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We describe the physics of cavity polaritons in semiconductor micropil-

lars. Cavity polaritons are exciton–photon entangled states arising from

the strong coupling between excitons and the optical modes of a cavity. In

micropillars, the photon three-dimensional confinement results in a discrete

spectrum of 0D polariton states. Characterization of the linear properties

of these micropillars will be presented. Then we will show how this system

can be used to generate parametric photons and to obtain polariton lasing.

PACS numbers: 71.36+c, 78.45+h, 78.55.Cr, 78.67.Pt

1. Introduction

We consider a Fabry–Perot cavity defined by two Bragg mirrors and con-
taining one or several quantum wells (QW), whose emission is resonant to the
optical cavity mode. If the cavity finesse is strong enough, the photons emitted by
the quantum well excitons can oscillate long enough within the cavity, to be reab-
sorbed, reemitted again and so on. The emission of light becomes reversible and
the light–matter interaction has to be treated in a non-perturbative way. In this
so-called strong coupling regime, the eigenstates of the system are exciton–photon
entangled states, named cavity polaritons. First evidenced through reflectivity
measurements in the pioneer work from Weisbuch et al. [1], the characteristic
dispersion relations of cavity polaritons have been clearly evidenced by photolu-
minescence [2].

Cavity polaritons in two-dimensional systems have attracted a lot of interest
these last years because of their non-linear properties [3]. Since cavity polaritons
originate from the hybridization of two bosons, they obey Bose statistics in the
low density regime. Stimulated scattering into a given polariton state can be
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triggered when its occupancy exceeds unity. This is the so-called “boser” effect or
polariton laser [4]. Moreover, because of their photonic part, their effective mass
is three orders of magnitude smaller than those of the bare exciton. As a result,
the Bose–Einstein condensation of cavity polaritons has been predicted [5–8], and
may be achievable at room temperature in GaN based samples [5]. Recently
massive occupation of the lowest energy polariton states has been observed in
planar semiconductor microcavities: polariton lasing with the onset of coherent
emission under non-resonant excitation has been reported by several groups [9–12].

Another very interesting aspect of the polariton physics is their χ3 non-
linearities due to the strong exciton–exciton interactions in semiconductor quan-
tum wells [13]. Polariton–polariton interactions can be used to achieve polariton
parametric scattering and parametric amplification [14–17]. This is a promising
way to generate quantum correlated photon pairs [18–22].

In the present paper we want to describe a different cavity geometry, namely
micron-sized pillar cavities. In such a system, the polariton energy spectrum is not
a quasi-continuum as in the 2D case, but is split into well defined discrete states.
After a brief description of the sample fabrication, the demonstration of the strong
coupling regime in micropillars will be described. Then we will show how polari-
ton parametric scattering between adjacent polaritons modes can be obtained.
Finally, polariton lasing will be demonstrated. Changing the excitation condition,
we observe competition between polariton modes. We therefore conclude on po-
lariton lasing and rule out Bose–Einstein condensation driven by thermodynamical
equilibrium which should always occur on the lowest energy state.

Finally, we will conclude by underlining the advantage of the pillar system
as compared to higher dimensionality cavities.

2. Demonstration of the strong coupling regime

Microcavity samples are grown by molecular beam epitaxy. They consist in
two Bragg mirrors surrounding a cavity. Quantum wells resonant to the cavity
mode are inserted at the antinodes of the electromagnetic field. Experiments
performed on two cavity samples will be presented here. The characteristics of the
different samples are summarized in the Table.

TABLE

Sample characteristics

Sample Bragg mirrors Cavity QWs

1 Al0.1Ga0.9As/AlAs 2λ GaAs cavity 3 In0.05Ga0.95As QWs

Top/Bottom 20/24 pairs (8 nm)

2 Ga0.05Al0.95As/Ga0.80Al0.20As λ/2 Ga0.05Al0.95As 12 GaAs QWs

Top/Bottom 26/30 pairs (7 nm)
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For each sample, the cavity is wedge shaped so that the detuning δ = Ec−Ex

between the cavity mode (energy Ec) and the exciton transition (energy Ex) can
be varied by changing the spot under investigation on the wafer. Micropillars
of size ranging from 20 to 2 µm are designed by electron beam lithography and
etched by reactive ion etching. A scanning electron micrography showing an array
of such micropillars is presented in Fig. 1a.

Fig. 1. (a) Scanning electron micrography showing a micropillar array; (b) micropho-

toluminescence spectrum of a 4 µm diameter micropillar; discrete polariton modes as

well the exciton line are clearly resolved.

Samples are maintained at low temperature in a cold finger cryostat. Mi-
crophotoluminescence on single micropillars is performed using a cw Ti:sapphire
laser focused onto a 3 µm diameter spot through a microscope objective. The
micropillar emission is collected through the same objective, spectrally dispersed
and analyzed with a nitrogen cooled CCD camera.

Figure 2b presents a PL spectrum measured on a single 4 µm diameter
circular micropillar on sample 2. The emission energies measured on micropillars of
identical diameter along the cavity wedge are summarized in Fig. 2. The emission
spectrum in Fig. 1b presents several discrete emission lines on the low energy side
of the exciton line centered around 1607 meV. The energy of these discrete lines
strongly varies with the layer thickness: they are attributed to 0D photon modes
[23, 24]. Each of these photon modes presents an anticrossing [25, 26] with the
exciton line characteristic of the strong coupling regime.

In pillar cavities, photons are confined vertically by the Bragg mirrors and
laterally by the index of refraction contrast between air and semiconductor. For
lateral dimensions superior to 1 µm, an easy way to calculate optical modes of such
a micropillar is to treat the lateral confinement as a perturbation of the planar
case. This lateral confinement breaks the in-plane translation invariance of the
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Fig. 2. Symbols — emission energy measured on different micropillars along the cavity

wedge; black solid lines — calculated energy of the 0D polariton modes; gray line —

energy of the exciton.

cavity. In the case of rectangular micropillars, this results in a quantification of
kx and ky, the in-plane components of the photon wave vector [26]:

kx =
2πnx

Lx
and ky =

2πny

Ly
,

where nx and ny are integers, Lx and Ly are the lateral dimensions of the mi-
cropillars. To properly describe the radiative coupling between these 0D photon
states and the QW exciton, exciton states have to be described in a basis with the
proper symmetry [27]. Thus similarly to the 2D case where the proper basis is
the basis of propagative planar waves, in micropillars stationary waves have to be
considered. For rectangular pillars, the in-plane exciton envelope wave functions
are described as

ψnx,ny (x, y) = A cos
(

πnxx

Lx

)
cos

(
πnyy

Ly

)
.

The case of circular pillars, where the Bessel functions have to be considered to
include the cylindrical symmetry, has been treated in [23].

In the strong coupling regime, polaritons come from the mixing between each
of these 0D photon modes and the QW exciton state of the same nx and ny [27].

The 0D polariton energies of Fig. 2 are well reproduced using a 15 meV Rabi
splitting, the value obtained in the planar cavity of this sample. Let us note that
contrary to 2D cavities, the uncoupled exciton line is observed because in-plane
exciton emission is extracted through the pillar sides. Since the exciton line is
broadened by strain relaxation in the etching process, the upper polariton state
could not be resolved.

Thus the variation of the emission line energies from one pillar to the other
demonstrates the exciton–photon strong coupling regime and the formation of 0D
polariton states.
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Fig. 3. Emission intensity as a function of the energy and of the angle measured on a

20 µm square micropillar. Part (a) corresponds to a detuning δ = −2.7 meV and (b) to

δ = −21 meV. Solid lines — energy of the uncoupled exciton and cavity mode and of

the upper and lower polariton branches.

Further confirmation is obtained by measuring the emission pattern of a
single micropillar [28]. The emission angle θnx,ny of a mode of index nx, ny is
directly related to kx and ky using

sin(θnx,ny ) =
~c

√
k2

x + k2
y

Enx,ny

.

Figures 3a and 3b present the emission energy as a function of the detection
angle on two 20 µm diameter micropillars corresponding to two different detunings
between the exciton and the photon modes. These measurements were performed
with a 20 µm diameter excitation spot and an angular resolution of 0.6◦. Figure 3b
corresponds to a strong negative detuning (δ = −21 meV): the observed polariton
dispersion is that of the bare 2D cavity. The spectral separation of adjacent
mode is sufficient so that the discrete modes can be distinguished. Figure 3a
corresponds to a much smaller value of the detuning and the angular dispersion
of the modes is strongly modified as compared to the bare cavity mode. This
is the signature of the strong coupling regime with the exciton: the dispersion
is well reproduced using a detuning δ = −2.7 meV. Thus these measurements
highlight the formation of polariton states in micropillar cavities. This result was
first demonstrated in 1997 by our group [25] and the group of Gutbrod et al.
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[26]. Recently other configurations have been proposed to laterally confine cavity
polaritons. In Ref. [28], the cavity layer is etched into mesas before overgrowth of
the Bragg mirror. This produces a shallower confinement than for micropillars but
the polariton energy spectrum is clearly discretized. Another approach is to create
a trap in real space by applying a local stress, with a tip pushing on the back side
of a cavity sample [29]. In this case, polariton trapping has been observed in this
local energy minimum, but the energy spectrum remains a quasi-continuum.

3. Emission of parametric photons

Because of their strong excitonic part, polariton Coulombian interaction
results in strong optical nonlinearities [13]. In particular, polaritons resonantly
pumped at the point of inflection of the dispersion relation efficiently scatter to-
ward the energy minimum at k = 0 (signal) and toward a higher energy state near
the excitonic reservoir (idler) [14, 15]. This parametric process conserves both
energy and momentum. Considerable interest has been devoted in recent years
to such polariton parametric scattering. Promisingly, nonclassical correlations are
expected between the signal and idler beams [18–22]. In planar microcavities the
idler state has a strongly excitonic character: idler polaritons are therefore less
coupled to external radiation than signal polaritons, and they can scatter toward
the excitonic reservoir of large k states. The idler beam is therefore several orders
of magnitude less intense than the signal beam, making signal and idler quantum
correlations difficult to evidence [21].

As opposed to planar cavities, in micropillars the spectral separation between
the exciton, and the three lowest energy polariton modes (M1, M2, and M3) with
energies E1, E2, and E3 can be made large enough to get negligible scattering
toward the excitonic reservoir and approximatively equal coupling with the ex-
ternal radiation; of course the modes must retain a sufficient excitonic character
to assure nonlinear properties. As a result, signal and idler beams are expected
to be of similar intensities in a micropillar. Dasbach et al. evidenced polariton
parametric scattering in square micropillars, with two complementary beams of
comparable intensity [30]. These experiments were performed on an ensemble
of micropillars and inhomogeneous broadening of the emission occurred due to
variations of the micropillar size. Furthermore, quantum correlations exist only
between signal and idler photons coming from the same micropillar. Recently we
have demonstrated parametric luminescence on a single micropillar operating in
the strong coupling regime [31]. We used a 3 µm diameter micropillar designed
on sample 1. To obtain parametric scattering from M2 to M1 and M3, spectral
equidistance between the modes has to be fulfilled: E3−E2 = E2−E1. Fine tun-
ing between the exciton and the photon modes is obtained through temperature
changes. For the considered micropillar spectral equidistance is obtained at 53 K
as shown in the photoluminescence spectrum in the inset of Fig. 4. The pump
is then tuned to the energy of the second polariton mode M2. Figure 4 presents



Excitonic Polaritons in Semiconductor Micropillars 939

Fig. 4. Inset: microphotoluminescence spectrum measured under non-resonant excita-

tion on a 3 µm diameter micropillar. T = 53 K to obtain spectral equidistance between

the three lower energy polariton mode. Main figure: emission spectra normalized to the

excitation power measured under excitation resonant to M2, the second polariton mode.

A quadratic increase in M1 and M3 is evidenced.

emission spectra normalized to the incident power under such resonant excitation.
The quadratic increase in the emission intensity of both adjacent modes M1 and
M3 is the signature of polariton–polariton parametric scattering [30]. These results
are particularly promising since the integrated intensity of both signal and idler
are of similar intensities. In this sample containing only 3 quantum wells within a
2λ cavity, the parametric gain was not large enough to reach a population of 1 in
mode M1 and trigger stimulated parametric scattering.

Very recent preliminary measurements performed on sample 2 (more quan-
tum wells, smaller cavity volume, higher finesse) indicates that this threshold can
be reached on a single micropillar and that parametric oscillation can be achieved
between discrete 0D polariton modes.

4. Polariton laser

Boson statistics can lead to massive occupation of a single quantum state and
trigger final state stimulation. This stimulation is responsible for the bright co-
herent emission of light in a laser. Another fascinating property of massive bosons
in thermal equilibrium is their ability to accumulate in the lowest energy state
under a given critical temperature. First predicted in 1925 [32], the Bose–Einstein
condensation was achieved in 1995 for ultracold atoms [33, 34]. Demonstrating
such bosonic effects with matter waves in a solid-state system is interesting both
from a fundamental point of view and for applications since it could provide a new
source of coherent light.
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Massive occupation of a polariton state has been recently observed in semi-
conductor two-dimensional (2D) cavities and attributed to the Bose–Einstein con-
densation [9, 10] or to polariton lasing [11]. Polariton condensation has also been
reported in a stress induced localized energy trap [12] with dimensions sufficiently
large for the system to present a 2D continuum of states. In these experiments,
the clear distinction of a thermodynamic phase transition (Bose–Einstein conden-
sation) from a kinetic stimulated scattering (polariton lasing) is still debated.

We have recently observed stimulated scattering into a discrete polariton
state in micropillars designed on sample 2 [35]. As an illustration of these measure-
ments, we report here on experiments performed on a 3.2 µm square micropillar.
Figure 5a presents microphotoluminescence spectra measured on the micropillar
under non-resonant excitation for several excitation powers. The integrated inten-
sity is summarized in Fig. 5b. A marked threshold around 100 µW is observed,
above which the emission intensity of the lowest energy line abruptly increases
by more than two orders of magnitude. Looking at the absolute emission inten-
sity, we checked that at threshold the occupancy of the considered polariton state
reaches unity [36]. The negligible energy shift at threshold indicates that the ob-
served stimulated emission occurs in the strong coupling regime [37]. Onset of
coherent emission is indicated by the spectral narrowing above threshold. Further
increasing excitation power, the emission spectrum becomes broad and strongly
blueshifts. This is the signature of the bleaching of the strong coupling and the
progressive transition into the weak coupling regime [37]. A second threshold is
then observed after the blueshift has saturated, associated to the onset of regular
photon lasing in weak coupling. Observing the transition from strong to weak
coupling clearly demonstrates that the observed stimulated emission at low power
occurs on a polariton state.

We now want to address whether the observed feature is related to the Bose
condensation (driven by thermodynamics) or to polariton lasing (driven by ki-
netics in an out of equilibrium system). The following experiment brings some
insight into this issue. Figure 6a presents emission spectra from a 6 µm micropil-
lar excited through the edge. Contrary to the case of a well centered excitation
where the stimulated emission occurs on the lowest energy polariton state, here
the stimulated emission is first triggered on the second polariton mode. Then
stimulated emission also occurs on the third and first polariton mode. Thus mode
competition between polariton modes is observed. Depending on the precise ex-
citation condition, a mode overcomes the others. This behavior is analogous to
mode competition observed in any photon laser. It rules out the Bose–Einstein
condensation which would always occur on the lowest energy states. We therefore
conclude that our experiment is the first observation of polariton lasing on the
zero-dimensional states of a micropillar.
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Fig. 5. (a) Microphotoluminescence spectra measured under non-resonant excitation

on 3.2 µm square micropillar for various excitation powers; (b) integrated emission

intensity as a function of the excitation power, dashed areas indicate the excitation

range for polariton laser and photon laser.

Fig. 6. (a) Microphotoluminescence spectra measured under non-resonant excitation

at the edge of a 6 µm micropillar; (b) integrated emission intensity of modes M1, M2 and

M3 under such edge excitation as a function of the excitation power. Mode competition

is evidenced.
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5. Conclusion

We have shown that polariton states can be discretized by the photon three-
-dimensional confinement in semiconductor micropillars. Polariton parametric
scattering as well as polariton lasing is observed on these 0D polariton states.
Micropillars offer a unique system to study a well defined macroscopically occu-
pied discrete state with a half matter half light wave. Moreover, since the density
of state is considerably reduced as compared to a two-dimensional system, decoher-
ence induced by scattering into the neighboring states is expected to be reduced.
Further study is required to confirm that coherence and quantum correlations are
more robust in micropillars.
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Phys. Rev. Lett. 100, 047401 (2008).

[36] P. Senellart, J. Bloch, B. Sermage, J.Y. Marzin, Phys. Rev. B 62, R16263 (2000).
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