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Abstract

Polariton lasers are coherent emitters in which the fundamental constituents are not photons
amplified by a gaining medium but hybrid, part exciton and part photon, quasi-particles named
polaritons. In this review we discuss some of the main topics in the field of polariton lasing:
we start from an introduction to the concepts of strong coupling regime and polaritons, we

then discuss the mechanism of polariton lasing and the main difficulties in achieving it. Some
of the main results on polariton lasing reported in the literature, from 2D samples to confined
structures, are then reviewed. This latter case will allow us to discuss some of the peculiarities
of polariton lasing with respect to traditional lasers. Polariton lasing mostly occurs at
cryogenic temperatures, but we will see that it can also be observed at room temperature with a
proper choice of materials. To conclude, we will discuss some perspectives for the field.

(Some figures may appear in colour only in the online journal)

1. Introduction

The rapid development of advanced tools and techniques
for manipulation, fabrication and characterization of matter
at a nanometre length scale is opening new routes towards
the efficient control of light propagation and confinement in
solid-state materials. As a result, the interaction between
semiconductor materials and the confined electromagnetic
modes can be considerably enhanced. The ability to integrate
semiconductor emitters and cavities to confine the emission has
led to a wealth of applications, such as commercially available
light-emitting diodes and laser diodes, or to the observation of
effects such as the acceleration of the emitter dynamics due to
the coupling with the cavity mode (Purcell effect [1]) or the
emission of purely nonclassical states of light just to name a
few examples.

In the case in which the interaction energy between the
emitter and the photon mode becomes larger than their losses,
the degeneracy between the emitter and the photon mode
is lifted giving rise to two spectrally separated light-matter
eigenstates: this regime is called the strong coupling regime. A
particular case of strong coupling is that of excitons confined in
quantum wells (QWs) and the modes of photonic cavities: the

0022-3727/12/313001+17$33.00

result is hybrid exciton—photon quasi-particles named exciton-
polariton (we will refer to them simply as polaritons for the rest
of the paper). Polariton lasing is the accumulation of a large
population of polaritons in a single quantum state. Polariton
lasers have many similarities with conventional lasers, but do
not need population inversion to occur: this implies that the
polariton lasing threshold is much lower than the photon lasing
threshold in a given structure.

In this paper we give an introduction to polariton lasers,
and we review some of the main experimental results in
the field. The paper is organized as follows: in section 2
we mathematically introduce the concept of strong coupling,
giving a definition of polariton and showing how they are
mixed states with properties of both photons and matter quasi-
particles; in section 3 we describe the mechanism of polariton
lasing and we compare it with traditional photon lasing; in
section 3.2 we detail the main issues to achieve polariton lasing
and in section 4 we show how they have been overcome and
we discuss some experimental evidence of polariton lasing
in planar samples; in section 5 we discuss how a complete
three-dimensional confinement of polaritons can be beneficial
for polariton lasing and we take a survey of experimental
results of polariton lasing in micropillars and photonic crystal

© 2012 IOP Publishing Ltd  Printed in the UK & the USA
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cavities; we will also see how polariton and photon lasing can
be observed and compared in the same sample; in section 6
we briefly review how polariton lasing has been achieved at
room temperature in large bandgap semiconductors. Finally,
in section 7 we summarize the paper and we discuss some
perspectives of the field.

2. The strong coupling regime and the concept of
polariton

For most applications the physics of light matter interaction is
described to an excellent approximation by the Fermi golden
rule [2]. This very general approach can be applied to
describe phenomena as diverse as photoluminescence, lasing
or scattering of light by particles just to name a few. The regime
pictured by the Fermi golden rule is termed weak coupling
regime and is a regime of irreversible interaction between
light and matter; in such a regime the electromagnetic field
is either emitted or absorbed by some material resonance (be
it for example an atomic transition, a flip between different
spin levels of an ion, intersubband or interband transitions in
a semiconductor) and then either the material oscillator or the
electromagnetic mode dephase before they can interact again.
This dephasing may be due to interaction with the environment
(for instance a phonon thermal bath in a solid-state systems),
or the finite lifetime of the interacting resonances, or escape
of photons from the spatial region of overlap with the material
resonance.

In the ideal case in which decoherence is absent, the
interaction between a single material oscillator and a single
mode of the electromagnetic field is characterized by a
reversible exchange of energy. This regime of electrodynamics
is termed strong coupling regime and was firstly postulated by
Rabi for nuclear spins in gyrating magnetic fields [3]. The
strong coupling regime can be observed in actual systems
if the coupling time to the electromagnetic field is faster
than all decoherence processes. Strong coupling has been
experimentally reported for a wide variety of systems, for
example between the modes of high finesse optical cavities
and ultra-cold atoms [4], superconducting qubits [5] or single
quantum dots [6-8].

In this paper we are interested in the strong coupling
regime between excitons confined in a QW and the optical
mode of a semiconductor cavity containing the QW (as
schematically showed in figure 1(a)), firstly observed by
Weisbuch ef al in 1992 [9]. QW excitons are bound states of
an electron in the lower conduction band of the semiconductor
and a hole in the valence band. In high quality QWs, excitons
are well described by a hydrogen atomic model. The state
of interest for the internal variable is the 1s orbital, while the
centre of mass moves freely in the plane of the QW. For low
in-plane wavevectors below the light cone, the dispersion of
the exciton energy in phase space can be simply approximated
by the kinetic energy of a free particle in the plane of the QW:

Ex=F hk 1
+—"
X X0 ZMX (1)

where k| is the in-plane wavevector (perpendicular to the
growth direction of the QW), Exg is the energy of the exciton
for ky = 0 and Mx = m. + my is the total mass of the
exciton, m, and my, being the electron and hole effective mass,
respectively. The material of choice for most applications on
QW excitons is GaAs, due to the extremely high-quality QWs
that can be obtained in GaAs-based materials by molecular
beam epitaxy: in GaAs m. = 0.067my and my, = 0.33my
where my is the free electron mass'. Being hydrogenoid
states, excitons have a well definite binding energy Ey, and
for temperatures such that 7 > f—é’, where kg is the Boltzmann
constant, excitons start to ionize into free electrons and holes;
in GaAs E, is around 10meV, thus excitonic effects in
GaAs-based samples are much more relevant at cryogenic
temperatures below 100K than at room temperature.

Excitons are composite bosons: conduction band electrons
have spin :t% and valence band holes also have semi-
integer spin (in GaAs-based QWs the fundamental exciton is
formed with heavy holes, which have spin :I:% [10]), so their
combination gives rise to particles with integer spin. The fact
that excitons follow Bose—Einstein statistics is of fundamental
importance for polariton lasing, as further discussed in later
sections. The reader can find a complete description of solid-
state excitons in the book from Bastard [11]

Semiconductor microcavities are monolithic Fabry—Perot
resonators, in which two Bragg mirrors are used to confine
light inside a cavity with thickness L., = m % % where
m is an integer [12]. The result is that a standing wave is
formed for electromagnetic radiation with wavelength A inside
the semiconductor (termed cavity mode or photon mode from
now on). Microcavities conserve translational symmetry in
the plane perpendicular to the growth direction so that kj is a
good quantum number for the cavity mode which has a definite
dispersion. This can be easily calculated considering that,

along the growth direction, k, = Lz—” so that the energy of
the cavity mode is

@)

where 7 is the refactive index of the cavity material and p € N
is an integer (we will consider only the lowest mode with
p = 1 in this paper from here on). The cavity mode has
a minimum in energy for k; = 0, Eco = 27, Near the

nlcay *
hck
EC()+ :

hn.

minimum the dispersion is nearly parabolic E¢c &
this implies an effective mass for the cavity mode M¢ = :
Mc is approximatively four orders of magnitude lighter than
Mx [13]. A schematic representation of a microcavity is shown
in figure 1(a): in a typical, GaAs-based sample the cavity has
a refractive index larger than the mirrors, has thickness A and
as a consequence the field has a maximum at the centre of the
cavity. In actual samples the Bragg mirrors have several tens of
pairs to increase their reflectivity and consequently the cavity
mode quality factor.

To clearly elucidate the concept of strong coupling
between photons and excitons we will apply a simple model

1A collection of physical parameters of GaAs can be found at
http://www.ioffe.rssi.ru/SVA/NSM/Semicond/InP
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Figure 1. (a) A scheme of a semiconductor microcavity. (b) The real parts of the eigenmodes obtained from equations (5) using parameters
typical for GaAs-based samples (Ex = Ec = 1480 meV 712 = 4 meV) along with (c¢) their imaginary parts and their exciton and photon

fractions ((d) and (e).)

which allows one to calculate the energies of polaritons. The
linear optical properties of samples in the strong coupling
regime can be easily described using a mathematical picture
in which both the exciton and photon resonances are two
harmonic oscillators with orthogonal degrees of freedom. In
a two dimensional base in which the fundamental vectors are
the QW exciton and the photon confined in the cavity (which
we will indicate with X and C from now on)

0
|1 C) = (1> 3

the system Hamiltonian can be written in the simple form

. hQ
l;)( +1yx —
H=|"e 2| )
7 EC+1]/C

Here E — X and E( are the energies of the exciton and photon
resonances, yx and yc their linewidths® and 22 their coupling
[14-16], which we will name Rabi energy. yx = % where
tx is the exciton coherence time, mainly due to interaction
with the crystalline lattice via scattering with phonons [17, 18],
and yc = Th—c where tc is the photon coherence time; this
latter is limited by the photon escaping the cavity through one
of the mirrors, so is the same as the photon lifetime, and is
proportional to the cavity quality factor Q = % = % The
coupling is dependent on the oscillator strength of the exciton,
the number of QWs contained in the sample and the overlap
between the exciton and photon wavefunctions [15].

2 This model is oversimplified and, as all the simple models described in this
review, should be considered for didascalic purposes only. Note in particular
that the Hamiltonian of equation (4) is not even Hermitian: the error comes
from including the losses within it as imaginary terms, instead of adding the
coupling to the continuum of states of the outside radiation field, or to the
phonon field, using Langevin terms (as done for example in [15, 38, 56]).

The Hamiltonian of the system can be easily diagonalized
yielding new eigenvectors | LP) and | UP) with energies

Erp = 1 (Ex +iyx + Ec +iyc)

1B + (Ex + iy — Ec —iye)?,
Eup = 5 (Ex +iyx + Ec +iyc)

+%\/(h9)2 + (Ex +iyx — Ec —iyc)>. ®)
These new eigenvectors are called polaritons: the lower
polariton | LP) and the upper polariton | UP). Note that
the exciton and photon energies are dependent on the parallel
wavevector through equations (1) and (2), but we have dropped
in equation (4) and (5) the explicit dependences for sake of
clarity.

Let us now, for a moment, consider the eigenvalues and
the eigenvectors at fixed kj (typically kj = 0). Figures 1(b)
and (c) show the real and the imaginary parts of the energies
of equations (5) while varying the ratio hfzc . We have taken
Ex = Ec = 1480meV and 72 = 4meV, which are typical
values for a GaAs-based sample containing InGaAs QWs.
While fori2 < yx+yc the energies of the system’s resonances
remain unchanged with respect to the case of no coupling,
when 712 > yx + yc, a drastic change in the energies and the
eigenvalues occurs as they split into two distinct eigenvalues.
The condition 72 > yx + yc corresponds to the situation in
which the interaction between the two fundamental oscillators
is faster than their decoherence time, and thus the interaction
becomes reversible, and is called the strong coupling regime, in
contrast with the weak coupling regime givenby 22 < yx+yc.
A lot of insight into polariton physics can be gained by
considering the square moduli of the projections of the new
eigenstates on the photon and exciton states:

arp = |(C | LP)|?, prr = (X | LP)J?
(©6)

ayp = [{C | UP)|, Bur = [(X | UP)|?
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Figure 2. (a) Dispersion of the polariton branch calculated for the sample of [138] and (b) the photon and exciton fractions of the lower
polariton branch. Electroluminescence spectra showing the dispersion of the emission in the case of (c) strong coupling (at low pumping
rate) and (d) weak coupling (at high pumping rate). The data of (c¢) and (d) are taken from [138], the experiments are performed at a
temperature of 10 K and the emission intensity is in log scale. The dashed lines indicate the calculated polariton dispersions in (¢) and the

photon dispersion in (d)).

arp (app) is called the photon fraction of the lower (upper)
polariton, while Brp (Bup) is called the exciton fraction of
the lower (upper) polariton. These quantities are plotted
in figures 1(d) and (e): in the weak coupling regime, the
eigenmodes of the system remain completely photon and
completely exciton, while in strong coupling | LP) and | UP)
have nonzero projection on both | P) and | X). Polaritons
are therefore hybrid states, part exciton and part photon
(sometimes called dressed states [19]). The behaviour of
polaritons, detailed in the following sections, can be often
explained in terms of a superposition of exciton and photon
properties, weighted with the respective fractions o p yp and
Brp.up. In particular, polariton’s lifetimes and effective masses
are given by

I _oeue  Preur

TLP,UP o X )
1 apup N Brp,up

mipup  mc My

The photonic part of polaritons accounts for their low mass and
density of states, and their coupling to the external radiation
field. Their excitonic part gives them the ability to interact with
the lattice through phonon scattering, self-interaction through
dipole—dipole and hopping potential and sensitivity to external
electrical fields.

In the general case the energies of the polaritons, their
photon or exciton fractions as well as their lifetimes are all
dependent on the in-plane wavevector. This dependence can
be easily obtained by explicitly inserting the dependence on
ky of the exciton and photon modes in the Hamiltonian of
equation (4). Figure 2 (a) shows the dispersion of exciton

polaritons in phase space for a typical sample (calculated using
equations (5)) along with the dispersion of the exciton and
photon modes in weak coupling. The lower polariton branch
has a peculiar, s-shaped curve, with a minimum at centre of
the Brillouin zone at kj = 0 while it tends asymptotically to
the exciton energy at large wavevectors. Two fundamental
quantities are marked in the figure: the Rabi energy /<2 and
the detuning, defined as 6 = Ec(kj = 0) — Ex(kj = 0). The
dispersion of polaritons can be measured in angle-resolved
experiments, as the wavevector can be linked to the observation
angle ¥ by

®)

where ¢+ = 0 is the direction perpendicular to the sample
surface (growth direction). An example of experimental
polariton luminescence is shown in figure 2(c): both the
dispersion of lower and upper polariton branches are clearly
visible, well in accord with the calculated dispersions of
figure 2(a). The exciton and photon fractions of the lower
polariton branch are shown in figure 2(b): the states around the
energy minimum (sometimes called polariton trap) are strongly
photonic, while the states at high K are mostly excitonic. We
will see in the next session that these properties of the lower
polariton branch play a fundamental role in polariton lasing.

k” = 9 Sil’l(l?)
c

3. Polariton lasing

Polariton lasing was firstly proposed in a theoretical paper
by Imamoglu et al 1996 [20]. Figure 3 shows a scheme
of the polariton lasing mechanism in a two-dimensional
semiconductor microcavity: the sample is excited non-
resonantly, high above the QW levels, typically through an
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Figure 3. A schematic representation of the mechanisms involved
in polariton lasing: the black curve represents the lower polariton
branch.

optical pump, continuous wave or pulsed. The pump creates a
plasma of electron hole pairs which subsequently lose energy
through the emission of phonons [21]. As the carriers relax,
they start to occupy the polariton states in the excitonic
reservoir and then, by emission of phonons or some other
relaxation mechanism (see sections 3.2 and 4) they should
relax further down to the lower polariton branch. This process
eventually comes to an end when the minimum of the lower
branch at k; = 0 is reached: this state is, at least in principle,
privileged for the accumulation of polaritons and consequently
for polariton lasing. Let us name ng,o the probability of a
polariton to relax from a state of wavevector k to kj = 0
when this latter state is empty. The term Rg 0 was theoretically
studied by Tassone and linked to the interaction with the lattice
[22]. When accounting for the mean population (Ny) in the
energy minimum, the scattering rate becomes

REO = REC (14 (Np)). 9)

Polaritons are dressed states of two bosonic particles, excitons
and photons, and have therefore integer spin and follow the
Bose-Einstein statics. One of the basic properties of bosons is
that the scattering rate towards a final state is proportional to the
population to the state plus one [2, 19]. The idea underlying
polariton lasing is that, if the mean occupation factor (Ng)
exceeds unity, then scattering towards the state at kj = 0
becomes increasingly favoured with respect to every other
state. This positive feedback thus entails the formation of
a macroscopic population of polaritons in the final state: the
higher (Ny), the more efficient is the scattering rate described
by equation (9) and so on. There is a ‘population threshold’
at which the final state population is expected to increase
exponentially by several orders of magnitude by increasing the
pumping power. This behaviour is similar to what observed for
a conventional laser, in which the threshold is reached when
the photon occupancy for one of the cavity modes reaches
unity, and the emission from the gain medium is concentrated
to that mode [12]. Just as in the case of the classical laser,

the term proportional to the final population in equation (9)
comes from the properties of bosonic commutators [19]: once
(No) > 1 the phase of polaritons scattering towards k; = 0
is locked to the phase of those already occupying the final
state. This in turn means that the threshold is associated with
an increase in temporal coherence for polaritons, measurable
as line narrowing or an increase in the first order Glauber
coherence [23]: a further analogy with the polariton laser. The
same analogy holds for the second order degree of coherence
g%(r = 0) [23]: it has been calculated [24], and measured
[25,26], that at threshold the value g2(z = 0) passes from a
value >1 (meaning that the polariton population has thermal
temporal statics [19]) to a value of g?(z = 0) = 1 (meaning
that the polariton population has Poissonian temporal statics
[19]).

A further similarity between polariton and photon lasing
comes from the fact that, in a typical experiment, the system is
studied by observing the light escaping through the mirror: as
we have seen in section 2 polaritons mainly decay radiatively
through their photonic component. The escaping photons bear
the properties of the emitting polaritons: polariton lasers are
thus observed as sources of bright coherent beams of light.

These analogies between the relaxation of polaritons
amplified by final state occupancy and a classical laser have
led to the term ‘polariton laser’ to describe the phenomenon.
The term is not completely correct: the basic physics of the
system is indeed stimulated relaxation of quasi-particles, and
not ‘stimulated emission of radiation’. There are nonetheless
several properties that make polariton lasers different from
their conventional counterparts, some of which will be
discussed in section 5.

One such difference pertains the level of excitation (i.e.
the pump power) the sample needs to reach polariton lasing.
As we have seen in section 2 excitons are two-particle
wavefunctions of electron and holes of semiconductors bound
to form a hydrogen-like bound state. This picture is, however,
only accurate if the conduction and valence bands are almost
empty: electrons and holes are in fact fermions and can occupy
only one state in phase space each. Increasing the pumping
of the sample means increasing the number of electron and
holes injected in the bands: as the conduction and valence
bands are filled, fewer and fewer ‘free’ states are available
to build the two-particle wavefunction of the exciton. This
phenomenon is known as phase space filling [27,28], and
gives rise to a decrease in the exciton oscillator strength [29]
and thus a decrease in 72 in equation (4): at high pumping
powers there is a gradual loss of coupling strength between
the exciton and photons. Eventually, when the bottom of the
conduction and valence bands is completely filled, no excitons
can exist in the system anymore, and so no polaritons as well:
this transition is called the Mott transition, and occurs in GaAs-
based QWs for injected densities of electron hole pairs around
10'' ecm~2 [30]: above the Mott transition no strong coupling
is possible (an example of transition to weak coupling due to
excessive pumping is shown in figure 2(d)), let alone polariton
lasing. On the other hand the complete filling of the bottom
of the conduction and valence bands is necessary to obtain
classical gain in the QW, and classical photon lasing in the
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sample [31]. This means that the threshold for polariton lasing
necessarily occurs at lower pumping power than the threshold
for classical lasing in the same sample.

Note that the picture described above, of gain due to
stimulated relaxation of particles that are partly excitons, may
not be limited to the strong coupling regime. The simple
model described in section 2 allows for a limited admixture of
states even if the losses exceed the coupling; in this picture the
eigenmodes of the system are photons with a weak excitonic
character, and vice versa. As an example, some indication of
excitonic gain without Rabi splitting has been recently shown
in a ZnO-based cavity [122]. However, for simplicity, in
this paper we will describe polariton lasing only within the
framework of the strong coupling regime, the regime in which
the concept of polariton as described in section 2 is fully
relevant.

3.1. A brief note on polariton lasing and polariton
condensation

Soon after the first experiments showing the occurrence
of strong coupling between excitons and photons in
semiconductor microcavities, polaritons appeared to be
excellent candidates for the observation of Bose—Einstein
condensation in a solid-state system. Condensation had
already been sought for QW excitons but had not been
observed because of exciton decoherence due to scattering with
phonons, and has only recently been experimentally observed
[32-36]. Polaritons have several advantages with respect to
excitons. Owing to their steep dispersion relation (much
steeper than excitons, as discussed in section 2), they have
a much lower mass than the exciton. If we consider a general
two-dimensional gas of particles or quasi-particles, quantum
degeneracy is achieved when the mean separation between the
particles is shorter than their de Broglie wavelength Apg = 27”
(k being the module of the particle wavevector [2]), so that
the wavefuctions overlap and indistinguishability becomes

relevant [37]. This translates to
Vnipg > 1 (10)

where n is the two-dimensional density of the quasi-particles.
If we consider the gas to be thermalized, and the quasi-particles
to obey a ‘free particle’ parabolic dispersion with effective
mass M, we can write the energy as % = kgT, where kg
is the Boltzmann constant and T is the temperature. Hence,
equation (10) becomes
n_o 2M
kT = h%’
The lighter the mass of the quasi-particle the easier it is to
achieve condensation (lower densities or higher temperatures).
The lower effective mass of polaritons with respect to
excitons makes them excellent candidates for the observation
of condensation: imposing a density n = 10° cm™? in
equation (11) one obtains a temperature of about 20K for
polaritons, in contrast to tens of mK for excitons [38, 39]°.

an

3 This kind of calculation is of course oversimplified: the reader can find
a correct theoretical estimation of the critical temperature for polariton
condensation in several materials in [38] and an experimental study of polariton
lasing thresholds from 4 K to room temperature in a GaN sample in [39].

Following these reasons the observation of bosonic
stimulation for polaritons and spontaneous formation of
a coherent macroscopic polariton population have been
interpreted as polariton Bose—Einstein condensation [40—42].
This interpretation is further backed by the properties that
coherent polariton gases have in common with atomic
condensates [43] (as briefly mentioned in the conclusion of
this paper). The phenomenon of polariton condensation is
exactly equivalent to the polariton lasing we have described
in the previous section, and further investigation showed that
thermal equilibrium is not achieved by the polariton gas, so
that the term Bose—FEinstein condensate is not exact and a
weaker definition of condensation, which does not involve
thermal equilibrium, has been applied to the justify the term
condensation for polaritons [44]. Neither the term ‘polariton
laser’ nor ‘polariton condensate’ is therefore completely
correct, and the debate on the nature of the phenomenon is
still open: the issue has been, for example, recently addressed
in the letter of Butov and Kavokin to Nature Photonics [45]
and in the response of Deveaud-Plédran [46].

In this paper we will use the term polariton laser for
coherent polariton ensembles, but the reader should not find it
ambiguous if we refer to theoretical and experimental works on
polariton condensates as well: the terms ‘polariton laser’ and
‘polariton condensate’ can largely be considered synonymous.

3.2. The difficult way through the bottleneck

More than a decade passed between the first observation
of microcavity polaritons and that of polariton lasing. The
main problem is that the polariton gas is an open system, as
polaritons can decay radiatively with a time which decreases
as their photonic component increases as seen in equation (7).
The polariton laser is therefore a dynamical system, in which
the final state population must be created and maintained
against its natural decay via recombination of its excitonic
part. Let us limit ourselves, for the moment, to relaxation
of polaritons by the emission of acoustic phonons, the main
relaxation process at low pumping powers. The process
of phonon emission is elastic, so that both the energy and
momentum of the emitted phonon must match the loss in
energy and momentum of the relaxing polariton:

Epn(kypn) = Erp(ky,i) — Evp(ky, ),
Ejpn = k. r — Fy.i

12)

where k), is the in-plane component of the phonon
wavevector. Polaritons do not have a well-defined wavevector
along the growth axis z of the sample: the cavity structure is
not translationally invariant along z, so there is no momentum
conservation, and thus emitted phonons can have an arbitrary
component g, and polaritons can relax towards a continuum
of final states. There is, however, a limiting value to g,
as well, given by the QW thickness Lgy: the probability of
emitting a phonon lowers exponentially for g, > % The
dispersion of acoustic phonons is very different from the
polariton dispersion, the former being almost flat on an energy
scale as that of figure 2(a) [47]. Combining the limit on ¢, with
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equation (12) and the phonon dispersion curves in GaAs (see
footnote 1) one obtains that the maximum energy a polariton
can lose with a single phonon emission is less than 2 meV.

The result is that polaritons cannot directly relax from
the excitonic reservoir to the minimum at kj = 0, but they
need to emit a large number of acoustic phonons losing a
small amount of energy each time, gradually leaping down
the lower polariton branch. Unfortunately, the more they
relax towards the minimum the more their photon fraction
increases (see section 2 and figure 2(b)): the hybrid nature
of polaritons is detrimental when it comes to relaxation.
On the one hand, the process of scattering with phonons is
proportional to the exitonic part [48]: the more photonic the
polaritons become, the less likely will be their interaction
with the lattice and longer delays will pass until the next
relaxation step. On the other hand, following equation (7),
the radiative lifetime of polaritons considerably decreases
with increasing their photon fraction. The net result is that
polaritons are more likely to radiatively decay during the
process of relaxation towards the energy minimum before
actually reaching the minimum. This effect is called the
relaxation bottleneck, and has been experimentally reported in
several samples [22,49-51]. An example of bottleneck effect
is shown in figure 4: a microcavity sample is pumped non-
resonantly, and the resulting photoluminescence is shown as a
function of energy and wavevector. The profile of the lower
polariton band is clearly visible, but the maximum of the
emitted intensity is not found in the energy minimum, but at
higher wavevector states (around an angle of 15-20° in the
figure).

The bottleneck effect has hindered the observation of
polariton lasing: because of it, a population of unity could not
be achieved in the polariton trap for pumping powers below the
Mott transition and the loss of strong coupling in the sample.
Several ways have been tried to overcome the bottleneck effect,
including cavities designed to harness the much more efficient
optical phonons instead of acoustic phonons for relaxation [52]
or the injection of an electron gas in the QW to achieve
electron—polariton relaxation [53-55]. We will see in the next
section that the solution has been found improving the cavity
design and quality.

4. Polariton lasing in planar structures

The first instances of polariton lasing were reported in two-
dimensional microcavity samples such as those described
in section 2. The problems associated with the bottleneck
described in the previous section have been solved combining
two strategies related to the design and realization of the
samples.

The first was to increase as much as possible the quality
factor of the photonic mode of the microcavities. As we have
seen in the previous section, one of the limiting factors for
achieving polariton lasing comes from radiative recombination
of polaritons when they relax towards the trap at k = 0, owing
to their increasing photonic fraction. In turn, the radiative
recombination time is directly proportional to the quality factor
of the cavity. As a result, doubling the latter means doubling

1484

Log(EL intensity)
(arb. units)

1482

1480

1478

1476

1474

Energy (meV)

1472

1470

1468

1466

-5 0 5 10

Angle ()

15 20 25

Figure 4. Electroluminescence spectra showing an instance of
relaxation bottleneck: the emission is stronger at high angles while
the energy minimum of the lower polariton branch remains scarcely
populated. The data are taken from [138], the experiments are
performed at a temperature of 10 K and the emission intensity is in
log scale.

the lifetime of polaritons in the trap, and hence doubling
their population at a given pump power. The increase in the
quality factor of microcavity samples has been due to steady
improvements in growth techniques allowing the realization
of Bragg mirrors containing more than 30 pairs: samples
with photon lifetimes of the order of several picoseconds are
currently available.

The second approach consisted in increasing as much as
possible the number of QWs contained in the samples. The
rationale for this choice is that the total density of excitons
is limited by the Mott transition to some 10'° cm~2 per each
QW. This limit does not hold for polaritons. Being hybrid
states of excitons and photons, they are spatially distributed
along the profile of the photon mode. If this latter encompasses
more than one QW, then strong coupling is achieved between
photons and excitons in each of the QWs. This means that,
if the sample contains ten QWs, then the maximum number
of injected polaritons increases by an order of magnitude
with respect to the maximum number of excitons that can be
injected in one QW. The difficulty in this approach is that, to
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Figure 5. An instance of polariton lasing in a 2D sample. (a) Spectra taken at k; = O for increasing pumping power, the inset shows the
integrated intensities. Angle-resolved spectra taken (b) below and (c) above threshold: the insets show the corresponding real space images
of the emission. Reprinted with permission from [59]. Copyright 2009 American Institute of Physics.

have strong coupling, there must be a good spatial overlap
between the photonic mode and the QWSs, which must all
be placed where the photonic field has a relative antinode.
Increasing the density of injectable polaritons entails a further
advantage in terms of a new relaxation mechanism: polaritons
have a strong repulsive interaction, due to dipole and exchange
terms between their excitonic parts [22, 56, 57], and can relax
by elastic scattering with each other. Polariton—polariton
scattering is a quadratic process in the pump power and has
been shown to be the most efficient relaxation mechanism for
polariton densities above 10° cm™2.

Polariton lasing was firstly experimentally observed in
a planar microcavity based on CdTe [40]. Kasprzak and
co-workers showed the build up of a coherent polariton
population in the energy minimum at k; = 0. To further
confirm the onset of a coherent state, they showed that the
temporal coherence of the polariton laser becomes longer than
the lifetime of a single polariton; this is a sign that a collective
polariton state is formed, in which every polariton that decays
radiatively is compensated by another scattering towards the
lasing state and taking the same phase as the laser. They also
showed, by spatially resolved interferometric measurements,
an increase in the spatial coherence of the emission, which
becomes much larger than the spatial coherence of a single
polariton below threshold.

Polariton lasing was then also observed in GaAs samples.
The most used design for polariton lasing in GaAs is that
described in [58]: it consists of a half-wavelength AlAs cavity
surrounded by two Gaggs AlyosAs/Gaggy Alpro As Bragg
mirrors with 26 and 30 pairs in the top and bottom mirrors,
respectively (the top has less pairs because of the larger
refractive index contrasts with air with respect to the substrate).
Three sets of four 7 nm GaAs QWs are inserted at the antinodes
of the cavity mode electromagnetic field: one set is located at
the centre of the cavity layer and the two others at the first
antinode in each mirror. The sample has a Rabi splitting of

19meV and the large number of pairs in the mirrors yields
cavity mode lifetimes of several picoseconds.

An instance of polariton lasing in such a sample is shown
in figure 5 (data are taken from [59]). Figure 5 shows spectra
taken at ky = O for increasing pump powers, and their
integrated intensities in the inset. The emitted intensity shows a
clear lasing threshold after an initial linear increase. Care must
be taken in these experiments to verify thatlasing indeed occurs
in strong coupling and the sample is not simply behaving as
a VCSEL [60, 61]: the authors of [59] have chosen to study
the emission pattern from the sample below (figure 5(b)) and
above (figure 5(c)) threshold: in both cases the dispersion of
the emission closely follows the expected curve for the lower
polariton branch, and is far from the photon dispersion that
the sample would display in weak coupling [61] (show by the
line marked as C in the figure): the dispersion unambiguously
proves that the sample is strong coupling while lasing.

5. The advantages of confinement

Lateral confinement is a technique well known in laser physics,
and in particular in the case of VCSELS [31], to reduce the
lasing threshold. The observation of polariton lasing in two-
dimensional structures hinted at the realization of polaritons
‘boxes’, in which polaritons are confined in all three space
directions. One obvious way to confine polaritons is to laterally
pattern an optical microcavity in shape of pillars: this can
be achieved by etching the microcavity through reactive ion
etching after the pattern is written on the surface by means
of electron beam lithography. The Bragg mirrors provide
confinement of the photonic modes along the growth direction
z, while the high index contrast between the semiconductor
material (for instance n = 3.45 for GaAs) and air grants that
the modes are confined along the other two directions. The
QW is etched with the pillar, so that the exciton is naturally
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Figure 6. (a) SEM image of a micropillar cavity with side / =3 um. (b) The square modulus of the field of the four modes with lowest
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mode withi = 1 and j = 2 has the same energy as the mode with i = 2 and j = 1 and their squared wavefunctions are enclosed within the
dashed rectangle in the figure. (c¢) Grey dashed line, scale to the right: lower polariton dispersion for a GaAs-based microcavity with zero
detuning and 8 meV Rabi splitting. Black lines, scale to the left: the square modulus of the fields in phase space along one of the pillar’s
sides, calculated taking the Fourier Transform of equation (14), for the same cavity as before once patterned in 3 um pillars. The black
curves were vertically shifted so that their bases correspond to the respective modal energy in the right scale, so that their distribution in
phase space can be compared with the 2D dispersion (grey dashed line). (d) An example of photoluminescence from a 3 um pillar
GaAs-based pillar, clearly showing the exciton emission and discrete polariton states. Experiment performed with the sample at 7 = 10 K.

confined within it. An example of pillar etched in a GaAs wavevector are now quantized: this leads to discrete energy

microcavity is shown in figure 6(a). levels given by
Letus consider a square pillar of lateral size /. Equation (2) 2 2 2
. .. . . hck  he 21 2m; 2m;m
must now be implemented bearing in mind that the photon is g j=—=— + + J .
confined along all directions. Along the growth direction k, n n Leay ! !
remains the same as in the planar cavity: k. = 2. Alongx and (13)

y, we can approximate the interface with air as a perfect mirror
(this is a good approximation for pillars with size of several
micrometres [62-65]), sothatk, = 2”;"” andk, = 2mTj”,where . (2miw . (2m;m

i) = 14
m; and m; are integer numbers. All three components of the (@[ ¥ij) =sin [ T)sm l )o@ a4

The corresponding photon wavefunctions are given by [62]
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where we have taken the origin to be on one of the square’s
angles and ¢ (z) is the electric field profile along the growth
direction for a two-dimensional microcavity. An example
for the three lower states in a square micropillar is shown in
figure 6(b). Each photonic mode couples to the QW excitons
independently through the Hamiltonian of equation (4) giving
rise to multiple discrete polariton states (one lower polariton
and one upper polariton for each discrete photon mode). The
spatial profile of the polariton wavefunctions is still described
by the wavefunctions of equation (14), as each photon mode
couples with an exciton wavefunction having the same spatial
profile [63].

One example is shown in figure 6(c) for the lower
polaritons of a pillar of lateral size [ = 3 um. The energy
states are quantized forming a discrete ladder from the exciton
states down to the fundamental level. Note that the model 14
is extremely simplified, and a correct calculation would need a
complete numerical solution for the Maxwell equations using
methods such as finite different time domain [66, 67] or plane
wave expansion [68]. It is, however, interesting to consider
the profile of the wavefunctions in phase space, plotted along
one direction in figure 6(c): there is always an overlap between
two functions of adjacent energy. This is a direct consequence
of confinement: the lack of translational invariance along all
direction implies that the wavevector k is no longer a good
quantum number. This in turn means that the wavevector
conditions on phonon relaxation in equations (12) are dropped:
polaritons in micropillars can relax by emitting phonons
with almost arbitrary k, and thus confinement considerably
helps polariton thermalization and lasing. An instance of
photoluminescence spectrum taken on a square pillar with side
! = 3 um is shown in figure 6(d). There are several discrete
modes visible to the lower side of the exciton emission at
1607 meV. The discrete modes have a very high quality factors
of the order of ten thousand.

The first thing to ascertain when patterning a microcavity
is that pillars are in the strong coupling regime. Figure 7 shows
the energies of the emitted modes for a series of pillars with
| = 4 pm: the pillars have different detuning with respect to the
exciton but are otherwise identical®. A clear anti-crossing is
visible, proof of strong coupling: the measured modes fit very
well using the energies of equation (13) in strong coupling with
the exciton with a Rabi splitting of 15 meV. The upper polariton
modes are not visible in photoluminescence: their energy is
several tens of meV above the fundamental states while the
temperature corresponds to an energy of about 0.9 meV, and
therefore the upper polariton states are almost completely
depopulated.

Emission from a pillar of side / = 6 um is shown in
figure 8 when increasing the pumping power P. The integrated
emission data taken from figure 8 along with the energy of
the main peak and its linewidth as a function of the pump
power are reported in figure 9. The spectra at low power show

4 Microcavities can easily be grown with the cavity layer being slightly
wedged, so that the photon mode energy, and therefore the detuning depends
on the position on the sample. If such a sample is patterned to obtain pillars,
pillars in different positions on the wafer have different cavity thicknesses and
so different detunings with respect to the exciton line.
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Figure 7. Emission energy of the discrete polariton lines (closed
circles) and of the exciton line (open circles) measured on several 4
pum diameter micropillars varying the position on the wafer, (thick
black lines) calculated energy of the OD polariton modes. Data
taken from [70], experiments performed at 7 = 10 K.
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Figure 8. Emission spectra measured for several excitation powers
in a single 6 um diameter micropillar. (a) corresponds to the
polariton lasing regime; spectra in (b) correspond to the loss of the
strong coupling regime and the onset of photon lasing. Data taken
from [70], experiments performed at 7 = 10 K.

emission from several discrete polariton states that initially
increase linearly in intensity with the pump power. When the
pump reaches 1 mW, there is, however, a steep superlinear
increase in intensity for the fundamental mode, while the others
disappear. The strong amplification of the emission is typical
of a lasing threshold and is followed by a linear increase for
about one order of magnitude in pumping power. During this
second linear regime the emission undergoes a steep blueshift
and significantly broadens: this is due to the occurrence of
the Mott transition, in which the strong coupling is gradually
lost and the emission gradually shifts towards the energy of
the uncoupled photonic mode. Eventually the conduction
and valence bands are filled and, with gain, a second lasing
threshold is observed, this time in weak coupling, around
P = 45mW. This double threshold behaviour is typical of
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Figure 9. (a) Integrated intensity and measured occupancy , (b)
emission energy and (c) emission linewidth measured on the lowest
energy emission line of figure 8 as a function of the excitation
power; dashed areas highlight the excitation range for polariton
lasing or photon lasing. Data taken from [70], experiments
performed at T = 10 K.

samples displaying both strong and weak coupling: at low
powers, lasing of polariton is observed, without population
inversion in the sample, and then at higher powers normal
photon lasing is observed.

The ability to observe lasing in both strong and weak
coupling in the same sample yields the possibility to clearly
reveal the characteristics of polariton lasing and its peculiarities
with respect to normal photon laser [70,71]. The first clear
difference is that the polariton emission line continuously
blueshift. While at higher powers the blueshift is due to the
loss of strong coupling, at low powers (even below threshold)
the blueshift is linked to the excitonic part of polaritons.
The polariton gas can strongly interact with itself and with
the excitons in the reservoir and both these interactions are
repulsive, with the effect of increasing the energy of the
polariton gas when the system is more populated. The
respective role of these two terms in the blueshift has been
investigated in two-, one- and zero-dimensional polariton
structures by the authors of [69].

Another peculiar behaviour of polariton lasers is the
evolution of their linewidth. As long as heating effects can
be neglected, in a conventional photon laser the linewidth
S E decreases continuously following the law of Schawlow—
Townes: % = m where Ej is the emission energy at
threshold and (Npy) is the mean photon occupation. As shown
in figure 9, in a polariton laser the linewidth decreases at
threshold but then starts increasing again: this effect is due to
the emission blueshift, and small instabilities in the pumping
power (or, even in the case of a perfect pump, its shot noise)
change the emission energy and thus, once averaged, the
emission linewidth.
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The fact of having discrete polariton states in micropillars
is particularly advantageous to study polariton occupation
of the levels. The mean occupation of the states can be
experimentally assessed by measuring the output power [
from the polariton laser, which means knowing the number
of photons emitted from the sample which in turn are directly
related to the polariton population via its radiative decay time

Trad SO that

(N) =
= — T
ha) ad

where 7w is the emission energy and t.,g is obtained
from the linewidth. The measured polariton population
is shown in the right scale of figure 9(a) (limited to the
strong coupling regime). As expected, the polariton lasing
threshold occurs when the mean occupancy is around unity
and bosonic stimulation begins. A total population of up to
several thousands is observed in the sample before the strong
coupling regime is lost, a sign that coherent macroscopic
populations of quasi-particles can be maintained in solid-
state samples. The ability to measure the actual polariton
population in discrete states has been used to discern whether
polariton lasers reach thermal equilibrium (i.e. whether they are
‘standard’ thermalized Bose—Einstein condensates); while the
observation of a coherent macroscopic population of polaritons
in the fundamental state, as shown in figure 7, would seem
to point in that direction, it has been shown [70,72] that, in
the same pillar, polariton lasing can be obtained on different
modes (and even on several modes at the same time), by
simply changing the excitation conditions. Thermalized Bose—
Einstein condensation necessarily occurs on the fundamental
level [37] (energy levels below the condensate would otherwise
need to have negative populations), so the experiments reported
in [70] clearly show that polariton lasing is an out of
equilibrium phenomenon.

The many advantages of micropillars come at the price
of a technological difficulty in their fabrication. Etching a
GaAs QW does in fact introduce a very fast nonradiative
recombination channel for excitons at the surface, resulting
in excitons too broad to obtain the strong coupling regime.
The problem can be overcome by passivating the surface
through chemical deposition: in the case of [70], the pillars
were passivated by deposition of a thin layer of silica during
the etching process. Several other geometries have been
studied to confine polaritons in microcavities without the need
of etching the QW, and polariton lasing has been observed
in mechanical traps, which acts as a confining potential on
the excitonic part of polaritons [41] and mesa structures, in
which the thickness of the cavity layer is locally increased to
confine polaritons through their photonic parts [73-78]. The
disadvantage of these approaches is that the confining potential
is weak (of the order of a few meVs) so that the effective
volume of the confined modes is much larger than in the case
of micropillars. Other approaches have been proposed which
use only one Bragg mirror and confine polaritons using Tamm
states [79-81] or Bloch surface waves [82—84], but have not
yet been experimentally realized at the time of writing.

The most efficient way to confine polaritons in transparent
materials is to use photonic crystals [85]. Photonic crystals

5)
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Figure 10. Photoluminescence spectra spectra taken in the regime of polariton lasing (a) and photon lasing () for a L3 cavity sample. The
inset shows a scanning electron microscope picture of the cavity region. (c) Integrated intensity versus pump power, (d) linewidth and (e)
blueshift versus pump power for the same sample. In (¢), the continuous (black) line, the dotted (red) line and the dashed (green) line are a
guide to the eye proportional to P, P2 and P3. Experiments performed at T = 10 K. Reprinted with permission from [109]. Copyright

2011, American Institute of Physics.

[86] are the two-dimensional analogue of Bragg stacks
obtained by periodically modulating the refractive index of a
planar waveguide (two-dimensional photonic crystals) usually
by patterning it with periodic arrays of holes; this is achieved
using a variety of top—down and bottom—up approaches
[87-92]. Photonic crystals are a widely used tool in solid-
state physics because they allow us to easily engineer the
dispersion [93,94] of the photonic bands by changing the
sample design [95, 96].

Photonic crystals can be used to confine electromagnetic
modes by the introduction of linear defects, acting as
waveguides [97-101], and point defects acting as cavities
[102]. Planar photonic crystal cavities have become a
fundamental tool in modern photonics research, either for
investigating basic cavity quantum electrodynamics effects
[103, 104] and to demonstrate ultra-low threshold lasing [105].
One key feature of such nanocavities is the figure of merit
represented by the ratio Q/ Vs between the cavity mode
quality factor and its effective confinement volume. Modal
volumes of the order of the cube of electromagnetic wavelength
in the material can be achieved by the use of the L3 type
cavity [102] obtained by removing a set of three holes by
a triangle lattice of air holes in a semiconductor. The
problem limiting the use of photonic crystals for polariton
confinement still comes from non-radiative recombination of
excitons caused by lateral patterning to obtain the photonic
lattice. In GaAs photonic crystals, surface passivation is very
difficult to obtain [106] and a solution has been found, for
both interband [107] and intersubband [108], by periodically
modulating the exponential tail of the photonic part of the
polaritons confined in the planar waveguide. Such structures
are, however, incompatible with the realization of cavities.

Polariton lasing has been recently reported [109] in L3
photonic crystal cavities by the use of InP-based materials,
instead of GaAs-based materials, as the former suffer from
negligible nonradiative recombination issues, even after
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patterning. The authors have reported quality factors of the
order of 3000, while the modal volumes are a fraction of pm?.
An example of polariton lasing in InP photonic crystal cavities
is in figure 10. The general behaviour is largely equivalent to
the observations reported for micropillars; a double threshold
is observed, as reported in the spectra in figures 10(a) and
(b) and in the integrated intensities in figure 10(c). The same
pattern for linewidth (figure 10(d)) and blueshift (figure 10(e))
is also observed, with the line narrowing at both thresholds,
and the blueshift of the order of one meV at the first threshold
and then increasing before the second threshold as the strong
coping regime is gradually lost. The evident difference with the
case of micropillars consists in the reduction of the polariton
lasing threshold by more than three orders of magnitude. This
reduction is due to the confining properties of the photonic
crystal cavity: higher confinement implies higher density of
states for the final state and therefore improved scattering
towards the minimum in energy. The measured threshold of
about 100 nW for the polariton laser is comparable to the lowest
threshold reported to date for quantum dot lasers [105].

6. Polariton lasing at room temperature

One of the main limitations hindering the adoption of polariton-
based effects in actual photonic devices is the fact that in
GaAs-, InP- and CdTe-based samples polariton lasing can
be observed only at low temperatures, requiring the use of
cumbersome set-ups in which the samples are kept thermal
contact with baths of liquid helium in the confines of cryostats.
This limitation has physical origins: if we consider GaAs-
based QWs, the exciton binding energy is of the order of
5-10meVs, meaning that most excitons would be ionized
for T > 100K [110,111]. To observe polaritonic effects at
room temperature the choice must fall on different materials.
In particular, gallium nitride-based QWs display excitons
with binding energies of the order of 30 meV, while in zinc
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oxide the exciton binding energy is of the order of 60 meV.
Both GaN and ZnO, in their stable form, have a wurtzite
crystal lattice, as opposed to the zinblende stucture of GaAs.
In both materials excitons show extremely high oscillator
strengths [112, 113].

The last decade has seen a very fast development of growth
and technology of GaN-based devices, which has led to the
development and industrial production of LEDs and lasers
emitting in the blue and near ultraviolet ranges. Polariton
devices must, however, meet very demanding specifications,
requiring high quality factor photonic cavities to achieve
the reversible interaction between excitons and photon fields
necessary for the strong coupling regime. The main issue
arising when trying to realize microcavities for strong coupling
in GaN is related to its wurtzite crystalline structure: it is very
difficult to grow planar Bragg mirrors with a large number
of periods, as the strong lattice mismatch between GaN-based
alloys easily causes the samples to crack. The solution adopted
to overcome the problem is to limit the number of layers made
of nitride alloys by growing half-cavities, where only the lower
mirror is realized in GaN-based materials. The samples are
then capped, ex situ by chemical vapour deposition, with a
Si0,-based upper Bragg mirror, to obtain a full microcavity
sample. Microcavities with quality factors of some hundreds
to a few thousands can be obtained with this method: while
the Q-factor is lower than in the case of GaAs-based samples,
nitride samples have excitons with higher oscillator strength,
as discussed below, so that the observation of strong coupling
is still possible.

The second problem related to the Wurtzite lattice is
that heterojunctions, and in particular QWs, are plagued by
extremely strong piezoelectric fields, which can broaden the
QW exciton by the quantum confined Stark effect [114].
The electric field also has the effect of lowering the exciton
oscillator strength, by pulling apart the electron and hole
wavefunctions inside the QW. These effects can be mitigated
by choosing the appropriate size of the QW, as described
in [115]° and [116].

Figure 11 shows an instance of a GaN microcavity sample.
The transmission electron microscope image was taken on
the half cavity, before the deposition of the top mirror, and
shows good uniformity of the sample and the absence of
cracks. The evidence of the occurrence of strong coupling
in nitride samples was shown at first for bulk excitons in
samples with no QWs [115, 117], and then for multiple QW
samples [115] (see footnote 5): Rabi splitting of up to 50 meV
was observed, corresponding to an oscillator strength an order
of magnitude greater than in the case of GaAs-based QW
excitons. The observation of strong coupling is performed, as
usual, via angle-resolved experiments. An instance is shown in
figure 12: angle-resolved reflectance is reported for a structure
similar to that shown in figure 11. The experimental data
show clear anticrossing, and the energies are well fitted by a

5 Readers may view, browse, and or download material reprinted in this article
from the above paper for temporary copying purposes only, provided these
uses are for noncommercial personal purposes. Except as provided by law,
this material may not be further reproduced, distributed, transmitted, modified,
adapted, performed, displayed, published, or sold in whole or part, without
prior written permission from the American Physical Society.
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Figure 11. SEM Image of a GaN-based microcavity sample, with
only the lower Bragg mirror (image taken before the deposition of
the SiO,-based upper Bragg mirror). Reprinted figure with
permission from [115] (see footnote 5). Copyright 2008 by the
American Physical Society.

strong coupling model as in equations (5). Room temperature
polariton lasing in the sample is evidenced by studying the
variation of photoluminescence with pump power, as shown
in figure 13 [118,119]. For powers below 20 W cm™2 the
emission increases linearly with the pump, while above that
value sharp changes in the emission are observed with all the
characteristics of a polariton lasing threshold: steep superlinear
increase in intensity, line narrowing and blueshift. Only
one threshold was observed in the sample, and to show that
lasing is indeed in strong coupling the author chose to study
the emission pattern below and above the threshold: angle-
resolved photoluminescence spectra are shown in figure 13.
Below the threshold the emission is distributed along a large
portion of the lower polariton branch; above the threshold a
sharp lasing mode appears at k; = 0 at almost the same energy
the emission had below the threshold, and far from the energy
expected for weak coupling (the weak coupling of the exciton
and the cavity mode are shown as dotted lines in the figure):
this observation proves that the lasing emission occurs in strong
coupling, and is therefore lasing of polaritons.

In the case of ZnO, strong coupling has been observed
in nanowires [120], microrods [121] and hybrid microcavities
[122,123]: polariton lasing has been reported only recently
[124], due to the difficulties of growing samples with
sufficiently high quality factor. Strong coupling at room
temperature has also been observed in organic semiconductors
with a variety of different compounds [125-127]. The
difficulty of observing lasing in these samples comes from
the fact than organic semiconductors undergo photobleaching
processing at high pumping powers: polariton lasing in an
organic samples was recently reported using an anthracene
monocrystal as an active layer [128].
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Figure 12. Experimental dispersion curves of a GaN microcavity
sample deduced from angle resolved reflectivity spectra (empty
squares) and photoluminescence spectra (empty red circles) and fits
of the lower polariton band and the upper polariton band (dashed
lines). The cavity mode C and the uncoupled exciton X are also
reported (black lines). The data show a clear anticrossing, a sign
that the sample is in strong coupling. Reprinted figures with
permission from [115] (see footnote 5). Copyright 2008 by the
American Physical Society.

7. Conclusions

In this review we have tried to introduce the reader to the
concept of polariton laser and some of the main results in
the field. This introduction is far from being exhaustive: the
reader can find a comprehensive description of strong coupling
phenomena in semiconductor microcavities in the two books
on polariton physics coauthored by Alexey Kavokin [129, 130]
or the book Benoit Deveaud Pledran [131]. A review of more
recent developments can be found in the collection of papers
edited by Timofeev and Sanvitto [132]. For the problems
related to polariton lasing at room temperature in GaN a review
paper was recently published [133]. A review on polariton
devices has also recently been published [134].

One obvious development for polariton lasers would be
their integration in a structure suitable for current injection, so
as to have a self-contained device in which no external pump
is necessary. The interaction of polaritons in electric fields has
already been reported in samples with doped Bragg mirrors
[135-137] and electrical injection of polaritons has been
recently shown [138-142]. For instance, the luminescence
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Figure 13. An example of polariton lasing at room temperature in a
GaN-based sample: (a) emission pattern below threshold, and above
threshold (b). Reprinted with permission from [119]. Copyright
2009, American Institute of Physics.

spectra shown in figures 2(b) and (c) are electroluminescence
spectra taken with electrical injection of polaritons [138].
Nonetheless the observation of polariton lasing under electrical
injection remains elusive and has not been reported to date.
In the GaAs sample the problem lies in the high resistivity
of the doped Bragg mirror, which results in Joule heating
of the sample above the temperature at which polariton
lasing is observable: completely different injection designs
would be needed to overcome these problems. The hurdles
associated with electrical injection of polaritons in large
bandgap semiconductors are comprehensively treated in [133].

Some of the most interesting properties of polariton lasers
are linked to their matter part. For instance, resonantly
injected polaritons can behave as a superfluid [143, 144]:
superfluidity has also been recently reported for non-resonantly
injected polariton lasers [69]. Exciton polaritons have a well-
defined spin, and their excitonic part yields a strong spin—spin
interaction: this interaction has been used to propose several
spin-based polariton devices [79, 80, 134, 147, 148], including
polariton all-optical logic gates and polariton neurons [134].
Recently, polariton lasers have also been proposed as efficient
terahertz emitters [147]. Polaritons have also attracted interest
for their ultrafast switching capabilities [148—150]. Polariton
lasers bear many characteristics in common with atomic
condensates (see section 3.1) and, working at relatively high
temperatures and in the solid state, they constitute an excellent
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platform to study effects related to the physics of quantum
gases, including quantum phase transitions and quantized
vortices [151-155].

We have seen that one of the peculiarities of polariton
lasers is their self-repulsion, resulting in a blueshift increasing
with the population of polaritons. This property has been
used to demonstrate extremely high optical nonlinearities
under resonant injection [156-166], and has interesting
consequences even below threshold: it has been proposed
as a way to achieve optical nonlinearities at the single
photon level [167]. When polariton lasers are concerned,
it has been recently shown by Wertz et al [168] that this
repulsive interaction can be exploited to exact a pushing force
on polariton lasers: this result, coupled with the coherence
properties and superfluid behaviour of polariton lasers, holds
the promise of on-chip logical computation in a polaritonic
environment.
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