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We demonstrate the condensation of microcavity polaritons
with a very sharp threshold occurring at a two orders of
magnitude pump intensity lower than previous demonstra-
tions of condensation. The long cavity lifetime and trapping
and pumping geometries are crucial to the realization of
this low threshold. Polariton condensation, or “polariton
lasing” has long been proposed as a promising source of
coherent light at a lower threshold than traditional lasing,
and these results indicate some considerations for optimiz-
ing designs for lower thresholds. © 2017 Optical Society of
America

OCIS codes: (140.3945) Microcavities; (140.3460) Lasers; (140.7260)

Vertical cavity surface emitting lasers.
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Early observations of microcavity polariton condensation [1,2]
were novel tabletop demonstrations of quantum many-body
physics. In contrast to the cold atom systems to date, polariton
studies require modest optics and lasers, and operate at liquid
helium temperatures. Being a superposition of a quantum
well (QW) exciton and a cavity photon, microcavity exciton-
polaritons inherit both interactions and a light mass, meaning
they can thermalize and still exhibit quantum phenomena at
elevated temperatures. The strong coupling of the exciton
and photon can be achieved by placing QWs within a properly
tuned optical cavity, much like the structure of the regularly
used vertical-cavity surface-emitting laser. For a thorough re-
view of microcavity polaritons, see [3].

The accessibility and robustness of the solid-state microcav-
ity polariton has made it a promising candidate for technologi-
cal applications such as optical switching [4–8] and coherent
light emission [9–12]. However, the early reports of polariton
Bose–Einstein condensation (BEC) were criticized because the
short polariton lifetimes do not allow the gas to fully thermal-
ize; these systems represent quasicondensates, rather than
thermodynamically equilibrated BEC. Improvements in the
mirrors integrated into these structures increased the cavity life-
times from ∼1 to 15 ps [13], and later to 135 ps [14–16]. Here
we show that this improved lifetime and the proper selection of

pumping and trapping geometry can dramatically reduce the
critical pumping density to achieve condensation.

Polariton lasing occurs in the strong coupling regime.
However, at high carrier densities, the exciton-photon coupling
saturates, and the polariton states revert to free-carrier and pho-
ton states. In this weak coupling regime, the cavity enters tradi-
tional, rate-driven lasing, rather than thermodynamic-driven
condensation. For a system with a lower condensation thresh-
old, there may be a wider range of output powers below the
transition to standard lasing. In early condensation results
[1,2], the condensate exhibited initial spectral narrowing upon
condensation, but rapidly broadened with increasing density as
the system approached saturation. With a lower threshold, our
polariton laser exhibits negligible broadening over orders of
magnitude of density change.

To put our condensation threshold into context, we com-
pare our current results to previous polariton condensation
demonstrations in Table 1. We consider similar systems to our
GaAs microcavity polariton with experiments conducted at
moderate cryogenic temperatures (4–20 K) and excited
nonresonantly with a laser tuned to create free carriers on the
order of 100 meV above the lower polariton state. Typically,
these experiments use either a continuous-wave (CW) or
quasi-CW excitation, so we compare condensation thresholds
in terms of the instantaneous pump power and intensity at the
condensate. A recent review [19] extends this survey to other
material systems and pulsed (transient) condensates.

The high-quality, long-lifetime sample used in this Letter is
virtually identical to that studied in [14–16,18]. The stress-
based trapping geometry was of the same method as in [2].
We thinned the substrate to ∼50 μm to achieve a sharp
(∼70 μm diameter) and deep (∼2 meV) stress trap. Starting
at a large photonic detuning (−20 meV), we applied strain, red-
shifting the exciton until the center of the trap was nominally at
resonant detuning. While a very tight pump focus can be used
to create a local barrier [18], in this Letter, we defocused the
pump spot to be slightly larger than the stress trap (pump full
width at half-maximum [FWHM] ∼90 μm). The laser was
injected at an angle of 20°.

A typical stress trap profile and condensate are presented in
Fig. 1. In the low-density photoluminescence (PL) data (frame
(b)), there is a clear splitting between two polarization states in
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the trap arising from the strain-induced mixing of the light- and
heavy-hole excitons [20]. Below the condensation threshold,
the spectrum is dominated by luminescence from the higher-
energy polarization state and emission from the sides and out-
side the harmonic trap. Above the threshold (frames (c) and
(d)), the population collapses into a tight spot and falls into
the very bottom of the trap of the lower-energy polarization.
One should note that the measured spatial FWHM of the
condensate (∼8 μm) is near the resolution limit of this mea-
surement, and the ground state for polaritons in such a har-
monic trap has a FWHM on the order of 1–2 μm. It is well
know that a condensate of interacting particles will have a
density-dependent size slightly larger than the single-particle
ground state [21,22].

The sample was cooled in a coldfinger-type Montana
Instruments cryostat held at nominally 6 K. Optical pumping
and thermal conduction through the stressor assembly likely
means that the lattice in the vicinity of the condensate is

warmer than this. To mitigate warming from the optical pump-
ing, the pump laser was chopped at 2 kHz with a 7% duty cycle
using a mechanical chopper.

Another distinguishing aspect of this Letter was the use of a
stabilized CW TiSaph laser (M2 Solstis) which offers greater
frequency and intensity stability of the pump. Since microcav-
ity polaritons have dielectric mirrors, optical pumping effi-
ciency is highly spectrally dependent. Therefore, instability
of the pump laser intensity or frequency can lead to a fluctuat-
ing density, which can severely broaden the condensation
phase threshold when single measurements are slower than
the fluctuation time of the pump.

After the optimal excitation wavelength (nominally 730 nm)
was determined for the stressed sample position, we conducted
a power series study, tracking the luminescence spectrum from
the lower polaritons accumulated in the trap. Figure 2 shows
normalized PL spectra from the trapped polaritons below and
above the threshold.

Note that we cannot distinguish high-momentum trapped
polaritons from those spatially outside the trap in the higher-
energy peak. For the analysis of this Letter, we consider only the
polaritons from deep within the trap (solid line), and ignore the
contribution from higher-energy states of uncertain origin.

Figure 3 highlights the condensation threshold by tracking
the integrated counts from the trapped luminescence (frame
(a)) and the energy linewidth of the trapped particles (frame
(b)). The linewidths presented are determined from a
Lorentzian fit to the solid line data in Fig. 2. Thus, below
the threshold, we underestimate the linewidth of the total emis-
sion by ignoring the high-energy states. The same analysis was
conducted considering the total integrated population, includ-
ing the high-energy states, with qualitatively similar results to
those in Figs. 3(a) and 3(b). One must also note that proper
analysis of the high-energy states requires differentiating inten-
sity counts from polariton density due to the rapidly changing
detuning across the trap. Since we do not differentiate the spa-
tial distribution from the momentum distribution, this correc-
tion cannot be made.

Here we define the condensation threshold as the density at
which the population becomes coherent. This is unambigu-
ously seen in the spectral FWHM data of Fig. 3(b). This also
coincides with the spatial narrowing observed in the spectral

Table 1. Literature Polariton Lasing Thresholds

Source
Lifetime
(ps)a

Duty Cycle
(%)

Instantaneous
Power (mW)

Instantaneous
Intensity �W∕cm2�b Trap Type

Condensate
Size (μm)

Pump
Diameter (μm)

[1] 1 1 16c 1670c defect (random) 16 35
[2] 4 2.40 33 6800 stress (harmonic) 5 25
[17] 6 1000 0.3 1000 lithographic (pillar) 6 3
[13] 30 100d 5.0 160,000 lithographic (wire) — 2
14] 270 100 5.0 9900 untrappede — 8
[14] 270 100 30 60,000 self-trapped (1-d) 10 8
[18] 270 1 100 200,000 stress and optical (ring) 60 8
This
Letter

270 7 0.57 9.0 stress (harmonic) 8 90

aLifetime reported for the polariton state studied, not the bare cavity mode.
bIntensities approximated assuming uniform pump density.
cThe source is not clear if this reported power density is average or instantaneous. Here we assume the power is instantaneous.
dThe source does not specify chopping, so we assume it is CW.
eThe condensate coherence is low in the untrapped phase.

Fig. 1. Normalized PL intensity versus position versus wavelength
for conditions similar to the power series presented later. Frame (a): the
stress trap at low pump density while collecting moderate numerical
aperture (NA∼0.3) luminescence. Frame (b): the same as (a), except
filtered for NA∼0, as is done in the higher density data. Frames
(c) and (d) are taken just at and well above the condensation threshold,
respectively.
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data presented in Fig. 1 and the nonlinear jump in the inte-
grated luminescence from the deeply trapped states seen in
Fig. 3(a).

Figure 3(a) shows the two linear response regions below and
above the threshold with dashed lines as guides to the eye. The
blue circles in Fig. 3(b) show the dramatic spectral narrowing of
the polariton population within the trap. In contrast to pre-
vious results [1,2], the linewidth of the condensed state stays
pinned near our spectral resolution limit for more than an order

of magnitude increase in pump power. These earlier works
showed an immediate increase in the spectral broadening of
the condensate above the threshold.

This can be clearly distinguished from traditional lasing be-
cause it occurs spectrally at the lower polariton energy, as shown
by the red stars in Fig. 3(b). If strong coupling were saturated,
the lasing should occur at the cavity mode, which is 6 meV
higher in energy than the lower polariton. At most, we observe
∼0.35 meV blueshift of the condensate energy over this
extended pump power series study.

We can estimate an upper limit of the density of excitons in
the vicinity of the condensate. The mean-field shift due to the
interaction of excitons in QWs similar to ours is estimated to be
∼6 μeV-μm2 [23]. Traditionally, the interaction strength of
polaritons is assumed to scale according to their excitonic frac-
tion, meaning that polaritons at resonance should interact with
bare excitons with half this strength. If we assume that the
interactions with the bare excitons dominate the mean-field
shift of the polariton states, we can express the spectral shift
of this state to be ΔE � gn where ΔE is the blueshift of
the polariton state, g is the polariton-exciton interaction
strength, and n is the density of excitons. At the condensation
onset, we observe a 50 μeV blueshift of the polariton ground
state energy, which yields an estimate of 17 excitons∕μm2.
Whether lasing is achieved by optical or electrical pumping,
the relevant parameter is the density of the carriers at which
coherence onsets.

The low threshold onset of polariton condensation can be
qualitatively understood in terms of the longer polariton
lifetime and the geometry of trapping and pumping. A longer
lifetime means that the steady state will have commensurately
higher polariton density for the same pumping powers. Longer
lifetimes also allow for better thermalization of the polariton
gas. However, without trapping the polaritons, they will travel
ballistically away from the pump region, effectively reducing
their lifetime and density [16]. Indeed, most untrapped polar-
iton condensates exhibit reduced coherence [14] or occupation
of several states [13,24]. While tightly focused pump spots can
be effective for generating barriers on the fly [13,18,23–25], it
seems that the scattering into the low-energy polariton states
may be inhibited in the barrier region. Here we have pumped
a broad region with minimal renormalization and allowed the
polaritons to cool and accumulate in the trap.

In addition, we briefly note that the combination of spatial
detuning and spatial trapping in this setup should cooperate to
promote thermalization. It is well known that polaritons with
stronger exciton character generally thermalize better [26,27].
The stress trap is most excitonic at the center of our trap; there-
fore, polaritons at the center of the trap exhibit a greater effec-
tive mass and stronger interactions, making them more likely to
thermalize into the ground state of the system. Although our
diffuse pump spot generates polaritons in a broad area, the
potential gradient accelerates them toward the center of the trap
where they decelerate (due to effective mass) and increase in a
scattering cross section.

It would be valuable to extend this Letter over a wide range
of exciton-photon detunings as well. As stated above, other
studies have shown that this parameter is relevant to the ther-
malization of the gas and, therefore, the effective condensation
threshold [26,27]. (Stress tuning is an effective way to perform
such measurements [28], except that the stress trap profile also

Fig. 2. Normalized PL spectra integrated spatially across the trap at
various pump powers. Spectra are offset for clarity and pump powers
are listed relative to the threshold power. Below the threshold, we ob-
serve a bimodal distribution. The lower-energy peak (solid line) must
come strictly from the deeply trapped polaritons, while the higher-
energy peak (dashed line) integrates over deeply trapped and shallowly
trapped particles. Above the threshold, the high-energy tail virtually
disappears.

Fig. 3. Pump density dependence of the trapped polariton gas.
Frame (a): integrated counts of the trapped polaritons. The dashed
lines are guides to the eye for linear response, and the vertical line
indicates the BEC phase transition density. Frame (b): blue circles,
the spectral FWHM of the trapped polaritons (i.e., an indicator of
their coherence) drops above the threshold; red asterisks: the blueshift
of the condensate relative to the low-density ground state.
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changes with applied strain. A more systematic study requires
applying strain at a different spatial point; this procedure is
extremely time consuming and includes a heightened risk of
damaging thinned samples.) This earlier literature suggests that
condensation is optimized near resonance or at slightly
excitonic detunings where the scattering cross section, radiative
lifetime, and slower ballistic escape from the pump region co-
operate to promote thermalization. Additionally, the longer-
lifetime cavity modes achieved in current samples mean that
trapping potentials have the greatest impact on improving
photonically detuned polariton condensation thresholds.

Alternatively, recent results on similar high-quality samples
have demonstrated macroscopic, untrapped condensate forma-
tion at very low densities [29]. Unlike previous untrapped re-
sults [14], the stabilized pump laser and flat potential away
from the pump spot seem to enhance scattering out of a high-
energy superfluid state into the ground state over a large area.

To the first order, one would expect the use of a stabilized
pump only to make the transitions sharper. In the case of
slow fluctuations, the condensation threshold would only de-
pend on the instantaneous pump power, so a time average of
the thermodynamic phase gets washed out. A secondary, well-
known effect is that the fluctuations in the carrier density (and,
therefore, mean-field blueshift) cause the condensate to appear
spectrally broadened [30], but this is less relevant to the onset of
coherence. In light of the current results and those in [29], it
would be interesting to see a theoretical treatment capture
the properties of a stochastic system near the condensation
threshold.

Polariton lasing has been demonstrated to produce coherent
light below the traditional lasing threshold, and here we have
pushed the condensation onset to even lower absolute intensity
by optimizing the polariton lifetime and trapping and pumping
geometry.

Funding. U.S. Department of Energy (DOE) (DE-AC36-
08GO28308); Army Research Office (ARO) (W911NF-15-1-
0466); Gordon and Betty Moore Foundation (GBMF4420);
National Science Foundation (NSF) (DMR-1420541).

Acknowledgment. The authors acknowledge D. Myers
and J. Beaumariage for sample preparation and characterization.

REFERENCES

1. J. Kasprzak, M. Richard, S. Kundermann, A. Baas, P. Jeambrun, J. M.
J. Keeling, F. M. Marchetti, M. H. Szymańska, R. André, J. L. Staehli,
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