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We experimentally demonstrate the formation of a macroscopically occupied state (condensation) of exciton-
polaritons in a tunable 3D open-access microcavity system under resonant excitation. We observe a high
conversion efficiency of polaritons from the pumped state to the ground mode, leading to population of the
condensate 1.5 times greater than that of the driven state for a total number of polaritons of ~110. Com-
parative numerical simulations show that coherent polariton-polariton scattering mechanisms alone cannot
explain the observed experimental results and that other relaxation channels play an important role.

I. INTRODUCTION

Microcavity exciton-polaritons are quasi-particles aris-
ing from the strong coupling between the photonic mode
of a microcavity and quantum well excitons embedded
inside the cavity. Thanks to their excitonic part, Kerr-
like optical nonlinearity in the polariton system is one
of the highest observed in optics'. A very wide vari-
ety of effects arising from nonlinear polariton interactions
have been observed, such as Bose-Einstein condensation,
superfluidity® ©, polariton optical parametric oscillation
(OPO)™ 10 dark and bright solitons'!''? and polaritonic
topological singularities, such as vortices'3 15,

Both resonantly and non-resonantly excited polariton
condensates have been thoroughly investigated in pla-
nar 2D structures (see e.g. Ref. 16). In microcavities
with a strong 3D confinement, such as etched micropil-
lars, polariton condensation and lasing under nonreso-
nant excitation!”, and polariton OPO under resonant
excitation'® have been also studied. In these systems,
with 3D confinement, polariton nonlinearities are ex-
pected to occur at very low total polariton populations
due to strong polariton lateral confinement, making these
systems essentially mesoscopic and potentially sensitive
to quantum fluctuations'®2%. Recently, a so-called ‘open
microcavity’ system has been developed to provide strong
optical confinement without the need for etching into the
active region of quantum well (QW) excitons?! 23, hence
preventing polariton losses from surface recombination
effects. This cavity structure, consisting of one planar
and one concave mirror with an air gap in between,
provides strong lateral confinement down to sub-micron

a)Electronic mail: felix831204@xjtu.edu.cn
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scale. The open microcavity system with (In)GaAs quan-
tum wells as an active region has been used to observe
strong exciton-photon coupling and polariton condensa-
tion under nonresonant excitation®?24,

In this article, we report highly-efficient polariton re-
laxation and formation of a polariton macroscopically oc-
cupied state (MOS) under resonant excitation in the open
microcavity system. We pump the first excited lower
polariton state with a CW resonant laser, and above a
certain threshold power we observe formation of a po-
lariton MOS in the ground mode with a population 1.5
times greater than that of the pumped state, very sig-
nificantly larger than the previously reported 0.01 — 0.02
using pulsed excitation?® in a planar microcavity. For-
mation of the polariton MOS is accompanied by bistable
behaviour in the intensity dependence of both condensate
and pumped mode emission. We also perform numeri-
cal studies, which show that coherent polariton-polariton
and polariton-exciton scattering processes alone cannot
explain such high relaxation efficiency and formation of
the polariton MOS. Therefore, other relaxation mecha-
nisms such as polariton-phonon, polariton-electron scat-
tering and exciton reservoir-mediated relaxation should
be taken into account.

Il. RESULTS

We perform our experiments in transmission geome-
try. In this configuration the resonant excitation beam
is incident on one side of the cavity, and emission is de-
tected from the other side, therefore avoiding saturation
of detectors by the reflected excitation beam. Another
advantage of this geometry is that it allows an accu-
rate estimate of the polariton population in the reso-
nantly pumped mode by simply measuring the intensity
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FIG. 1.  (a) Schematic of the open microcavity structure
and of the experimental setup. (b) Mode energies (detected
in horizontal polarisation) as a function of piezo position.
Anti-crossing is observed for lower polariton branches (LPB)
associated with LGoo (black open circles), LGo1 (red open
squares) and LGo2 (blue open triangles).The bare exciton, X,
and cavity, C'(LGoo), modes for the LGoo mode are shown in
grey dotted lines.

of the transmitted pump beam. Our microcavity consists
of two mirrors: a planar 'bottom’ semiconductor DBR
(distributed Bragg reflector) mirror made of 27 pairs of
AlAs/GaAs layers grown by molecular beam epitaxy, and
a 'top’ dielectric mirror — a 15-pair SiO5/TasO5 DBR de-
posited on a concave surface fabricated using focused ion
beam milling?!. The Q-factor of the microcavity polari-
ton mode measured at negative photon-exciton detuning
(~ —8 meV) is about 15,000 and probably limited by
the resolution of our setup. The concave mirror has a
circular shape with a radius of curvature of 20 um. The
two mirrors together create a 3D-microcavity with dis-
crete energy modes??, which have lateral size (FWHM)
in real space ~ 1 —2 pum. A GaAs active region of 3\/2,
with a single 10-nm Ing 04 Gag.96As QW embedded at the
expected electric field antinode, is grown on top of the
semiconductor mirror, as illustrated in Fig. 1(a). The two
mirrors of the cavity are mounted vertically on individ-
ual stages with nanopositioners controlling their relative
position and angle, as illustrated in Fig. 1(a). Two lenses
(7.5 mm focal length, NA = 0.32), controlled by nanopo-
sitioners, are located at each side of the open cavity for
excitation and collection. The entire setup is mounted
in a helium exchange gas chamber, where the sample is
cooled to 5 K, with optical windows at both sides.

To characterise the microcavity sample we applied
continuous wave off-resonant excitation (red laser with
635 nm wavelength) and recorded photoluminescence
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FIG. 2.  Left column — spectra detected in vertical polari-

sation; right column — spectra detected in horizontal polar-
isation. Polarisation of the pump is vertical for all panels.
(a), (b) Low excitation power, P = 0.15P,,. (c), (d) High
excitation power, above the threshold, P = 1.2P;,. As a ref-
erence, panels (e) and (f) show polariton PL emission spectra
recorded in both polarisations for the same exciton-photon
detuning under off-resonant low power excitation. By com-
paring panels (e) and (c) and (a), (f) and (d) and (b) one
can observe the blueshift of LG9 mode above threshold. The
position of the pump, blueshifted with respect to the unper-
turbed LGo1 polariton resonance, is also seen.

(PL) spectra. We can control energy of the cavity modes
by changing the distance between the ’top’ and ’bot-
tom’ mirrors by moving the nanopositioner controlling
the semiconductor ’bottom’ mirror. In this way we
scanned the cavity modes through the QW exciton en-
ergy (Ex =~ 1.481 e¢V) and observed the anti-crossing
behaviour between the cavity and exciton states charac-
teristic of strong exciton-photon coupling??. We observed
different modes of the Laguerre-Gaussian (LG) type, in-
cluding LGqo, LGp1, and LGp2, as shown in Fig. 1(b).
The derived vacuum Rabi splitting is h{dr ~ 3.46 meV.

To perform the experiment, first, we set the cavity
length such that the cavity-exciton detuning was dr.q,, =
—0.23 meV for the LGy mode and drg,, = —5.52 meV
for the LGyg mode; this position is labelled by a green
dashed line in Fig. 1(b). At these detunings both LGqo
and LGy are split into orthogonally linearly (H and V)
polarised modes due to birefringence present probably
in the top dielectric mirror, which has a slightly ellip-



tical shape. A polarisation splitting of ~ 0.22 meV of
the LGyy mode is observed. Then, we applied a lin-
early (V) polarised CW ’pump’ laser with energy blue-
detuned with respect to that of the higher energy V-
polarised LGy; mode by ~ 0.4 meV. We recorded spectra
in H and V polarisations while changing the power of the
pump laser: first increasing the power to the maximum
(280 mW) and then decreasing back to the minimum
value (5 mW). At low power, the transmitted pump laser
dominates the emission spectra (Figs. 2(a,b)) with the
H-polarised component being 10 times weaker than the
V-polarised component. We also observe a weak photo-
luminescence emission from the LGy, H-polarised mode
at energy 0.6 meV below that of the transmitted pump
(Fig. 2b), whereas no emission is detected from the LGgq
mode.

The real space integrated intensities of the LGy mode
emission and of the transmitted pump (labelled as LG,
LGE and pump) as a function of pump power are shown
in Figs. 3(a,b) for V and H polarisations, respectively. At
pump powers below 200 mW the intensity of the trans-
mitted pump shows a nearly linear increase with power
in both polarisations, and at the same time, the emission
from the LGyp mode remains below or close to the noise
level of the CCD detector. Because the pump laser is
blue detuned with respect to the pump mode, the inter-
nal polariton field of the pump mode and hence the pump
transmission intensity are expected to exhibit bistable
behaviour with pump power due to repulsive polariton
Kerr-like nonlinearity?®. When the pump power is in-
creased above 230 — 240 mW energy of both the LG,
and LG, modes shift upwards to the resonance with the
pump laser leading to an abrupt increase of the pump
transmission intensity (and hence the coherent popula-
tions of the pump V and H modes) in both polarisations.
This transition is also accompanied by a strong increase
of the emission intensities of the H and V-polarised LGq
modes (Figs. 3(a,b)), which become comparable to that
of the pump mode in the corresponding polarisations (see
Figs. 2(c,d)). At high power the blueshift of the LGy
mode is AFE ~ 220 peV, still ~ 200 neV below that of
the uncoupled photonic mode. This, as well as the fact
that the energy of the driving field is ~ 1.5 meV below
the uncoupled LGy cavity mode, ensures that the strong
exciton-photon coupling is maintained in the system at
high power.

With decreasing pump power hysteresis in the inten-
sities of the pump transmission and LGpy mode emis-
sion is observed, characteristic of the optical polariton
bistability. While sharing the same thresholds with the
pump mode, the ground LGyy mode shows much stronger
nonlinear increase of intensity (4 orders of magnitude),
highlighting the nonlinear enhancement of the polariton
relaxation rate to the ground state above the threshold
when the pump mode becomes highly populated. More
precisely the ratio of the LGgy to pump polariton popu-
lations is given by:
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FIG. 3. Integrated intensity of LGoo and pump modes as
a function of pump power in vertical (a) and horizontal (b)
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where ILG[x)/O/H/pum

LGop/pump modes detected in vertical /horizontal linear
polarisations; C'Lq,, /pump are the photonic Hopfield coef-
ficients of the LGy/pump modes respectively. The data
extracted from Fig. 3 yields the ratio between the ground
LGyo and the pump modes 1 ~ 1.5, when the pump is
above the threshold.

The total combined output power of the LGy PL emis-
sion and the transmitted pump intensity is measured to
be ~ 1 uW at maximum pump power, corresponding to
an estimated total polariton number of N ~ 110. Note
that while both H- and V-polarised LGy eigen-modes
show nonlinear threshold behaviour, above the thresh-
old the V-polarised LGY, mode is ~ 60 times brighter
than H-polarised LG} mode. This means that the LG
mode is macroscopically occupied with ~ 60 — 70 par-
ticles, but LGE mode contains on average only 1 — 2
polaritons.

Assuming there are only interactions between po-
laritons residing in the pump (with polariton number
Npump = 40) and the ground mode (with polariton num-
ber Nrg,, = 70), the expected energy blueshift of the
pump mode AFEjy, can be estimated as follows:

pv/u are integrated intensities of the

1

Ao = —gxx | X16o0|” | Xpump|* Nrgoo
1

+ ;gXX ‘Xpump|4 Npump ~ 37 ueV,

where the exciton-exciton interaction constant is chosen
to be?” gxx = 10 peV - um~2, s = 3 um? is mode area,
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FIG. 4. Percentage of photon emission at the LGoo energy
with respect to the emission at the pump (LGo1) energy as a
function of the pump intensity f,. The two curves correspond
to two different frequencies for the quasi-resonant continuous-
wave pump, Wpy.

and we estimate excitonic fractions of the ground and
pump modes to be |X1g,,|” = 0.13 and |Xpump|2 =0.43
respectively. The estimated value of the blueshift of the
pump mode is much smaller than the experimental value
of ~ 0.4 meV, indicating that there is also an interac-
tion between LGqo and pump (LGp;) polariton modes
and highly populated exciton-reservoir states (localised
excitons, dark excitons and high-energy high-momenta
excitons) significantly contributing to the observed en-
ergy shift!.

There are several mechanisms which may lead to trans-
fer of polaritons from the driven to the ground mode in
this system. Firstly, a coherent four-wave mixing pro-
cess, where two polaritons from the pump state scatter
to the ’'signal’ LG state and the ’idler’ state such that
2E,ump = Fra,, + Ei associated with the upper po-
lariton branches, which become macroscopically popu-
lated and form an ’optical parametric oscillator’ (OPO).
This mechanism has been extensively studied in planar
microcavities” '°. We did not observe any idler emission
at energy F;, which in our case would be very close to
the QW exciton energy, Ex, where polariton PL emis-
sion is naturally very weak (expected to be ~ 2 orders of
magnitude smaller than the signal) since it is dominated
by the excitonic component. Secondly, even though the
energy of the pump mode is below that of the bare ex-
citon, coherent polariton-polariton scattering may still
occur from the pump to higher energy high-momenta ex-
citons with high density of states due to the finite ex-
citon linewidth (~ 1 meV). From exciton states polari-
tons may further relax down to the ground state via co-
herent exciton-exciton interactions®®2%. Finally, other
relaxation mechanisms may involve polariton-phonon
and polariton-electron scattering®® as well as relaxation
through reservoir of localised or dark exciton states, when
polaritons completely decohere with respect to the ex-
cited mode3!.

To determine whether coherent polariton-polariton
and polariton-exciton interactions alone can explain the
observed experimental results or other incoherent pro-
cesses should be considered we performed theoretical
studies, where we took into account only coherent inter-
particle interactions. We model the open cavity system

4

with a generalized Gross-Pitaevskii equation®?3? (GP)
for coupled cavity exciton fields (¢ and 9x) and in-
clude the effect of decay and resonant pumping (h = 1):

o) = Lo (2 () + ()

where the term Hj is the single particle Hamiltonian:

<wX(—iV) —ikx/2

T2 Qr/2 ) ’

we(—iV) — ik /2

and we(—iV) = wd — V2/2m, is the cavity dispersion
with a photon mass m¢ = 2.3 x 10™°mg, where my is the
bare electron mass. For our simulations we fix to zero the
flat exciton dispersion wx(—iV) = w% = 0, and set the
exciton photon detuning éx_,n = wy — w% = —11 meV.
The parameters Qg = 3.50 meV, kx = 0.20 meV, and
kc = 0.05 meV are the Rabi frequency and the exci-
ton and photon decay rates. To simulate the injection
of polaritons we use a continuous-wave quasi-resonant
pump with a Gaussian shape F = fpe*i“’l’t*(“mf/%i,
where f, is pump intensity, w, is pump frequency rela-
tive to LGp; bare cavity mode which varies from —0.9
to —0.8 meV, rg = 0.5 um represents a slight mismatch
between centres of the potential and pump enabling cou-
pling of the Gaussian pump beam to the LGy polariton
mode, and 0, = 2.5 pm. Finally, in order to simulate the
curvature of the top mirror, we introduce a harmonic con-
finement of the photonic component: Vo = %mcwsz‘Q,
where wp, = 5.0 meV is the strength of the harmonic
confinement. The exciton repulsive interaction strength
gx = 1 is set to one by rescaling the fields and the pump
strengths. Overall, the model parameters were chosen in
such a way that the confined polariton energies and the
excitation conditions match closely those in the experi-
ment. Finally, we use a Runge-Kutta algorithm (see e.g.
Ref. 34) to simulate the dynamics of the GP equation.
We start from an empty system, turn on the pump and
reach a steady state situation. At this point we evalu-
ate the spectra of the emitted light and derive the ra-
tio between the population at the LGgp energy and the
population at the pump energy. The photonic efficiency
shown in Fig. 4 correspond to an even smaller overall
efficiency since the LGy mode is more photonic than
the pump mode. The highest simulated conversion effi-
ciency is only on the order of 10 — 15% for the photonic
component, which is significantly less than the experi-
mental value. The origin of the switching ’off” of the
OPO after the peak at 3.3 a.u. and subsequent switch-
ing ’on’ at 3.8 a.u. can be attributed to the interplay
between higher-order scattering processes and the spa-
tial dependence of the different modes. Since the modes
and the pump are not homogeneous in space, different
parts in different spatial points can reach the optimal
OPO phase matching conditions at different pump pow-
ers. Therefore, we confirm that coherent interparticle



scatterings alone cannot explain such a high conversion
efficiency from the pumped to the ground mode observed
in the experiment. Absorption of the pumped polaritons
due to other scattering mechanisms and relaxation chan-
nels mentioned above together with the 3D confinement
may play a significant role in achieving such a high effi-
ciency. We note, that in our experiment it is not possible
to reliably estimate the population of exciton reservoir
states and hence provide a conversion efficiency from the
absorbed polaritons to signal, as was done for OPO ex-
periments in planar microcavities, e.g. Ref. 35. It is not
clear why under pulsed resonant excitation the conver-
sion efficiency from pump to signal state is deduced to
be only 0.01 — 0.022°, much smaller than in our CW ex-
periment. Probably, CW excitation allows more efficient
population of incoherent exciton reservoir', the lifetime
of which can be in nanosecond time scales.

Finally, we note that incoherent polariton relaxation is
expected to depolarise polaritons. In our experiment, we
observe that the MOS is always V-polarised for either H-
or V-polarised pump, probably because LG, is closer in
energy to the exciton level and hence experiences a higher
gain and/or this mode has lower photonic losses than the
LGE, state.

I1l. DISCUSSION

In conclusion, we have demonstrated formation of a po-
lariton macroscopically occupied state in the ground con-
fined lower polariton mode, LGy, in a 3D microcavity
under resonant excitation of the 1-st excited transverse
polariton mode, LGy;. Population of the MOS exceeds
that of the driven state by 1.5 times and the total po-
lariton population is ~ 100. Numerical modelling and
estimation of the polariton interaction strength indicates
that relaxation through the incoherent exciton reservoir
state also very likely takes place. Such small and ef-
ficient 3D microcavities are promising for applications
in integrated photonic circuits and, potentially, in quan-
tum polaritonics. Even though the conversion efficiency
is high when considering the polaritons inside the cavity,
the coupling of the external pumping laser into the cavity
is not yet an efficient process, which could be improved
by matching the spatial profiles of the pumping laser to
the LGp1 mode of the cavity using, for example, a spatial
light modulator.

MS and DNK acknowledge the support from the Lever-
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RPAE, MSS and DNK acknowledge the support from the
EPSRC grants EP/J007544/1, EP/N031776/1, and the
ERC Advanced Grant EXCIPOL 320570.
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