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The signature of the strong-coupling regime is unambiguously evidenced in a GaN-based microcavity �MC�
above the polariton lasing threshold Pthr at room temperature through the observation of the upper polariton
branch. The MC system exhibits a renormalization of the polariton dispersion curve, namely, a reduced
normal-mode splitting compared to the low-density regime. Next the dependence of Pthr as a function of
exciton-photon detuning is investigated in the 4–340 K temperature range, which allows accessing the polar-
iton lasing phase diagram. The observation of polariton lasing over such a broad range of temperatures reveals
a clear transition from a kinetic to a thermodynamic regime with increasing temperature.
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In recent years several features associated with high-
density phases of polaritons have been reported, which were
previously seen only in Bose-Einstein condensates made of
ultracold atoms or in superfluid helium. If we restrict our-
selves to phenomena observed under nonresonant optical ex-
citation we can cite among others Bose-Einstein condensa-
tion of polaritons,1,2 polariton lasing,3–5 Bogoliubov
excitations,6 and pinned quantized vortices7 or spontaneous
polarization buildup.8 These observations were obtained in
various semiconductor microcavities �MCs� based on
CdTe,1,7 GaAs,2,4,6 and GaN.3,5,8 It thereby indicates that
such MCs constitute an appropriate tool to study quantum
effects linked to bosonic condensates in the solid state.

All these observations were made possible owing to the
low effective density of states of polaritons arising from their
very light mass near the center of the Brillouin zone, which
acts as an energy trap in k� space. Indeed, polaritons in MCs,
which are admixed bosonic quasiparticles resulting from the
coupling of cavity photons and excitons,9 exhibit an effective
mass up to four orders of magnitude smaller than that of
excitons. However, since we deal with short-lived quasipar-
ticles �in the picosecond range�, relaxation processes of hot
polaritons must be extremely efficient in order to buildup a
polariton condensate at the bottom of the lower polariton
branch �LPB� under incoherent �nonresonant� pumping to
overcome losses due to their spontaneous radiative decay.
One way to promote relaxation processes is an increase in
temperature T as the exciton-phonon scattering rate should
increase accordingly.

In GaN-based MCs the strong exciton-photon coupling
regime �SCR� is robust at high temperatures compared to
other semiconductor MCs thanks to the exciton binding en-
ergy, which can be as large as �50 meV.10 This allowed
demonstrating both polariton lasing3,5 and spontaneous po-
larization buildup of a polariton condensate at room tempera-
ture �RT�.8 The robustness of GaN materials coupled to the
significant progress realized in fabricating high-quality III-
nitride-based MCs �Ref. 11� open new perspectives to study
the properties of polariton condensates. Temperature can thus
be used as an efficient and easily tunable parameter to ex-
plore and exploit the potential of such condensates.

In this Brief Report we investigate, using a GaN-based
MC, properties specific to polariton condensates around the
polariton lasing threshold. This includes �i� the renormaliza-

tion of the dispersion curve, which exhibits a blueshift of the
LPB and a redshift of the upper polariton branch �UPB�, and
�ii� the evolution of the polariton lasing threshold power den-
sity Pthr as a function of the exciton-photon detuning in the
lattice temperature range 4–340 K. The latter allows extract-
ing the phase diagram of a polariton laser and evidencing a
clear transition from a kinetic to a thermodynamic regime
with increasing temperature.

The sample under investigation is a 67 period
GaN /Al0.2Ga0.8N multiple quantum well �MQW� 3�-cavity
hybrid structure, which exhibits a well-resolved normal-
mode splitting �VRS=56 meV in the low-excitation
regime.5,10 Angular-resolved photoluminescence �PL� mea-
surements under nonresonant pumping were carried out in
reflection geometry in a cold finger cryostat using a pulsed
266 nm Nd:YAG laser with a repetition rate of 8.52 kHz and
a pulse length of 500 ps, much longer than the polariton
lifetime ��1 ps�. The laser beam was focused down to a
50-�m-diameter spot and incident at a fixed angle ��=45°�.
The emitted light was then collected using a UV optical fiber
and appropriate optics offering an angular resolution of 1°
and detected by a liquid N2-cooled UV-enhanced charge-
coupled-device monochromator combination.

RT angular-resolved PL spectra measured just above
threshold �P=1.1Pthr� every 2° from 0° to 34° are displayed
in Fig. 1�a�. The first remarkable feature deals with the fact
that, in addition to the LPB, the UPB is still visible at large
angles, which confirms that the SCR is preserved and allows
accessing the renormalized dispersion curve above threshold.
The latter is reported in Fig. 1�b� together with fits based on
a coupled oscillator model corresponding either to the low-
excitation regime or P=1.1Pthr. It is clearly seen that the

sample exhibits a reduced �̃VRS=38 meV compared to the
low-excitation regime. This smaller splitting is ascribed to
the combination of the blueshift of the LPB and the redshift
of the UPB.12 The latter signature is hardly accessible in
other MC systems due to the strong inhibition of the PL from
UPB states above threshold at low temperature, which is
related to the Boltzmann occupation factor. These results in-
dicate that in addition to polariton-polariton interactions,13

exciton oscillator strength saturation due to Pauli exclusion
does play a non-negligible role.14 The combination of these
effects is additive for the LPB whereas for the UPB the first

PHYSICAL REVIEW B 80, 233301 �2009�

1098-0121/2009/80�23�/233301�4� ©2009 The American Physical Society233301-1

http://dx.doi.org/10.1103/PhysRevB.80.233301


one induces a blueshift and the saturation term a redshift.
This behavior is well supported by the fact that the
LPB blueshift �LPB measured at in-plane wave vector
k� =0 ��LPB�+7.8 meV� exceeds the UPB redshift
�UPB�−4.8 meV, even if a quantitative estimate of the
magnitude of the interaction and saturation terms �likely de-
pendent on the renormalized exciton-cavity photon detuning
� �Ref. 15�� is beyond the scope of this Brief Report. Note
that despite the pronounced LPB blueshift, the lower branch
remains far from the uncoupled cavity mode �C� as at k� =0
the energy difference amounts to �8.2 meV at P=1.1Pthr. It
is also seen that the uncoupled exciton mode �X� is blue-

shifted by �3 meV �X→ X̃� likely due to fermionic ex-
change interaction between polaritons explaining the slight
decrease in the detuning from −33 meV well below thresh-
old to −36 meV close to threshold.16 We also point out that

owing to the large �̃VRS value at threshold compared with
other semiconductor MCs, LPs still possess a significant ex-
citonic character at k� =0 for negative � of several tens of

meV �i.e., when ���	�̃VRS�. For instance, the exciton frac-
tion of LPs at k� =0 amounts to �0.2 for the dispersion curve
reported in Fig. 1�b�.

Another feature worth being mentioned is the dispersion-
less character around k� =0 of the emission originating from
the polariton condensate �Figs. 1�a� and 1�b��. This flat dis-
persion extends over an angular range ��= 
10° �to which
corresponds an in-plane wave-vector spread �k��. A similar
feature was reported for CdTe MCs �Ref. 17� and is consis-
tent with localization effects induced by photonic disorder. In
the latter case, the polariton localization radius rloc=�k�

−1 of
1.4 �m is larger than the 0.3 �m deduced from the present
measurements. This is consistent with the larger in-plane
photonic disorder characteristic of III-nitride-based MCs

�Ref. 18� compared with CdTe structures17 and GaAs MCs
where such a localization effect is not manifest.2

Following these preliminary considerations, we first stud-
ied the evolution of the polariton lasing threshold power den-
sity Pthr at RT as a function of � �Fig. 2�a��. The main feature
is that the minimum of Pthr, Pthr

min, does not occur at zero
detuning but at a � value about −50 meV. It clearly indicates
that the stimulated scattering process of polaritons, which
governs polariton lasing, differs from the operation scheme
of vertical cavity surface-emitting lasers,5 the homologous
structure operating in the weak-coupling regime. In the latter
device, the minimum of Pthr occurs around zero detuning,
i.e., when the spectral overlap between the cavity resonance
and the gain of the lasing medium is maximum.19 It will be
shown hereafter that at RT the evolution of Pthr��� is the
result of a trade off between polariton relaxation kinetics and
thermal escape processes.

The evolution of the polariton lasing threshold has then
been systematically investigated as a function of � at various
lattice temperatures ranging from 4 to 340 K giving access to
the polariton lasing phase diagram �� ,T , Pthr�. The
corresponding data set, corrected for spatial variations in the
reflectivity of the top dielectric mirror at the pump
wavelength, has been converted into guides to the eyes
which are displayed in Fig. 2�b� �two-dimensional �2D�
�T , Pthr� phase diagram measured at various �� and Fig. 3
�three-dimensional �3D� �� ,T , Pthr� phase diagram�. Here,
we emphasize that the scatter in the data points and their
scarcity for some detunings result from the strong variation
in energy of the uncoupled modes over the two decades in
temperature where measurements are performed. As a result
it is challenging to perform measurements over a wide tem-
perature range at a given �. Depending on T, the accessible
range of � spans from −110 to −10 meV. Several features
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FIG. 1. �Color online� �a� RT emission spectra vs angle measured at P=1.1Pthr every 2° and upshifted for clarity. Blue lines are a guide

for the eyes showing the dispersion of polariton branches. The position of the renormalized exciton mode �X̃� is also reported. �b� RT
experimental dispersion curve deduced from emission spectra at P=1.1Pthr �blue squares� and fits of the LPB and the UPB in the
low-excitation regime �black lines� and at P=1.1Pthr �blue lines�. The position of the emission originating from the polariton condensate �red

circles� that of the uncoupled cavity mode �C� and that of the uncoupled exciton mode before �X� and after renormalization �X̃� is also
reported �black and blue dashed lines, respectively�.
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are worth being mentioned: �i� for temperatures larger than
160 K a Pthr

min value is found, which does occur at negative
detuning, and �ii� the larger the temperature, the larger Pthr at
a given �. At a given T for � values more negative than that
of Pthr

min, the Pthr increase is compatible with a picture where
the relaxation of polaritons is dominated by the kinetics. On
the other hand for smaller negative � values the Pthr increase
would rather correspond to a polariton relaxation process
dominated by the thermodynamics as reported by Kasprzak
et al.20 for CdTe MCs over the temperature range of 5–40 K.
This preliminary analysis is further confirmed by �T , Pthr�
plots �Fig. 2�b�� where it is seen that at a given �, Pthr is
nearly independent of T in the low-temperature range �region
I� whereas a transition to a temperature-dependent Pthr is
observed at higher temperatures �region II� as theoretically
predicted in Ref. 21 for various MC systems including GaN.
It is also seen that for T	160 K Pthr

min is likely to lie close to
zero detuning �red short-dashed line, Fig. 3�, as observed for
CdTe MCs.20 This seems to indicate that at cryogenic tem-
peratures a trade off between polariton relaxation time �rel
and polariton lifetime �pol is indeed reached near zero detun-
ing.

The ability to observe polariton lasing over such a wide
range of lattice temperatures allows exploring quite different
regimes leading to the formation of polariton condensates.

Thus in the �T�200 K, 0���−60 meV� range the en-
ergy trap depth formed in k� space by the LPB is close to the
lattice temperature and thermal escape of polaritons from the
bottom of the trap is likely to affect the buildup of polariton
condensates. This is a quite unusual situation for MC sys-
tems as condensation generally occurs at temperatures where
the thermal energy is significantly smaller than the trap
depth.1,2 To qualitatively account for the increase in Pthr with
decreasing ��� values in the above-mentioned temperature-
detuning range �Fig. 2�b��, two possible thermal escape
channels can be considered for polaritons lying at the bottom
of the trap, namely, an intraband and an interband channel.
The intraband channel involves scattering of k� =0 polaritons
toward the exciton-polariton reservoir. At a given T with de-
creasing trap depth, LPs will be scattered much closer to the
exciton-polariton reservoir, i.e., the mean diameter of the
ring where k� =0 polaritons are most likely scattered at a
specific thermal energy will increase. Hence much more
acoustic-phonon-exciton scattering processes are required for
those polaritons to relax to the bottom of the trap. Contrary
to the intraband scattering process, the interband channel
should be strongly temperature inhibited in our experiments
due to an activation energy at least equal to the energy sepa-
ration between the LPB and the UPB at k� =0. In any case in
order to counterbalance this k� =0 state depopulation an in-
crease in the pump power is needed to promote even more
the power-dependent exciton-exciton �polariton� scattering
processes to reach the condensation threshold.

Note that in the high-temperature range close to Pthr no
relaxation bottleneck is observed in PL �not shown� as pre-
viously reported in bulk GaN MCs.22 It means that polariton
scattering relaxation rates, namely, those accounting for
exciton-phonon and exciton-exciton �polariton� interactions,
are sufficiently large to reach a quasithermal state, despite
the above-mentioned thermal escape processes. Conse-
quently, in the high-temperature range, for a given T the
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FIG. 2. �Color online� �a� Polariton lasing threshold power den-
sity �black dots� as a function of � at RT. The blue line is a guide for
the eyes. The dashed line divides the regions governed by the ki-
netic and the thermodynamic regimes. �b� 2D �T , Pthr� phase dia-
gram measured at various � values. The dashed line divides regions
I and II �see text for details�.
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dependence of Pthr��� can be summarized as follows
�cf. Fig. 2�a��: Pthr

min will result from a trade off between �rel
and �pol leading to an optimum � value, �opt, at each T. When
probing detunings ���opt, the increase in the thermal escape
depopulation mechanism due to the decrease in the trap
depth will induce a rise of Pthr. On the other hand if
�	�opt, thermal escape is less prominent; the stronger pho-
ton character of the LPB will inhibit relaxation processes
explaining the increase in Pthr. Now let us briefly comment
the ��opt ,T , Pthr

min� curve displayed in Fig. 3. Above �160 K,
a progressive shift of �opt toward larger negative � is ob-
served with increasing T as thermal escape processes get
stronger �in this regime �pol becomes a temperature-sensitive
parameter�. On the other hand, in region I �Fig. 2�b�� Pthr

min is
expected to lie closer to zero detuning �short-dashed exten-
sion of the red curve in Fig. 3� as quoted above. It means that
for practical polariton laser devices operating at RT Pthr

min

would occur at negative � values. Then, a way to further
decrease Pthr

min would require an increase in the quality factor
as an increase in �pol would facilitate the buildup of a mac-
roscopic polariton population at k� =0.

Finally so far the influence of nonradiative recombina-
tions �NRR� has been neglected though it is known they play
a key role in conventional lasers, especially in systems with
a large dislocation density 
1�109 cm−2. This omission
is a priori justified as even the largest

Pthr�T=300 K�
Pthr�T=4 K� ratio

measured experimentally, which amounts to �5.5
��=−40 meV�, cannot be reasonably accounted for by the

decrease in the radiative efficiency of the GaN/AlGaN
MQWs �a RT radiative efficiency of a few percent has been
estimated from measurements performed on the bare MQW
region with the same laser�. This insensitivity to dislocation
related NRR could be ascribed to the delocalized nature of
polaritons compared with excitons or unbound electron-hole
pairs.

In conclusion, renormalization of the polariton dispersion
curve above the polariton lasing threshold Pthr, indicating a
decrease in �VRS due to both polariton-polariton interactions
and exciton oscillator strength saturation, has been evidenced
in a GaN/AlGaN MQW MC. The dependence of Pthr vs
detuning in the temperature range 4–340 K has been deter-
mined, which allowed establishing �� ,T , Pthr� phase dia-
gram. The latter reveals a transition from a kinetic to a ther-
modynamic regime with increasing temperature. Finally, the
conditions leading to the optimum detuning in terms of
threshold at a given temperature have been highlighted as
well as the insensitivity of polariton lasers to nonradiative
recombinations, making them of peculiar interest for the re-
alization of indium free coherent light emitters.
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