scattering event
the direction of the effective magnetic field changes randomly, so that in average no
oscillation can be observed. The situation is completely analogical to those for the
electrons undergoing spin relaxation in an effective Rashba field. Spin relaxation of
spin-up and spin-down polaritons go with the same rate, in general.

The situation changes dramatically above the stimulation threshold. In this case,
the relaxation rates for spin-up and spin-down polaritons become different, in gen-
eral. Once the ground state is populated preferentially by polaritons having a given
spin orientation, the relaxation rate of polaritons having this spin orientation is
enhanced. This stimulated scattering process makes increase the circular polariza-
tion degree of the emission in time, as it was experimentally observed. Also the
polarization degree is found to oscillate with a period sensitive to the pumping
power and the detuning. The detuning (difference between bare exciton and cavity

1.0 . T T : . - : . . . :
0°, Low Power 14°, Low Power 20°, Low Power
0.5 N, =0011 | N, =0032 | N =029
(o] R B
o
o
5-0.5
3
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Fig. 9.7 Polarization degree of the photoluminescence at different
angles (0°, 14°, and 20°) from the model CdTe microcavity at the
detuning =10 meV, calculated using Egs. (15) to (17) for a pulsed
non-resonant excitation with the excitation power of 7 pJ per pulse
(a—c) and excitation power of 700 pJ per pulse (d—f). The maximum
value polariton occupation numbers achieved at the given angles are
indicated on the figures. From [6].
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mode energies) has an important effect on the polariton spin relaxation. First of all,
the longitudinal transverse splitting versus wave vector strongly depends on detun-
ing as is shown in Fig. 9.5. Also the energy relaxation is extremely sensitive to de-
tuning. We have found numerically that for zero detuning, the polarization degree
of the ground state only weakly oscillates. On the contrary, for -10 meV detuning a
strong bottleneck effect arises and the polarization degree at the bottleneck is found
to influence the polarization degree of all lower states. Indeed, in contrast to the
zero detuning case, the polarization at the ground state and at 14° look similar, both
experiencing damped oscillation (Fig. 9.7). Physically, the appearence of the oscilla-
tions in the stimulation regime means that the scattering is no more random, but is
due to the effect of the bosonic stimulation is “directed” from the pump region to
the bottleneck and then to the ground state.

The equation set (21) to 23) has also been used in to interprete experimental
results of the Yamamoto group [12]. In this case, the inhomogeneous term describ-
ing the time-independent pump should be added into the right hand side of (21)
and (22). Also, in numerical simulations the anisotropy of the polariton distribution
in the reciprocal space induced by the pump should be taken into account.

The results of the corresponding numerical modeling are shown in Fig. 9.8.
Figure 9.8(a) and (b) show the ¢"- and 6" -polarized populations of the ground state
versus the pumping density. Figure 9.8(a) is computed for circular pumping and
Fig. 9.8(b) for linear pumping. The resulting polarization of the polariton ground
state is shown in Fig. 9.8(c). Due to the effective spin-relaxation, the emission is
found unpolarized below the stimulation threshold for both polarizations of excita-
tion. This situation evolves dramatically above the threshold. The circular polariza-
tion degree of the emitted light increases up to more than 60% for the linear pump
case and it increases up to 90% for the circular pump case.

The increase of the circular polarization degree versus the pump intensity for the
circular excitation is easy to understand qualitatively. In fact, the increase of the
polariton concentration leads to the switch on of bosonic stimulated scattering,
which accelerates the scattering toward the ground state. Polaritons have no more
enough time to rotate their spin and the polarization of the signal coincides with
the polarization of the pump. The photoluminescence circular polarization degree
can be roughly estimated as

1

T (24)
1+ <‘QLTZ> z-rzel

2~

where 7,, is the relaxation time from the pump state toward the ground state
which decreases versus the pump intensity.

The case of the linear pump is not so easy to understand. If the average value of
the vector product of the polaritons pseudospin and the in-plane effective magnetic
field is nonzero (which requires a strong anisotropy of the distribution of polaritons
in the reciprocal space), the polariton pseudo-spin acquires a zcomponent (circular
polarization). This process is also controlled by the polariton redistribution over the
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Fig. 9.8 (a) Emission from the polariton ground state in the case of a
circular pumping. Total emission (solid line), emission co-circular
(dotted line) and cross-circular (dashed line) are shown as functions
of the pumping intensity. The co-circular and total emission lines are
not distinguishable. (b) The same as a) but for the linear pumping.
(c) Circular polarization degree of light emitted by the polariton
ground state as function of the pumping intensity for the linear pum-
ping (solid line) and circular pumping (dotted line). From [12].



9.5 Spin-dynamics of Polariton—Polariton Scattering

elastic circle in the k-space. As the direction of the effective in-plane magnetic field
depends on the orientation of k, this redistribution leads to a random changing of
the pseudospin rotation direction and to a suppression of the z-component of the
pseudospin. For low polariton concentration, where the stimulated bosonic scatter-
ing can be neglected, the diffusion along the elastic circle is much faster than the
relaxation towards the ground state. As a result, before attaining the ground state
the polaritons are redistributed almost homogeneously on the elastic circle and no
perpendicular component of the pseudospin appears. On the other hand, above
the stimulation threshold the processes of bosonic stimulation scattering toward the
ground state play an important role, and dominate over the scattering along the
elastic circle. The distribution of polaritons in reciprocal space remains strongly
anisotropic and a preferable axis for the pseudospin rotation appears. This leads to
the appearance of a strong z-component of the pseudospin. However, further in-
crease of the pump power has an opposite effect: the polaritons scatter to the
ground state very quickly and have no time to rotate their pseudospin. The competi-
tion between these two mechanisms leads to the appearance of a maximum in the
polarization degree as a function of the pump power. For the linear pump @ can
be roughly estimated as

2
80’*‘ < LT> z-rel Tec — (25)
+ T, (1+(2 1) Tr)

rel

Trel

where 7., is a scattering time on the elastic circle independent on the pump inten-
sity. The polarization degree so determined has a maximum if 7, = (2.0

The numerical simulations also predict a slightly lower threshold at linear pumping
than at circular pumping in qualitative agreement with the experiment. This effect
comes in our model from different rates of stimulated spin-scattering in the two
cases. It might be enhanced in the experiment by a stronger absorption of light in
case of linear pumping. Actually, if the TE—TM splitting is comparable with the spec-
tral width of the exciting light (which is the case in experiment), simultaneous excita-
tion of TE- and TM-polarized modes by a circular polarized light is less probable than
the resonant excitation of either TE- or TM-mode by a linearly polarized light.

The deviation between experiment and numerical modelling is in the maximum
value of circular polarization of emission at linear pumping: it is about 60 percent
in theory and more than 90 percent in the experiment. This difference can result
from the optically-induced spin splitting of the ground state above the stimulation
threshold which favors relaxation to the lowest energy spin state.

9.5
Spin-dynamics of Polariton—Polariton Scattering

In Egs. (21) and (22) we have described polariton relaxation assisted by acoustic
phonons and their spin-relaxation because of the Maialle field. Polariton—polariton
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scattering has not been considered. On the other hand, in many cases polariton—
polariton scattering is the dominant mechanism of the polariton redistribution in
the reciprocal space. In particular, this scenario is realised in the large negative
detuning situation, where a strong bottleneck effect suppresses the phonon-assisted
mechanisms for the relaxation toward the ground state. It is also the case in the
polariton parametric oscillator where a pair of polaritons pumped at the magic
angle scatters into the signal and idler states by polariton—polariton scattering.

If the polariton—polariton interactions are the only mechanism of the redistribu-
tion in the reciprocal space, Eq. (19) allows deriving the system of kinetic equations
for polariton occupation numbers N,, and N, and in-plane pseudospins S, , as:

ANy . dp 1 gsH
T::Tr(“mamaj:_gl\]m + Sh e[S, X 2ir ]

+ 2 Wik o [(Nep + Nyt # ) Ny 1Ny s = (N g + Ny e + 1) NpaNg
k.q

k+q
+ Wik o (N + Ny + ) (N 1Ny + Ny Ny s +2(S 04 S1ay)
(NN (S SLa) (N + Ny gy + Ny + N1 +2)]
+ ZWk(,li’),q[Nk"T(sL,k’ : SL,k'—q)+NquT(SL,k’ S kg NS p (S pgtS1keg)]
+ Wik (S e Stkeg) Ny gt # Np gy = Npr =Npy)
+(S1 kS kg) (N +Nygy =Npr =N )1E (20)

ds N .—N
Lk _ 1 S+ 8s My S, 4 X 2]+ g5 Mp(Nyr )

dt Ty h 2h

LT,k

Wiy,
+ Z { 2 1 SL,k[Nlﬁ-qT Nk'—qT + Nk+qlNk'—ql - Nk’T (Nk+qT + Nk’—qT + 1)
Ny (N + Ny +1)]
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(2)
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X (Npgr + Nygr + Ny + Ny, +2)]
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9.5 Spin-Dynamics of Polariton—Polariton Scattering

where e, is a unitary vector in the direction of the structure growth axis, £, , is
obtained from £, , by a rotation by 90° about the structure growth axis, the abso-
lute value of £, , is given by the following expression

2e,

2 > Vo= Vi o) (Nyr =N,y ). (28)

gl ¥

intk —

The equation for spin-down occupation numbers can be obtained from (24) by
changing the spin indices. The transition rates are as follows

2 ! ’
Witk = [Vilkaf OUE(R) + E(k)~ E(k+q)—E(K' ~q))

‘ 2

WEL o =2 VEL of SE(k) + E(F) - Elk +a) - EF ), 29)

Wiiq = %n Re (Vi'k,Vil.q) O(E(k)+ E(k')~ E(k +q)— E(k' - q)).

As in Eq. (23) for the matrix elements of polariton-phonon interaction, the delta
functions ensure the energy conservation. The signs of the Wy'}, ., W%} . and W'}
can differ. Although W'} ., W%}, are always positive, W{'i! | can be positive or
negative depending on the phase shift between the matrix elements of the singlet
and triplet scattering. In particular it is negative if these matrix elements are real
and have opposite signs.

Equations (24) and (25) are too complicated to allow for easy modelling in case of
nonresonant pumping, where all the quantum states in the reciprocal space should
be taken into account. However, the system (24) and (25) can be used for the model-
ling of the spin dynamics of polariton parametric oscillator, where we can restrict
our consideration by only three states in the reciprocal space p, s, i corresponding to
the pump, signal and idler [23]. Before presenting the numerical results, let us
discuss a qualitatively the spin properties of parametric oscillators.

First, let us consider the polariton parametric oscillator geometry of the experi-
ment of the group from Toulouse [9]. They pumped at the magic angle using TE-
polarized light and no probe. In this case there is no initial imbalance between o*
and ¢ populations and no effective magnetic field in the z-direction. Moreover, the
pseudospin of the pump polaritons is parallel to £2,, , so that the in-plane magnetic
field does not rotate it. The spin relaxation is thus provided only by parametric
scattering. Naively one would expect that the polarization of the signal would corre-
spond to one of the pump. However, the experiment shows that the signal polariza-
tion is rotated by 90° with respect to pump polarization. Let us see how this can be
explained by our formalism.

In the spontaneous scattering regime, when N, =N_ =0, S, =0 the system of
kinetic equations (24) and (25) strongly simplifies and for the signal we have:

dNST

T WONZ +2WON (N +(S,,-S.,), (30)
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dN,,

T WON? +2WON (N +(S,,-S.,), (31)
ds,
T? =2W™S, (N, +N,)). (32)

Equation (32) shows that the direction of the in-plane pseudospin of the signal
state is determined by the sign of W""?. For W < 0 the pseudospin of the signal is
opposite to the pseudospin of the pump. The inversion of the pseudospin corre-
sponds to the 90° rotation of the polarization plane of photoemission (see Fig. 9.4
and discussion of this figure in Section 9.3). This allows the theoretical explanation
of the experimental result of Toulouse group [9].

The linear polarization degree of the signal g, ; in the spontaneous scattering re-
gime can be estimated as

4w

@L,s = pL,p W(l' + 4W(Z) ’

(33)
where g, | is a linear polarization degree of the pump. As triplet scattering normally
dominates, W“Z)‘« W and thus g, , is very small (percents in [9]). However,
enhancement of the pump power can induce a considerable increase of the linear

polarization degree of the photoemission. Indeed, the spontaneous scattering cre-
ated in the signal state a seed with weak linear polarization perpendicular to the
pump. The polarization of the seed can be then enhanced by bosonic stimulation if
the intensity of the pump exceeds the stimulation threshold.

The 45° rotation in the pump—probe experiments of Lagoudakis and coauthors [13]
is an effect which combines both the self-induced Larmor precession and polarization
inversion due to the polariton—polariton scattering. The circular probe enhances the
parametric scattering of the polaritons with a spin parallel to those of the probe spin.
This introduces an imbalance between spin-up and spin-down polaritons in the pump
state which gives rise to an effective magnetic field in the z-direction as described by
Eq. (14). This field rotates the in-plane polariton polarization in a direction which
depends on the sign of g, (the self-induced Larmor precession). The polaritons are
then scattered toward the ground state. The in-plane polarization is in addition rotated
by 90 degrees during this scattering event. The total angle of the rotation is deter-
mined by the parameters of the cavity and the intensities of the pump and probe.
Numerical simulations carried out in [8, 22] have shown that for the geometry of the
Lagoudakis experiment it is about 45°, which agrees with the experimental data.

To conclude this section, the Born—Markov treatement of the Liouville equation for
the density matrix of the polaritonic system allowed us to obtain the set of the kinetic
equation for occupation numbers and pseudospins of polariton quantum states in the
reciprocal space, which takes into account all the main mechanisms of the spin and
energy relaxation. The equations derived have allowed reproducing qualitatively the
experimental results on the polarization dynamics of quantum microcavities obtained
both at non-resonant pumping and in the parametric oscillator regime.
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9.6
Perspective: Toward “Spin-optronic” Devices

In the conclusion of [6] the concept of “spin-optronic” devices has been formulated.
Such devices would be based on manipulations with the polarization of light on
pico-second and nano-meter scales. The expression “spin-optronic” has not been
appreciated by the editors of Physical Review B who replaced it in the title of
Ref. [12] by “spin dependent optoelectronic” which is a long but clear expression
anyway. Nowadays optical communication technologies are based on intensity and
frequency modulation. The light polarization modulation is very rarely used. On the
other hand, polarization of light represents three additional degrees of freedom that
could be efficiently used for encoding of information. The polarization modulated
signals can hardly be used for long-range telecomunication as polarization is
quickly lost in optical fibers. However short range optical information transfer, or
even optical information transfer on a processor scale are excellent application areas
for “spin-optronic” devices. Indeed nano-range information transfer could take
advantage on the use of the polarization degree of freedom. This means that one
should produce amplifiers and switches sensitive to polarization. One should also
produce polarization converters, polarization modulators, and even more important
stable sources of polarized light. Several functionalities could be embeded within a
single compound. All these devices should have extremely low power consumption
in order to be integrated on chip together with classical electronic functions. The
control on the system, and therefore on some of the devices should be electronic in
order to be an efficient interface with the information processing unities. In other
words, one cannot envisage to control the system with a Ti:sapphire laser! Future
polariton devices seem able to fulfil this program. The experiments performed by
Lagoudakis [13, 17] in the resonant-pumping geometry shows that the microcavity
is able to convert the polarization, or to act as a switch sensitive to the polarization
of a reference beam. The main obstacle on the road is of course the need to have an
electrically pumped polariton laser operating at room temperature. An utlralow
stimulation threshold is required as well, but it seems to be a minor problem. If
these problems are solved, polariton devices would respond to real technological
needs. In this framework they actually represent a valuable solution for the next
generation of optoelectronic devices.
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Chapter 10
Bose—Einstein Condensation of Microcavity Polaritons

Vincenzo Savona and Davide Sarchi

10.1
Introduction

It was back in 1995, sitting right in Marc Ilegems office, that Claude Weisbuch
asked: “Do you think they might condense?”. The question was about exciton po-
laritons in semiconductor planar microcavities (MCs) and had tickled Claude’s
scientific curiosity since his first observation of strongly coupled polaritons in mi-
crocavities, a few years before [1]. The question, at that time, had been stimulated by
the remark that MC polaritons at low density behave as Bose quasiparticles with an
exceptionally light effective mass, five orders of magnitude smaller than the free
electron mass. As the critical temperature for Bose—Einstein condensation (BEC) of
noninteracting particles is inversely proportional to their mass, MC polaritons were
a good system to look at when dreaming of high-T. BEC. And yet, although this idea
has been storming around within the polariton community until present, it was
clear from the very beginning that, in one way or another, it was too easy to be true.

This paper is a non exhaustive overview of how ideas about MC polariton BEC
and related phenomena were developed in the last decade. In what follows, we
briefly summarize the basic concepts about BEC. Then, we consider MC polaritons
and review the efforts that have been spent to investigate nonlinear coherent phe-
nomena. Several aspects of the problem are discussed, including the role of interac-
tions, the energy relaxation mechanisms, or the polariton radiative lifetime. The
basic literature is reviewed. We conclude by making some considerations about
what steps are in our opinion still required - in theory as well as in experiments —
in order to give a satisfactory answer to Claude’s question.

This work is far from being a review work. Many important aspects of BEC in
semiconductors, such as the fascinating saga of excitonic BEC [2], will purposely
not be covered. Other related aspects of the problem, such as polariton resonant
parametric processes or the polariton laser are discussed in deeper detail by other
authors in this issue.
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10.2
Bose—Einstein Condensation: Basic Facts

The phenomenon of Bose—Einstein condensation has been the object of renewed
interest since the recent experimental realisation of a condensate of diluted ultra-
cold alcali atoms in 1995 [3]. Since then, a number of thorough reviews spanning
the various aspects of this interesting problem have been written [4—7]. Here, we
sketch the basic facts about BEC which are relevant to the problem of polaritonic
BEC and refer to these reviews for a more complete account of the experimental
and theoretical facts behind BEC.

A gas of N free noninteracting Bose particles in thermal equilibrium at tempera-
ture T is distributed in momentum space according to the Bose statistics

1

n,=——
kT aBlamn) _q

, 1)

where ¢, =#’k*/(2m) is the energy-momentum dispersion of free particles, and
B =(k;T)". The chemical potential x is always smaller than the lowest energy
eigenvalue &, and is fixed by the condition

Sm=N. @

We see that when u approaches the value g, , the occupation of the lowest level n,
becomes increasingly large. On the other hand, under the same limit, it is easy to
show that the total occupation of the excited states

Ne=2m, ©)

k=0

remains finite for a three-dimensional system, even when u=¢,, and is an exten-
sive quantity proportional to the system volume V. This macro-occupation n, of the
lowest energy level is at the basis of BEC. For a fixed temperature T, two situations
are possible. If the total number of particles N can be accommodated in the excited
levels for u <¢,, then the occupation of the ground state n, is of the order of unity
and the system is not condensed. If on the other hand N is larger than the critical
number of particles, defined as N_=Ny(T, u =¢,), then a large number of particles
have to occupy the ground state in order to fulfill the normalization condition (2)
and BEC takes place. It is important to point out that, for a finite volume V and a
finite number of particles N, the chemical potential stays strictly smaller than ¢,
even when the system is condensed. It is only in the thermodynamic limit,
N,V — oo with N/V =constant, that x4 = &,. In this case, each n, is finite whereas n,
diverges in such a way that n,/N approaches a finite value, smaller than one, which
is called the condensate fraction. For a fixed particle number, on the other hand,
N(T) is a continuous function of the temperature which becomes smaller than N

c
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for a critical temperature T, well defined in the thermodynamic limit, below which
BEC occurs. For an ideal, noninteracting Bose gas, the critical temperature is given
by

2 2/3
kBTc:ZT‘h( n j . )
m \2.612

For a system of finite size, the above considerations seem to suggest that BEC is
just characterized by the quantitative criterion that n, be significantly larger than
Ni.o- This naturally leads to the question whether BEC makes any sense for a
finite size system. It turns out that there is actually a more stringent criterion for
BEC, which emerges if we rewrite the distribution (1) in the continuum limit

> > Vi@2ny Idk, valid for large volume V. Above T. the distribution is then given
P
by

v 1
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Let us define the field operator y(r), describing the quantum field of the many-
body Bose system. A quantity of high relevance for BEC is the one-body density
matrix n(r,r')=(y" (r) Y(r')) . The average (---) is taken over the equilibrium state
of the system. This quantity describes the correlation between the particle quantum
field at two different positions in space. It can easily be shown that the the one-body
density matrix is equal to the Fourier transform of the momentum distribution
n(k) of the particle density. Above T. we can therefore use expression (5) to show
that the one-body density matrix decays with the distance s=|r—r| according to
an exponential law, with a characteristic length given by the thermal De Broglie

wavelength A, = /2h*/(mk,T) . This means that for a normal gas, quantum corre-
lations survive only on the scale A;, whereas at larger distance the system is uncor-

related as expected for a classical gas. Things are quite different below T., where the
momentum distribution is

14 1
@m) e# ¥ -1

n(k)=n,o(k)+ (6)

This expression implies that the two-point density matrix n(r,r') is nonvanishing
in the limit s — oo . The nonvanishing contribution at long distance originates from
the condensate term n,5(k) in (6). This expression allows to state the Penrose—
Onsager criterion [7, 8], Stating that a Bose-condensed system is characterized by a
finite long-range one-body correlation. This feature, often called Off-Diagonal Long
Range Order or ODLRO, is the true peculiar property of BEC, at the origin of spec-
tacular effects like the matter-wave interference and amplification [7].

An alternative way of understanding BEC is provided by expressing field
operator in second quantization, ¥/(r)= Y d,¢(r), with Bose commutation rules

P
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[Gy,80]= O As (4iG,) =n, > 1, the commutator [d,,d]]=1 can be neglected with
respect to n, and the operator 4, can be approximated by a c-number \/a . This
limit, first introduced by Bogoliubov, is equivalent to treating the condensate as a
classical field, so that the field operator is rewritten as y(r)=w,(r)+ Sy (r). The
function w,(r) is the wave function of the condensate and plays the role of an order
parameter for the Bose—Einstein phase transition. It is a complex quantity whose
square modulus determines the condensate density whereas the phase is important
in characterizing the condensate spatial coherence. We point out that the Bo-
goliubov ansatz implies that the expectation value ((r)) = y,(r) has a well defined
phase in the complex plane. The Hamiltonian of the system, however, does not
depend on the phase of the order parameter. This broken gauge symmetry is analo-
gous to that emerging from the semiclassical theory of a laser [9-12]. A contra-
diction then arises, as the Heisenberg uncertainty principle states that the expecta-
tion values of the phase and of the number of particles cannot be simultaneously
determined. A dilute Bose gas made of a finite number of atoms cannot therefore
be described by a condensate wave function in the Bogoliubov limit. It was recently
pointed out that, for an interacting system, the time evolution of a state with
an initially well defined w, is characterized by a phase instability [13]. As a
consequence, number-conserving theories [14, 15] were developed which are essen-
tially analogous to the quantum theory of laser including noise [9], where the sys-
tem is described by a statistical mixture of all possible values of the field phase,
while for the field expectation value () =0 still holds, as the gauge symmetry
requires.

Interactions between particles play an essential role in the physics of BEC (see
e.g. the discussion by P. Noziéres in [4]). Indeed, when we consider the dynamics of
a gas undergoing condensation, particle-particle collisions are required to fill the
condensate while emptying the excited states. Another essential aspect is the com-
pressibility of the condensate, which turns out to be zero in the noninteracting case
and finite in presence of interactions [7]. A finite compressibility is at the origin of
most of BEC physics, in particular the Bogoliubov energy spectrum, superfluidity,
and the collective nature of the excitations. Interactions in a diluted Bose gas are
often described in terms of an isotropic contact potential, in the s-wave approxima-
tion. For most diluted systems, BEC physics is well accounted for by a self-
consistent mean-field approximation of the interaction Hamiltonian, sometimes
referred to as the Hartree—Fock—Bogoliubov (HFB) approximation [16, 17]. HFB
results in a Hamiltonian which is quadratic in the field operator y(r), and depends
self-consistently on the particle density and one-body correlations. As a conse-
quence, the Hamiltonian can be formally diagonalized by a Bogoliubov canonical
transformation from the particle creation @] and annihilation 4, operators to the
collective excitation operators l;,, and l;k. The energy dispersion of these collective
excitations is given by

1/2
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where g is the interaction constant appearing in the Hamiltonian and » the parti-
cle density. For small momentum this expression is linear in k. This linear spec-
trum is typical of phonon-like waves in a continuous compressible medium. For
BEC they essentially represent many-body collective excitations and, together with
the long-range correlation, characterize an interacting Bose gas undergoing con-
densation. For larger momenta, the second term in square brackets dominates and
a quadratic dispersion typical of single-particle excitations is recovered. The Bo-
goliubov spectrum has been accurately measured for a diluted Bose gas [7]. It is
important to remark that it occurs only in presence of interactions, as expression (7)
indicates. As Landau suggested, the Bogoliubov linear energy-momentum disper-
sion prevents energy dissipation in the flow of the Bose gas. BEC of an interacting
gas is therefore expected to give rise to superfluidity, a phenomenon well known for
“He and also verified in the case of diluted gas BEC [7].

For the purpose of the present work it is essential to extend the discussion to two-
dimensional systems. In two dimensions, the critical density N (T) diverges for
any finite temperature. This amounts to the fact that BEC only occurs at T=0 [7,
18]. A more general result holds for interacting particles where, according to the
Hohenberg—Mermin—Wagner theorem, the thermal fluctuations of the phase of
the order parameter destroy the condensate at any finite temperature. As a result,
the one-body density matrix does not approach a constant value at large distance,
but vanishes according to a power law. This behaviour is still significantly different
from that of a normal gas and can be shown to still exhibit the phenomenon of
superfluidity below a finite superfluid critical temperature T.. This superfluid-
normal transition is however not allowed, as another critical phenomenon occurs at
temperatures lower than T.. In two dimensions, a compressible fluid can form
vortices by spending a finite energy. This is not possible in three dimensions where
a vortex-line costs a macroscopic energy proportional to its length. Vortices in two
dimensions, however, can only be spontaneously created above a critical tempera-
ture Ty which characterizes the so called Berezinskii—Kosterlitz—Thouless transi-
tion [19]. Above T;,; the presence of vortices results in a nonvanishing friction and
the superfluid behaviour disappears. For a two dimensional system the relation
Tyer <T. is always fulfilled and the KBT mechanism is the one determining the
transition from a superfluid to a normal phase.

Spatial confinement cannot be neglected when studying the properties of BEC of
diluted atoms, as these systems are always characterized by a spatial magnetic trap
used to increase the gas density. Spatial confinement is equally important for the
present discussion. In fact polaritons, like excitons and other excitations in semi-
conductors, are always localized by the spatial inhomogeneity of artificial semicon-
ductor heterostructures [20]. Furthermore, following the analogy with diluted gases,
proposals have recently been made to investigate polariton BEC in spatially con-
fined systems. The nonuniform Bose gas is theoretically described in terms of a
quantum-field theory under the same assumptions as in the spatially uniform case
but including the effect of a confining potential. To the lowest order in the density
of noncondensed particles, this theory reduces to the nonlinear Schrédinger equa-
tion, more generally known as the Gross—Pitaevskii equation [7], which success-
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fully describes the spatial and time evolution of the condensate wave function. The
main features of BEC, such as a collective excitation spectrum and superfluidity, are
also found in the case of confined Bose systems. Spatial confinement has also im-
portant consequences on the thermodynamics of BEC, modifying the critical tem-
perature and the condensate fraction. In two dimensions, confinement has a more
dramatic effect on the basic properties of BEC and its role is still poorly understood.
An ideal two-dimensional Bose gas, differently from its spatially uniform counter-
part, undergoes BEC at finite temperature. The Hohenberg—Mermin—Wagner
theorem in fact applies only to uniform systems. Physically, a confined system has
discrete energy levels and therefore the effects of phase fluctuations, responsible for
the absence of BEC, are quenched at low enough temperature. In presence of inter-
actions the physics of BEC in two dimensions is not well understood and in particu-
lar it is not clear how the spontaneous formation of vortices typical of the KBT
transition is influenced by the spatial inhomogeneity of the quantum fluid.

The feature of BEC which is most relevant to the present discussion is the dy-
namics of condensation and, more precisely, the dynamical evolution of a Bose gas
towards the equilibrium BEC. Many theoretical efforts have been spent on the
subject [4, 7, 21-25]. A generally accepted result for a weakly interacting Bose gas
in three dimensions is that BEC is achieved in more than one step, involving differ-
ent timescales [4, 22]. The first step is nucleation of a population in the lowest en-
ergy levels. This process can be described by a standard kinetic theory, in terms of
the Boltzmann equation. The scattering rate which enters this kinetic theory, in the
s -wave approximation, is W = 4ma*/(ni’), where a is the characteristic scattering
length of the interacting system. Already at this stage, the scattering rate is propor-
tional to the mass and to the scattering length, and the formation is therefore inhib-
ited for very light particles or for very weak interactions. After this kinetic process
has taken place, however, the system is still characterized by short-range correlation
and large nonequilibrium fluctuations of the order parameter phase. Only after a
time much longer than the kinetic time the phase fluctuations relax and a long
range order sets in, thus forming a genuine condensate according to the Penrose—
Onsager criterion.

10.3
Review of Exciton and Polariton BEC

The idea of BEC of excitons in solids traces back to the pioneering works by Mos-
kalenko [26], Blatt [27], and Keldysh and Kozlov [28]. Excitonic BEC was studied in
several systems including bulk semiconductors [4, 29-31] (exciton molecules have
also been considered for BEC [32, 33]), quantum wells [34—37], and on more exotic
systems such as Hall bilayers [38]. The interest in excitons as possible candidates
for BEC basically stems from two remarks. First, excitons have a very light effective
mass, of the order of the free electron mass. According to (4), this implies a very
high critical temperature for BEC at typical density, provided thermal equilibrium
can be obtained. Second, due to the charge neutrality, exciton quasiparticles experi-
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ence weak mutual interactions which allow describing the system as a weakly inter-
acting Bose gas, as opposed to strongly interacting systems like superfluid *He. The
difficulty with excitons, however, is related to their finite lifetime which can range
from a few picoseconds to microseconds, as is the case for orthoexciton in Cu,O.
As we have pointed out, BEC requires a finite time for the long range correlations to
build up. In particular, the kinetic time for the formation of a quasicondensate is
inversely proportional to the mass and to the scattering length. The drawback for
having a light mass and thus a high critical temperature is therefore a very long
condensation time. This time might even be longer than the actual exciton lifetime,
thus preventing BEC. Exciton equilibrium BEC is therefore only expected in sys-
tems where excitons have a very long lifetime, such as ortho- or para-excitons in
Cu,0 [29-31] or indirect excitons in type-1I quantum wells [36, 37].

Especially in bulk semiconductors, excitons cannot be described without taking
into account the strong coupling to the electromagnetic field which gives rise to
mixed modes, called polaritons. In this respect, BEC of bulk polaritons has been
postulated by several authors [4, 39, 40]. The polariton dispersion E, in bulk semi-
conductors can be characterized by the equation

[thJ =1+ _ A , (8)
&k, [+ (E/(ho,))

where £ is the exciton polarization constant and 7w, the exciton dispersion. The
energy-momentum dispersion of the lowest polariton branch deviates from a
quasiparticle behaviour at low momentum, where the coupled modes show an
anticrossing in the dispersion curves. In particular, for k <k, = /& ®,/c the polariton
is almost totally photon-like and the linear dispersion of photons holds. In this
region, the group velocity of polaritons approaches the light speed and the rate of
polariton escape through recombination at the system boundaries increases. A
bottleneck effect thus arises, as the rate of polariton relaxation through acoustic
phonon emission becomes slower than the radiative recombination rate. In steady-
state, a polariton population builds up at the momentum region close to k,, where
photoluminescence is experimentally observed [41]. It has been argued by several
authors [28, 39] that the population buildup at the bottleneck might give rise to
BEC. At present, however, no experimental evidence of bulk polariton BEC exists
and a detailed theoretical model of polariton dynamics and interactions has never
been studied.

In 1996 it was first suggested by Imamoglu et al. [42] that microcavity polaritons
might undergo BEC. This work was intended to explore the possibility of an exci-
tonic laser operating without population inversion. It was suggested that, while in
the limit of a photon-like polariton the usual population inversion criterion had to
be fulfilled for lasing, in the opposite limit of strong exciton-like character, excitonic
BEC would result in a population buildup and thus in coherent single-mode emis-
sion without population inversion. The intermediate case was called for the first
time an exciton—polariton laser. It was pointed out that a system particularly eligible
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for polariton lasing would be that of microcavity polaritons. The polariton disper-
sion in microcavities is approximately given by the roots of the equation [43]

2 2
(Ek —hal, + ke ) (E, —ha,) =" fR , 9)

where @, is the frequency of the resonant cavity mode at zero in-plane momen-
tum, hw, the in-plane exciton dispersion and 742, the vacuum-field Rabi splitting.
In contrast to bulk polaritons, microcavity polaritons at zero exciton-cavity detun-
ing, are characterized by a nonvanishing exciton component throughout the whole
lower polariton branch, and by a quasiparticle (quadratic) dispersion with a very low
effective mass (of the order of 10~ free electron masses) close to k=0. Though
based on very simple considerations, the work by Imamoglu et al. was the first to
address the system of microcavity polaritons and to stress the role played by relaxa-
tion and recombination dynamics in the context of polariton BEC. Shortly after this
work, the first experimental claim of polaritonic BEC in microcavities by Pau
et al. [44] followed. The polariton photoluminescence spectrum under steady-state
nonresonant excitation showed a nonlinear increase of the lower polariton peak as a
function of pump intensity, which was interpreted as a population buildup driven
by final-state stimulation. The word “boser” was specially created to indicate this
phenomenon. It is important to remark at this point that neither the suggestion by
Imamoglu et al., nor the experiment by Pau et al. ever related BEC to the formation
of a complex order parameter and of long range order. The claim of polaritonic BEC
was solely based on the idea of population buildup. The first boser experiment was
however very controversial and its interpretation was strongly criticized shortly after
its publication [45]. The main criticism was that, at the measured density, the exci-
ton binding energy and the polariton Rabi splitting would be at least partially blea-
ched and the system would be more correctly described in terms of a plasma of
unbound electron—hole pairs, obeying Fermi statistics. The nonlinearity would
then be explained in terms of a standard laser action. The authors of the first boser
experiment finally had to withdraw their initial claim and to revert to a more con-
ventional interpretation [46]. At the time of the boser controversy, it was generally
accepted within the polariton community that the required condition for boser
action would be the simultaneous observation of the polariton energy-momentum
dispersion with a finite vacuum field Rabi splitting. This would ensure that the
emission actually originated from polaritons undergoing final-state stimulation. In
reality, a population buildup is only the first step towards BEC which requires also
the formation of an ordered phase displaying long-range correlations. Closely fol-
lowing the boser result, at least three other experiments provided clear evidence of

polariton final-state stimulation. These experiments were performed under non-
resonant high-energy excitation in the electron—hole continuum [47-49] or at the
upper polariton [50]. The most recent claim of polariton BEC was made by Deng
etal. [51, 52]. In this work, a nonlinear increase of the lower polariton emission as a
function of pump intensity is observed as in previous works. Here, however,
the polariton dispersion, the second order correlation function in time of the emit-
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ted field, the momentum and real-space profiles of the emission are simultaneously
measured. Results show that above threshold the second-order correlation function
at zero time delay slowly decreases from a value of 1.8 slightly above threshold to
1.5 for a pump intensity 17 times larger than threshold, while one might expect a
behaviour similar to that of a laser transition [9, 53], where the second order correla-
tion at zero delay rapidly changes from the value of 2, expected for a thermal popu-
lation below threshold, to the value of 1, indicating a pure coherent state above
threshold. Both the momentum and the spatial distribution of polaritons measured
by Deng et al. indicate a polariton buildup at the lowest energy level and remind of
the results obtained in the case of diluted atom BEC. When, however, the expected
superfluid velocity is estimated from the polariton-polariton interaction constant
(see Eq. (3) of Ref. [52]), it turns out that the linear Bogoliubov dispersion expected
above threshold would strongly deviate from the perfectly quadratic dispersion
which is actually measured up to a pump intensity 7.6 times its threshold value.
This suggests that, in this strongly non equilibrium condition of the experiment,
polaritons recombine before the long-range order required for BEC is actually for-
med, and a description in terms of a single particle picture still holds.

On the theoretical side, a true polariton quantum field theory analogous to the
Bogoliubov theory of BEC is still lacking. The polariton population buildup has
been described by several authors in terms of a simple Boltzmann equation includ-
ing scattering via phonon absorption or emission as well as mutual polariton scat-
tering [48, 54—59]. These results, while predicting a population buildup arising
from final-state stimulation, cannot account for the actual collective behaviour of a
condensate, namely the collective Bogoliubov spectrum and the long-range correla-
tions. More recently, some authors have focussed on the analogy between the po-
lariton nonequilibrium BEC and laser, proposing a simple polariton laser model
based on the quantum theory of laser [53, 60—62]. This approach however, does not
account for the important role played by polariton—polariton interaction between
condensate and noncondensate, which increases the quantum correlations and
produces a scattering into the condensate that gives rise to the BEC phenomenon.
Some authors have proposed a quantitative analysis in terms of the thermal equilib-
rium Kosterlitz—Thouless equation of state [63]. Given however the strong nonequi-
librium character of polariton relaxation dynamics, such analysis might be over-
simplified. Other works [64—66] have treated the polariton Bose gas in the frame-
work of BCS theory, assuming high carrier density and weak exciton binding. This
situation is however not relevant to most experiments where vacuum field Rabi
splitting is observed.

An analysis of polariton BEC in terms of quantum field theory should describe
consistently the time and space evolution of the polariton quantum field in two
dimensions y (r, ) (j=L,U for lower and upper polariton respectively) and of their
quantum correlations. The starting polariton Hamiltonian is written as (the time-
dependence is omitted from the notation from now on)

H=H.+H,+H;+H,, (10)
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where
He =1 [dr yi(r) oc(-iV) gclr) (n

is the single particle Hamiltonian of the cavity photon field y .(r), having energy

dispersion w.(k)=+@?,+c’k* /e, ,

N wv'y
Hy = far wx<r)[—2n” 741 (12

is the single particle Hamiltonian of the exciton field y,(r), and

Hy =he2, [dr 7 (r) () + hc. (13)

is the exciton—photon linear coupling term, which is taken in function of the vac-
uum-field Rabi splitting 7¢2,. The interaction hamiltonian H, describes the Cou-
lomb interaction between excitons and the saturation of the photon-exciton cou-
pling and reads

:%gfdr P (P) W (r) 7 (r) i x(r) Yl wLe) v ) v (r)+he., (14)

is the
excitonic saturation density and A is the quantization area [67]. This formalism

where g is the Coulomb matrix element in the contact approximation, n,
neglects photon leakage out of the cavity mirrors, responsible for the finite polari-
ton lifetime, which might be included in the resulting field equations, e.g. via Lan-
gevin fluctuation and dissipation terms. They also approximate the exciton—exciton
interaction as a short-range interaction, a common assumption when dealing with
the small momenta involved in polariton dynamics. To these Hamiltonians one
should then add other scattering mechanisms, such as the exciton—acoustic—
phonon scattering Hamiltonian in the deformation potential approximation [68], in
order to account for the dynamics of energy relaxation. One approach to the dynam-
ics of the polariton field could be, first, the diagonalization of the single-particle
Hamiltonian H, = H. + H, + H,, resulting in the lower and upper polariton quan-
tum fields y (r) (j=L,U). The various interaction terms should then be expressed
in the polariton basis. Starting from there, various field-theoretical approaches are
possible. For example the Hartree—Fock—Bogoliubov approach to a quantum fluid
could be generalized to our polariton problem, by introducing the separation of
each polariton field into

i )= (r. )+ ¢;(r.1), (15)
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where ¢,(r,t) is the polariton condensate field, while v7,(r,t) is the zero-amplitude
Bose fluctuation field. At this point, two approaches are suitable. In the standard
U(1) symmetry breaking approach to BEC [16, 17], 7,(r,t) is a Bose quantum field
while ¢,(r,t) is a classical field, i.e. a complex function. In this case, coupled field
equations for the condensate and noncondensate polaritons can be derived in the
self-consistent mean-field approximation, including anomalous correlation terms
[17]. A possible variation on this theme is the number-conserving approach [15],
which better accounts for the condensate phase diffusion [13]. In this approach,
$;(r,t)=@;(r,t)a;, where @,(r,t) is the condensate wave function and 4, is a Bose
operator. In this case, the commutation relation for the fluctuation field has to be
consistently modified. The Gross—Pitaevskii equation for the condensate wave
function @;(r,t) then arises from consistency relations. Finding a solution for the
polariton fields within this formalism, preserving the space dependence of the field,
is a very cumbersome task and to our knowledge has never been tried. Only very
recently, Carusotto and Ciuti [69-71] have proposed the first step in this direction.
In Ref. [69] they derived in the mean field approximation the analogous of the
Gross—Pitaevskii equation [7] in the case of polaritons, aiming at a generalized
description of the parametric photoluminescence. For a weakly interacting Bose
system, this equation is the first approximation describing the dynamics of the
condensate at zero temperature. For polaritons, the generalized Gross— Pitaevskii
model should describe the polariton condensate in the limit where quantum as well
as thermal fluctuations are negligible. Very recently, in Ref. [71] the inclusion of
fluctuations allows the investigation of the spontaneous formation of coherence
above the parametric emission threshold, a phenomenon that was previously pre-
dicted by a simplified three-mode approach [72]. Ref. [69] is also the first prediction
of the experimentally accessible consequences of Bogoliubov-like spectrum ex-
pected for a polariton condensate under resonant pump conditions.

Before concluding this short overview, let us comment on the fact that high-
energy excitation is one of the key ingredients for possibly producing polariton
BEC. As we know, BEC is a process where a macroscopic quantum state exhibiting
long-range correlation spontaneously forms out of a (thermal) uncorrelated gas of
particles. In semiconductors, high-energy excitation of electron—hole pairs is fol-
lowed by energy relaxation through interaction with a thermal bath. The initial
correlation induced by the excitation laser is thus lost after interaction with the
bath, and it can be reasonably assumed that if a correlation is present after popula-
tion buildup in the lowest energy levels, this is due to the BEC mechanism. Popula-
tion buildup can also be obtained by direct resonant laser excitation of low energy
levels. Polariton formation by resonant excitation is more efficient than high-energy
excitation, as relaxation through the polariton band is strongly suppressed due to
the bottleneck effect [73]. The drawback of resonant excitation, however, is that any
correlation observed in the lowest polariton levels might be a residual of the coher-
ent excitation, thus making the interpretation in terms of BEC more ambiguous.
Resonant excitation can also give rise to parametric polariton processes, which are
strongly resonant on the energy-momentum curve and display a nonlinear thresh-
old in the polariton emission (see Baumberg and Ciuti in this issue). Parametric
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scattering is a driven wave-mixing process and therefore does not directly relate to
BEC in the thermodynamic sense. We should point out, however, that the special
case of parametric photoluminescence bears a strong analogy with BEC. In a para-
metric process, two identical polaritons created by the pump resonantly scatter to a
pair of signal and idler polaritons, conserving the total energy and momentum. In
the case of parametric amplification, the process is stimulated by an external laser
beam which resonantly probes the signal polariton, and is fully described in terms
of wave-mixing of classical fields. In parametric photoluminescence, on the con-
trary, the process is driven by vacuum-field fluctuations of the signal and idler
polaritons, and the polariton is a quantum fluctuating field with zero classical am-
plitude [74]. Recently [72], it was described how the signal polaritons involved in the
parametric photoluminescence might undergo a symmetry-breaking transition,
driven by the quantum correlations, with the formation of an order parameter — the
polariton classical field amplitude — similar to BEC. As already mentioned, an
analysis of this quantum state in terms of the self-consistent mean-field theory [69—
71] shows that a collective behaviour spontaneously arises above the parametric
emission threshold, with the polariton dispersion changing from the single-particle
behaviour to a Bogoliubov-like energy spectrum.

10.4
Some Considerations on Microcavity Polariton BEC

What are the advantages and disadvantages of the microcavity polariton system in
the context of BEC? The initial excitement caused by the light effective mass has
finally turned into deception. If on one hand the light mass implies a very high
critical temperature for BEC, the concept of thermal equilibrium itself is scarcely
relevant for polaritons. It is in fact well known that the polariton radiative lifetime,
of the order of 10 ps at most, is much shorter than all typical relaxation times in the
system. This leads to the bottleneck effect and to an “inverted” energy distribution,
with higher energy levels much more populated than the ground level in a typical
situation under steady state nonresonant excitation. This large occupation of excited
states can easily reach the exciton saturation density [75], thus causing the bleach-
ing of exciton oscillator strength from which polaritons originate. Moreover, the
time required for BEC to take place, given the light polariton mass, might be sig-
nificantly longer than the polariton lifetime itself, thus preventing the formation of
the order parameter and of long-range correlations. The formation of correlations is
further limited by the presence, in a semiconductor, of other phase-destroying
mechanisms like phonon emission and absorption or scattering with unwanted free
carriers or with defects, which are always present in semiconductor heterostruc-
tures. It is presently not clear how these decoherence mechanisms will affect the
off-diagonal spatial coherence of the polariton quantum fluid. We know that polari-
tons at high density are increasingly robust against dephasing, showing an increase
of time-coherence at the stimulation threshold [67, 76]. The question whether the
space-coherence shows a similar behaviour is only now being considered [71]. If the
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coherence length induced by scattering with a thermal reservoir (e.g. of phonons or
free carriers) is significantly shorter than the system size, then the Penrose-—
Onsager criterion might no-longer be satisfied, making the concept of BEC inap-
propriate.

An advantage of polaritons might be the strongly suppressed polariton-polariton
Coulomb interaction, essentially related to the small phase space available due to
the light effective mass [77]. Therefore, the polariton system is much closer to the
picture of a weakly interacting Bose gas than other exciton systems. Another advan-
tage is represented by the optical excitation and detection, allowing a precise deter-
mination of the energy-momentum distribution or alternatively of a space- and
time-resolved detection of the polariton dynamics [78, 79]. In the end, the true mo-
tivation of all investigations on polaritonic BEC is the perspective of having a quan-
tum fluid available in an artificial nanostructure at a reasonably high temperature.
This, together with the ease in fabrication and the scalability of semiconductor
nanostructures, holds great promise for the implementation of devices that would
take advantage of the phase coherence of BEC for quantum information technology.
To this purpose, however, one remark concerning spatial confinement shoud be
made. If a Bose system is confined on a scale comparable or shorter than the ther-
mal wavelength A, then the definition of a condensate in terms of the Penrose—
Onsager criterion no longer makes sense. In fact, on such a small scale, the two-
point density matrix does not decay significantly over a distance equal to the system
size, and the situation displaying long-range correlations can no longer be distin-
guished from the exponentially decaying case typical of a normal gas. Spatial con-
finement in the case of dilute Bose gases, always occurs on a length scale at least
ten times longer than the thermal wavelength 4. which, in the typical case, is of the
order of 1 pm at 100 nK for e.g. Rubidium atoms. For polaritons, this requirement
might represent a further drawback of the very light polariton mass, equal to ap-
proximately 10°m,. In fact, the thermal wavelength at a temperature of 3 K is
approximately 10 pm for polaritons. In the absence of a theoretical estimate of the
two-point correlation function out of equilibrium, we can make the simplifying
assumption that the spatial correlation of the polariton system does not differ sig-
nificantly from the equilibrium one. Then spatial confinement must be designed on
a scale much larger than 10 pm for any superfluid behaviour to be expected.

On the experimental side, all measurements carried out under nonresonant
excitation bring evidence of polariton population buildup, without clear evidence of
the formation of a long-range order. Different conclusions can be drawn from ex-
periments on polariton parametric scattering. In this case, the problems related to
the relaxation bottleneck are not present and all experimental observations are well
explained in terms of quantum-field theory. Recent theoretical works [69-72] pre-
dict the formation of an order parameter and superfluidity. Presumably, parametric
scattering represents the most promising context for the observation of polaritonic
BEC.

On the theoretical side, it appears that the microcavity polariton domain is not yet
benefitting from the vast theoretical knowledge that is available in the field of BEC.
Almost all the theoretical approaches until present have treated the system either
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with the help of ad-hoc assumptions or within Boltzmann-like models. These mod-
els have indeed helped understanding many features of the polariton laser. How-
ever, we feel that an extension to the polariton problem of the full quantum field
theory of BEC, including mutual interaction and accounting for quantum correla-
tions both in space and time domains, is still lacking. Only very recently, the first
effort towards such an approach has appeared in the literature [69, 71].

In conclusion, BEC of microcavity polaritons always constitutes an exciting chal-
lenge, nine years after it was first suggested [42]. The most important questions are
still unanswered. In the future, a significant improvement of microcavity structures
will be required in order to increase the polariton radiative lifetime, at the same
time suppressing the structural disorder and the scattering mechanisms affecting
the polariton coherence. More accurate theoretical models will bring us a better
understanding of the interplay between BEC and the various mechanisms taking
place in semiconductors. When considering the efforts taken to achieve diluted gas
BEC, it turns out that polariton BEC is still a very young research field which might
lead in the next future to a significant breakthrough.

10.5
Afterword

Our interest for microcavity polaritons is the direct consequence of the fruitful
collaboration with Marc Ilegems and his research group. This collaboration started
back in 1993 when one of us (VS) joined the Ecole Polytechnique Fédérale de Lau-
sanne as a PhD student with a project on polaritons. Since then, this interest has
constantly grown, leading to exciting physics and to a lot of fun. For this, we are
very grateful to Marc and we wish him a successful and happy life.
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Chapter 11
Polariton Squeezing in Microcavities

Antonio Quattropani and Paolo Schwendimann

1.1
Introduction

Marc Ilegems and ourselves were interested in microcavities and microcavity polari-
tons since 1993. Thanks to Mark Ilegems we had the opportunity to start a fruitful
collaboration with his research group thus gaining an experimental basis and a
strong motivation for our theoretical investigations. Polariton squeezing was one of
the subjects that we discussed from the beginning of our collaboration and this
paper reviews our main results on the subject.

Polaritons are mixed elementary excitations in a solid resulting from the coupling
between photons and excitons or phonons [1]. In the last fifteen years it has been
shown [2-4] that these excitations have remarkable statistical properties as e.g.
squeezing. Squeezing has been extensively studied in Quantum Optics in the last
thirty years and is characterized as follows: Any radiation field amplitude may be
separated into two components that are dephased by n/2. As we show in Section
11.2, a state of the radiation field is squeezed when the fluctuations in one compo-
nent of the field amplitude can be reduced below its standard quantum limit
whereas the fluctuations in the second component become larger than this limit.
This property has been theoretically discussed and experimentally demonstrated for
several quantum optical systems including parametric amplifiers, two-level systems
and semiconductor lasers. As we shall see in Section 11.3, bulk polaritons states are
intrinsically squeezed. Intrinsic squeezing is also present in quantum well polari-
tons and in microcavity polaritons. The intrinsic squeezing is small in theses sys-
tems and is not easily detected for bulk and quantum well polaritons, as we shall
discuss later. On the contrary, as we show in Section 11.4 an important squeezing is
found in a quantum well embedded in a microcavity when considering non-linearly
interacting polaritons leading to parametric effects. In this case, squeezing is re-
lated to the presence of anomalous correlations between the interacting polariton
modes. The effect has been experimentally demonstrated in a particular configura-
tion corresponding to the one of a degenerate parametric system [5, 6].
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11.2
Squeezed States

As it is well known, Heisenberg’s uncertainty relations define a lower limit of the
quantum fluctuations in the amplitudes of the electromagnetic field. Consider a
field mode whose amplitude is described by the Bose operator a. This amplitude
operator may be expressed in terms of the two components d, and d, defined as

Vi
b=

i
NSl

: (12

(a*ia) with [d,d,]=

in analogy to what is done for a classical field amplitude. The new operators repre-
sent the two field mode components having a phase difference of n/2. The opera-
tors d, and d, are related to the canonical operators p and g describing a harmonic
oscillator. The mean square deviations of the operators d, and d, satisfy the uncer-
tainty relations

(A (A, )2 2174 (1b)

The equality holds when the expectation values are taken over coherent states.
Moreover, for a generic coherent state it holds ((Ad,)*) ={(Ad,)’) =1/4. The coher-
ent state represents the state with the lowest possible quantum noise in both field
components that may be generated without violating Heisenberg’s uncertainty
relations. Squeezed states are peculiar states of the electromagnetic field that allow
to overcome at least partially the limits imposed by Heisenberg’s relations (1b). A
squeezed state has the following characteristic property

(Ad))H <1/2 and  ((Ad,))Y* >1)2 2)

or vice versa, with

((AdDY? (A >1/4.

Therefore, in a squeezed state the quantum noise in one of the field components
may be reduced below the quantum noise of a coherent state at the expense of the
noise in the second component such that (1b) is not violated. Squeezing and squee-
zed states have been extensively studied in Quantum Optics both theoretically and
experimentally. We refer the interested reader to the existing literature [7]. In this
Section we want only to introduce some concepts that will be useful in the follow-
ing. Squeezed states may be generated from the vacuum state of the mode by the
unitary transformation

S(z)=exp[(za' —z*a%)/2] with z=re" . (3)
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The operator S(z) allows also defining the new creation and annihilation operators
A'(z)=5(z)a'S(z)" = cosh (r) a +sinh (r) a’ (4)

verifying the commutation rule [A(z), A"(z)]=1. Using these definitions one shows
that the state S(z)|0) is squeezed. In fact one obtains

(0]S(2) d,"S(2)'|0) = exp (-1)/4 , (5a)
(0] S(2) d,”S(2)'|0) = exp (r)/4 . (5b)

These equations show that the squeezing transformation S(z) allows calculating
squeezing, either from the d-operators averaged over the squeezed vacuum state or
from the transformed d-operators averaged over the original vacuum state, leading
to the same result. One may also generate a squeezed state out of a coherent state
viz.

z,a) =S(z)|@). This squeezed state, also called the two photon coherent state
[8], has the following property: A(z)|z, @) =S(z)aS(z)'S(z)|a) = |z, @). One veri-
fies that the state |z, @) is indeed a squeezed state by calculating the dispersion of
d,. A straightforward calculation gives

(z, a|(Ad,) |z,0) = cosh (2r) —sinh (2r) cos (¢ —2y), (6)

where ¢ is the phase of z and  is the phase of the coherent state. The maximum
squeezing is obtained for ¢ =2y . Squeezed states are produced in non-linear opti-
cal processes as e.g. second order parametric effects [7]. Since parametric effects
play an important role in Section 11.4, we give here a very short account of them. A
parametric effect is characterized as follows: an intense radiation field impinges on
a crystal and generates two related radiation fields called the signal and the idler
field respectively. The sum of the frequencies of these fields is equal to the fre-
quency of the impinging field. In a particular configuration the so-called degenerate
parametric amplifier the signal and the idler have the same frequency. The degen-
erate parametric amplifier is well described by the following Hamiltonian

H=hoa'a+ yPE@'a’ +aa), (7a)

whereas the parametric amplifier is described by the Hamiltonian

H=hoala, +hoala,+ yPE@lal +aa,). (7b)
Here 7"”is the second order susceptibility of the medium. The index s in (7b) refers
to the signal and the index i to the idler, respectively. The Hamiltonian (7a) is di-
agonalized through the unitary transformation S(z) and its ground state is a
squeezed state. This system is therefore intrinsically squeezed. The same procedure
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may be introduced for the Hamiltonian (7b). We shall see some details of this calcu-
lation in the next section.

Finally it is useful to generalize the definition of the operators d, and d, by intro-
ducing a phase

\/H(*

dy, =——(a’ ei"’iae'“’). (8)

The phase ¢ may represent the phase of the external field acting on the considered
mode, as it is the case in a heterodyne measurement. We shall make extensive use
of the material presented here in the next sections.

11.3
Intrinsic Squeezing of Polaritons

Squeezing effects may be found in systems other than the ones considered in
Quantum Optics. In particular squeezed states may be found in solids when dis-
cussing their elementary excitations, like excitons. These squeezed states acquire
a particular interest when they may be observed through the emission of a radia-
tion field, whose statistical properties reproduce the statistics of the excitation in
the solid. In fact, these states may offer new and efficient sources of squeezed radia-
tion. A particularly interesting solid state excitation in this respect is the polariton.
Polaritons are known to be mixed states of radiation and solid state excitations like
excitons or phonons [1]. Because of their hybrid nature between matter and radia-
tion they show some properties that are characteristic of a radiation field. Further-
more, the radiation component of polaritons is in principle observable outside the
solid.

11.3.1
Intrinsic Squeezing of Bulk Polaritons

Polaritons have been theoretically predicted [1, 9] and observed experimentally [10,
11] in bulk semiconductors and insulators. The polariton states may be considered
as the propagation states of a radiation field in a crystal. Both exciton-polaritons
resulting from the interaction between excitons and radiation in a semiconductor
and phonon-polaritons resulting from the interaction between phonons and radia-
tion in an insulator have been addressed. Due to the translational symmetry in a
crystal, momentum is conserved in the interaction between photons and excitations
such that each radiation mode couples to only one excitation mode in &space. Pho-
nons are known to be bosons. Excitons are composite particles resulting from the
interaction between electron and hole in a crystal. They are not really bosons, but
may be considered as such under condition of low excitation intensity [1]. There-
fore, the same bosonic Hamiltonian describes both exciton- and phonon-polaritons.
Polariton states are the eigenstates of the Hamiltonian
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b T T4 (-4

\/7 k

+ 3 iD, (A + Ay ) (Al + AL ), (92)
k
o, =, +yk’, (9b)
1/2
ha)o[ Z/“’i] (9¢)

nyhw!
D, = s 9d
(2 o

where y is the polarisability of the medium and
|:Ak ’ AM‘:. 12 ,ué‘k,k' . (96)

Here the A, operators are the photon [v=1] and excitation (exciton or phonon)
[v=2] annihilation operators respectively. The couplings (9¢c) and (9d) depend on
the matrix elements between the ground state of the crystal and the excitation, as
well as on the excitation energy for each value of the wave vector k of the excitation.
This quantum Hamiltonian, which was first introduced by Hopfield [1], has been
extensively studied in the literature [10, 11]. As it is well known, the Hamiltonian
(9) is diagonalized by introducing new Bose operators By (v =1,2), which are linear
combinations of the exciton and photon operators [1]. The energy eigenvalues of the
Hamiltonian (9) are functions of the wave vector k and consist of two branches that
are presented in Fig. 11.1. The upper branch tends asymptotically to the dispersion
of free photons and the polaritons whose energy lies on this branch are called up-
per- or photon-polariton. The lower branch tends asymptotically to the exciton dis-
persion and the corresponding polaritons are called lower- or exciton-polaritons.

BULK POLARITON DISPERSION /0

1.5
1 Fig. 11.1 Schematic plot of the disper-
sion £,/ w, of upper- and lower polari-
05 tons in bulk materials as a function of

the the normalized wave vector k/k,.
The frequency , denote exciton

0 frequency and @, = cko/«/gw .
0.5 1 15 2 25 3

WAVE VECTOR klk,

o
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More explicitly the Hopfield Hamiltonian is diagonalized by the linear transforma-
tion

B, = WA, + X, A + YA + Z A%, (10)

where v denotes the upper [v =2] and lower [v = 1] polariton, respectively. The
explicit form of the coefficients in (10) is given in [1] and has been generalized to
the case of spatial dispersion in [12]. We notice that in the Hamiltonian (9) several
terms appear consisting of products of two creation or two annihilation operators,
respectively. These terms are also present in the Hamiltonians (7) and are respon-
sible for intrinsic squeezing. Furthermore, the linear transformation relating the
new polariton operators to the ones of the excitation and of the radiation is a gener-
alization of (4) for a two-mode case. Therefore, we expect that some squeezing
effect should appear in the polariton states. Indeed, this is the case as it is found by
looking for the unitary operator leading to the transformation (10). The eigenstates of
the diagonalized Hamiltonian are constructed from a new vacuum state, which is
related to the original vacuum of the uncoupled excitons and photons by a unitary
transformation U. Equation (10) takes the form

B, = U'AU. (11a)

The polariton vacuum |0") is related to the exciton—photon vacuum by the trans-
formation

[0 = UT|0). (11b)

The details on the construction of the unitary transformation U may be found in
[13-15]. The transformation takes the form U = U'U*with

U' =[] exp [i,ul (k)(ac+cic, )] exp [51 (k)C'cty - El*C},Cl,,} . (12a)
k

An analogous form holds for U”. In (12) we introduce the operators

(Ailﬁ‘Aik)
1

Ch= =t (12b)
(Al +A%)

5

Cly= (12¢)

E (k)= ‘El (k)‘ exp [i@l (k)] =tanh™ (;:?] exp [i@l (k)] , (12d)
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Ez(k):‘El (k)‘ €xp I:_iel(k)]’ (12e)
6,(k)=—06, (k)= tanh™! [M], (126)
i 6) =, 4) -t 2. 129

The operators U' and U” act each as a product of a phase transformation times a two
mode squeezing transformation [16], which is a generalization of the squeezing
operator defined in Section 11.2. From the expression for U it follows that the
ground state of the polaritons is intrinsically squeezed with respect to the variables
C},- Therefore, in order to calculate the amount of squeezing we consider the vari-
ance of the following linear combination of the operators C;,

d, :2’2/3(C,1‘+C1,,+C,1,T+Ci), (13)

that generalizes the definition (3) to the two-mode case. The expression for the
intrinsic squeezing in the ground state is given by

(07 (Ad, )’ |0 = 1[1+2 sinh’|.Z, (k)| cos (6,) sinh [2.5, (k)] . (14)

Squeezing is present when (0'| (Ad,)* [0") < 1. The amount of squeezing depends on
the parameters of the material contained in the definitions of the coefficients in the
relation (2). Squeezing can be found also for the field quantities alone in the two
opposite modes combination (AL, +Aik)/\/i . In Table 11.1 we present the explicit
values of /(0’| (Ad,)* |0") evaluated for different exciton- and phonon-polaritons and
for a definite value of the normalized wave vector k.

Table 11.1 Values of the variance defined in (14) and percentage
squeezing for different materials. These values are for k/k, =0.1 with

k, = a)o\/g/c of a table.

Material Quadrature variance Squeezing (%)
(0'|(Ad,)?]0') 100(172 (0] (Ad,)| 0'>)
SiO2 (phonons) 0.4343 13.14
CdS (phonons) 0.4492 10.17
GaP (phonons) 0.4794 4.11
PbI2 (excitons) 0.4994 0.11
CuCl (excitons) 0.4996 0.07
CdS (excitons) 0.4998 0.03

ZnSe (excitons) 0.4998 0.02
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A squeezing effect is present in all considered materials. However, for exciton
polaritons its magnitude is very small whereas it becomes non-negligible for pho-
non polaritons. This characteristic is related to the fact that Wannier excitons ex-
hibit a small longitudinal —transverse splitting. This splitting is related to the quan-
tity 2y, which gives the coupling to the photons and whose magnitude determines
that of the squeezing. For phonon polaritons 2ny,is of about two orders of magni-
tude larger than for excitons and therefore leads to a much larger squeezing. The
measurement of the amount of intrinsic squeezing of bulk polaritons is an ex-
tremely difficult task. First of all polaritons are eigenstates of the Hamiltonian
which cannot be directly excited by an external field. Secondly, the radiation emitted
by a bulk crystal in which polaritons are present, doesn’t carry direct information on
the polariton state. In fact, at the surface of the crystal the polariton modes are
coupled to all the modes of the external radiation field. Therefore the contributions
to the emission of the individual polariton modes are mixed and it is no more pos-
sible to reconstruct the original polariton modes outside of the crystal. Since only
indirect measurements give access to the polariton in the crystal itself, the experi-
mental evidence for intrinsic bulk polariton squeezing becomes exceedingly diffi-
cult.

11.3.2
Intrinsic Squeezing of Polaritons in Confined Systems

The difficulty in demonstrating experimentally polariton squeezing in bulk systems
may be overcome by considering a two-dimensional confined system like a quan-
tum well. In this system the translational symmetry in the growth direction is lost,
whereas it holds in the plane of the quantum well. In this structure the excitons are
two-dimensional objects confined in the plane of the well, but they couple to all
three-dimensional field modes. Since momentum is not conserved in the growth
direction an exciton couples to all field modes in this direction. As a consequence,
the exciton acquires a finite spontaneous broadening and its emission can be mea-
sured. This characteristic of a confined exciton system may be exploited in order to
measure the properties of polaritons. Polariton squeezing in a quantum well may
be calculated [17] but not easily measured. In fact the lower-polariton exists inside
the quantum well where momentum conservation in the plane still holds and thus
behaves like a bulk polariton. On the contrary the upper-polariton cannot exist,
because of the finite lifetime of the exciton. Therefore, squeezing of quantum well
polaritons is not easier to be measured than squeezing in the bulk. Things change
when the quantum well is embedded in a semicondutor microcavity. In this case,
the exciton couples to the cavity modes and mixed exciton-photon modes with a
finite lifetime develop. These microcavity polaritons that were first observed in 1992
[18], have the advantage of being directly observable through their photon compo-
nent. Indeed, this component is transmitted into the outside world due to the finite
transmission of the microcavity mirrors. Therefore, it is appropriate to look for the
squeezing of microcavity polaritons. The polariton Hamiltonian for quantum well
excitons embedded in a microcavity reads
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H=Y hoAAr+Y Iv|TAg Ag,+i ), CH(A2 —Al) (Ag, +Aly)
[] Q. 1.Q.4
+ [h] D CoCo (A +A% 1) (Ag,+AG ), (15)
@y Jo.Qrx

where C;C,*in (15) corresponds to D, in (9¢), A)' and A; are the creation and
annihilation operators of the two-dimensional excitons, q is the component of the
wave vector Q perpendicular to the z-direction and k, is the component of Q in the
z-direction. Ay and A, are the field operators. The coupling constants are defined
as

Znhv 1 &
c :C”ﬂ =C** “FO0)= [ dzp(z)e®=, 16
R I )LJZ p(2) (16)

W)

where v=c¢ /\/Q is the velocity of light in the medium, o, = @, + k¢’ is the exciton
frequency and Ay, =A,;, ,, Ay, =A" , ,. The Hamiltonian (15) involves the
same quantities as (9) but shows the coupling of the two-dimensional excitons to
the three-dimensional field modes. The electromagnetic field has been quantized
inside a microcavity of dimension L’ with periodic boundary conditions. The cou-
pling constant is derived from a phenomenological model for the exciton in a quan-
tum well. For simplicity we consider only one polarization for the field and diago-
nalize the Hamiltonian using the transformation

= kzw,(kz, 9 A, +X,(q) Al +kZY,<kz,q) Al +Z(g) A (17)

The transformation (17) allows constructing the polariton states out of the product
of free particle states. We show that squeezing is also present for microcavity polari-
tons as an intrinsic property. We introduce the quantities

]

23/2

= [B,+B,*B +B]],

and we evaluate the variances in the exciton—photon vacuum |0) . This leads to the
result

(oliad ¥10) =312 + (@l + X Wik. ) +1¥ (k. a)

z

- %te X(q) Z(a) -5 e S Wik ) Y(-k )| (19)

We have calculated (19) for a GaAs quantum well with a width L=60 A . Cavity and
quantum well have the same dielectric constant £=12 and an exciton energy
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Fig. 11.2 Plot of the squeezing percentage s =1 00[1—2 (0] (Ad,)* |0>}

for th lower polariton as a function of the normalized wave vector k/k,,.

of 1.6 eV. We also use the relation |z, 2\F(O)\Z/h=fez/2ma)0 between the oscilla-
tor strength [19] fand the quantity used here; the value of f= 36 x 10 A~ is taken
from [20]. The result is presented in Fig. 11.2 in terms of the quantity

s= 100[1 —2.(0|(Ad,)? |o>] (20)

One obtains an amount of squeezing of about 0.09%, which is small but larger than
in the bulk case as a consequence of larger oscillator strength of the confined exci-
ton. For the upper polariton squeezing is defined in the same way. The effect
should be measurable in realistic cavities of finite length and reflectivity close to
one.

We conclude this section by noticing that in spite of the smallness of the effect,
intrinsic polariton squeezing has conceptual relevance. Intrinsic squeezing is re-
lated to the anti resonant terms in the Hamiltonian and therefore polaritons are
indeed quantum excitations.

1.4
Squeezing for Interacting Microcavity Polaritons

In the former Section we have shown that bulk as well as microcavity polaritons
show a small amount of intrinsic squeezing. This squeezing is a consequence of the
fact that the interaction between the radiation field and the exciton modifies the
ground state of the system. In contrast to the bulk case the squeezing of microcavity
polaritons may be experimentally detected. Unfortunately the amount of intrinsic
squeezing is predicted to be very small even for microcavity polaritons. However, it
should be possible to increase in a substantial way the amount of squeezing of
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microcavity polaritons by considering a different excitation regime. In the low exci-
tation regime considered until now, the interactions between excitons may be ne-
glected. This fact justifies the use of the bilinear Hamiltonian (9). In a regime of
higher excitation characterized by exciton densities smaller that the exciton satura-
tion density, but larger than the ones considered until now, strong interactions
between polaritons exist due to the Coulomb interaction between excitons and to
the Pauli principle between electrons and holes. These interactions result in a po-
lariton—polariton scattering, conserving energy and in-plane momentum. Due to
the peculiar energy dispersion, this scattering is strongly resonant for selected
initial and final momenta. This process turns out to be a parametric process and is
responsible for two important effects. The parametric amplification, in which the
scattering of resonantly excited polaritons is stimulated by a probe field resonant
with the final scattering state, and the parametric photoluminescence, in which the
same scattering process occurs spontaneously, driven by vacuum-field fluctuations.
These effects have been investigated both experimentally and theoretically over the
last years [20, 21]. Since we deal with a parametric effect, we may exploit the analogy
between the interacting polariton system and the parametric effects in Quantum
Optics mentioned in Section 11.2. As a consequence we expect a non-negligible
amount of squeezing to appear due to the polariton—polariton interaction.

We consider a configuration, in which polaritons are excited by a continuous
pump at resonance with the exciton polariton dispersion curve (Fig. 11.1). As it is
well known [22, 23], for moderate excitation intensities the polaritons may be ap-
proximately considered to be bosons. When describing parametric amplification
[24] and parametric luminescence [25] the pump has been chosen to excite polari-
tons at a wave vector k which correspond to a specific angle of incidence of the
pump, the so called magic angle [26]. In this configuration we may describe most of
the interesting physical characteristics of the nonlinearly interacting polaritons by
considering the scattering process involving three modes only: the pump mode at
q = k, the signal mode at g = 0 and the idler mode at g = 2k. The Hamiltonian de-
scribing this scattering process has been discussed in detail in [20, 24, 27] and reads

H=H,+Hy +H,+H (21)

probe ?

where H;, :Zha)u,(q) PP, w,(q) is the polariton dispersion, P, and P; are the
q

annihilation and creation operators for the lower polaritons in the rotating wave
approximation. In the notation of (17) we have P, =X, A; + W, A, and the Hopfield
coefficients Y, and Z, [20] are zero. In the following we consider the modes q=0
(signal), k (pump), 2k (idler). The polariton—polariton interaction [20] takes the
form

HE = ho,

.PLPIP.P, +h.c. (22)
The coupling constant f®,, contains the exciton—exciton coupling constant as well
as the phase space filling [20]. Notice that Zw,, is positive and represent a repulsive

int
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interaction. Furthermore, we couple the polaritons to a classical external field with
the amplitude F, describing the pump field through the Hamiltonian

H, =F,(t) B +h.c.= hE,(0) exp [ —ieyt | B +h.c. (23)
The Heisenberg—Langevin equations of motion for the polariton operators are
straightforwardly obtained. They contain the decay rates v, v, Yo Of the polariton
modes and the corresponding Langevin force operators Fy(t), Fy(t), Fy(t) that follow
from the quasi-mode approximation [7]. This approximation is introduced in order

to account for cavity losses. The Heisenberg—Langevin equations for the polariton
modes read

i% By (1) =(@1p(0)) =70 ) By (1) + @, By (8) Py () + Fy (£) + Fype (1), (242)
i% Py () = (@1p(2k) =175, ) Py (1) = 0,0 B (8) Py (£) — B (8). (24b)
ih% P, (1) = (@10 (k)= i7,) By () + 20, B (B, (¢) P (1) + Fy (1) + F, ", (24c)

where @,,(q) is the polariton dispersion blue-shifted [24] by the polariton—polariton
interaction. These operator equations have been solved analytically only within the
approximation of replacing the pump mode operator by its expectation value [25,
28). In order to get more insight into the dynamics described by (24) and in particu-
lar in order to show the onset of coherence in the photoluminescence emission we
used [4] a self-consistent mean field approach [29]. Within this scheme we have
obtained a set of fifteen non-linear equations involving the expectation values of
the polariton modes amplitudes and the following quantities

Ay (1) =(paby) (£) = Ay 4 (t) (anomalous correlations) (25a)
N, () ={pspg) = Nq,yq(t)"’ (normal correlations) (25b)
(Babyg) (1) =gy (1) =<pp) (t) (g () (correlation of the fluctuations)  (25c¢)

Here, p, =P, exp [-i®,(q)t], and p, = (Pq - <Pq>) exp [idp(q) t]=p, — <pq>. All corre-
lations between the polariton modes have been numerically determined in function
of time. For later use, we list here the values of the constants used for the numerical
evaluations. The coupling coefficient (Eq. (21) of Ref. [20]) is calculated with a vac-
uum field Rabi splitting %42, =3.5meV, an exciton Bohr radius A, =80A, and a
quantization area A =100 um?, leading to a coupling constant @, =3.54x 10~ meV.
We choose for the broadening y,, =7, =%, =7 =0.1meV. With this choice of
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parameters we can estimate the threshold polariton density n, at the pump mo-
mentum k following Ref. [25] we obtain n, =3x10° cm™, less than 2% of the satura-
tion density [25] n,, =7/16mA2 =2x10" cm™. At this density, the correction to the
bosonic commutation rule in the Hartree—Fock approximation [30] is of the order
of n, /ny, <2%, which finally justifies the bosonic approach used here. The station-
ary solutions of the system of fifteen equations are calculated numerically and
are reported in [4]. It is shown that the polariton system starts amplifying at
f, =F,Jy/@wy =1 but that the signal and idler mode amplitudes remain with
the value zero. When f, =2.45, a coherence threshold is attained, the signal and
idler amplitudes become different from zero whereas the fluctuations and occupa-
tion numbers rapidly decrease. We expect that quantum features like squeezing will
be important in the amplification region because in this regime the quantum fluc-
tuations expressed by the anomalous correlation between signal and idler modes is
important. Indeed it may be shown that below the coherence threshold only the
quantities

Aps(®)=(Pobu) (1), Apr(t)=(pepe) (), (26a)
Noo)=(Popo)»  Nowou(t)=(pibn)»  Nealt)=(pips) (26b)

contribute to the evolution of the system. These quantities are accessible in the
experiments.

Below the coherence threshold an analytic form of the stationary solution of the
system of fifteen equations is found with the following characteristics: all anoma-

stat

lous correlations with the exception of Ag%,, Ay} and all off diagonal normal corre-
lations N;% as well as the signal and idler amplitudes are identically zero. The ex-
plicit form of the remaining correlations may be obtained by solving the stationary
equations for the quantities (p, ),Ay3, Ay and N5 for g =0,k,2k. Moreover, one
easily shows that for imaginary F,, (p, ), A} and N, for g=0,k, 2k are real, while
Ag5,is pure imaginary. We report here the stationary solutions for the anomalous

correlations Agy,, Ay and Nog+ N35, for f, < fy,.

stal —ia Alsctél‘:

A= (27a)
1-|aAss

. o stal 2
A Fuli7) (1-2i2A}3,)

AR =—ig _ _ (27b)
1-PaAys, (1 ~|panysf )
N34 NiEh, = DA A
with
o =Lt (27¢)
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Introducing (27a) into (27b) we obtain a relation between A}y and F, for @A} |<1.
Below the coherence threshold, f, =2.45, squeezing may be expressed analytically
using the expression for the correlations outlined above. In order to discuss squeez-
ing system we introduce the operators

dyj :g[em(po *pzk)ieiw (pg + P ):| , (28)

and we evaluate the variance ((Ad,;,)") =((d,;,)") —(d,,)*. From a straightforward
calculation it follows

(8 o)) =5 A sin (20) 2 (N33 + Nty +1). 29)

Introducing (27) into (29) it follows the following expression for polariton squeez-
ing

Ay sin (20)£1

<(Ad1/2) )= 4|:1—a2(A;it)2:| . (30)
For 260 =-m/2 , one has
(7Y p—_— (1)
o a[1vany |

In Fig. 11.3 we present the logarithmic plot of {(Ad,)’) as a function of the
external pump field f,. The percentage of squeezing, i.e. s= 100[1 -2J{(Ad, )2>}
saturates at 30% when f, approaches 1. This value of the amount of squeezing is
maintained until the coherence threshold f, =2.45 is approached. As soon as the
coherence threshold is attained, squeezing rapidly disappears. This fact is related to
the strong decrease of the anomalous correlation above threshold, because these
correlations are responsible for the squeezing effect, as follows from (28). The fea-
sibility of an experiment in which anomalous correlations and squeezing are meas-
ured, is related to the magnitude of the wave vector difference between signal and
idler. In fact when the idler polariton is mostly exciton-like, the intensity of its emit-
ted field is very small because its photon component expressed through the Hop-
field coefficient C,, is small. This makes the measurement of the anomalous corre-
lations and therefore of the squeezing very difficult. The wave vector difference
between idler and signal and thus the ratio of the intensities of the signal and idler
fields may varied by a convenient choice of the position of the pump mode on the
polariton dispersion. When this position is very close to the signal mode at ¢ =0,
the three modes are nearly degenerated and the intensities of the emitted fields
associated with signal and idler become comparable. Squeezing is more easily
observed in this configuration. The three-mode amplifier becomes in his case a
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Fig. 11.3 Logarithmic plot of the variance {(Ad, )*)as a function of the
external pump field f,.

degenerate amplifier, a one-mode system, described by the Hamiltonian (7a). In
this degenerate case the Hamiltonian (21) has the simpler form
H =, (0) B[P, +ho

int

PP} +hE . explio

 mp umpt] P+ hc. (32)
As already mentioned, the degenerate parametric amplifier has been discussed in
great detail in quantum optics. For non linear interacting polaritons, the degenerate
parametric amplifier has been considered theoretically and experimentally [3, 5, 6,
28]. In particular in [5] the spectrum of squeezing has been measured explicitly in a
homodyne configuration. The homodyne detection signal shows a periodic behavior
as a function of the local oscillator. In order to calculate the spectrum of squeezing,
in analogy with (8), we introduce the operators

00 =T o) o). (33)

where p,(w) is the Fourier transform of p,(t) defined above.
The spectrum of squeezing is given in terms of (33) by the normal ordered com-
bination [31, 32]

Sl/z(a)’ 9) =( al/z(a’) dl/z(t =0): +: dl/Z(t =0) al/z(_a’) . (34)

In Fig.11.4 we present the squeezing of the lower polaritons branch, i.e.
1+5,(w,0), at =0, for a fixed frequency w/y =0.2 and as a function of the local
oscillator phase 6. Values smaller than one indicate the occurrence of squeezing.
This theoretical result is in qualitative agreement with recent experiments pre-
sented in [5].
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Fig. 11.4 Plot of the squeezing of the lower polaritons branch at k=0,
i.e. 1+ S,(,0), for a fixed frequency w/y = 0.2 and as a function of the

local

oscillator phase 8. Squeezing occurs for 1+ 5, (w, 0) <1.
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Chapter 12
High Efficiency Planar MCLEDs

Reto Joray, Ross P. Stanley, and Marc llegems

12.1
Introduction

Light-emitting diodes (LEDs) are promising candidates for high efficiency light
sources, with modern devices showing internal quantum efficiencies of virtually
100%. However, due to the high refractive index of the commonly used semicon-
ductor materials it is difficult to have a large extraction efficiency; in a standard
cubic geometry most of the internally emitted light is trapped inside the device
due to total internal reflection at the semiconductor—air interface. Planar non-nitride
III-V semiconductor-based LEDs show extraction efficiencies for emission into air
on the order of 2%. This problem was understood already in the 1960s [1-3] but was
not addressed until the 1990s when the internal quantum efficiency improved
sufficiently that LED performance was limited by the extraction efficiency [4].

Several methods have been developed in order to increase the extraction efficien-
cy of a planar LED. They focus either on optimizing the device geometry in order to
increase the escape cone or on modifying the internal spontaneous emission by
placing the emitter inside an optical cavity with a thickness of the order of its emit-
ting wavelength. The latter approach is called Microcavity LED (MCLED) or Reso-
nant Cavity LED (RCLED). With high brightness LEDs based on the first approach
drastic increases in efficiency could be achieved. These methods use either non-
parallel surfaces and transparent substrates [5] or a combination of microcavity rela-
ted effects [6-8] and geometrical effects [9, 10], even if they do not fall into the
category of a standard microcavity.

In a MCLED the part of the internal emission that is extracted is increased via
interference effects. Contrary to the other approaches this is possible without chan-
ging the device geometry and thus without additional costly back-end processing
steps. The control of the far-field radiation pattern makes these devices particularly
interesting for high brightness applications, which demand highly directional emit-
ters, such as for printing, bar code reading, large area displays and optical commu-
nication.
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12.2
Microcavities

12.2.1
Fundamentals

A Microcavity LED (MCLED) is a light-emitting diode, for which the light-emitting
active region is placed in an optical cavity with a thickness of the order of the wave-
length of emission [11, 12]. The optical cavity is in resonance with the internal emis-
sion, resulting in a modification of the spontaneous emission process, such that the
internal emission is no longer isotropic. This results in an increased directionality
and brightness and a higher spectral purity of the LED emission spectrum. If the
cavity is properly tuned, the alteration of the intrinsic emission spectrum leads to an
increase of the power emitted within the escape cone, leading to a higher extraction
efficiency.

The theory of spontaneous emission from microcavities has been described in
several excellent review articles, e.g. by Benisty et al. [13-15], Neyts [16], Wasey and
Barnes [17], Delbeke et al. [18] and Baets et al. [19]. In the following a brief sum-
mary will be given.

Since the microcavities treated in this review article are optimized for maximum
extraction efficiency, their quality factors are moderate. Therefore these devices are
always operating in the weak coupling regime (the strong coupling regime is trea-
ted in detail elsewhere in this issue). As these structures are planar and the optical
confinement is only one-dimensional, the total emission and hence the spontane-
ous lifetimes are only weakly affected [14, 20, 21]. The microcavity effect manifests
itself thus mainly in a redistribution of the internal spontaneous emission
spectrum. Finally, MCLEDs are often confused with Vertical Cavity Surface Emit-
ting Lasers (VCSEL’s) operating below threshold. However, due to the high mirror
reflectivities, the extraction efficiency of spontaneous emission in VCSEL’s is low.

A planar microcavity is composed of two mirrors having amplitude reflectivities
of r; and r,, respectively. A source in the middle of the cavity emits light at a given
angle, 6, in both directions towards both mirrors (cf. Fig. 12.1). The light reflected
from the back mirror (r,) interferes with the light going towards the first mirror.
The upward-radiated electric field outside the cavity can therefore be written as

(1-n)(1+r,e”)

EX =E - 1
out 0 1 _ rlrz ezw} ( )
where ¢ represents the phase shift and is equal to
2nnd cosd
e @)

with n being the refractive index of the medium, d the distance between mirror 2
and the emitter, 0 the angle of propagation and 4 the wavelength.
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r
Fig. 12.1 Schematic microcavity of index
n, limited by two mirrors with amplitude
reflectivities r; and r,, with an emitter
inside the cavity emitting two series of
r waves.

If the emission pattern of the source, E;, is known, then the emission on the
outside is completely defined by the above equation. In the weak coupling regime
the spontaneous emission of electron—hole pairs can be adequately represented by
electrical dipoles [22]. The light extraction properties of structures of this type can
be calculated with standard transfer-matrix techniques. The dipole emission is
included simply as additive source terms [15].

In the quest for high external quantum efficiencies, the microcavity can be used
to enhance the emission in the normal direction (or more correctly, into the escape
cone). Assuming that the finesse of the cavity is reasonable, then the maximum
extraction efficiency is limited to 1/m, where m, is the cavity order and
m,=2nL/A with L being the cavity length. The increase of efficiency with de-
creasing cavity order is what makes a microcavity “micro”. The smallest cavity is
/2 and has an order of 1. In principle, all the light could be extracted from such a
cavity. In practice the cavities are never as small as 1/2 because of material limita-
tions.

A A/2 cavity consisting of a high index material shows a cavity mode minimum in
the center of the cavity. The maxima are located at the interfaces with the mirrors.
The source layer would thus have to be situated at the boundary of the cavity. This
is not feasible as an epitaxial interface is full of non-radiative recombination cen-
ters. A 4/2 low index cavity with a cavity mode maximum in the center of the cavity
is not conceivable either as the Al-rich low refractive index layers cannot be grown
with reasonably low impurity levels up to date. Furthermore, in case of a cavity with
one or two metal mirrors, the use of a 4/2 cavity would imply that the active layer is
very close to the metal, which can result in considerable losses due to non-radiative
energy transfer from the dipole to the absorptive metal [23]. Moreover a metal mir-
ror requires a heavily doped contact layer with a thickness of several tens of nano-
meters to ensure good electrical contact. When insulating dielectric mirrors are
used, thick (usually 4/4) and highly conductive lateral current injection layers are
needed. Quantum wells are typically sandwiched in graded index separate confine-
ment heterostructures (GRINSCH) with a total thickness of the order of 4/2. Due to
all these reasons A high index cavities are generally used.

An additional increase of the optical cavity length occurs with the common use of
distributed Bragg reflectors (DBR’s) rather than ideal mirrors. The optical field
penetrates quite deeply into these mirrors, depending on the refractive index con-
trast between the two mirror materials, An =n,,, —n,,,. The effective order of the
cavity includes the penetration into the two reflectors, m" =m,_ + ziﬂyzAmFe". The
penetration depth originates from the phase change of the mirror on reflection
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which is a function of wavelength and angle, whereas the angular-dependent con-

pen

tribution Am}™ is the dominant one [18, 24]. It can be approximated as

3 1 1
Amy™ = z T+ 3)
4An Phigh  Pow

with n being the refractive index of the cavity. In order to maximise efficiency,
within technological limitations Am}™ should be minimized.

There has been some confusion over the correct formula for the penetration
depth of DBRs. When calculating the Fabry—Perot linewidth, the change in phase
with wavelength is important. When calculating the angular extraction efficiency it
is the change of phase with angle that plays a role. In the centre of the stopband the
phase change is linear in 4 or in cos € which can be associated with a length (pene-
tration depth) in the two cases. In the common situation of low index contrast mir-
rors, the two formulas are the same.

Improvements in terms of external quantum efficiency have been achieved by
minimising m®™ by borrowing a concept from distributed feedback lasers, the
phase-shift (PS) cavity, and by maximising the index contrast in the reflector with
oxide mirrors [25]. We continue with a review of standard microcavity LEDs and
mention the state-of-the-art results achieved using phase-shift cavities and oxide
mirrors.

12.2.2
State of the Art Planar Semiconductor MCLEDs

The first electrically pumped Microcavity LED was realized in 1992 in the GaAs—
AlGaAs material system by Schubert etal. [11]; it shows an emission peak at
862 nm. The top emitting device consists of an asymmetric DBR/cavity/metal mir-
ror structure, where the DBR is made of AlAs/Al,,;,GaygsAs periods and the thin
transparent metal reflector of silver (Ag) or silver in combination with cadmium tin
oxide (Ag/CdSnO,). Since then MCLEDs were realized in different material sys-
tems, covering a large range of emission wavelengths. In the following a brief over-
view will be given on the state of the art of current-injected planar MCLEDs, divided
into different wavelength ranges, from the visible to the infrared. For each range
typical fields of application, material systems and efficiencies are listed. The maxi-
mum external quantum efficiencies as a function of emission wavelength are
summarized in Table 12.1 and Fig. 12.2.

12.2.2.1 400-500 nm

InGaN-GaN-based MCLEDs are under development. Even though the light extrac-
tion is less of a problem than for the other material systems due to the low index of
GaN (n = 2.5), microcavities are nevertheless an interesting object of study on the
way to the realisation of nitride VCSEL’s. The AlGaN-GaN material system is
commonly used to realize DBR’s but is known to suffer from the large lattice mis-
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Table 12.1 Overview experimental results planar MCLEDs for different
wavelengths, with standard or phase-shift (PS) cavities. Oxide DBR’s are
labelled AlO, for aluminum oxide as the low index constituent.

Wavelength Material system Type Efficiency Diameter  Ref.
(nm) (Gor®) (%) (km)
460 InGaN/GaN/AlInN + Ag/Au 2 2.6 100 [28]
650 AlGalnP/AlGaAs ) 9.6/12 300/700  [9, 35]
650 AlGaInP/AlGaAs/AlO, 0 12.5 200 [36]
650 AlGaInP/AlGaAs + ODR 0 18/23 (epoxy) 300 [37]
850 GaAs/AlGaAs ) 14.6 180 [39]
880 GaAs/AlGaAs 0 16 (epoxy) 80 [40]
970 InGaAs/AlGaAs + Au (PS cavity) 18 150-400  [25]
970 InGaAs/AlGaAs ) 10 400 [43]
970 InGaAs/AlGaAs (PS cavity) 0 19 400 [44]
970 InGaAs/AlGaAs/AlO, (PS cavity) T 28 350 [46]
980 InGaAs/GaAs/AlO, + SiO,/ZnSe T 23 (est.) 6 [45]
995 InGaAs/AlGaAs + Au | 17/23 85/1.5 mm [41]
1300 InGaAsP/InP + Au { 9 2 mm [47]
1550 InGaAsP/InP + Au NS 6.8 85 [48]

match between AIN and GaN. Bragg mirrors with a high aluminum content (>30%)
are subject to crack formation or in-plane lattice relaxation. AlIGaN/GaN reflectors
with a low Al content on the other hand suffer from a low index contrast. Further-
more the lack of a simple epitaxial lift-off technique prevents the realisation of short
cavity metal-bound structures so far.
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Fig. 122 Maximum external quantum efficiency of MCLEDs vs. emission
wavelength for top (4) and bottom emitting (¥) devices; for emission
into air (solid symbols) and epoxy (empty symbols).
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Recently promising results have been presented on AlInN/GaN DBRs [26, 27].
Al In N with 17% indium is lattice-matched to GaN while presenting a reaso-
nable refractive index contrast. However the growth of high quality AlInN was
hampered by phase separation issues so far. Preliminary bottom emitting MCLEDs
were realized comprising a A-cavity with five InGaN QWs, an Ag/Au top metallic
mirror and a 12 pair Al,g,In;;4N/GaN bottom DBR. Devices of this type with an
emission area of 100 x 100 pm? are emitting at 460 nm and show an external quan-
tum efficiency of 2.6% [28]. More details on III-nitride materials can be found
elsewhere in this issue.

12.2.2.2 650 nm

Apart from lighting applications, 650 nm emitting MCLEDs are commercially im-
portant for plastic optical fiber (POF) based communication, since they show a
higher brightness and modulation bandwidth than conventional LEDs [29, 30]. The
material system of choice for the cavity is AlGaInP, in combination with AlGaAs
DBRs and current spreading and current injection layers. The attainable efficiencies
in the red are limited to lower values than for near-IR MCLEDs due to several limi-
ting factors; lower barriers and QW confinement potentials, increased resistivities
and a reduced index contrast in the DBRs [25, 29, 31-34]. With red MCLEDs wall-
plug efficiencies 7,, of 10% and external quantum efficiencies 7,,0f 9.6% were
achieved with (300 pm)?* devices [35]. Due to their low forward voltages the external
quantum efficiencies are slightly smaller than the wall-plug efficiencies. The struc-
ture consists of a A-cavity with 5 compressively strained GalnP QWs, a 34 period
Al sGaysAs/Aly4sGa, sAs bottom DBR and a 6 period top DBR. For larger (700 pm)?
devices of the same type a maximum wall-plug efficiency of 12% could be shown
[9].

2 -cavity devices with a single GaInP QW, a 3.5 pair oxide bottom DBR and the
interface GaAs—air as outcoupling reflector display external quantum efficiencies of
12.5% for 200 pm diameter devices, despite the fact that the DBR is only partially
oxidized and the cavity detuning is not optimal [36].

Recently a new device design was presented which corresponds to a combination
of a MCLED with a thin-film structure. By adding an omnidirectional reflector
(ODR) to a 14 AlGalnP cavity with 5 GalnP QWs external quantum efficiencies of
23% and 18% could be achieved with and without encapsulation, respectively, de-
spite a non-ideal detuning [37]. The cavity is delimited by a 6 pair AlGaAs/AlAs
outcoupling DBR and the ODR. ODRs generally consist of a DBR pair and a die-
lectric-coated metal mirror and show a high angle-averaged reflectivity [38].

12.2.2.3 850-880 nm

The target applications of 850-880 nm devices are Ethernet data links, remote
controls and infrared communication as regulated by the Infrared Data Association
(IrDA). This is mainly due to the availability of low-cost Si-based detectors in this
wavelength range. The obvious material system for this emission region is GaAs—
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AlGaAs. An external quantum efficiency of 14.6% was achieved with an 850 nm top
emitting device [39)]. It consists of a A-cavity surrounded by two DBR’s, with the
bottom mirror being a 20 pair Al,;5Gay¢sAs/AlAs DBR and the top one a 1.5 pair
Alj 15GaggsAs/AlAs DBR. The current is confined with an oxide aperture of 180 pm
in diameter. With another structure emitting at 880 nm and an emission window of
80 pm an efficiency 77 of 16% was demonstrated after encapsulation. The
A-cavity was sandwiched between a 20 pair bottom DBR and a 5-7 pair top DBR,
both consisting of Al;,Ga,gAs/AljGa,;As [40].

12.2.2.4 970-1000 nm

Even though no large scale application exists so far for 980 nm near infrared devices
the availability of high quality InGaAs/GaAs strained QWs makes these devices
ideal for the proof of principle of new concepts. The InGaAs active material is used
in conjunction with the GaAs—AlGaAs material system. Compared to higher band-
gap emitters, this combination has the advantage that the GaAs substrate is trans-
parent in this emission wavelength range. Hence highly efficient bottom emitting
devices have been realized. With an asymmetric GaAs/AlAs DBR/A-cavity/Au mir-
ror structure efficiencies 7., of 17% and 23% were shown for 85 pm and 1.5 mm
diameter devices, respectively [41]. The active region consists of three strained In-
GaAs QWs and the increase in efficiency with device size is attributed to an increa-
sed photon recycling. Similar bottom emitting structures comprising a phase-shift
cavity with a single InGaAs QW and a 3.5 pair outcoupling DBR show maximum
external quantum efficiencies of 18% into air for device diameters ranging from
150 to 400 pm [25].

Top emitting monolithic devices containing three InGaAs QWs and GaAs/AlAs
DBRs with 15.5 pairs at the bottom and three pairs at the top led to a maximum
external quantum efficiency of 10% [42, 43]. By incorporating a phase-shift cavity
with a single InGaAs QW, delimited by a 15.5 pair bottom DBR and the interface
GaAs—air at the top, this value could be increased to 19% [44].

With the use of a 6.5 pair high index contrast GaAs/AlO, bottom DBR and a
single period SiO,/ZnSe dielectric top DBR, a differential quantum efficiency 72"
of 27% could be demonstrated for top emitting devices [45], corresponding to an
absolute external quantum efficiency of approximately 23%. The device contains a
A-cavity, a tunnel contact junction and an aperture of 6 pm in diameter only. Top
emitting MCLEDs with a phase-shift cavity, a single InGaAs QW, a 3.5 pair oxide
DBR at the bottom and the interface GaAs—air at the top show maximum external
quantum efficiencies of 28% for emission into air [46]. This value corresponds to
the highest ever reported efficiency for a microcavity LED.

12.2.2.5 1300-1550 nm

Silica optical fibers show attenuation minima around 1300 and 1550 nm and there-
fore these two wavelengths are the pre-eminent communication windows for tele-
com (see for example [4]). The principal material system is InGaAsP-InP. In additi-
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on to the broader intrinsic emission spectrum of long-wavelength devices, the low
refractive index contrasts limit the maximum efficiency of long-wavelength
MCLEDs, similar to the case of VCSELs.

Bottom emitting 1300 nm large diameter devices (2 mm) with a peak efficiency
N of 9% are reported using an asymmetric DBR/A-cavity/Au mirror structure
with three strained InGag;,As)scP QWs [47]. The DBR consists of 5.5 pairs of
InGay ;A5 50P/ InP.

An InP-based MCLED of 85 pm in diameter emitting at 1550 nm with a 6.8%
external quantum efficiency is presented in [48]. The device is bottom emitting and
consists of a DBR/cavity/Au mirror structure as well. The active region is made up
of three Ingg,Gag16A8074P026 QWs and the outcoupling DBR of 12 pairs of
InGa 33As)5,P/InP.

12.2.2.6 Mid-IR

Mid infrared emitters are mainly used for gas detection. Several types of MCLEDs
based on mercury cadmium telluride (HgCdTe) have been realized with emission
wavelengths at 3.3, 3.7, 4.2 and 4.7 pm, adapted for the detection of different gases
[49-52]. The structures are grown on cadmium zinc telluride (CaZnTe) substrates
and the dielectric DBRs are made of zinc sulfide (ZnS) and yttrium fluoride (YF;).

123
Novel Concepts

The majority of MCLEDs use standard technology inherited from VCSEL technol-
ogy. However, it is clear from Table 1 that the highest efficiencies have been achie-
ved with two additional extraction techniques, the phase shift cavity and oxide
DBRs; or with a combination with a thin-film structure.

12.3.1
Phase-Shift Cavity

Generally MCLEDs comprise a A cavity, consisting of a high refractive index (low
bandgap) material, which shows three antinodes of the optical field within the
cavity (cf. Fig. 12.3). For optical purposes a 4/2 low index cavity with a single anti-
node would be preferable, due to the reduced cavity order and the absence of guided
modes. However this design is not practical for technical reasons. An efficient electri-
cal in-jection demands a low bandgap active layer (high refractive index). In addi-
tion, in the InGaAs—AlGaAs material system defects associated with the low index
AlAs layers would lower the internal quantum efficiency.

A standard resonant cavity is formed between two reflectors by introducing a
phase shift equal to a multiple of =, translating to an optical cavity length equal to
an integral times A/2. From distributed feedback (DFB) laser theory it is known
that this is not the only way to induce Fabry-Perot modes [53]. An alternative appro-
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Fig. 12.3 Schematic refractive index profile and optical field of the
Fabry—Perot mode for the three different cavity structures; a 4 high
index cavity (left), a /2 low index cavity (middle) and a phase-shift
cavity (right). The cavities are surrounded by 1/4 layers representing
two DBRs. The dotted vertical line denotes the source position.

ach to achieve the same effect is to place two 4/8 low index phase-shift layers around
a A/4 high refractive index layer containing the active region, thereby forming a
virtual 4/2 cavity [44]. This structure is called phase-shift (PS) cavity and ap-
proaches the optical properties of a 1/2 low index cavity while keeping the preferen-
tial practical aspects of a A high index cavity. A phase-shift cavity shows a decreased
effective cavity length and a reduced coupling to guided modes, allowing signifi-
cantly higher extraction efficiencies.

These types of phase layers are commonly used in DFB lasers to create a single
mode in the center of the DFB stopband [54]. However, for DFB lasers the phase
shift layers are placed far apart in order to distribute the optical field throughout the
laser structure and reduce the spatial hole burning [53, 55], while in these microcavi-
ties the phase shift layers are acting to concentrate the optical field.

In Fig. 12.3 the optical field of the Fabry—Perot mode as a function of position is
compared for the three different cavity designs, a standard A high index cavity, a
/2 low index cavity and a phase-shift cavity. The optical properties of these differ-
ent cavity designs are simulated for the case of the AlGaAs system by assuming
g, =3.5 for GaAs and ny,, =2.9 for AlAs and the cavities being surrounded by
two DBRs consisting of A/4 layers. The field has a maximum at the center of the
cavity in each case and the penetration of the optical field into the DBRs is apparent.
The penetration is minimum for the 4/2 low index cavity and the phase-shift cavity
shows a significant improvement compared to the standard 4 high index cavity.

Furthermore metal-bound phase-shift cavity devices show reduced metal absorption
losses compared to standard structures, even though the source is closer to the
metal mirror. This originates again from the stronger overlap of the field with the
source.

Near infrared bottom and top emitting MCLEDs including a phase-shift cavity
have been realised which has led to a considerable increase in external quantum
efficiency (see Table 12.1) [25, 44, 46]. The phase-shift cavity principle cannot be
applied to red emitting devices, as in case of the GaInP—AlGalInP material system
the confinement potentials are lower [32] and therefore the barriers cannot be kept
as thin.
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12.3.2
Oxide DBR

The properties of a DBR mainly depend on the refractive index difference between its
two constituents, An. Unfortunately the range of refractive indices accessible with
epitaxially grown materials is very limited. With dielectric DBRs high index contrasts
are possible, however only by paying the high price of a more complicated device
design and fabrication. In 1990 a method was found which allows to significantly
decrease the refractive index of the low index material. Dallesasse et al. discovered
that high Al-content AlGaAs layers can be selectively oxidized at elevated tempera-
tures, producing a mechanically stable oxide [56, 57] which shows good insulating
properties and a low refractive index of approximately 1.6 [58-61].
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Fig. 12.4 Simulated spectral stopband (a) and angular stopband (b)
around 980 nm of a 15.5 pair GaAs/AlAs DBR with Ag,,, = 980 nm;
TE polarization (solid line) and TM polarization (dashed line).
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Fig. 12.5 Simulated spectral stopband (a) and angular stopband (b)
around 980 nm of a 3.5 pair GaAs/AIO, DBR with Ag,e, = 980 nm;
TE polarization (solid line) and TM polarization (dashed line). Inten-
sity jump at the absorption band edge of GaAs at 870 nm. The reflec-
tivity drop between 30° and 50° for TE polarization is related to losses
caused by an evanescent coupling with the substrate.

With this technique high index contrast GaAs/AlO, DBRs can be formed which
show several advantages over conventional semiconductor DBRs. Contrary to die-
lectric DBRs, devices with so-called oxide DBRs can be fabricated in a single epita-
xial growth step. A drastically reduced number of DBR pairs is necessary to achieve
a certain reflectivity [60, 62]. Thanks to the high refractive index difference oxide
DBRs show a significantly larger spectral and angular stopband, as is obvious from
Figs. 12.4 and 12.5. Light emitted at oblique angles larger than the angular stopband
edge escapes towards the substrate. These optical modes are called leaky modes.
With the increase of the angular stopband width the leaky mode fraction can thus
be reduced, in favor of the guided mode fraction. Guided modes occur when the
cavity acts as a lateral waveguide. The light is then either extracted laterally or reab-
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sorbed in the active region. Part of the reabsorbed light is extracted by re-emission
into the escape window. This contribution is denoted photon recycling and can lead
to a significant increase in external quantum efficiency [63].

Figures 12.4 and 12.5 illustrate the difference in spectral and angular stopband
width between a 15.5 pair GaAs/AlAs DBR and a 3.5 pair GaAs/AlO, DBR, both
centered at 980 nm. The intensity jump at 870 nm for the simulated curves is
related to the absorption band edge of GaAs. Evanescent coupling with the substrate
may cause an extension of the low reflectivity region to angles larger than 4, the
angle for total internal reflection at the first DBR interface.

More importantly, the high refractive index contrast leads to a drastically reduced
penetration depth, allowing smaller effective cavity lengths and therefore higher
extraction efficiencies [13, 14]. More detailed calculations show that the angular
penetration depth is minimal for n,,, ~ /1,y [18].

In Table12.1 it can be seen that near infrared emitting MCLEDs with a
GaAs/AlO, DBR [45, 46] and red emitting MCLEDs with a AlGaAs/AlO, DBR [36]
show significantly higher external quantum efficiencies compared to the corre-
sponding semiconductor DBR devices. Yet the implementation of an oxide DBR
has implications on device design and fabrication. Since oxide DBRs are insulating,
they need to be used in combination with a lateral intracavity contact, whereby care
must be taken to ensure that the conductivity of the current injection layer is not
reduced by the oxidation process. In addition the vertical contraction of the layers
during oxidation has to be taken into account [64—66].

This concept of selective lateral oxidation has been successfully applied to other
material systems as well, in view of high index contrast DBRs for other wavelength
ranges. The selective oxidation of high Al content AlGalnP versus GalnP could be
of use for the realisation of visible DBRs [67]. In addition, recently the selective
anodic oxidation of AlInN over GaN has been demonstrated [68]. Possible candidates
for the realisation of high refractive index contrast DBRs in the 1550 nm telecom
wavelength range are the oxides of AlAsSb [69-72], InAlAs [73-77] and AlInAsP
[78], all lattice-matched to InP. However, to our knowledge, no MCLEDs with oxide
DBRs of this type have been realised so far.

12.4
Conclusions

The thorough study of the physics in optical microcavities in the 1990s led to the
realisation of microcavity LEDs. Over the past decade this design has been applied
to various material systems and emission wavelength ranges. The performance of
these emitters has been continuously improved, leading to maximum external
quantum efficiencies up to 30%, more than an order of magnitude higher than for
standard planar LEDs. The highest efficiencies have been achieved with the imple-
mentation of two novel concepts, phase-shift cavities and oxide DBRs. MCLEDs with
a directional emission are ideal candidates for highly focussed emitters with high
coupling efficiencies, in particular for low cost, short-haul optical communication
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systems. Furthermore higher modulation bandwidths can be achieved with
MCLEDs. First commercial devices are available now in the red and near infrared
from several manufacturers.

In order to surpass the current efficiency limits for MCLEDs a further evolution of
the epitaxial growth techniques is necessary. With a better control of the doping
profiles and the availability of high index contrast, epitaxially grown DBRs the effec-
tive cavity length could be further reduced. Hybrid forms such as combinations of
MCLEDs with thin-film structures currently seem to have the highest potential for
improvement, especially in the visible wavelength range.
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Chapter 13
Progresses in IlI-Nitride Distributed Bragg Reflectors
and Microcavities Using AlinN/GaN Materials

Jean-Frangois Carlin, Christoph Zellweger, Julien Dorsaz, Sylvain Nicolay,
Gabriel Christmann, Eric Feltin, Raphael Butté, and Nicolas Grandjean

13.1
Introduction

The importance of Ill-nitride (III-N) materials for optoelectronic, as well as high
temperature and high power electronic devices, is nowadays obvious. Their band-
gaps are direct, and they cover a very large energy scale: 6.2 eV for AIN, 3.4 eV for
GaN and 0.7 eV for InN at room temperature. Together with their excellent mecha-
nical strength and chemical inertness, it makes them essential materials for mo-
dern semiconductor devices.

While working at Bell Labs in the seventies, Marc Ilegems made pioneering
investigation on GaN optical properties [1, 2]. However, the quality of the material
achieved was very poor at this time, and p-type doping was still not available. The
real break-through of III-N materials occurred in the nineties, once GaN buffer
layer quality was improved by the use of a two-step growth procedure [3] and p-type
doping of GaN was under control [4]. III-N blue light emitting diodes (LEDs)
[5] and laser diodes (LDs) [6] based on (In)GaN/(Al)GaN heterostructures could
then reach industrial maturity, boosting research efforts worldwide on III-N mate-
rials.

Marc Ilegems initiated strong research efforts on Ill-nitrides in our institute,
once acquiring and directing a GaN hydride vapour phase epitaxy (HVPE) system in
1998 (an AIXTRON prototype), and a III-N metal-organic vapour phase epitaxy
(MOVPE) system in 2002 (a R&D commercial AIXTRON 200/4 RF-S system).

In this article, we present studies on samples grown in the MOVPE reactor,
aimed towards the realisation of microcavity (MC) structures. The fabrication of
microcavities heavily relies on the availability of distributed Bragg reflectors (DBRs).
As discussed below, epitaxial nitride DBRs used by most research groups are made
of Al(Ga)N/GaN quaterwave layers, and greatly suffer from intrinsic lattice-
mismatch issues. That is why we chose to explore an original route, which consists
in using AlInN alloy lattice-matched to GaN as low-index material in AlInN/GaN
DBRs. Section 13.2 discusses the growth and characterization of this alloy in
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details. Section 13.3 demonstrates a microcavity light emitting diode using a mod-
erate-reflectivity AlInN/GaN DBR. Section 13.4 presents high-reflectivity DBRs and
our latest results on high-finesse microcavities are in Section 13.5.

13.2
AlInN Alloy: Growth and Characterization

13.2.1
AlInN: Motivation and Difficulty

Strain management is of prime importance when dealing with epitaxial growth of
heterostructures. When an alloy is grown on another one of slightly different lattice
constant, a pseudomorphic layer can be formed only provided its thickness remains
below the so-called critical thickness, h,. In that case, the misfit between the two
crystals is accommodated by a biaxial strain, so that the in-plane lattice constant
remains unchanged; no structural degradation is observed. If the thickness exceeds
h., the elastic energy accumulated in the layer becomes so large that the crystal
relaxes to its unstrained form. It occurs through the generation of dislocations
and/or cracks, resulting in a catastrophic structural degradation.

In “classical” III-V systems, IIl-arsenides and IIl-phosphides, the Ga-V and
Al-V bonds have nearly the same length, for example lattice mismatch between
GaAs and AlAs is only 0.16%. The critical thickness is so large that strain issues can
be completely forgotten in most of practical cases; GaAs/AlAs or GaP/AIP are
“naturally-lattice-matched” material systems, indeed a gift of nature.

But this is absolutely not true for IIl-nitrides, as illustrated on the bandgap en-
ergy versus lattice constant diagram on Fig. 13.1a). Note that InGaN and AlInN
curves are here only indicative, as their bowing parameters are still subject to dis-
cussion. Nevertheless, the mismatch between AIN and GaN is 2.5%, with experi-
mental h, that does not exceed a few nanometer [7]. The lattice-matched materials
are those along vertical line on the figure, with AlInN for higher bandgap material
and AlGaN or InGaN for lower bandgap material. AlInN with indium content
around 18% is the one lattice-matched to GaN. So the most evident alloys free
of strain issues among III-N materials have the chemical composition
Alyg, . Ingq5..Ga; - N with 0 <x < 1, i.e. the dotted line on Fig. 13.1a).

In spite of this, AlInN is by far the least known of III-N ternary alloys, with very
few reports available in scientific literature. This is illustrated on Fig. 13.1b) that
sketches the amount of publications per year related to AlGaN, InGaN and AlInN.
The III-N boom in 1995 is evident on InGaN and AlGaN curves: InGaN (=300
publications/year) is the material for optically active quantum wells in blue LEDs
and LDs; AlGaN (=400 publications/year) is used as electron blocking layer in
LEDs, wave-guiding and cladding layers in LDs and has also applications in microe-
lectronics for high electron mobility transistors (HEMTs). By contrast there were
only 8 publications per year related to AlInN during the last decade. The main
reason is that the poor quality of the material has prevented its use in devices. In
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deed, the growth of AlInN is the most difficult. The alloy is not stable thermodyna-
mically due to the large mismatch between the covalent bonds, so that phase sepa-
ration and composition inhomogeneity are expected [8]. Indium is also hardly in-
corporated to the AIN matrix due to the large difference of growth temperature
between InN (=600 °C) and AIN (=1100 °C).

13.2.2
Growth of AlinN and AlinN/GaN DBRs

The AlInN layers and AlInN/GaN DBRs presented in this text were grown in the
MOVPE reactor mentioned above, on 2-inch c-plane sapphire substrates. A low-
temperature GaN nucleation layer, followed by a few pm-thick GaN buffer layer,
always initiated the growth. AlInN was then deposited between 800 °C and 850 °C
and at 50 to 75 mbar pressure using N, carrier gas. Lower growth temperatures led
to a degradation of AlInN crystalline quality, while the indium content decreased
and could not be maintained near GaN lattice-matching at higher temperatures.
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Fig. 13.2 Photographs under diffuse light showing “bare eye” differ-
ences in brownish colour of Al g4Ing 16N layers. Samples (a—c) con-
sist of 0.5 pm thick AllnN on GaN buffer, with increasing carrier gas
flow from run (a) to run (c) respectively. (d) is a 20 pair AllnN/GaN
DBR sample containing altogether 1 pm AlInN, with growth condi-
tions identical to (c). (e) is a piece of GaN buffer layer alone, shown
here for comparison.

During the DBR runs, the growth was interrupted at each interface and GaN was
deposited at 1050 °C using H, and N, carrier gases.

We found that the carrier gas flow dynamic has a great influence on the AlInN
quality: this is illustrated on Fig. 13.2 where samples a) to c) are AlInN layers with
about the same thickness (=0.5 pm) and indium content (=16%). Layer a) was
grown under low flow of carrier gas and has a strong brownish aspect, indicating
light absorption at visible wavelengths. The layers become more transparent when
increasing the carrier gas flow (samples b) and c) respectively).

Sample d) is a 20 pair Aljg,In,;,N/GaN DBR containing altogether 1 pm AlInN.
Despite the fact that AlInN was grown with the same parameters as for sample c),
and that the overall thickness is twice more important, the DBR is more transparent
than sample c). Indeed, this “bare eye” evaluation cannot distinguish between the
DBR and the GaN-on-sapphire reference e), while a slight brownish aspect is still
present for sample c). This is an indication that some contamination of the reactor
occurs during AlInN deposition. During DBR runs GaN is grown at higher tempe-
rature after each deposition of ~50 nm-thick AlInN quarter-wavelength layers. It
probably cleans and/or buries the contaminants at each DBR period, before they
can impact on AlInN growth. The presence of contaminants would also explain the
observed effect of carrier gas flow on layer quality, as their deposition would be
reduced at higher flows. The contaminants are quite probably In or Al species, but
their precise nature is not known yet.

13.2.3
Structural Characteristics: X-Ray Evaluations and TEM Images

The high crystalline quality of AlInN achieved is assessed by high resolution X-ray
diffraction (HRXRD) (0002) scans. This is shown on Fig. 13.3a), for a 0.5 pm-thick
Aljg,Ing 16N layer, and for a 20 pair Alyg,Iny,(N/GaN DBR sample. The HRXRD
scans were performed without slit in front of the detector. In this case the diffracted
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intensity is integrated over a 5° detector angle and the full width at half maximum
(FWHM) of the peaks are influenced by both composition fluctuations and c-axis
tilt. Both samples exhibit identical crystalline quality, with 360 arcsec FWHM for
the AlInN peaks, nearly as narrow as the 340 arcsec FWHM GaN peaks. This is a
major improvement compared to the ~1000 arcsec FWHM linewidth reported in
the literature for epitaxial AlInN [9, 10].

We discussed previously that the bare-eye aspect of a 0.5 pm-thick AlInN layer is
not as good as that of a DBR sample, indicating a degradation of AlInN optical quality
with increasing layer thickness. This degradation is not observed on Fig. 13.3a), but is
clearly evidenced on the HRXRD rocking curves shown on Fig. 13.3b). For this expe-
riment a 1.25 pm-thick Alyg,Ing N layer was grown with optimised growth param-
eters, the growth rate being 0.2 pm/h. The sample was then cleaved and etched to
different depths by reactive ion etching (RIE). The remaining thickness of AlInN was
1250 nm (unetched part), 950 nm, 450 nm and 250 nm, respectively. No variation of
the indium content was evidenced by HRXRD omega—two theta scans on these sam-
ples, showing a good control of indium content during growth. Figure 13.3b) shows
the HRXRD omega scans: these scans are those evidencing the crystalline integrity
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Fig. 13.4 TEM images of a 20 pair AllnN/GaN DBR grown ona 1 pm
thick GaN buffer layer. (a) Higher magnification showing sharp and flat
interfaces, (b) lower magnification showing the dislocation network
originating from the GaN buffer and propagating through the DBR.

and characterize the defects and dislocations affecting c-axis tilt. The diffraction line
FWHM is 375 arcsec for the 250 nm-thick sample, but increases up to 580 arcsec for
the unetched sample. This comes with the apparition and the development of a very
broad signal (1000 arcsec FWHM), superimposed to the original thinner line.

It is thus confirmed that the AlInN quality worsens when the layer thickness
exceeds several hundred nanometers. Hopefully, the quarterwave layers contained
in the DBRs are about 50 nm-thick, which is below the onset of degradation. The
overall good structural quality of a DBR sample is also visible on transmission
electron microscopy (TEM) images. Figure 13.4a), at higher magnification, reveals
flat and sharp interfaces. Figure 13.4b) shows the network of dislocations typical of
an MOVPE GaN buffer layer on sapphire substrate. The dislocation density esti-
mated here is 3 x 10° cm™. The dislocation network propagates in the AllnN/GaN
DBR layers without any noticeable increase in density over its 20 periods.

13.2.4
Optical Index Contrast to GaN

The most important parameter of a material system for DBR application is the
relative difference in the refractive indices: the larger, the better. So we first evalu-
ated the optical index contrast between AlInNand GaN, An/n = (Hymy — Bean)/Peans
by recording the reflectivity of the layers in situ during the growth of a few periods
of a DBR whose center wavelength matched that of the measurement wavelength
[11]. Our experimental set-up consists of a LUXTRON TR-100 using a 950 nm
wavelength source under normal incidence, which allows for an absolute reflectivity
measurement during the growth runs. Figure 13.5a) shows the evolution of reflec-
tivity during a typical run. The growth of the GaN buffer layer is stopped when its
maximum reflectivity is reached around 26%, then AlInN is grown during the
negative slope of the reflectivity signal, followed by GaN during the positive slope.
Let us note R; for the reflectivity value after deposition of the i DBR period. R
increases with the number of periods starting from the very first period. This alrea
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Fig. 13.5 Measurement of the optical index contrast between AllnN
and GaN. (a) /n7 situ acquisition of reflectivity during the growth of a
dedicated DBR matched to the wavelength of measurement, 950 nm.
(b) Ex situ analysis of the reflectivity spectrum of a moderate-reflecti-
vity DBR (20 pairs) centred at green wavelengths: full line is the
experimental spectrum, dotted line the fitted curve.

dy indicates that AlInN has a lower optical index than GaN, otherwise reflections at
the AlInN/GaN and GaN/AlInN interfaces would be in antiphase with the GaN/air
and sapphire/GaN reflections, leading to a decrease of R; during the first periods.
As reflections at all interfaces are in phase, the well-known formulas for DBRs
reflectivity [12] can be used and we can calculate the optical index contrast from the
period to period increase in reflectivity using:

anf gy _ o [(LedR) (1R
7(1)_ 1- (1—\/R7i)(1+ Ri+1) : 1)

Of course, this result is only valid if no parasitic effects, such as absorption, appear-
ance of cracks or development of surface roughness, decrease the reflectivity. We
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can ensure that the index contrast given by Eq. (1) is correct by plotting |An|/n as a
function of the number of periods as shown in the inset of Fig. 13.5a). Any parasitic
effect will manifest itself by a decrease of |An|/n(i). In the case of the run shown in
Fig. 13.5a), a marked decrease occurs at the 7th period, and indeed further exami-
nation of the sample revealed the presence of cracks. This sample was still quite
near lattice-matched, with an estimated compressive strain about 0.4%. On more
mismatched AlInN layers, cracks appeared earlier, and in some cases only the first
period could be taken into account for the index contrast evaluation.

These in situ measurements are very useful as they are fast and they can be used
with mismatched alloys, allowing the evaluation of An/n on a large range of compo-
sitions for AlInN. But the values obtained are at a wavelength of 950 nm and at the
growth temperature, around 800 °C. Our applications are rather for blue-green
wavelengths and room temperature operation, so we also evaluated An/n at these
wavelengths from ex situ measurements. We grew for this purpose AlInN/GaN
DBRs with a moderate reflectivity. Indeed, the maximum reflectivity of a DBR
having a large number of pairs is mainly fixed by the optical losses, and An/n is
difficult to extract from the reflectivity spectra. On the other hand, if the number of
pairs is too low the reflectivity is rather influenced by the GaN/sapphire and
GaN/air interfaces, which already contribute for a #30% reflectivity value, and An/n
is also difficult to evaluate. A good compromise is to use DBR stacks having 70% to
90% reflectivity at central wavelength, which corresponds in our case to 10 to 20
pairs. An/n is then obtained by the best fit of the reflectivity spectra using a stan-
dard transfer matrix method, as illustrated on Fig. 13.5b) for a crack-free 20-pair
Al gIny ,N/GaN DBR. The reflectivity measurements were performed with a Cary
500 reflectometer in double-reflection mode. This DBR already shows pretty good
characteristics, the reflectivity reaching over 90% with a 35 nm FWHM stopband.

Figure 13.6a) summarizes the index contrast measured on different samples, and
presents the dependence of An/n as a function of the indium content as estimated
from HRXRD (0002) measurements. Open symbols correspond to the in situ mea-
surements while other data points correspond to the ex situ analysis of DBRs tuned
at 455 nm and 515 nm. We note that An/n values deduced from in situ and ex situ
analyses agree very well. This is not obviously expected because the in situ meas-
urements are done at 950 nm and such long wavelength should exhibit lower
|An|/n due to the dispersion relationships of the refractive indices. In fact it appears
that the decrease of |An|/n due to the longer wavelength is compensated by an
equivalent increase due to the higher temperature during the measurement.
Consequently, the in situ evaluations of An/# correspond in practice to room-
temperature measurements at a wavelength of ~480 nm.

The experimental dependence of An/n with AlInN indium content is well fitted
by a linear relationship within the 6% to 21% indium explored range, according to:

% (Al,_In ,N/GaN) =-0.127 + 0.35x . 2)

This relationship should be taken for An/n at room temperature and at a wave-
length of 480 nm, for the reasons explained above. Extrapolation of Eq. (2) to zero
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indium content gives a —12.7% index contrast for AIN/GaN, in reasonable agree-
ment with literature values [13].

The advantage of using near lattice matched AlInN rather than AlGaN as the low-
index material is evident from Fig. 13.6b), where the AlInN/GaN index contrast is
plotted as a function of lattice mismatch to GaN and compared with that of the
AlGaN/GaN material system [13]. A lattice mismatch that lies within +0.5% is suffi-
cient to avoid relaxation in blue DBR applications. In this case the maximum index
contrast achievable with AIGaN/GaN is about 3%, while up to 8% is obtained with
AlInN/GaN. The gain is even more dramatic when considering laser diodes appli-
cation where the lattice mismatch is rather limited to +0.25%.

13.2.5
Bandgap and Dispersion of Refractive Index

We estimated the bandgap of AlInN layers from reflectance spectra of sapphi-
re/GaN/AlInN samples. Transmission measurements are a better choice for the
determination of bandgaps, but the GaN buffer layer, which is necessary to obtain
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Fig. 13.7 Reflectance spectrum of a sapphire/GaN/ AllnN sample.
The bandgaps are estimated by the high-energy edges of the inter-
ference fringes, the dispersion of refractive indices by the spacing
between the maxima and minima of the fringes. Note the gradual
damping of the amplitude of the AlInN fringes, indicative of a large
absorption below AlInN gap in this sample.

good quality AlInN, prevents transmission experiments above 3.4 eV. Figure 13.7
shows the reflectivity spectrum of a 440 nm-thick Alyg;In, ;N layer. The experi-
mental band-gap is deduced from the high-energy edge of the interference fringes
related to the AlInN layer [10].

Figure 13.8a) presents the experimental dependence of bandgap versus indium
content, observed on a set of AlInN samples with composition near lattice-matched
to GaN. It is fitted by the linear relationship:

E,(Al_In N)=62-11x. 3)

The corresponding bandgap bowing parameter is -6 eV, which is larger than
~-3 eV expected from first-principle calculations [14]. The bandgap of AlInN when
lattice-matched to GaN is found to be =4.3 eV. This is consistent with the highest
experimental values reported in literature, which are spread from 2.8 eV to 4.4 eV
[9, 10, 15-17).

The reflectivity spectrum of Fig. 13.7 also allows for the evaluation of the disper-
sion of AlInN refractive index, because the maxima and minima of the thickness
fringes occur when the AlInN optical thickness is a multiple of the quarter-
wavelength:

n=mi,/4d (maximaand minima are even and odd m respectively) . 4

On Fig. 13.7, the AlInN-related maxima and minima are very clear above GaN
bandgap. Below the GaN bandgap, GaN-related fringes are superimposed to the
AlInN-related one and the AlInN fringes rather appear as a modulation, but their
extrema can still be evaluated.



13.2 AllnN Alloy: Growth and Characterization

~

o 4
u o o

—
Il

(3]

a0

Reflectivity edge =~ Eg (eV)

45 | O™R 3
al lattice matching to GaN = 1
3 O
35| \
0 5 10 15 20 25
a) AlInN In content (%)
2.80
2.60
c
X
[ GaN /__AlInN 17% In |
T 240 [-(Brugner) (Eg=4.33eV)/ |  Fig.13.8 Analysis of the reflectance
= spectra. (a) Dependence of the bandgap
_8 5355 I of AlinN with indium content, meas-
a 1GaN 46%Al ured on a set of sapphire/GaN/AlInN
O E?B:lfﬁ?\tsv samples. (b) Refractive index dispersion
2.00 - 1 onal17% indium content AlinN layer
AIN (dark dots). The lines are the refractive
(Brunner) A
1.80 L ) indices reported for AlGaN alloys.
1.00 2.00 3.00 4.00 5.00 6.00
b) Photon energy (eV)

The determination of the refractive index given by (4) also requires a precise
measurement of the AlInN thickness d. We already know from the previous study
that the refractive index contrast to GaN for this particular Alg;In, ;N layer is
—-6.8% at 480 nm, i.e. n(Al;gIn,;;N) =2.25 given n(GaN)=2.41. So we used (4)
around 480 nm wavelengths with n = 2.25 to calculate d, and introduced this value
for d in (4) to calculate the refractive index of the Aljg;In, ;N layer at other wave-
lengths. The advantage of this determination of d is its consistence with the previ-
ous estimations of An/n without adding an error linked to another thickness mea-
surement method. We are indeed more interested by precise values for An/n than
by absolute values of the refractive index.

The results are reported on Fig. 13.8b), where the refractive index of the
Al ¢3In, ;N layer is plotted versus photon energy. The full lines shown for compa-
rison are the refractive indices of GaN, AIN and Al ,,Ga, 54N [13]. We find that the
refractive index of Al ¢;In, ;,N follows closely that of Al ,,Ga,s,N, which is inciden-
tally the AlGaN alloy having the same bandgap than the one we have determined
previously for Al ¢;In, ;,N.

Another point worth noticing on Fig. 13.7, is that the thickness fringes exhibit a
very progressive damping before they disappear at Al g;In,,,N bandgap. This is an
indication of a very large absorption tail; huge Urbach tails are indeed widely repor-
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ted in AlInN literature [9, 10, 15—17]. For example, we roughly estimated from the
damping that the residual absorption in this Aljg;In, ;N layer is still a few thou-
sand cm™ at blue wavelengths. Such high residual absorption would limit DBR
reflectivity below ~90%. It is shown further that this is not the case, with DBR re-
flectivities above 99% and residual absorptions below 100 cm™. The reason for high
residual absorption in this Aljg;In, 17N layer is that its thickness is above the “onset
of degradation” discussed previously.

13.2.6
Photoluminescence and Stokes Shift

Photoluminescence (PL) measurements were performed on a set of sapphire/GaN/
AlInN samples grown with different parameters. The experiments were done under
continuous wave excitation at 244 nm, from a frequency doubled Ar* laser.

Figure 13.9a) shows one of the best PL spectra studied. This sample has a
100 nm-thick Alg¢,In, (N layer, thinner than the onset of degradation. It exhibits a
clear PL line centred at 340 nm (3.65 eV) with a 33 nm (350 meV) width. A broad
yellow band is also observed due to the GaN buffer layer.
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13.3 Microcavity Light Emitting Diode

On samples grown without optimum parameters, or on thicker samples grown
beyond the onset of degradation, we observe the appearance of another intense
broad signal (not shown here) with maximum of emission around 2.5 eV to 3 eV
and a linewidth of 500 meV to 1 eV. This signal seems to be the PL signature of
these defects that develop with increasing AlInN thickness, and are responsible for
brownish aspect, increased residual absorption and the appearance of the large
~1000 arcsec diffraction line on HRXRD omega scans. On the thicker samples (or
on poorer quality ones) only this broad red-shifted line is present, the PL spectra are
then very similar to those usually reported in the literature.

The Stokes shift, the energy difference between the absorption edge and PL
emission line, is estimated on Fig. 13.9b). The open dots are the measurements
already presented of the reflectivity edge, for evaluation of the absorption edge. The
dark dots are the high-energy foot of the AlInN PL line. The reason for this choice is
that the AlInN emission line is mixed to the defect-related line on some samples,
and the maximum of AlInN line is not always observable. So the Stokes shift is
roughly the energy difference between open dots and dark dots. It is 500 meV for
the best samples, and can reach 1 eV.

Thus, PL properties of our best AlInN samples near lattice-matched to GaN are a
350 meV PL linewidth with a 500 meV Stokes shift. For comparison, typical values
are around 50 meV for both PL width and Stokes shift in AlGaN or InGaN alloys
[18, 19]. AlInN values still reveal a large alloy disorder, but the PL peaks and absorp-
tion edges remain above GaN bandgap, which is the crucial point to achieve optical
confinement without losses in the lattice-matched AlInN/GaN system.

13.3
Microcavity Light Emitting Diode

To check whether the inclusion of an AlInN/GaN DBR in a light emitting device
would affect the crystalline quality and the internal efficiency of active InGaN quan-
tum wells, we demonstrate now the fabrication of a microcavity light emitting diode
(MCLED) having a lattice-matched bottom AlInN/GaN DBR [20].

Microcavity light emitting diodes offer interesting possibilities. Indeed, in such
devices, the active quantum wells are placed in a Fabry—Perot cavity and light is
redirected towards the extraction cone by optical interferences. This leads to a hig-
her output power and better directionality of the light beam. MCLEDs optimized for
efficient light extraction should have a low quality factor, to avoid multiple reflecti-
ons in the cavity and internal loss induced by absorption. This is especially impor-
tant in this case as the residual absorption increases for doped nitride layers
as reported by Ambacher et al. [21]. Our substrate-emitting design is shown on
Fig. 13.10a). The top mirror is an Ag/Au metallic mirror with a reflectivity of 97%
used also as p-contact and the output mirror is a 12-pair Si-doped Al g,In, 4N/GaN
distributed Bragg reflector with an internal reflectivity of 52%. The cavity consists of
a Si-doped GaN layer followed by the active region, a Mg-doped AlGaN electron
blocking layer and a Mg-doped GaN cap layer. The Si-doped GaN layer was deposi-
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Fig. 13.10 (a) Sketch of the microcavity LED. For clarity, the electron-
blocking layer is not shown. (b) (0002) HRXRD rocking curves of the
MCLED sample and a reference LED.

ted on top of the DBR at 1050 °C using H, carrier gas. It is 40 nm thick with an
electron concentration n = 3 x 10'® cm™. The active region was deposited at 740 °C
and consists of five 2.9 nm thick In;¢Ga,yg,N multi quantum wells (MQWs) emitting
at 454 nm, separated by 12 nm thick Si-doped GaN barriers. Above the quantum
wells, a 15 nm thick p-doped Alj;oGa, ;N barrier was introduced to avoid electron
leakage in the cap layer by establishing an electron blocking layer. The Mg-doped
GaN cap layer is 100 nm thick and was deposited at 980 °C at 200 mbar pressure.
Hole concentration in the Mg-doped regions is close to p=5 x 10" cm™. Process-
ing by standard photolithography techniques included the following steps: Activa-
tion of the Mg-doped layers in a rapid thermal annealing system (RTA), RIE of the
mesa structures to access the Si-doped nitride layers, deposition of a Ti/Al/Ni/Au
n-contact by electron-beam evaporation, and finally deposition of high-reflectivity
Ag/Au p-contacts. The contacts are not annealed to preserve high reflectivity.

Figure 13.10b) compares (0002) HRXRD rocking curves of the MCLED sample
with that of a reference LED grown without DBR. Satellites from the InGaN MQWs
are clearly identified on both samples and no significant degradation of the InGaN
MQWs could be detected due to the presence of the DBR.
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Fig. 13.11 Effects of the detuning on the light output pattern and on
the light extraction efficiency. The simulation is performed with a
program developed in our group by R. P. Stanley and R. Houdré. It is
based on the transfer matrix method to calculate light propagation in
the MCLED dielectric layers, and the active QWs are described by a
planar distribution of oscillating dipoles.

In a microcavity LED, the main design parameter, which governs both the shape
of the radiation pattern and the light extraction efficiency, is the detuning A;—A¢
between the central wavelength of emission A; and the optical mode resonant in the
normal direction within the cavity —A¢ [22]. Each emitted photon is resonant in a
given direction that depends on its wavelength, due to optical interferences within
the cavity. As described elsewhere [23] a proper design is achieved by adjusting the
thickness of the cavity by taking into account the phase-shift induced by the Ag/Au
mirror and the phase penetration depth in the Bragg mirror. To optimize the
coupling between the source and the cavity, it is essential to place the quantum
wells at an antinode position in the cavity and to make sure that the DBR stopband
and the cavity mode match.

Figure 13.11 shows the variation of the radiation pattern and light extraction
efficiency (LEE) depending on the detuning of the device. The emission properties
are simulated using a method based on the plane wave expansion of an electrical
dipole inside a multi-layer structure [24]. For the simulations, the dipole layer was
set in the first QW from the top of the structure and the source was the photolumi-
nescence spectrum of the quantum wells centred at 454 nm with a 19 nm FWHM.
Integration of the power emitted over the full solid angle gives the value of the
device light extraction efficiency. For the cavity without detuning, we calculated
21.4% light extraction efficiency assuming no light absorption in the device and no
refractive index dispersion.
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Angle-resolved photoluminescence measurements are performed to show the
effect of the microcavity on the light emission characteristics of the LED. As
shown on Fig. 13.12a), the intrinsic spectrum of the quantum wells, measured
from the side of the sample (guided light), is compared to spectra emitted at differ-
ent angles through the substrate. The FWHM of the modes is reduced from 19 nm
for the intrinsic spectrum to about 9 nm for the different angular spectra. Simula-
tions and measurements are in relatively good agreement as expected from a low
quality factor microcavity. In addition, we observe shorter resonant wavelengths at
higher emission angles, which is a typical microcavity effect and consistent with
similar work on AlGaN/GaN based MCLED [25]. The cavity mode, resonant in the
normal direction is centered at 460 nm for this particular LED, which was confir-
med by additional reflectivity measurements. Figure 13.12b) shows the radiation
pattern for a MCLED without detuning. Due to the cavity effect, the emission is
redirected in the normal direction and differs from the Lambertian emission pat-
tern of a standard LED.

For this device, without any encapsulation, we obtained an optical output power
of 1.7 mW at 20 mA for an emitting area of 100 x 100 pm? corresponding to a 2.6%
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external quantum efficiency. To our knowledge, these are the highest values repor-
ted for extraction efficiency and emitted power in nitride-based microcavity LEDs.
It is still low compared to the simulated LEE value of 21.4%, but it is important to
note that in the simulation we assumed that there was no residual light absorption
in the nitride layers and that light was emitted by a single quantum well placed at a
cavity antinode. Experimentally, a reduced efficiency is expected as the sample is
not completely transparent and some of the 5 MQWs of the active region are not
optimally positioned within the cavity. As a consequence, the light extraction effi-
ciency would be improved by reducing the number of quantum wells and placing
them in an optimal position. An in depth investigation of the structural properties
of the active region is also required to further characterize the effect of the
AlInN/GaN Bragg mirror on the internal efficiency of the MQWs.

13.4
High Reflectivity DBR and Residual Absorption

One of the main concerns with high reflectivity AllnN/GaN Bragg reflectors is the
possible residual light absorption in the UV and blue wavelength ranges, as dis-
cussed in Section 13.2. This would lead to a strong decrease in the performance of
the Bragg reflector, especially when moving to shorter wavelengths.

To further investigate the optical properties of the Bragg reflectors, we have grown a
40-pair Aljg;In,;;N/GaN mirror on a 2-inch c-plane sapphire substrate polished on
both sides, allowing thus to carry out reflectivity and transmission measurements.
The GaN and AlInN 1/4 layers are 47 nm thick and 50 nm thick respectively, for a
total DBR thickness of about 4 pm. Again, the high crystalline quality of the DBR was
confirmed by X-ray diffraction measurements and no cracks could be detected by
standard optical microscopy. The reflectivity and transmission curves, measured with
a Cary 500 spectrophotometer system, are shown on Fig. 13.13a) as well as the optical
loss in the sample given by 100— R—T. The side lobes are not clearly resolved due to
the ~1% growth thickness variation over the few tens of mm? probed by our setup.
Near the center of the wafer, we measured a 30 nm optical stopband centred at
450 nm with a record 99.4% peak reflectivity, the highest reflectivity reported so far for
nitride Bragg reflectors (see Fig. 13.14D).

The transmission is 0.35% at the Bragg central wavelength, which leads to an
optical loss of 0.25+0.05% =A=450nm. The average absorption coefficient
a[cm™] in the Bragg reflector can then be estimated using the following relations,
which are valid at the optical stopband center Apgg only:

1-R-T
a=—— and L,=— ADBRZ ~ ]’DBRA . (5)
Lp Mean ~ Pamn Z”ivl
n

Using an average refractive index n,, =2.36 and an index contrast between
GaN and AlInN An/n=7+0.3%, the penetration length in the reflector is
L, =577 + 75 nm and the absorption coefficient a =43 + 14 cm™ at 450 nm.
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Outside the optical stopband, the reflected light at the AlInN/GaN interfaces do
not interfere constructively, and the DBR sample is considered as a single absorb-
ing pseudo-alloy layer with 2 interfaces with air. Thus, the absorption in the DBR is
estimated in a larger wavelength range from the reflection and transmission meas-
urements using the following relations:

1-A)(1+AR,)

1—R—T:(1—Rl)( " ARR and A =exp(-ad), (6)
122

where R, is the reflectivity at the air/GaN top interface, R, = 10% is the reflectivity
of the GaN/sapphire/air bottom interfaces, T is the transmitted intensity, R the
reflected one and d the total thickness of the absorbing media, which in our case is
the DBR total thickness d = 4 pm. This is a direct method to measure the residual
absorption in our layer but is precise only if the transmission and the reflectivity are
measured at the same spot on the sample. Due to the interferences from the sap-
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phire substrate, a small deviation between the transmission and reflectivity meas-
urements leads to a noisy evaluation of the optical losses in the sample. Conse-
quently, in addition to this first method, we used a second one to evaluate the
average absorption coefficient in the Bragg reflector with enhanced precision, by
depositing a silver mirror on the backside of the DBR sample. Indeed, as shown on
Fig. 13.13b), comparing its reflectivity spectra with a reference sample, consisting of
a 2-side polished sapphire substrate with a silver mirror on the backside, gives a
second estimate of the absorption coefficient. In this case, the absorption coefficient
can be calculated using the following relations:

AR, (1-R,) R (1-R.V

Reampie = Ry + # and R, =R,+ Rigll=Ro) (7)
1- ARR, 1Ry,

where Ry, is the reflectivity of the DBR sample, R, the reflectivity of the refer-

ence sample, R, is the reflectivity of the air/GaN interface, R, ~ 8% the reflectivity
of the air/sapphire interface and Ry, the reflectivity of the silver coating.

The average absorption coefficient of the Bragg reflector is plotted on Fig. 13.14a)
versus the photon energy. Our three evaluation methods are well correlated, and we
observe a low residual absorption in the DBR, with values of 28 + 7 cm™! at 520 nm,
43 + 14 cm™! at 450 nm and 75 + 19 cm™! at 400 nm. In addition, a low Urbach tail
energy of 26 meV is also deduced from the optical band edge of GaN, a sign of the
presence of high quality GaN periodic layers in the DBR. The exponential behaviour
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and these values of the residual absorption are similar to previous works performed
by Ambacher et al. [21], Brunner et al. [13] and Omnes et al. [26] on various GaN
and AlGaN samples. In these reports, the different residual absorption levels can be
explained in terms of crystalline quality of the layers (growth technique, doping
levels). This indicates that high-quality AlInN is comparable to other nitride alloys
in terms of residual absorption in this wavelength range.

It is interesting to observe the dissymmetry of the absorption at the DBR stop-
band edge. The curve lies above the exponential interpolation at higher energies
and below it at lower energies. This type of behaviour is the signature of a large
difference in absorption in the DBR materials. In this case, it would indicate that
the residual light absorption is mainly present in the AlInN layers. This would not
be a surprise, given the large Stokes shift the material still exhibits.

Using the refractive index dispersion presented on Fig. 13.8b) and the residual
absorption for the AlInN/GaN DBR presented here, we can estimate the maximum
reflectivity achievable with AlInN/GaN Bragg reflectors using:

R,(E)=1-a(E)-L,(E). (8)

We estimate that a lattice-matched AlInN/GaN Bragg reflector with a sufficient
number (=60) of pairs can reach a maximum reflectivity of 99.8% in the green
wavelength range, 99.7% in the blue wavelength range, 99.5% at 400 nm and only
98.5% at 380 nm due to the absorption occurring in the GaN layers. Consequently,
for UV applications requiring high reflectivity mirrors below 390 nm, the develop-
ment of lattice-matched AlGaN/AlInN reflectors would be a better option.

Figure 13.14b) compares the lattice-matched (LM) AlInN/GaN DBRs presented
here with Al(Ga)N/GaN DBRs from literature, plotting the reflectivity versus num-
ber of pairs. AlInN/GaN data are the dark dots, they are fitted by the curve calcula-
ted using the refractive index contrast and the residual absorption measured previ-
ously, Anjn = 7% and o= 50 cm™.

The only symbols standing above the LM AlInN/GaN curve, i.e. higher reflectivity
for a lower number of pairs, are AIN/GaN DBRs [27-31]. This results from the
higher refractive index contrast #17%, but it is also the worst case with respect to
strain issues: these DBRs are usually highly cracked [29]. The best AIN/GaN DBR is
reported by Ive [30], it was grown on a 6H-SiC substrate without GaN buffer layer
and has 99% reflectivity without cracks. It was shown that in this case the AIN
layers are under 1.3% tensile strain and GaN layers under an equal compressive
strain, so the whole DBR is strain-compensated with an in-plane lattice constant
corresponding to that of Al,;GaysN. The problem here is that GaN is not lattice-
matched with the DBR and the strain issues are reported on further layers if, for
exemple, a GaN-based cavity has to be grown on top of the DBR. Note also that
high-reflectivity AIN/GaN DBRs were only reported using molecular beam epitaxy
growth technique.

The other AlGaN/GaN DBR plots are below the LM AlInN/GaN curve. When
AlGaN aluminium content is in the range [40%...60%)] [32-35], the reflectivities
are comparable with those of LM AlInN/GaN DBRs (so are the refractive index
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contrasts) as far as the number of pairs does not exceed 20 to 30, i.e. for moderate
reflectivity DBRs. But the reflectivity remains below ~97% with a higher number of
pairs, still limited by defects/cracks induced by the accumulated strain. The alumin-
ium content has to be further decreased to 20%, and the pair number increased to
60, in order to reach again reflectivities 299%. Even with this lower aluminium
content, a “stress-engineering” solution by insertion of AIN interlayers at DBR
interfaces is still needed to avoid cracks [36].

To summarize, complex stress management is required to achieve crack-free
Al(Ga)N/GaN DBRs. High Al-content ones are difficult to integrate into more
complex heterostructures because they impact on the in-plane lattice parameter
while low-Al content ones suffer from very low refractive index contrast. LM AlInN
DBRs do not only show improvement in terms of maximum achievable reflectivity,
but they can be integrated into more complex heterostructures without any special
concern as demonstrated by the growth of fully epitaxial high-Q microcavities in the
following section.

13.5
Epitaxial Microcavities

The growth of high reflectivity LM AlInN/GaN DBRs being under control, we pur-
sued our effort towards the fabrication of high quality factor (Q = A4/4) microcavity
structures [37, 38]. We present here two fully epitaxial III-N microcavity samples,
centred at 420 nm wavelength:

e An empty 35-31/2-30 microcavity. It consists in a standard sapphire/GaN tem-
plate, followed by a 35-pair lattice-matched AlInN/GaN bottom-DBR, a 31/2 GaN
cavity, and a 30-pair lattice-matched AlInN/GaN top-DBR. The DBRs and the
cavity are centred at 420 nm. The mirrors are designed to have equal internal re-
flectivities of 99%.

e A full 28-34/2-23 microcavity. Nearly the same design than above, but two sets
of three 1.5 nm-thick Ing;sGa,gsN MQWs are inserted at the antinodes of the
electric field in the 31/2 GaN cavity. The bottom and top-DBRs are made of
28 and 23 AlInN/GaN pairs, respectively. We expect DBR internal reflectivity of
96% in this case.

These structures are the thickest ones among those we have presented and
growth runs nearly last for 24 hours, but we did not observe any negative impact on
their structural characteristics. Figure 13.15a) is a cross-section SEM image on the
28-31/2-23 microcavity. The measured thicknesses of the AlInN and GaN A/4
layers are 45 and 41 nm, respectively, without measurable variations. These values
are in good agreement with those deduced from XRD and growth rate calibrations.

The AlInN/GaN interfaces are well defined and seem perfectly flat, even at higher
magnifications (Fig. 13.15b)). Once again, as a consequence of the near lattice-
matched growth of AlInN A/4 layers on GaN, the 2 inch wafer is completely crack-
free, as checked by optical microscopy.
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Fig. 13.15 (a) SEM image of the 28-31/2-23 microcavity sample.
(b) Scaled-up SEM image of the GaN cavity showing the abrupt
AlInN/GaN interfaces. (c) XRD reciprocal space map ({(1015)
reflection) of the 35-34/2-30 microcavity sample.

The (1015) XRD reciprocal space map of the 35-3.1/2-30 microcavity sample is
presented in Fig. 13.15c). The peak centered at g, = 0.964 A™" (c = 5.187 A), associ-
ated to the GaN template, indicates a slight compressive stress originating from the
epitaxial growth on sapphire. The perfectly aligned set of peaks in the gy, direction
is the signature of pseudomorphic layers in the DBRs. A DBR period of 84.1 nm
was deduced from their spacing. The presence of a high number of satellites de-
monstrates the large coherence of the A/4 layers in the Bragg mirrors along the
growth direction and the good overall quality of the AlInN/GaN interfaces. The
envelope of these satellites shows a maximum at g, = 0.975 A", This corresponds
to a lattice parameter for AlInN of ¢ = 5.131 A. This is 0.35% above the value expec-
ted for perfect lattice-matching, showing an excess of indium in AlInN layers, 20%
instead of 18%. Nevertheless, the position of the GaN template and of the peaks
associated to the DBRs are nearly the same in the g,,, direction: a = 3.185 A for the
GaN buffer layer and a = 3.183 A for the DBR. Thus the relaxation of the in-plane
lattice parameter does not exceed 6 x 107 in this more than 7 pm-thick structure.

Typical RT reflectivity and transmission spectra measured near normal incidence
on the 35-31/2-30 microcavity sample are presented in Fig. 13.16a). The stopband
is 28 nm wide, resulting from the significant refractive index contrast between
AljgoIng,oN and GaN layers estimated to =7.7%. The flat-topped stopband, away
from the cavity resonance, and the well-defined oscillations (in particular the short
wavelength ones most sensitive to internal absorption effects) are indicative of the
high sample quality. Indeed, the residual absorption estimated in this sample is
in agreement with the measurements on the 40-pair DBR: 60 cm™ at 420 nm. The
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Fig. 13.16 (a) Room temperature reflectivity and transmission spectra
of the empty 35-3.4/2-30 microcavity. (b) Scaled up plot of the cavity
mode in the transmission spectrum.

cavity mode is well resolved and exhibits a linewidth of 2.3 nm in Fig. 13.16b). Such a
value corresponds to a quality factor of the order of 180. This already denotes the
potential of such structures for short wavelength optoelectronic devices. Nevertheless,
the quality factor Q expected theoretically for these structures is higher than 1000
using DBRs with such reflectivities. This broader linewidth than expected theoretically
could result from the integration of the reflectivity and transmission signals over a
large area (a few mm?) and the variation of the cavity thickness across the wafer.
Indeed photoluminescence experiments, for which the excitation spot is much
smaller than reflectivity or transmission experiments (few tens pm instead of a few
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Fig. 13.17 (a) Room temperature photoluminescence spectra measured
on the 28-31/2-23 microcavity sample (with active MQWSs), before and
after etching of the top-DBR. (b) Transmission spectra measured on the
35-31/2-30 microcavity sample (no active MQW), probed with two differ-
ent spot sizes. The measurement with the smaller spot (<50 pm) reveals
much narrower mode (FWHM < 0.5 nm) and indicates the presence of
multiple effective cavity lengths.
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mm), reveals a much narrower mode. Figure 13.17a) shows the MQW PL spectrum
of the 28-31/2-23 microcavity sample measured on an etched area (top DBR re-
moved by RIE) together with the spontaneous emission spectrum measured on the
full cavity under low excitation power (P, ~2 mW). The MC exhibits here a very
narrow spontaneous emission linewidth = 0.52 nm underlying the very high quality
factor of this structure, Q = 800. The latter has to be compared to the broad MQW
PL spectrum (full width at half maximum 11.2 nm, i.e. 80 meV) spanning over the
entire stopband width (SBW 28 nm). This Q factor corresponds to a cavity with
94.4% peak reflectivity mirrors when considering the effective cavity length. Such a
value compares well with the calculated ~96% reflectivity values for the bottom and
top mirrors. Taking into account a decrease in Q resulting from MQW absorption as
well as internal optical losses due, e.g. to residual absorption, scattering at the inter-
faces and cavity width fluctuation. Note that the Q = 800 factor reported here stands
above values measured on hybrid nitride MC structures made of a bottom Al-
GaN/GaN DBR and a top dielectric DBR (Q =500 — 740) [39, 40], or two dielectric
DBRs (Q = 670) [41], thus underlining the high potential of AlInN/GaN-based MC
structures for vertical cavity laser applications.

In order to clarify the effect of the probe size on the transmission spectra, we
performed transmission measurements with another set-up allowing for a spot size
<50 pm, comparable with that of the laser. Figure 13.17b) compares transmission
spectra of the empty 35-3)1/2-30 microcavity sample obtained with the two probe
sizes, ~ few mm and <50 pm. There are two main conclusions. First we indeed
observe a much narrower transmission linewidth (<0.5 nm, Q > 800) with the smal-
ler spot, as expected. Secondly and more surprisingly, several lines (here two, some-
times three) can be observed. These multiple transmission lines may be due to
composition inhomogeneities in the AlInN layers (as suggested by the large Stokes
shifts) that would induce lateral variation of the effective cavity length and mode
localisation. But it may also be linked to more general issues in III-N materials, for
example mode localisation by dislocations, or possible birefringence issues. The
question is open and currently under investigation. The possible mode localisation
observed on this sample would probably not be a great issue for vertical cavity laser
applications as the typical size of a VCSEL (5 ... 20 pm) will cover only one of these
modes on average.

13.6
Conclusion

We have stressed the improvement of AlInN material quality for compositions near
lattice-matched to GaN, in particular a residual optical absorption <100 cm™ below
GaN bandgap in AlInN/GaN stacks. A LM AlInN/GaN DBR was used successfully
in a microcavity light emitting diode, record values in terms of DBR reflectivity
(99.4%) and microcavity quality factor (=800) prove the superior performance of this
material system compared to the usual Al(Ga)N/GaN system.
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These results have application for fundamental studies of light—matter interac-
tion in Ill-nitrides, in which excitons are expected to have very strong oscillator
strength.

The main device-related challenge to address deals with the fabrication of electri-
cally-injected vertical cavity lasers, which are still not demonstrated in III-N semi-
conductors. Owing to their lattice-matching, a situation close to the well-known
GaAs/AlAs material system, the growth of AlInN/GaN-based vertical cavity laser
structures on commercially available low dislocation density templates such as GaN
quasi-substrates (N ~ 10° cm™) should offer an unprecedented advantage over the
AlGaN/GaN system. Indeed no additional dislocations would be added during the
growth of these structures and the use of AlInN/GaN DBRs should lead to an im-
proved lasing threshold and device lifetime.
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Chapter 14

Microcavities in Ecole Polytechnique Fédérale de Lausanne,
Ecole Polytechnique (France) and Elsewhere:

Past, Present and Future

Claude Weisbuch and Henri Benisty

14.1
Introduction

It is a pleasure to give an overview on the past, present and future of microcavities
at the symposium in honour of Marc Ilegems. He has long been connected with the
topic of the interaction of light with semiconductors, having in particular conducted
some of the pioneering optical studies of AlGaAs alloys and GaN while at Bell Labs
in the late 1960s and early 1970s. Under his leadership, associated with others,
Ecole Polytechnique Fédérale de Lausanne (EPFL) has developed into a major po-
werhouse in the general fields of optoelectronics, low-dimensional semiconductor
heterostructures and quantum photonics. There are far too many achievements in
these fields, both at EPFL and elsewhere, to be able to present in a few pages any
reasonable coverage. This contribution should rather be understood as personal
reminiscences on the topic as well as on our association with Marc Ilegems for a
number of years in a most fruitful collaboration.

14.1.1
The Light-Matter Interaction in Semiconductors

The topic of light-matter interaction in semiconductors has long been the subject
of a huge research effort because of both its importance in the fundamental under-
standing of these solids and the many applications that depend on it. On the former
aspect, we can cite the photoconductivity property, light emission capability and
various electro-optic and nonlinear effects. On the latter aspect, we recall such large-
scale applications as light detectors, LEDs and laser diodes, photovoltaic generators,
displays, etc.

From the very beginning, it has been recognized that the fundamental optical
properties of semiconductors are intimately linked to features originating in the
symmetry and dimensionality of the electron system. The first models of absorption
edge of semiconductors and insulators relied on free Bloch electrons in the one-
electron model [1]. However, soon after, the exciton concept, a bound electron—hole
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pair possessing a translational motion, was developed, as it appeared that the trans-
lational invariance of the crystals required the photoexcited electronic species to
preserve the crystal symmetry [1]. The relative roles of free carriers or excitons in a
variety of optical effects has been a subject of many studies, even controversies as
witnessed by the recent discussions of exciton luminescence and laser action in
II-VI materials at room temperature [2-7]. In brief, one expects excitonic effects at
low densities/low temperatures/low impurity content, but both excitonic and free
carrier effects are to be considered when studying optical properties of semiconduc-
tors, with a relative importance depending on conditions.

To have a full quantum description of the system, one has to consider the
complete system of coupled electronic (excitons) and electromagnetic (photons)
states. Then, situations are found at low enough temperatures and concentrations
where both types of excitations interact coherently giving rise to coupled-mode
excitations, the excitonic polaritons pioneered by Pekar [8] and Hopfield [9] in the
late 1950s. This occurs when damping of both excitations is slower than the oscilla-
tion frequency between the two states, proportional to the splitting of the resulting
normal modes and called the Rabi oscillation frequency (more precisely the vacuum
Rabi oscillation frequency). The perturbation approach to the light-matter interaction
(Fermi’s golden rule) collapses and one deals with a strongly coupled system between
light and matter instead of the usual weakly coupled system. It should, however, be
stressed that full classical pictures of coupled oscillators also give rise to a normal
mode splitting similar to that described by quantum mechanical models.

The field has undergone a major revival due to the possibility of fabricating sys-
tems with electron and photon states of varying dimensionality, activities in which
Lausanne groups have played a very important role.

14.1.2
The Impact of Electronic Motion Quantization

The considerations of electron and photon state symmetries should also apply in
the case of lower dimensionality semiconductor structures. One expects modificati-
ons in those optical properties based on free electrons due to changes in the densi-
ties of states with dimensionality [10]. The changes in exciton parameters (binding
energies, Sommerfeld factor, etc.) can also dramatically alter the balance between
the two types of excitations. Early theoretical work by Sugano on excitons in two-
dimensional (2D) systems predicted an increase of the exciton binding energy, of
up to four times, due to the electron—hole pair state compression [11].

These expectations were well demonstrated in the late 1970s and 1980s by the
advent of quantum wells (QWs) [10], true 2D systems for electronic properties. The
improved light-matter interaction over three-dimensional (3D) ‘bulk’ semiconduc-
tors relies to a first order on the freezing of one degree of freedom in such structu-
res, yielding more spectrally concentrated optical features such as absorption and
gain for free carriers, based on the square density of states (DOS). This was shown
by the progress as a result of the use of QW active layers in semiconductor lasers
[10]. It had been quite a matter of debate as to whether whether excitons were pre-



14.1 Introduction

sent, under strong excitation conditions, and would thus play a major role in the
laser action, for instance if their presence would lead to lower thresholds. It should
be stressed that experiments displaying an exciton signature are non-trivial, and
that the mere coincidence (if any at all, see [12]!) of exciton absorption or emission
at low densities, usually observed from the top of a sample, and an in-plane laser
line is certainly no proof of the identity of the two excitations under the two conditi-
ons [12]. Theoretical modelling also points to laser action somewhat at the exciton
energy, although originating from electron—hole pair recombination, a coincidence
due to bandgap renormalization and reabsorption effects. Additionally, analysis of
photoluminescence (PL) experiments is often unclear due to the inhomogeneous
excitation situation.

A major surprise in QW luminescence is the dominance of free exciton species
over bound excitons, in contrast to bulk materials, and also the higher quantum effi-
ciency of QW materials [13], which might explain why excitons were supposed to be
connected with the better laser action observed [3]. This exciton importance was only
understood in the late 1980s through the measurement of ultrashort radiative life-
times by Deveaud [14], based on the work by Andreani et al. [15, 16], who rediscovered
independently the prediction by Agranovitch and Dubovskii of short radiative life-
times due to the symmetry breaking between 2D exciton states and 3D photon states
which makes luminescence allowed at first order [17]. This shortened radiative life-
time explains in part the much higher radiative efficiency of excitons in QWs than in
the bulk at low temperatures. The good luminescence efficiency often observed at
room temperature might have some origin in this effect provided that radiative re-
combination occurs through excitons. It is more likely to be due to improved free
carrier recombination because of a mix of causes such as higher carrier concentra-
tions for a given injection intensity and lower active nonradiative defects (the ultimate
case being the nitride alloys where In segregation in InGaN QWs seems to localize
carriers and forbid them to reach the numerous dislocations). All told, laser action in
QW lasers seems to be always due to free carriers, with the gain over 3D active layers
being due to the square DOS, the reduction of the quantum states to be inverted to
reach threshold (the major factor) and some improvement in radiative efficiency.

Going to 2D QWs with increased exciton binding energy still allowed observable
exciton effects at room temperature, such as in absorption, and therefore led to
applications based on larger excitonic electro-optic (EO) and nonlinear (NL) effects
[18]. The reason for invoking exciton effects for these phenomena, while rejecting
them for spontaneous or laser emission, is that EO and NL effects rely on unrelaxed
excitations, leading to an exciton linewidth determined by scattering, often smaller
than or similar to the exciton binding energy, while light emission originates from
thermally relaxed excitations with a broadening of kT, in most circumstances larger
than the exciton binding energy. This is why it is legitimate to claim simultaneously
that exciton effects are present in EO and NL phenomena while they are absent in
light emission.

In view of the successes of QWs, much effort has been devoted since the mid-
1980s to the fabrication and evaluation of lower dimensionality systems such as
quantum wires (QWRs) and quantum dots (QDs), in order to freeze more degrees
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of freedom, and therefore reach sharper optical features in the spectrum of such
structured solids as determined by the DOS. The interplay between electronic and
photonic dimensionalities for QWRs and QDs again introduces specific modificati-
ons of the lifetime against bulk material. However, QWRs and even more so QDs,
ultimate solid-state systems with atom-like discrete energy levels, suffer from the
difficulty of fabricating such tiny structures with small enough size fluctuations. It
can also be remarked that the room-temperature QW excitons readily yield sharp
features for unrelaxed excitations. Therefore, for phenomena that rely on such
unrelaxed excitations (NL or EO coefficients) there will be limited advantages to
using QDs over QWs (to be more precise, properties only based on oscillator
strength will be similar but properties involving dynamics or relaxation might be
very different). It is only in those cases where one relies on single quantum system
phenomena, i.e. focusing on single QD properties, such as single photon emitters
or Qbits, that the full quantum nature of single QDs is indeed exploited [19].

It should be pointed out that in spite of the drawback of size fluctuations, QD
lasers are slowly emerging as useful devices. However, their properties are not so
much due to the zero-dimensional (0D) quantization than to better operating para-
meters, which can be viewed as ‘second-order effects’: growth on large, high-quality
GaAs wafers, high-bandgap discontinuities allowing for good temperature insensi-
tivity, low facet degradation, etc. [20].

14.1.3
The Impact of Photon Mode Quantization

One is not constrained to rely only on 3D photon behaviour when it comes to cont-
rolling the light—matter interaction in solids. This was only recognized in the late
1980s, although it was recognized long before in atomic physics. For atoms in cavi-
ties it led to the remarkable field of cavity quantum electrodynamics (QED) [21].

For semiconductors interacting with photonic systems of reduced dimensionality,
new effects can appear [22], fundamentally due to the fact that two continua of states
come into play to yield the usual broad optical features, and that these can be greatly
changed by changing the dimensionalities of electron or photonic states. Of course, as
for electron motion quantization, it is possible to define photon quantizing systems
with two, one or zero dimensions (Fig. 14.1). The 0D case is a limiting system because
of the difficulty of manufacturing a true single-mode 3D optical cavity. However, the
mode number can be so reduced in micropillar or small photonic crystal (PC) micro-
cavities that only one mode will interact with the available electronic states.

14.2
The Interplay of Photon and Electron Dimensionalities

Having described separately the effect of dimensionality of electron and photon
states, we should now concentrate on the importance of the interplay of their di-
mensionalities through a few important examples.
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As mentioned above, light absorption and emission processes for weakly damped
3D excitons and photons rely on coupled-mode excitations, excitonic polaritons.
These were first demonstrated in II-VI compounds, and then in GaAs (Fig. 14.2) in
the seminal work by Sell et al. [23]. The absorption phenomenon is sharply changed
in the polariton picture, as it is due to polariton scattering and no more to the ele-
L) is not obeyed. It
was remarked by Hopfield, and expanded on by Toyozawa, that luminescence at

mentary light-matter interaction. Therefore, Beer’s law (T oc e

finite photon energies could only be an out-of-equilibrium phenomenon, as the
ground state of the coupled exciton—photon states is a zero energy photon-like state
[24, 25]. Luminescence actually occurs because of the existence of a polariton energy
relaxation bottleneck in the strongly mixed energy region (the anti-crossing
point), where phonon-assisted energy relaxation is much decreased by the highly
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Fig. 14.2 Exciton absorption in pure GaAs. One observes the Rydberg
series of free exciton peaks, as well as very sharp donor-bound exciton
peaks. Note that the ‘reduced’ absorption at the 7= 1 exciton peak,
experimentally due to light appearing on the non-excited side of the
sample, is in fact due to transmitted polaritons (they are less prone to
dissipation than 77 = 2 excitons or polaritons), to multiple elastic

polariton scattering and to resonant polariton fluorescence
(R. Ulbrich and C. Weisbuch, unpublished, 1976).

decreased DOS of photon-like states while the radiative lifetime (the time of flight
to the semiconductor interface) is sharply reduced for these states which travel at
the speed of light.

As the dimensionalities of exciton and photon states can be varied independently,
new phenomena are bound to happen. The first case is that of QW 2D excitons
interacting with a normal 3D photon environment, where there is no symmetry
preservation in the photon—exciton interaction. Only the in-plane momentum is
conserved in optical transitions. An exciton is then coupled to a continuum of pho-
ton states. There is then no possibility of reversible strong coupling. A similar effect
occurs for 1D electron QWRs in a 3D photonic environment [26, 27].

Conversely, one expects that whenever excitons and photons have the same di-
mensionalities a situation of strong coupling can develop like in 3D due to the
conservation of crystal translational symmetry in light absorption and emission
processes. This was indeed observed for 2D QW excitons and planar microcavities
in 1992 [28]. As in 3D, radiative recombination becomes a second-order process,
now due to the imperfect reflectivity of mirrors, which allows photons to leak out
(hence with a tailored lifetime that has no link with the photon-—exciton interac-
tion). Due to the stronger exciton binding energy, such strongly coupled excitations
can persist up to room temperature.
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The novelty of the system comes from the fact that cavity polaritons (CPs) have a
finite ground state, with very remarkable features, as these quasi-particles behave
like photons (light mass) or like excitons (interactions with one another, with pho-
nons, with disorder). Hence, one could expect remarkable collective quantum ef-
fects (such as Bose—Einstein condensation, BEC) as the mean free path can be
much larger than the average particle distance at concentrations for which coherent
interactions should occur. Unfortunately, like their 3D counterparts, CPs experien-
ce a relaxation bottleneck due to the diminishing DOS when relaxing towards pho-
ton-like (i.e. low-mass) states [29]. This has greatly hampered so far the applications
of the strong coupling in the real world (i.e. room-temperature and electrically
injected devices), and also direct observations of fundamental phenomena such as
spontaneous BEC. However, recent advances point to the existence of a quantum
fluid obtained through relaxation induced by NL effects [30, 31].

Even for unbound, free carriers, one encounters the importance of the interplay
between electron and photon dimensionalities. It is not usually based on strong
coupling as the oscillator strength of a single electron—hole pair, even bound to an
exciton, leads to a rather small Rabi splitting [32] (in 2D microcavities, one has a
collective coupling of the exciton dipole strength per unit surface to the vacuum
electric field of the resonant cavity mode, also expressed per unit surface). It origi-
nates in the modification of Fermi’s golden rule, the effect being important only for
0D photonic systems (Fig. 14.3). Indeed, it can be shown that in weak coupling
conditions the free carrier spontaneous emission time is little changed when going
from 3D to 2D or even 1D photon systems [33, 34]. However in 0D photonic sys-
tems, i.e. in a 3D microcavity, only a single photon mode can interact with the
electronic system, giving rise eventually to a modification of the emission rate pro-
portional to the quality factor of the cavity, the Purcell effect [21, 35]. This is, how-
ever, only true as far as the electronic transition is spectrally narrower than the
cavity mode, otherwise the rate is determined by the ‘material’s quality factor’, its
inverse relative emission linewidth o/A®. A typical relative linewidth for free carri-
ers in the solid state is kT/(1 eV), a few percent, due to thermal broadening, unless
all the translational degrees of freedom are frozen, as in QDs. It is therefore no
surprise that the Purcell effect can be large enough to be unambiguously observed
in systems where both electron and photon states are 0D, i.e. for QDs placed in 3D
microcavities, or micropillars in the case of the breakthrough experiment by Gérard
et al. [36] (see also [19]).

14.3
Looking Backwards: a Short History of Microcavities in Solids

The first solid-state emitting systems having high-quality cavities were of course verti-
cal-cavity surface-emitting lasers (VCSELS). At first they were not microcavities as they
usually operated at rather high cavity order to increase the cavity quality factor.

The use of microcavity effects to increase LED efficiency was very well developed
at Bell Labs by Schubert and Hunt [37], where they demonstrated, and patented,
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that the best structure was an asymmetric cavity with a metal mirror and a DBR
structure. Their designs seem, however, to have culminated at around 10% efficien-
cy. The work was vigorously pursued in the context of a European project involving,
in particular, the University of Gent and EPFL. In a series of increasingly refined
experiments, in particular emphasizing the importance of using detuned cavities,
De Neve and Blondelle [38] reached an efficiency of 20%. In more optimized work
by a team from Ecole Polytechnique and EPFL, a record of 28% in air was reached,
this time using a cavity consisting of the GaAs interface as a top emitting mirror,
and a GaAs/AlO, mirror on the bottom [39].

Modifications of the spontaneous emission time, the Purcell effect, were also
researched in the late 1980s when the possibility arose of making planar microcavi-
ties, often similar to early VCSELs with non-epitaxial mirrors (i.e. oxide mirrors).
However, for planar cavities, the effect was always quite small [35]. Actually, while it
was believed that an increase of three times could be seen in the emission rate from
simple modelling of metallic cavities, it was shown by Bjork that for dielectric cavi-
ties the maximum effect would be a factor of 1.5 [40].

For exciton effects in microcavities, Yamamoto et al. showed in the early 1990s
hat emission could be highly directional, but they could not observe the strong
coupling [41].

Let me describe the sequence of events that led to the discovery of CPs. I was
at the University of Tokyo for four months in the summer of 1991, hosted by Pro-
fessor Arakawa, and I was looking for some experiments to do. After some wonder-
ings about QWs in high magnetic fields and QD excitation spectroscopy, two experi-
ments that did not appear practical in the short time I was there, I decided to look
at QWs in microcavities. Arakawa had some samples from a previous experiment
[42], and I was thinking that their properties could not be as simple as previously
reported.

I then saw some strange effects when moving the sample around the resonance
(mainly due to the imbalance between front and back mirror, but at that time I did
not see this point). I therefore asked Arakawa for better samples (with only one type
of wells, as the old ones were two-well samples) and M. Nishioka grew three sam-
ples with variable number of wells, all of them excellent, a remarkable feat as he
had not grown such complex, demanding samples for two years.

I then tried to observe the increase in luminescence intensity that should occur
when excitons and microcavities are resonant. Such a search was made possible by
the fact that the growth speed was non-uniform over the wafer, a very fortunate
occurrence: moving the observation point by point over the wafer, I could observe
different situations of relative energies between the microcavity photon mode and
the QW exciton. I observed that there was no clear-cut resonance (this point was
later elucidated in a thoughtful paper from EPFL [43]). I decided then that lumines-
cence could not tell me the resonance, as luminescence is a complex phenomenon,
but that reflectivity would. I thus mounted a reflectivity measurement, but then I
would never observe a resonant peak, but a doublet whenever I would be ‘around’
resonance (as displayed by some resonance in PL intensity).
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Fig. 14.3 Schematics of the variation of the radiative rate compared
to infinite medium value as modified by cavity QED effects when in
2D, 1D and 0D photonic structures.

After many observations of the double peak behaviour of the resonance crossing,
and the absence of any single peak no matter how hard I looked, I then decided that
this was a true physical effect, and had to decide which.

Having worked some 15 years before on excitonic polaritons in the bulk [44-47]
and having in particular determined their dispersion curve directly by resonant
Brillouin scattering [44], I was familiar with such strong coupling excitations. In
particular, I knew their dynamics, in particular that the scattering times are much
longer than for free carriers, due to their neutral type. Therefore, I was not afraid to
state from a ‘back-of-envelope’ calculation that indeed the coupling strength of
cavity photons with excitons was stronger than any scattering mechanism, at vari-
ance with ‘common knowledge’ which predicted that the strong coupling just pre-
viously observed in atomic physics would never occur in solid-state physics due to
excitation damping (Fig. 14.4).

A simple modelling by A. Ishikawa using linear dispersion theory allowed the
determination of an exciton oscillator strength of the right order of magnitude. The
results from this simple model have since then been verified through both semi-
classical and full quantum theory, by the Lausanne theory group in particular [48].

I had difficulties convincing some colleagues that indeed one was observing
strong coupling . . .

As for publication, one referee of Physical Review Letters (PRL) observed that eve-
rything was fine with the experiment and the model, but as such phenomena had
already been observed in atomic physics, it did not warrant publication in PRL. The
second referee said exactly the same thing on experiment, model and atomic phys-
ics, but reached the opposite conclusion in that it was so surprising that it would
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occur in the solid state that it certainly was PRL material. After another two months,
the third referee that I had requested just came up with the remark: “That’s what we
like in physics: always good for surprises’ and it was published [28].

The name cavity polaritons was given at the Erice summer school [22] during
some heated sessions (involving in particular the two Elis, Eli Burstein and Eli
Yablonovitch) on the nature of these excitations.

14.4
The Birth of the Microcavity Effort in Lausanne

After the discovery of CPs in Tokyo, a European project named SMILES (Semicon-
ductor Microcavity Light Emitters) aiming at exploiting their outstanding properties
was launched with John Hegarty (Trinity College, Dublin) as a coordinator, and
associating Roel Baets (University of Gent), Marc Ilegems, Romuald Houdré, Ross
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Stanley and U. Oesterle (EPFL), Markus Pessa (Tampere), and Henri Benisty and
Claude Weisbuch (Ecole Polytechique, Palaiseau). The idea was that the lifetime
being a thousand times (1 ps) shorter for CPs than for usual excitations, they would
lead to ultrafast emitters with high internal quantum efficiency.

EPFL was well equipped for such studies: a former effort by the group of Franz
Reinhart had very early developed electrically injected VCSELs [49], and had also
studied QD systems. The group of Marc Ilegems had a great deal of experience in
high-quality MBE growth as demonstrated by the growth of microcavities with a
quality factor of 5000, limited by residual GaAs absorption and interface scattering
[50]. Finally, the theory group headed by Antonio Quattropani had a long experience
in exciton phenomena.

With this background, it is no surprise that microcavity studies developed quickly
in Lausanne. Experimentally, in the group of Ilegems, high-quality microcavity
samples allowed the observation of CPs up to room temperature [51]. The CP dis-
persion curve was determined from the analysis of the angular dependence of
emission [52]. In the heated discussions on the existence of motional narrowing to
explain the narrow lines observed in spite of the large QW structural disorder, both
EPFL experimental and theory groups were instrumental in showing that the nar-
row lines observed were rather due to the disorder averaging over the very large CP
wavefunction (essentially the photon mode volume), leading to lines with homo-
geneous linewidth. A simple way to reach this conclusion is to observe that CPs are
a special system for the observation of Rabi splitting, as one is dealing with an
inhomogeneous system.

Houdré et al. established in a semi-classical model that when the inhomogeneous
linewidth is smaller than the Rabi splitting, one mainly observes a standard doublet
with the homogeneous linewidth [53]. From there, the importance of inhomogene-
ous broadening being downplayed, the observed asymmetric homogeneous phonon
broadening could be well explained through a classical linear dispersion model or
through full quantum calculation [54, 55]. As regards devices, although resonant
luminescence was shown experimentally [56] and theoretically [57] to decay very
fast, the nonresonant decay was shown to decay much slower. This was theoretically
shown [29] to be due to the existence of a relaxation bottleneck for polaritons, ari-
sing from the diminishing DOS when the dispersion curve becomes photon-like in
the resonant region, as for bulk excitonic polaritons [58]. As this would be the exci-
tation situation encountered in electrical injection for devices, hopes of a new family
of LED faded, although there might be some possibilities based on hybrid organic—
inorganic microcavities by associating the good electrical injection properties of semi-
conductor materials with the ultrafast energy relaxation properties of organic ones
[59].

The activity in EPFL developed from then on in two main directions. In the fun-
damental one, many results were obtained on the linear and NL behaviour of CPs,
experimentally or theoretically, in Ilegems’, Deveaud’s and Quattropani’s groups
(see the various contributions to this volume). In Ilegems’ group, besides the
systematic study of polariton linewidth, particularly noteworthy are: (i) the observa-
tion a resonant Rayleigh scattering over a ring; (ii) the coherent backscattering from
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CPs which act as a disordered 2D optical system; and (iii) the observation of single
beam NL emission phenomena, with specific far-field emission patterns, most
certainly connected with the inhomogeneous excitation density (see Romuald
Houdré’s contribution in this volume).

As regards applications, a ‘strategic retreat’ was operated towards weak coupling
microcavities, within the European SMILES project mentioned above, to be follo-
wed by a second project, SMILED (semiconductor microcavity LEDs). EPFL made
major contributions in red microcavity LEDs, in modelling and optimization, etc.,
culminating in setting the world record in planar microcavity with an overall effi-
ciency of 28% [39]. Still today, the theses by Paul Royo and Daniel Ochoa are mines
of information for researchers in the field [60]. More recently, work has developed
in activities on photonic crystals geared towards integrated photonics applications.

14.5
Why We Like Microcavities!

At this point it is worth wondering why there is so much interest in microcavities.
They are basically systems with controlled light—matter interaction, and they are at
the same time: (i) a new playground to test new ideas in physics, quite often leading
to unexpected observations; (ii) challenging physical systems, in particular when
trying to obtain fully quantized 0D systems for both electrons and photons; and (iii)
a powerful concept when it comes to large-scale applications.

A first theme that we can identify for the use of microcavities occurred in the first
‘era’ in the field (late 1980s and early 1990s). It dealt with the control of the directi-
onality of spontaneous emission in the ‘weak’ coupling regime between semicon-
ductor excitations and planar cavities. Such an effect had its roots in both atomic
physics (the landmark paper by Kastler on the directionality of spontaneous emis-
sion of atoms in a Fabry—Perot cavity in 1962) and modifications of the emission of
atoms and molecules in dielectrics and interfaces (a field pioneered by Drexhage
and Lukosz, still active, see e.g. Lagendijk). The best early effort in the control of
directionality is represented by the activity of Hunt and Schubert at Bell Labs de-
monstrating microcavity LEDs with dielectric DBR and metallic mirrors as the best
device candidates [37].

A second theme of microcavity research in the solid state was the search for a
modification of the lifetime through the Purcell effect, but the use of planar cavities
and/or of broad emission lines prevented the observation of a large effect [25]. This
has been recently revived by the use of single narrow QD lines interacting with
single photon modes in pillar microcavities and PhC structures [61-63].

A third theme, more ambitious, aims at changing the light-matter interaction
from weak to strong. As mentioned above, this situation was observed for bulk
semiconductors, but the situation is of limited interest due to the zero energy of the
exciton polariton state in 3D. This is to be contrasted with the situation occurring
for CPs, due to the ‘strong’ coupling regime between 2D excitons and 2D photons
[28], where the CPs have a nonzero ground state energy. As discussed above, this
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has proved to be a very fertile ground for new physics, with many unexpected re-
sults of major interest.

A fourth fundamental theme is arising from the recent advances in obtaining
more control of the light modes through systems with lower photonic dimensional-
ities. One aims at reproducing in the solid state many of the beautiful quantum
physics experiments of cavity QED, and eventually based on the specificities of
solid-state systems. The compactness of solid systems might also prove very useful,
for instance if one wishes to implement compact quantum computers. A number of
structures and geometries have been put to use: some are rather large and show
confinement based on total internal reflection, such as silica microspheres, photo-
nic wires and toroidal cavities [64]; others are more microscopic and based on mul-
tiple Bragg reflections such as micropillars and photonic crystal-based microcavi-
ties. The competition between the two types of systems for QED effects is very
open, the first solutions being able to compensate for their large volume because of
the very high quality factors Q reached (a common factor of merit is the ratio Q/V,
where V is the photon mode volume).

It might prove useful to wonder why it appears that ones gets more leverage
when quantizing photons as compared to electron states, or at least why it seems a
more useable approach to new phenomena and applications (I know that I will raise
some controversy here).

To compare in a basic manner the two approaches of confinement, let us consi-
der (i) a single-electron quantum box, interacting with a continuum of blackbody
photon modes or with a standard 1 mW light beam, and (ii) an optical microcavity,
of approximate size (1/2n)’, interacting with an optically active medium located
within the microcavity. In the first case, the electron—photon interaction of the
single-electron states are unmodified when compared to bulk material, at least to a
first order: the lifetime and oscillator strength are unchanged. However, the optical
beam does not interact enough with the electronic system: it can only generate ~10°
(spontaneous rate) to 10" or 10" (stimulated rate) transitions per second, not
enough to control efficiently or generate a sizeable optical beam. Moreover, the
confinement factor, due to the overlap of the optical beam with the quantum box, is
small, fundamentally due to the difference in wavelengths between the electron and
photon. In the second case, the lifetime of the electronic excitations is almost un-
changed, as well as the coupling to the optical field: the resonance effect of the
cavity increases the resonant electric field as much as it decreases the fields of all
other modes. The cavity acts as a concentrator of optical fields into a single optical
mode. However, in this case, the active material volume, ~(1/2n)*, is such that it can
contain enough quantum states (>10° in bulk, or multi-QWs, QWRs, QDs (if they
are all resonant), so that they can control or generate a sizeable optical beam (10—
10" transitions per second). In addition, photon spontaneous emission occurs
selectively in the cavity mode, which is not achieved for QDs coupled to a conti-
nuum of photon modes.

It can be said that the situations of electron or photon confinements are not
symmetrical: whereas both bring sharper optical features, the photon confinement
scheme adds mode selectivity and a single microcavity handles enough power to
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achieve a useable device, whereas the electron confinement scheme requires a large
number of quantum boxes to achieve sizeable effects. This difference can be traced
to the Boson nature of photons, which allows many photons in a single optical
mode, whereas the Fermion nature of the electron allows only one electron in a
given quantum state (a single electron mode) in a quantum box.

As discussed above, using single QDs in single-mode 3D microcavities should
bring the best of both worlds, in particular bringing the coupling efficiency of a single
QD to the mode close to 100% (when approaching the strong coupling condition,
without requiring it in full) and enhancing emitted intensity by the Purcell effect.

14.6
The Future: What Are We Looking For?
(What We Really See is Sometimes a Matter of Controversy)

This short overview of what has kept us busy in the past is a good indicator of what
might lie ahead.

In those systems that allow it, collective effects might be the way to go: it is clear
that CPs are a system of choice to explore Boson interactions under quantum condi-
tions. This is mainly the area of 2D systems, in particular CPs. All the parameters
are adequate, because of the coexistence of large interparticle interactions (Coulomb
forces between the exciton constituents) and large mean free paths (very high par-
ticle photon-like velocities, i.e. small DOS) of the hybrid excitations. Some effects
have already been seen, often appearing with spectacular experimental features, but
we are certainly still at the beginning of exploiting a very unique system.

Single quantum effects are also a topic of prime choice for future investigations.
Single photon emission is a flourishing field, and more is to come from novel struc-
tures. The challenge here is to obtain single or correlated pair emission in practical
devices, i.e. at least compact, hopefully electrically injected and operating at high
temperature, possibly room tempera-ture. Obtaining strong coupling in single QD
structures is an obviously highly desirable objective. While there have been some
recent demonstrations of such effects, more effort is also needed here to obtain
practical structures where one can concentrate on quantum state manipulation.

Applications will also drive the field. There are major applications in view, be it in
energy-efficient devices (solid-state lighting), telecommunications (quantum secure
communications, high functionality integrated optics circuits, etc.). The field of
biology should also be a fertile playground.

It should be stressed, however, that, as usual for novel fields, the more interesting
results and applications will come from concepts that we do not foresee today!
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