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ABSTRACT

We establish a tunable open-access microcavity consisting of two planar distributed Bragg reflectors (DBRs) individually controlled by nano-
positioners. By varying the cavity length, such configuration enables variation of the light-matter coupling strength by a factor of 2, while
keeping in microresonators the same active region and cavity mirrors. Polariton condensation was demonstrated over a large range of Rabi
splittings and the corresponding threshold diagram was derived as a function of cavity-exciton detuning, which fits well with theoretical
simulations. The results show that for various light-matter coupling strengths, optimal detunings featured by the lowest condensation
threshold always occur at a fixed depth of energy trap between the exciton reservoir and the polariton ground state, which enables the most
efficient exciton-exciton scattering into the condensate state in the driven-dissipative polaritonic system.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0076459

I. INTRODUCTION

Microcavities, being able to confine light down to the wave-
length scale, have been developed as an important tool to enhance
the light-matter interaction.'” A microcavity with an embedded
optically active region can work either in the strong or in the weak
coupling regime depending on a number of factors including light-
matter field overlap, emitter oscillator strength, cavity quality factor,
etc.”” In the strong light-matter coupling regime, Bose-Einstein con-
densation (BEC) of cavity polaritons was demonstrated due to their
Bosonic nature,” forming on-chip quantum fluid of light” In the
driven-dissipative system of polaritons, the interplay between kinetics
and thermodynamics determines a condensation threshold diagram
that displays the condensation threshold power as a function of
cavity-exciton detuning, in which an optimal detuning correspond-
ing to the lowest threshold can be identified.” ™"’ By far, the way to

obtain the condensation phase diagram is varying the cavity-exciton
detuning. However, this process changes simultaneously several
factors that affect the condensation threshold and thereby makes it
difficult to study the role of each factor individually. For example,
when the cavity-exciton detuning is changed, the particle properties
of polaritons (i.e., polariton mass and lifetime) change together with
the depth of the potential trap [ie., the energy difference between the
exciton reservoir and the bottom of the lower polariton branch
(LPB)], while both of them affect the condensation mechanism but
cannot be analyzed independently.'" This issue, nevertheless, can be
well addressed with a large range of tunability of the light-matter
interaction strength, i.e., the vacuum Rabi splitting of the system. For
example, by fixing the energy of LPB bottom and varying the value
of Rabi, one can change the polariton mass and lifetime while
keeping the same depth of potential trap.
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The continuous tunability of light-matter coupling strength in
a large range can be achieved by varying the cavity length that
would cover many optical half wavelengths, which changes the
mode volume and thereby alters the optical field overlap with the
emitter.”'>'” Although such large range of cavity length tunability
is difficult for monolithic microcavities, it is fully realizable in the
recently developed open-access microcavity, which consists of two
distributed Bragg reflectors (DBRs) separated by a micro-sized
air-gap and controlled individually by nanopositioners so that the
cavity length can be flexibly tuned."*”"” In the concave-planar
cavity structure supporting zero-dimensional (0D) polaritons, the
maximum allowed cavity length is determined by the radius of cur-
vature (RoC) of the concave mirror, while a planar-planar cavity
structure would, in principle, support two-dimensional (2D) polari-
tons with a cavity length up to infinity. Such mechanism exhibits
the advantage of tuning light-matter coupling while keeping both
the physical properties of the emitter and the cavity mirror loss
unchanged, providing possible opportunities for an easy control of
light confinement and propagation on a micrometer length scale.
2D polaritons in open-access microcavities have been demonstrated
with organic and monolayer emitters'®'”; nevertheless, the
momentum space imaging and polariton condensation have not
been studied yet in such systems.

In this article, we report on the condensation of 2D exciton-
polaritons in a tunable microcavity over a large range of Rabi split-
tings from ~7 to ~13 meV, which was enabled by varying the dis-
tance between the two mirrors in open-access microcavities from a
few to tens of micrometers. Polariton condensation threshold dia-
grams were derived at various exciton-photon detunings and Rabi
splittings, which showed that, regardless of the polariton mass and
lifetimes of the condensed state, optimal detunings always corre-
spond to a fixed depth of potential trap in momentum space. The
results highlight the significant role played by the polariton poten-
tial trap and exciton-pair scattering in the non-equilibrium con-
densation process,’’ which agree well with theoretical simulations
of kinetics vs thermodynamics.

Il. SAMPLE PREPARATION AND EXPERIMENTAL SETUP

The configuration of the open microcavity system is based on
the setup already reported in Ref. 16. A semiconductor half-cavity
and a dielectric DBR are controlled individually to form the open-
access cavity, as illustrated in Fig. 1(a). The semiconductor half-
cavity consists of 30 pairs of Aly,GaggAs/Alge5GagosAs DBR and
on top a 2A-cavity region with three sets of four GaAs multiple
quantum wells (MQWs) embedded at the expected optical field
antinodes. The dielectric DBR is fabricated by depositing 11 pairs
of Si0,/Ta,Os quarter-wavelength bilayers on the surface of a
plinth sized 200 um? fabricated on the silica substrate, as illustrated
in Figs. 1(b) and 1(c). Unlike the previously reported open micro-
cavities that have at least one concave mirror,’®'”’**" the planar
open-access cavity requires perfect angular alignment between the
semiconductor and dielectric DBRs to keep them extremely paral-
lel. To achieve this, two high-resolution Attocube goniometers were
used to make two-dimensional adjustment of the tilt angle of the
semiconductor DBR according to the measured energy-momen-
tum (E-k) images in realtime and essentially have it parallel with
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FIG. 1. (a) lllustrative diagram of the angular resolved spectroscopy setup for
open microcavities. Focal length for lenses: L1 7.5mm, L2 300 mm, L3
500 mm, L4 200 mm, and L5 50 mm. WF stands for wound fiber. R and K stand
for the positions of real space and k-space images, respectively. (b) and (c)
Zoomed-in pictures of the cavity part.

the dielectric DBR. Another requirement for the planar open-access
cavity is high mechanical stability. Touching the two DBRs
mechanically, which is the commonly used method for stabilizing
planar-concave open cavities, cannot be applied to the planar—
planar open-access cavity as it destroys the parallelism. To gain
better stability, the liquid helium Dewar that hosts the system is
placed on a air-inflated floating cradle, and the entire setup, includ-
ing the Dewar and the optics on it, is enclosed by acoustic foams.

The setup of angular resolved spectroscopy is built with five
confocal lenses, two of which are mounted inside the helium
Dewar, as shown in Fig. 1(a). The excitation beam travels through
L3 and L2 and is focused onto the open-access cavity by L1 (focal
length 7.5 mm, numerical aperture 0.32). The emission is collected
by L1 and the k-space image is transferred by L2-L5 and projected
on a wound fiber (WF) bundle, which sends the image to the spec-
trometer and CCD.

lll. RESULTS AND DISCUSSION

The effective length of the cavity in resonance with the
exciton in QW can be written as Leg = (I 4+ 4)Ax/2 + Lpgr, where
Ax =770 nm is the exciton emission wavelength and Lpgr is the
penetration length of the optical field into the DBRs. Here, we
define the dimensionless integer I as the longitudinal order of the
cavity. A continuous Ti:sapphire laser, tuned to the first Bragg
mode of the dielectric DBR at the wavelength of 739 nm, is used to
excite the free carriers in the quantum wells embedded in the open-
access cavity with a spot size of ~50um. It is noted that the center
wavelength of the dielectric DBR stopband, which is ~150 nm
wide, is intentionally designed at a larger wavelength of ~843 nm
than Ax to allow the pump laser to pass at the wavelength of the
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Bragg mode. The energy-momentum (E-k) images of 2D polari-
tons are shown in Fig. 2(a) for [ = 5, 29, and 51 (herein [ = 0 cor-
responds to the situation that the two mirrors touches), in which
the lower polariton branch (LPB) and the upper polariton branch
(UPB) are seen for each I The cavity-exciton detunings are all
tuned so that the bottoms of the LPB are at the same energy of
1602 mev (774 nm). As the field overlap between the cavity mode
and the exciton decreases with [, the Rabi splitting decreases and
the LPB becomes more photonic like. The exciton-photon detun-
ings are +1.68, —1.21, and —2.61meV for Is of 5, 29, and 51,
respectively. A second LPB very negatively detuned with respect to
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FIG. 2. (a) Emission intensity of the open-access cavity below lasing threshold
(pump power = 200 W) as a function of photon energy and emission angle for
longitudinal orders / of 5 (left panel), 29 (middle panel), and 51 (right panel).
The cavity-exciton detuning & is shown for each graph, and the red arrows indi-
cate the Rabi splitting. Intensity in some areas is multiplied by 20 for better visi-
bility. (b) Experimental data (black squares) and theoretical fitting (dashed line)
of the Rabi splitting as a function of /. (c) LPB blueshift (black squares) and the
energy difference between the bare cavity and LPB bottom (red circles) for each
I, while the LPB bottoms are fixed at 1602 meV as in (a).
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the exciton resonance corresponding to a lower longitudinal cavity
mode order also appears for I = 29 and I = 51 due to the reduced
free spectral range. Although the Rabi splitting can be roughly
derived from the minimum separation between the LPB and the
UPB in E-k dispersion [red arrows in Fig. 2(a)], we adopted a
more precise method for obtaining the Rabi-splitting. For each I,
we take the spectra at k =0 while continuously decreasing the
cavity length with the applied voltage on the nanopositioner as
reported in Ref. 16 and obtain the minimum separation between
the LPB and the UPB. Figure 2(b) shows the measured Rabi split-
ting as a function I, which can be fitted with Qg oc 1/1/Legr as
expected.'® Polariton condensation was observed for each I by
increasing the pump power, featured by the polariton blueshift
which, though showing fluctuations vs I, is always much smaller
than the energy difference between the bare cavity mode and the
LPB bottom Ec,, — Erpp, as plotted in Fig. 2(c). The blueshift is
given purely by interaction with the exciton reservoir,””*’ and the
density of which is given by the value of the pump power absorbed.
This provides a way to explore the unique advantages of using long
cavities for polariton studies, including the possibility to achieve
longer photon lifetime and smaller photonic disorder.

It is notable that the visibility of the UPB decreases with Rabi
splitting. The UPB is clearly seen for I =51, gets broader and
dimmer for [ = 29, and becomes hardly visible for I = 5 in which
the Rabi splitting (~12meV) is comparable with the exciton
binding energy. The decrease is probably due to more absorption
associated with polariton scattering to high-k excitons and genera-
tion of free charges, which is consistent with the absence of UPB in
the wide-bandgap inorganic, organic, and perovskite microcavities
working in the strong coupling regime.”**"*” The unique advantage
of the planar open-access system lies in that it provides a systematic
approach to evaluate the UPB viability vs vacuum Rabi splitting
through a large range of cavity longitudinal orders.

The relaxation mechanism for polaritons to reach condensa-
tion is governed by the balance between the particle thermody-
namics and the relaxation kinetics. For a given Rabi splitting,
positively detuned polaritons exhibit a faster scattering rate, a
longer polariton lifetime, and a shallower energy trap in momen-
tum space from the exciton reservoir, while negatively detuned
polaritons have lower thermodynamic critical density for conden-
sation due to smaller effective mass, which results in an optimum
detuning at which the polariton lasing threshold reaches its
minimum.” In previous studies, polariton condensation threshold
diagrams were investigated at a series of temperatures in different
systems.””'" Herein, we derive polariton condensation threshold
diagrams at the same temperature but with different Rabi splittings
at [ =5, 29, and 51 by measuring the condensation threshold as a
function of LPB energy in Fig. 3(a), which is converted to
cavity-exciton detuning in Fig. 3(b). Herein, the threshold is
expressed using the effective pump power taking into consider-
ation the interference of the pump beam inside the cavity, which
varies with [ (see supplementary materials). The observations show
that the optimum detuning, being 1.68, —1.21, and —2.61 meV for
I =5, 29, and 51, respectively, shifts toward positive values with
increasing Rabi, which agrees with the previous theoretical predic-
tions.”® A quantitative simulation using the kinetics vs thermody-
namics model’™ that agrees well with the experimental results is
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FIG. 3. Experimental results (a) and (b) and theoretical simulations [(c), The
link between the injected exciton density (which is the model input) and the
pumping power is made assuming a laser absorption per QW of 2%”° and a
perfect conversion from electron-hole pairs to excitons.] of polariton condensa-
tion threshold as a function of cavity-exciton detuning [(b) and (c)] and energy
gap between the exciton and LPB bottom (a) at different Rabi splittings corre-
sponding to cavity longitudinal orders / = 5, 29, and 51.

shown in Fig. 3(c). We note that for each I, the threshold
minimum is the only one obtained both theoretically and experi-
mentally, without any other appearing at more positive or negative
detunings. The particular interest of varying the Rabi for the con-
densation threshold diagram lies in the capability to address the
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role of momentum-space potential trap independently of the parti-
cle properties such as the effective mass and the lifetime. Indeed,
as displayed in Fig. 3(a), the optimum detunings of the three lon-
gitudinal orders all correspond to an energy gap between the LPB
bottom and the exciton reservoir of 8.32 meV, indicating that the
potential trap in momentum space, whose depth affects the effi-
ciency of exciton-exciton scattering from high momenta exciton
reservoir toward the polariton ground state, can be the key factor
to determine the optimum detuning for polariton condensation in
the drive-dissipative system. These results further support the
earlier investigations of the condensation mechanism involving
exciton-pair scattering with fixed Rabi splittings."’

IV. CONCLUSION

In conclusion, we established a planar open microcavity
system that allows a large tuning range of Rabi splitting for 2D
exciton-polaritons. Condensation is achieved and the corre-
sponding threshold diagrams are derived for different longitudi-
nal orders, which highlights the significant role of the
momentum-space potential trap in the polariton condensation
process. While extremely small mode volume is an intensely
investigated area for nanophotonics, we show that, on the other
hand, strong light-matter coupling and condensation can still be
achieved with long cavities (cavity length up to ~24um) pro-
vided the oscillator strength of the emitter is large enough. This
reveals the potential to employ the advantages of long cavities,
including larger cavity quality factor with the same reflectivity
of mirrors and smaller photonic disorder with the same geomet-
rical deformation compared to short cavities. These advantages
are promising for fabricating arrays and lattices based on
coupled open cavities without etching into the active layer,”
which would be very difficult to achieve with short cavity length
due to the slight geometrical difference among different concave
mirrors. Our studies bridge the gap between micro- and macro-
scale cavities and pave the way for possible studies of polariton-
ics based on size-flexible cavities.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details of the effective
pump power.
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