N
N

N

HAL

open science

Polariton Boxes in a Tunable Fiber Cavity

Benjamin Besga, Cyril Vaneph, Jakob Reichel, Jérome Esteve, Andreas

Reinhard, Javier Miguel-Sanchez, Ata¢ Imamoglu, Thomas Volz

» To cite this version:

Benjamin Besga, Cyril Vaneph, Jakob Reichel, Jérome Estéve, Andreas Reinhard, et al.. Polariton
Boxes in a Tunable Fiber Cavity. Physical Review Applied, 2015, 3 (1), pp.014008.

RevApplied.3.014008 . hal-04696785

HAL Id: hal-04696785
https://hal.science/hal-04696785

Submitted on 13 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

10.1103/Phys-


https://hal.science/hal-04696785
https://hal.archives-ouvertes.fr

1312.0819v1 [cond-mat.mes-hall] 3 Dec 2013

arXiv

Polariton boxes in a tunable fiber cavity

Benjamin Besgal[f|

Cyril Vaneph, Jakob Reichel, and Jérome Esteve

Laboratoire Kastler Brossel, ENS/CNRS/UPMC, 24 rue Lhomond, 75005 Paris, France

Andreas Reinheurd1 Javier Miguel-Sanchez!, Ata¢ Imamoglu!, and Thomas Volz!+?
! Institute for Quantum Electronics, ETH Zurich, 8093 Zurich, Switzerland
2Centre for Engineered Quantum Systems, Department of Physics and Astronomy,
Macquarie University, North Ryde, NSW 2109, Australia
(Dated: June 11, 2021)

Cavity-polaritons in semiconductor photonic
structures have emerged as a test bed for ex-
ploring non-equilibrium dynamics of quantum flu-
ids in an integrated solid-state device setting [I].
Several recent experiments demonstrated the
potential of these systems for revealing quan-
tum many-body physics in driven-dissipative sys-
tems [2]. So far, all experiments have relied on
fully integrated devices with little to no flexibility
for modification of device properties. Here, we
present a novel approach for realizing confined
cavity-polaritons, that enables in-situ tuning of
the cavity length and thereby of the polariton en-
ergy and lifetime. Our setup is based on a versa-
tile semi-integrated low-temperature fiber-cavity
platform [3H6], which allows us to demonstrate
the formation of confined polaritons (or polariton
boxes) with unprecedented quality factors. At
high pump powers, we observe clear signatures
of polariton lasing [7]. In the strong-confinement
limit, the fiber-cavity system could enable the ob-
servation of the polariton-blockade effect [8].

Semiconductor microcavity polaritons are the elemen-
tary excitations resulting from the strong coupling of
quantum-well (QW) excitons to photons confined in a
high-Q microcavity [9]. Due to their half-matter half-
light character, cavity polaritons inherit the effective
mass of the photons and at the same time interact with
each other through the excitonic part of their wavefunc-
tion. In a 3D-confined polariton box, the average dis-
tance between two polaritons determines the strength
of polariton-polariton interactions: The smaller the spa-
tial extent of the polariton mode, the larger the inter-
action strength between polaritons. While such polari-
ton boxes enable non-linear optical behavior, the single-
photon non-linear regime has not been reached. In con-
trast, pronounced single-photon nonlinearities have been
demonstrated with semiconductor self-assembled quan-
tum dots strongly coupled to a cavity mode, where tight
electronic confinement on nanometer length scales leads
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FIG. 1: Fiber cavity microscope. a, Semi-integrated

microcavity consisting of a curved fiber-end mirror and an
integrated planar DBR mirror, with a quantum well grown
on top. The inset sketches the electric field inside the cavity.
The quantum well is sandwiched within the surface layer of
the semiconductor DBR, in a way that the electric field at its
position is maximal. The cavity length L is defined as the
distance between the two mirror surfaces and is controlled by
a piezo actuator. b, Photoluminescence intensity at a fixed
photon energy (at a center wavelength of 909.2 nm, filtered
with a spectrometer) far red-detuned from the QW resonance
as a function of piezo displacement (sample C). Fundamental
modes (TEMgp) are separated by a free spectral range (FSR)
of A\/2. Additional peaks correspond to groups of higher-
order transverse modes, e.g. TEMg;,19 or TEMg2/11/20. c,
Resonant transmission of the QW-cavity system (sample A)
recorded on a photodiode mounted underneath the sample.
Here, the cavity length is fixed while we sweep the wave-
length of the resonant laser. With this technique, we resolve
a polarization splitting of a TEMgp mode of 47 peV, which is
not visible in panel b.

to a highly anharmonic quantum system [10, 11]. For
QW polaritons, confinement can be induced through
post-growth engineering of the photonic and/or the ex-
citonic part of the wavefunction. Exciton confinement



has been achieved by controlled application of sample
stress [12, [13], naturally occurring defects [I4], and re-
cently by light-induced creation of spatially modulated
excitonic reservoirs [I5HI7]. In particular the latter
method provides very precise control over the potential
landscape. However, the achievable confinement length
scales are limited by the excitonic diffusion length of
several pm. In addition, the presence of the large ex-
citon reservoir and the additional off-resonant laser light
might pose strong limitations for resonant probing tech-
niques. Polariton confinement through its photonic part
has been demonstrated by the use of mesa structures [18],
micropillars [19] and photonic-crystal cavities [20]. How-
ever, these systems typically suffer from enhanced ex-
citonic or photonic losses, once the spatial dimensions
approach the pm-scale. In addition, their spectral tun-
ability is limited.

Here, we demonstrate a new method for the implemen-
tation of tight polaritonic confinement which at the same
time allows the experimenter to tune in-situ both energy
and lifetime of the polaritons. Our semi-integrated cavity
system consists of a concave dielectric distributed Bragg
reflector (DBR)) deposited at the end of an optical fiber
tip, and a sample chip containing a semiconductor DBR
and an optically active quantum-well layer grown on top
(see Fig. la and Methods). The Fabry-Perot type cav-
ity defines TEM Gaussian modes and thereby imprints
the resulting polaritonic wavefunctions, yielding a lateral
polariton confinement by all-optical means. Tuning the
length of the cavity allows both for adjustment of the
polariton lifetime and the precise tuning of the polariton
energy at one and the same spot of the sample area. Us-
ing a single InGaAs quantum well, we observe an avoided
level crossing of the polariton spectral lines as a function
of cavity length, giving a Rabi splitting of 3.4 meV, con-
sistent with previously reported values in literature. For
a sample containing 9 quantum wells, we observe clear
signatures of polariton lasing.

Figure la sketches the setup of our fiber-cavity sys-
tem: The fiber is mounted a few micrometers above
the surface of the semiconductor chip which consists of
an AlAs/GaAs semiconductor DBR with the active In-
GaAs QW layers grown on top. A 3D-stack of attocube
nanopositioner stages controls the position of the sample
relative to the fixed fiber tip. The system is kept at 4.2 K
by immersing it in a liquid helium bath. For the experi-
ments described here, we used four different samples (A,
B, C, D) with 1, 4 or 9 QWs (for details see Methods).
In order to probe the system, we first performed photo-
luminescence (PL) spectroscopy with 780 nm excitation
light. The fiber was used both for excitation and photon
collection. Many of the intrinsic properties of the cavity
can be inferred from PL spectra with the cavity mode far-
detuned from the exciton resonance. Figure 1b shows the
recorded PL-intensity at a fixed wavelength of 909.2 nm
as a function of cavity length. In addition to two funda-
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FIG. 2: Avoided level crossing. a, Spectrally resolved
PL emission under off-resonant excitation from the cavity
containing a single QW. A TEMgo mode as well as higher-
order transverse cavity modes are tuned across the exciton
resonance (black dotted line) resulting in several pairs of UP
and LP branches. The black dashed (dashed-dotted) lines
predict the spectral position of the uncoupled TEMg cavity
mode (TEMo1/TEMio modes). The red (green) dashed lines
are fits to the upper (lower) polariton branches associated
with the TEMpg mode. Dashed-dotted lines are fits to the
polariton lines associated with the TEMoi1/TEM1o modes.
The fits yield a Rabi splitting of 2g ~ 3.4 meV. b, Cut
through panel a where the TEMgo cavity mode is resonant
with the exciton line. The TEMgo lower-polariton peak (green
dashed line), upper-polariton peak (red dashed line) and the
merged TEM19/TEMy; lower-polariton line (green dashed-
dotted line) are visible.

mental transverse electromagnetic TEMyg modes, which
are separated by a free spectral range (FSR), the dia-
gram shows a multitude of equally spaced higher-order
transverse modes. All the cavity modes exhibit a polar-
ization splitting that typically is significantly larger than
the cavity linewidth [4] (see Figure 1c). The quality fac-
tor of the cavity modes increases with the length L of
the gap between the fiber tip and the substrate. It ex-
ceeds values of 2 x 10° at lengths of around L = 20 pm.
A more relevant figure of merit for a Fabry-Perot type
cavity is the finesse which we determined from lifetime
measurements for a cavity completely detuned from the
exciton resonance. We found a finesse of up to 13000
which is presumably limited by the reflectivity of the on-
chip semiconductor mirror. Another key parameter of
our system is the waist size of the TEMg cavity modes.
We measured values as small as wy ~ 2.5 um [6] for a
fiber mirror with a curvature radius of about R ~ 75 pm.
Based on Gaussian beam optics, we estimate a minimal
achievable waist size of about 1.4 um at a wavelength of
900 nm (assuming R = 10 ym and L = 3 pm). This
value for the confinement length scale of polaritons is at
least comparable to or even better than currently feasible
in mesas [I§] or micropillars [19].

In order to demonstrate the formation of polariton
branches, we approached the fiber tip close to the sam-
ple surface and performed PL spectroscopy for varying
cavity length. The resulting data for sample D contain-
ing a single QW are shown in Figure 2a. The data ex-
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FIG. 3: Tuning the lower-polariton lifetime. a, Life-
time of the LP resonance for a 4-QW sample as a function of
cavity length. Each point was taken with the LP resonance
at the same wavelength, —5.1 meV from the bare exciton
resonance, i.e. different lengths correspond to different longi-
tudinal cavity-mode numbers. Up to a length of 28 um, the
lifetime increases linearly. The error bars are 95 % confidence
bounds for the lifetime fits. b, With increasing cavity length
L, the coupling strength g between exciton and cavity mode
decreases as g o« 1/v/L 4 Lpr. Using that expression to-
gether with the measured g(L), we calculate the LP exciton
content in a to vary between 40% and 13%.

hibit an avoided-level crossing for all the cavity modes
crossing the bare exciton line, clearly revealing the for-
mation of upper-polariton (UP) and lower-polariton (LP)
branches. Note that due to QW disorder, the LP reso-
nance broadens and its amplitude reduces significantly as
it approaches the bare exciton resonance (see Supplemen-
tary materials and Ref. [2I]). All the higher-order trans-
verse modes couple to the QW excitons with approx-
imately the same strength as the fundamental TEMgq
mode, which is theoretically expected due to the very
weak dependence of the coupling strength on the in-
plane exciton momentum. A fit to the first level crossings
(green and red dashed and dashed-dotted lines) yields a
Rabi splitting of 2g ~ 3.4 meV. Figure 2b displays a cut
through the Fig. 2a at the cavity length where the fun-
damental TEMgo mode is resonant with the exciton line.
While both UP and LP branches are visible, the UP sig-
nal is much weaker and broader due to fast non-radiative
decay. Note that we confirmed the formation of polariton
branches by also probing their density of states directly
with a resonant tunable laser (see Supplementary Mate-
rial).

The key feature of our system is its tunability. It en-
ables in-situ control of the cavity-exciton detuning, mak-
ing the observation of an avoided-level crossing in one
and the same spot on the sample possible. More impor-
tantly, when modifying the cavity length by several pm,
the polariton lifetime can be significantly prolonged. Fig-
ure 3 illustrates this behavior for a sample contain-
ing 4 QWs (sample B). The lifetime data in Figure 3a
were recorded in resonant-transmission spectroscopy us-
ing sub-picosecond laser pulses with a bandwith of 10 nm
centered at the QW resonance (see Supplementary Ma-

terial). The results demonstrate ultra-long polariton life-
times of up to 100 ps for an overall cavity length of 28 pm.
For longer cavities, the measured lifetime saturates. This
could be due to diffraction losses at the fiber mirror. The
coupling strength g as a function of length (Fig. 3b) was
extracted from PL data similar to the ones of Figure 2a.
The black line in Fig. 3b is a fit to the data based on the
assumption that g is proportional to the square root of
the inverse effective cavity length L+ Lppgr, where Lppgr
is the weighted penetration depth of the cavity field into
the DBRs. It is interesting to note that even though
the physical length of our microcavity is much longer
than the one of a monolithic semiconductor A-cavity, for
a length L ~ 3.5 um the coupling strength g reaches a
value almost as high as in a A-cavity (see Supplementary
Material).
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FIG. 4: Polariton Lasing. a, The intensity of the light
emitted from the lowest polariton mode LPgo shows a highly
non-linear behavior as a function of pump power with an in-
crease by almost three orders of magnitude just above thresh-
old. b, The width of the LPoo mode decreases sharply around
threshold while the mode energy (panel c) displays a con-
tinuous blueshift over the whole range of pump powers with
distinctly different behavior above and below threshold.

The long lifetimes reported here elevate our system
into a new domain that should enable the study of equi-
librated long-lived bosonic quantum fluids in an all-solid-
state setting. In a first experiment highlighting this
potential, we demonstrate polariton lasing in a 9-QW
sample (C) consisting of three groups of three QWs,
each positioned at adjacent anti-nodes of the intra-cavity
field. Figure 4 displays the emitted PL intensity of the
LPyo mode as a function of off-resonant excitation power
for a very short cavity, where the fiber almost touches
the sample. We choose a cavity-exciton detuning of
—5.8meV =~ —1.3 g corresponding to an exciton content
of about 22% at low pump power. As is illustrated in
Figure 4a), we observe a clear threshold behavior with
a sharp non-linear increase in the emitted number of
photons at around 2 mW of pump power. In addition,
the linewidth of the LPgy mode starts to decrease and



quickly drops below the spectrometer resolution (Fig-
ure 4b) while the energy shift versus pump power ex-
hibits a kink. The latter behavior with the logarithmic
blueshift above threshold can be attributed to polariton
lasing [22], 23]. While the data taken here are restricted
to the more photon-like part of the LP branch, a suitably
designed sample with less exciton disorder, will allow the
creation of truly equilibrated long-lived polariton gases
having a high exciton content. Moreover, the tunability
of our setup can be explored to study the physics of po-
lariton lasing for a broad range of lifetimes and detunings.
This should enable us to help understanding open ques-
tions regarding the transition from polariton to photon
lasing [24], [25].

In conclusion, we anticipate many exciting directions
of research with the present fiber-cavity setup. A fur-
ther improvement in the cavity-mode confinement would
result in stronger interactions between single polari-
tons. Assuming a typical polariton-polariton interaction
strength reported in the literature [26], the regime of
polariton blockade would be within reach [8]. In addi-
tion, the highly-tunable fiber-cavity system lends itself
to the observation of the Feshbach-blockade effect pro-
posed in Ref. [27]. More generally, our system opens up
new horizons for the study of strongly correlated states
in polariton fluids [2§], including fractional quantum Hall
states of light [29]. On a more practical note, our semi-
integrated platform combined with electrical injection of
carriers [30] could serve either as a fiber-coupled tunable
low-threshold polariton laser or a quantum light source
in the regime of polariton blockade.

This work is supported by NCCR Quantum Science
and Technology (QSIT), research instrument of the Swiss
National Science Foundation (SNSF), and an ERC Ad-
vanced Investigator Grant (A.L). T.V. acknowledges
support through the Center of Excellence for Engineered
Quantum Systems, research instrument of the Australian
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cial interests. Correspondence and requests for materi-
als should be addressed to J.E. and T.V. (E-mail: es-
teve@lkb.ens.fr, thomas.volzQmgq.edu.au)

Methods

Fiber and Samples

Key element of our new microcavity setup (displayed
in Figure 1a) is the fiber mirror. In a first step, a concave
mirror substrate in the form of an indent is fabricated by
ablating and surface-melting the tip of an optical fiber
using a COsg-laser. In a subsequent step, the fiber tip is
coated with a dielectric mirror [3, [, [6] (ATFilms, Boul-
der, Colorado). In the experiments, we mostly used sin-

gle mode fibers. Multimode fibers do not allow for reso-
nant reflection measurements but are equally suited for
PL measurements. In Figure 1b, a multi-mode fiber was
used - in this case more higher-order cavity modes couple
to the fiber and are therefore visible in the PL spectrum.
The sample mirror consists of several pairs of
AlAs/GaAs quarter-wave layers grown on a GaAs sub-
strate by molecular beam epitaxy. The InGaAs quantum
wells were grown on top and sandwiched between two
GaAs spacer layers optimized for maximum coupling of
QW excitons to the cavity modes. For the experiments
described in this work, we used the following samples

TABLE I: Samples

Sample # QWs In content [%] QW thickness [nm] # DBR pairs

A 1 8 10 30
B 4 8 11 28
C 9 8 11 28
D 1 8 11 28

Polariton lifetime measurements

For measuring polariton lifetimes, we excited the cav-
ity through the fiber using a pulsed white-light source
and a band-pass filter, resulting in a continuous spec-
trum of about 10 nm bandwidth. The transmitted light
of a TEMyy LP mode was guided out of the cryostat in
a free-space configuration and sent to a spectrometer for
analysis. We then sent the light to an avalanche photo-
diode (APD) in the Geiger mode and measured the ring-
down time of the polariton emission (see Supplementary
Material).
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SUPPLEMENTARY MATERIAL

Role of exciton disorder

From the PL spectra shown in Figure 2, we observe
that the LP mode broadens when the cavity mode ap-
proaches the QW-exciton resonance. We attribute this
effect to the presence of structural disorder in the QW
that is mostly due to alloy-fluctuations associated with
the high In content. Prior to inserting the sample
into the fiber cavity, we measured the QW-exciton free-
luminescence spectrum and observed a full-width at half-
maximum of 1.4 meV. To confirm that this inhomoge-
neous broadening of the exciton line is responsible for the
observed PL spectra, we performed resonant-excitation
measurements for which quantitative predictions can be
made more easily. The transmission spectrum of the cav-
ity mode is measured using a photodiode glued to the
backside of the sample, while tuning the frequency of an
excitation laser coupled to the fiber. We repeated the
experiment for different cavity lengths and fitted each
lower-polariton resonance to a Lorentzian. The curves in
Figure S1 show the dependence of the resonance widths
and amplitudes as a function of the peak central en-
ergy. In addition, we calculated the expected trans-
mission spectra using the model of an inhomogeneously
broadened ensemble of harmonic oscillators coupled to a
cavity mode [IH3]. This model describes excitons mov-
ing in a random potential, neglecting the kinetic energy
of the exciton [4].

The three parameters entering the model are the light-
matter coupling constant g = 1.65 meV that we extracted
from the Rabi splitting in PL measurements, the cavity
linewidth x = 18 ueV that we extracted from the cavity
transmission spectrum far detuned from the QW, and the
rms width A of the Gaussian probability distribution de-
scribing the inhomogeneous ensemble of oscillators. A fit
to the data leads to A = 1.1 meV, which is compatible
with the observed free PL linewidth. The model (solid
lines in Figure S1) quantitatively reproduces the increase
of the LP linewidth together with the decrease of the
transmitted power when the cavity mode is brought into
resonance with the QW. The small ratio g/A ~ 1.5 re-
sults in disorder playing an important role in the system
dynamics. Increasing this ratio to a value larger than 4,
would render the presence of QW disorder almost negli-
gible [1H3].

Quantum well-cavity coupling

The coupling strength g of a single QW to a micro-
cavity depends on two parameters: the oscillator strength
per surface unit of the QW that we denote by f and the
effective length L.g that characterizes the confinement
of the cavity mode in the direction perpendicular to the
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FIG. S1: Characterization of the lower-polariton res-
onance via transmission measurements. For a set of
cavity lengths (within a single FSR), we measured the reso-
nant transmission spectrum through the cavity using a tun-
able laser and fitted the observed lower-polariton resonance
to a Lorentzian for each cavity length. a, Half width at
half maximum (HWHM) of the resonance as a function of
the extracted polariton center energy, displayed in terms of
the detuning with respect to the QW resonance. The detun-
ing should be compared to the QW-cavity coupling strength
g = 1.65 meV. b, Transmitted peak power as a function of its
energy. At large negative cavity detuning, the observed width
recovers the previously measured bare cavity-mode linewidth.
Approaching the exciton resonance, the polariton broadens
significantly. At the same time, the transmitted power drops.
The solid lines show the result of a simplified model where
the disordered quantum well is modeled by an ensemble of
harmonic oscillators distributed with a 1.1 meV rms width
Gaussian probability density.

QW layer. The expression of g is [5]

1/2
g < h? 27T62f> , (1)

4meqg m Leg

where ¢j is the vacuum permittivity, e the charge quan-
tum and m the electron mass. For a 2D planar micro-
cavity, the effective length can be defined as

_ [202() |EG)2d
[ECzqu)P

where n(z) (E(z)) gives the dependence of the refractive
index (electric field) along the cavity axis. zqw denotes
the position of the QW. For a microcavity where the
mode is also confined in the transverse x,y directions,
such as our fiber Fabry-Perot (FFP) cavity, equation

Let (2)

still holds if the paraxial approximation can be used to
describe the cavity mode. In this case E(z) is the longi-
tudinal dependence of the electric field, which is the same
as for a plane wave. Here, we also assume that the trans-
verse mode confinement is much larger than the exciton
Bohr radius.
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FIG. S2: Comparison of the electric field confinement
in a GaAs A-cavity and in a FFP cavity. Figure a cor-
responds to a GaAs A-cavity with AlAs/GaAs DBRs. Fig-
ure b corresponds to a FFP cavity with a L = 3.5 um long
gap between the top dielectric mirror and the semiconductor
sample surface. The red curves show the refractive index pro-
file n(z). The blue curves show the computed dependence of
n?(2)|E(2)|* using the transfer matrix method. The integral
under the blue curve is (almost) the same in a and b, re-
sulting in the same effective cavity length. This means equal
QW-cavity coupling, even though the physical length of the
FFP cavity is significantly longer than the one of the A-GaAs
cavity.

In a typical 2D planar GaAs microcavity, the QW is
grown in the middle of a GaAs layer with optical thick-
ness A. This so-called A-cavity is surrounded by two
AlAs/GaAs DBRs (see figure S2). The electric field pen-
etrates each DBR on a length scale given by [5]

A n n
DBR _ GaAsTlAlAs -

Ligias/Gans = 12 ~ 0.31 pum, (3)
Néans(NGaAs — NAIAS)

where we used ngaas = 3.54, naas = 2.93 and A =
900 nm. The effective length Leg is the sum of the optical
length (A/ngaas) of the spacer layer plus the penetration
length of each mirror, multiplied by the square of the
refractive index of the spacer layer, here GaAs:

A
2 DBR DBR
Legt = ngans (LAIAS/GaAs + n + LAIAS/GaAs> :
GaAs
(4)

Inserting numerical values gives an effective length of
Leg ~ 10.8um. Together with a typical oscillator
strength of f = 5 x 102 cm™2 [], this leads to a value of
g =1.8meV.

In the case of our FFP cavity, the bottom half of the
cavity has the same structure as the A-cavity described
above. The QW is at the center of a A/ngaas thick GaAs
layer grown on top of an AlAs/GaAs DBR. The top DBR



is made of dielectric materials (TagO5/Si02) and is sep-
arated from the sample surface by a gap (vacuum) of
length L (see Figure S2). The penetration length in the
top mirror is [5]

I.DBR _
Taz05/Si0, —

A 1
4

~038um, (5
(nTa205 - nSIOg) . ( )

where we use nrta,0, = 2.078, ngio, = 1.479. This
expression is different from , because the dielectric
DBR starts with a high index layer (TazOs), whereas the
AlAs/GaAs mirror starts with a low index layer (AlAs).
Taking into account that the lower DBR mirror is sur-
rounded by GaAs and the top one by vacuum, we obtain
the following expression for the effective length of the
FFP cavity

) +L+ L?i%s/swzv
(6)

— 2 DBR
Leg = NGaAs <LAlAs/GaAs +
NGaAs

which gives the approximate expression
Leg = L+ 7.45 pm (7)

Despite its much longer physical length, a FFP cavity
with a gap of 3.5 um therefore has the same effective
length than a monolithic GaAs A-cavity.

Measurement of polariton lifetimes

In order to measure polariton lifetimes, we excited the
cavity through the fiber using a pulsed (sub-picosecond
at a rate of 20 MHz) white-light source and a band-pass
filter, resulting in a continuous spectrum of about 10 nm
bandwidth. The transmitted light was guided out of the
cryostat in a free-space configuration and sent to a spec-
trometer. We made sure that only the TEMyy LP line
appeared in the transmitted spectrum. We then sent the
light to an avalanche photodiode (APD) in the Geiger
mode and measured the ring-down time of the polariton
emission. Figure S3 shows the time-dependent transmis-
sion recorded on the four-QW sample at a cavity length
of 28 pum. Because of the finite time resolution of the
APD (40ps), we fit the ring-down signal (blue trace) by
an exponential decay convolved with the APD response
(red trace). The fitted 1/e decay time of the exponential
decay corresponds to the polariton lifetime. In addition
to LP lifetimes as a function of the cavity length (see
Figure 3 in the main text), we investigated the lifetime
dependence as a function of cavity-exciton detuning at a
cavity length of 14.4 um. At this length, the Rabi split-
ting is 2g ~ 5.8 meV. The results are shown in Figure
S4. Due to exciton disorder, the lifetime decreases sig-
nificantly when the LP wavelength becomes smaller than
905 nm, in agreement with the line broadening discussed
in the previous section. At 904.8 nm, the lifetime is still
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FIG. S3: Resonant ring-down measurements. Ring-
down trace recorded on the four-QW sample. The data (blue
solid line) was recorded at a cavity length of about 28 um.
The dashed line shows the time response when directing the
broad-band light directly to the APD and thus represents the
time-response function of the APD. The red line shows the
convolution of the APD-response function with the best-fit
exponential decay with time constant (101 +7) ps. The inset
displays the spectrum of the transmitted light, recorded with
a spectrometer.
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FIG. S4: Polariton lifetimes as a function of cavity
detuning from the exciton. Using a pulsed white-light
source, the lifetime of the fundamental lower polariton was
recorded, yielding lifetimes up to 74 ps (blue bullets) for al-
most cavity-like polaritons. The red line illustrates the exci-
ton content of the lower polariton that was estimated based
on PL spectra recorded at the same cavity length. The gray
dotted line denotes the spectral position of the LP for which
the lifetime data in the main text were recorded. The cavity
length is about 14.4 ym. The error bars correspond to 95 %
confidence bounds for the fits of the polariton lifetimes.

as high as 60 ps corresponding to an exciton content of
about 30 %. We found this wavelength to be a good com-
promise between low disorder scattering and high exciton
content. At this wavelength, the lifetime data of Figure
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