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ABSTRACT

Microcavity polaritons are strongly interacting hybrid light–matter quasiparticles, which are promising for the development of novel light
sources and active photonic devices. Here, we report polariton lasing in the UV spectral range in microring resonators based on GaN/AlGaN
slab waveguides, with experiments carried out from 4 K up to room temperature. Stimulated polariton relaxation into multiple ring resonator
modes is observed, which exhibit threshold-like dependence of the emission intensity with pulse energy. The strong exciton-photon coupling
regime is confirmed by the significant reduction of the free spectral range with energy and the blueshift of the exciton–like modes with
increasing pulse energy. Importantly, the exciton emission shows no broadening with power, further confirming that lasing is observed at
electron–hole densities well below the Mott transition. Overall, our work paves the way toward the development of novel UV devices based
on the high-speed slab waveguide polariton geometry operating up to room temperature with the potential to be integrated into complex
photonic circuits.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0132170

Microcavity polaritons are hybrid light–matter quasiparticles,
arising from strong exciton–photon coupling in semiconductor
photonic structures. They have attracted significant attention in the
last 15 years with a number of fundamental effects observed such
as polariton condensation1 and lasing,2 superfluidity,3 solitons,4

polariton blockade,5 and single polariton nonlinearity,6 to name just
a few, which are enabled by giant polariton interactions. Interacting
polaritons are highly promising for the development of novel quan-
tum light sources, photonic nonlinear simulators,7 logic gates, and
quantum optical signal processing.8

Polariton lasing, the coherent light emission from polariton
condensates, provides several advantages over standard photonic
lasing, including operation without population inversion with a
threshold lower than that in conventional semiconductor lasers.9

It has been demonstrated via optical2,10 and electrical pumping.11

Room temperature (RT) operation has been reported in structures
based on wide bandgap semiconductors10,12,13 enabled by their large

exciton binding energy. Polariton lasing has been mainly stud-
ied in planar semiconductor microcavities (MCs) made of two
Bragg mirrors, which are challenging to fabricate. On the other
hand, polaritons have also been investigated in the slab wave-
guide (WG) geometry,14,15 where photonic confinement in the
vertical direction arises from total internal reflection (TIR). The
main advantages of the WG geometry over MCs are low disor-
der due to thinner and simpler structures and the high polariton
speed, enabling long propagation distances up to several hundreds
of μm, which makes this system favorable for the development of
integrated polariton circuits. A number of nonlinear effects aris-
ing from giant optical Kerr-like polariton nonlinearity, such as
dark and bright solitons,16,17 continuum generation,18 and ultra-
fast pulse modulation,19 have been reported in the WG polariton
platform.

III-nitride based polaritons are of particular interest since they
enable coherent emission and low threshold ultrafast nonlinear
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optical modulation in the UV spectral range and can operate at
RT19 with many potential applications including studies of chem-
ical reactions, coherent Raman spectroscopy, and manipulation of
trapped ions. UV polariton lasing in III-nitride WG devices has
been reported only recently in GaN ridge resonators up to 150 K,
likely limited by the smaller exciton binding energy in bulk GaN20

compared to that in quantum heterostructures.
In this paper, we report polariton lasing in microring res-

onators fabricated from GaN/AlGaN quantum well (QW) slab WGs
with operation in a wide temperature range from 4 to 300 K enabled
by the large exciton binding energy in the GaN QWs (∼48 meV)
and a lower surface state recombination velocity than their
III-arsenide counterparts.21 Polariton lasing from the multiple ring
resonator modes is revealed by the threshold-like dependence of the
emission intensity with increasing pump pulse energy. The free spec-
tral range (FSR) between the modes reduces as the polariton energy
approaches that of the exciton due to the strong dependence of the
polariton group velocity on the photonic fraction of the polaritons,
a clear signature of strong exciton–photon coupling. Furthermore,
a strong blueshift of the lower polariton exciton-like states with
increasing pulse energy is observed due to polariton interactions.

Apart from the development of coherent UV polariton sources,
our demonstration of microring polariton resonators also paves
the way toward further applications in integrated polariton circuits
(e.g., filtering and directional coupling) and studies of low threshold
generation of frequency combs and Kerr solitons.

Our microring resonators are formed by etching an AlGaN pla-
nar slab WG containing multiple GaN QWs,15 which was grown by
metal–organic vapor phase epitaxy on c-plane free-standing GaN
substrate. Propagating polaritons have been demonstrated in simi-
lar unetched planar WGs with a Rabi-splitting of ∼60 meV.15 The
confinement induced by the ring geometry is expected to lead to
discrete clockwise and counterclockwise ring polariton modes. The
samples are fabricated by means of e-beam lithography and reactive
ion etching.

After etching, the total height of the structures amounts to
∼315 nm [Fig. 1(a)]. Rings of different radii (R) and widths (t) have
been etched on the sample. The radius is measured from the center
to the mid-point of the ring. Here we studied microrings with R ≙ 3,
4, 6, and 8 μm and t ≙ 2 μm. A scanning electron microscopy (SEM)
image of a typical microring (R ≙ 3 μm and t ≙ 1 μm) is shown in
Fig. 1(b) (see also Fig. S1 in the supplementary material).

We study polariton lasing over a wide range of temperatures
(T ≙ 4–300 K) by using a continuous flow liquid helium cryostat. A
standard microphotoluminescence (μ-PL) setup allows us to excite
and collect light emission at different spots on the sample in a
backscattering configuration [see Fig. 1(b)]. Pulsed laser excitation
is performed with a frequency-quadrupled optical parametric ampli-
fier (TOPAS) pumped by a Ti:sapphire regenerative amplifier. The
excitation pulses were centered around 320 nm and had a duration
of 100 fs and a repetition rate of 1 kHz. The PL signal collected
by a microscope objective (NA ≙ 0.39) is sent to a spectrometer
with a resolution of 0.16 nm while being integrated over the entire
rectangular entrance slit of the monochromator.

The optical resonances in the ring structures occur when the
circumference of the ring is an integer multiple (m) of the polari-
ton wavelength. This condition can be written as k(E)2πreff ≙ 2πm,
where k(E) is the polariton wavenumber at energy E and reff is

FIG. 1. (a) Cross-section scanning electron microscopy (SEM) image of the wave-
guide structure with relevant geometric parameters. (b) SEM image of a ring
resonator at a tilted angle of 30○ from the surface normal, R = 3 μm and t = 1
μm, with overlaid excitation and collection areas. (c) PL spectra (linear scale) of
an AlGaN resonator with t = 2 μm and R = 4 μm collected at T = 4 K for pulse
energies ranging from 0.04 to 4 nJ. The PL intensity is normalized to the intensity
of the QW A exciton: the signal obtained from the exciton is divided by a different
factor for each power so that it is equal to unity for all powers. The spectra are then
shifted for clarity by half-unity. See also supplementary material Sec. 2. Inset: Inte-
grated intensities (log–log scale) for the region with modes on which background
contribution is negligible (red), the region corresponding to the QW exciton (blue),
and the region corresponding to the bulk GaN exciton (black). The black dashed
line represents a quadratic increase.

the effective radius at which the mode propagates. In addition, the
finite thickness of the ring may give rise to quantization of polariton
waves along the radial direction and formation of transverse modes
characterized by the integer quantum number n. We calculated
the optical modes of the circular waveguides using the Lumerical
MODE finite difference eigenmode (FDE) solver (see supplementary
material discussion 4).

To demonstrate polariton lasing, we carried out a PL pulse
energy dependence study on the R ≙ 4 μm and t ≙ 2 μm resonator
with pulse energies varying from 0.04 to 4 nJ. The emission spectra
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for this entire excitation range at T ≙ 4 K are shown in Fig. 1(c). At
low pulse energies, the spectra consist of excitonic peaks at ∼3.587
and ∼3.598 eV associated with QW A and B excitons, as previously
reported in studies led on similar wafer samples.15 Even though
the detection and excitation regions are spatially separated, exciton
emission in the detection region may arise from the propagation of
high velocity upper polaritons away from the excitation spot with
their subsequent relaxation into the lower energy lowmomenta exci-
ton states. Upon increasing pulse energy, narrow full width at half
maximum (FWHM) ∼3meVmodes start to appear abruptly at ener-
gies below the QW exciton peaks, first closer to the QW exciton
emission, and then at lower energies down to 3.501 eV between the
QW excitonic peaks and the bulk GaN exciton emission (centered at
∼3.46 eV) originating from the substrate.

As we argue below, the appearance of thesemodes with increas-
ing pulse energy is associated with stimulated polariton scattering
into the optical ring resonator states, which are in the strong
coupling regime with the QW excitons. The bulk GaN excitons
are isolated from the ring structure by the cladding layers and
thus are only weakly coupled to the resonator modes. Impor-
tantly, our polariton system is nonequilibrium: the multiple modes
(co-existing condensates) become macroscopically occupied due
to the dynamical equilibrium between gain and dissipation
channels.22,23 At 4 K, relaxation to the polariton states occurs mainly
through exciton–exciton and exciton–polariton scattering, since at
low temperature phonon-assisted scattering is inefficient.24 Initially,
at pulse energies just above the threshold, scattering to the exciton-
like polariton states whose energy is close to the QW exciton level
is more efficient. With further increase in pulse energy scattering
to more photon-like states increases25 leading to polariton lasing
from the lower energy ring states [see Fig. 1(c)]. The macroscopical
occupation of the polariton modes is confirmed by the superlin-
ear (threshold-like) increase of the mode emission intensity (inte-
grated in the energy interval where the background from GaN and
QW excitons is negligible) with pulse energy, whose dependence
is much faster than quadratic, as shown in the inset of Fig. 1(c).
If the filling factor of the polariton modes was less than unity, it
is expected that enhanced relaxation due to interparticle scatter-
ing would lead only to a quadratic dependence. For comparison,
we also show in the inset of Fig. 1(c) that the integrated emission
intensity exhibits a linear or slightly superlinear power dependence
in the energy range where QW and GaN backgrounds dominate,
respectively.

We note that in our case the modes are confined in the ver-
tical direction due to TIR and the emission is likely observed
due to Rayleigh scattering on fabrication imperfections of the ring
resonators.

Below the threshold, the polariton emission from the ring res-
onator modes is too weak to be detected because the latter is guided
in the microring resonator plane. It is only above the threshold that
the scattered light from the lasing modes becomes sufficiently strong
and comparable to the excitonic background to be coupled to our
microscope objective.

The FSR of the ring resonator modes is given by the following
equation:

FSR ≙
h̵vG(E)

reff
, (1)

where h̵ is the reduced Planck’s constant and vG(E) is the (energy
dependent) group velocity of planar slab WG polariton modes at
energy E, and reff is the radius around which the lasing modes
propagate. In the strong coupling regime vG(E) and hence the FSR
is expected to decrease strongly with increasing E as the lower
polariton dispersion curves strongly toward the exciton level (see
supplementary material discussion 5). We investigated the stimu-
lated emission from ring resonators of different radii at 4 K over
the wavelength range 346–354 nm, with the raw data shown in
Fig. 2(a). The FSR vs energy is summarized in Fig. 2(b). The FSR
increases with decreasing ring radius R, as expected from Eq. (1).
The FSR also decreases with increasing energy. For R ≙ 3 and 4 μm,
the FSR decreases drastically by a factor of 2–3 as the energy
approaches the exciton level, which is a strong confirmation that
the observed modes are in the strong coupling regime. Some trend
of decreasing FSR with energy is also visible for R ≙ 6 and 8 μm,
although the dependence is more noisy for R ≙ 8 μm since the FSR
becomes comparable to the spectral resolution. The theoretical FSR
for purely photonic modes was calculated using FDE as described
above and the FSR for polaritons was calculated using the photonic
values and a standard coupled oscillator model (see supplementary
material Sec. 5). The solid lines in Fig. 2(b) show the theoretical
polariton FSR and their curvature is in good agreement with the
experiment. The purely photonic FSR theory curves (dashed lines)
also show decreasing FSR with energy, which occurs mainly due to
the energy dependence of the material refractive indices. However,
this curvature is much shallower than that seen in the experiment.
In summary, the strong curvature of the FSR vs energy cannot be
explained without invoking a strong coupling picture, thus con-
firming that the system remains strongly coupled while in the
lasing regime. Further detail is given in the supplementary material
Sec. 5.

Furthermore, we perform measurements on an R ≙ 8 μm
microring over a wider temperature range up to 300 K. The PL spec-
tra for different pulse energies are displayed in Figs. 3(a)–3(c) for
T ≙ 4, 200 and 300 K, respectively. At all temperatures, the bunch of
narrow ring resonatormodes associated with polariton lasing appear
below the QW A exciton energy level with increasing pulse energy.
As in the case of R ≙ 4 μm, the emission intensities integrated in the
energy range where modes are the most visible demonstrate a clear
threshold-like behavior with a faster than quadratic dependence in
Figs. 3(d)–3(f) at all temperatures, indicating macroscopic occupa-
tion and lasing of several modes. By contrast, the bulk GaN and QW
excitonic peaks behave linearly (see supplementary material Sec. 7).
As the data taken at 200 and 300 K sits on a strong incoherent PL
background originating from the bulk GaN and the QW exciton
emission peaks, this background has been subtracted. The resulting
PL spectra are available in the supplementarymaterial (Sec. 6). In the
supplementary material (Sec. 5), we plot FSRmeasurements at 300 K
and compare them with the theoretical simulations, which support
the strong exciton−photon coupling at room temperature.

While with increasing temperature both the exciton and the
polariton emission shift to lower energy due to bandgap reduction,
it is also observed that the onset of lasing occurs in more photon-like
polariton states at higher T. This occurs because (a) the losses of the
exciton-like states with energies closer to the exciton level increase
due to phonon scattering, and (b) at elevated temperature, the
polaritons can relax to more photon-like states by exciton–phonon
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FIG. 2. (a) PL spectra in a linear scale
of microring resonators measured for dif-
ferent radii (3, 4, 6, and 8 μm), with
a 2 μm width, at pulse energy above
threshold (0.4 nJ) taken at 4 K. (b) Free
spectral range of the same rings. The
solid lines are a fit according to Eq. (1)
accounting for the excitonic content of
the guided modes. The dashed lines
show the results of a purely photonic
model. Simulation details and FSR data
recorded at 300 K are shown in the
supplementary material (Secs. 4 and 5).

as well as exciton–exciton and exciton–polariton scattering.24–26

The non-radiative processes and polariton losses increasing with
temperature also lead to the increase of the lasing threshold from
0.25 nJ at 4 K to 0.35 nJ and ∼1.8 nJ at 200 and 300 K, respectively.
Interestingly, however, this overall increase in the polariton lasing
threshold with temperature remains within a factor of about seven.
Such a variation is far smaller than that reported recently for ridge
waveguide polariton lasers made from bulk GaN, where the drastic
increase in the lasing threshold by more than two orders of magni-
tude from 70 to 220 K was incompatible with a polaritonic picture
that could hold from cryogenic to room temperature.20 This reduced

sensitivity for our sample is again most likely stemming from the
quantum heterostructure nature of our polariton gain medium,
which leads to stabler excitons. We are also able to explore a signif-
icant range of pumping conditions above the threshold with pulse
energy values nearly up to an order of magnitude larger than those
at the threshold at 4 K for the 8 μm ring resonator [Figs. 3(d)–3(f)]
and even beyond one order of magnitude for the 4 μm ring resonator
[Fig. 1(c) and corresponding inset].

The excitonic component of the polariton wavefunction
leads to strong polariton–polariton interactions responsible for
the blueshift of polariton resonances with increasing density. In

FIG. 3. (a)–(c) PL spectra for the 8 μm
radius, 2 μm wide ring at different pulse
energies (in nJ) labeled in the figures
for T = 4, 200, and 300 K, respectively.
Each spectrum is normalized to the QW
A exciton (3.566 eV at 4 K, 3.547 eV
at 200 K, and 3.511 eV at 300 K) and
then shifted for clarity. Non-shifted val-
ues and an alternative presentation are
given in supplementary material Sec. 2.
(d)–(f) Integrated intensity of the modes
within given energy boundaries plotted
in log–log scale for T = 4, 200, and
300 K, respectively. The black dashed
line represents a quadratic increase.
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Figs. 4(a)–4(c), we plot expanded spectra for different pulse ener-
gies, tracing the peak position of each of the lasing modes. The
extracted peak positions of the polariton modes are plotted in
Figs. 4(d)–4(f), respectively. As expected, the higher energy exciton-
like states exhibit a stronger blueshift with pulse energy than the
lower energy photon-like polaritons. At 4 and 200 K, an energy
blueshift up to 6–7 meV is observed for exciton-like modes, with
the excitonic fraction ranging from 0.91 to 0.24 for 4 K and from
0.57 to 0.21 at 200 K, whereas at 300 K the observed shifts are
much less, ∼1 − 2 meV, due to the decreased excitonic content of
the lasing modes, ranging this time from 0.20 to 0.08, and increased

thermal effects, which may lead to a polariton redshift counter-
balancing the effect of interactions. Note that only inter- and
intra-mode polariton–polariton interactions are responsible for the
polariton blueshifts, whereas the interaction with the higher energy
exciton reservoir does not play a role since its density is expected to
be pinned above the polariton lasing threshold.27 The evolution of
the peak intensity of the modes with pulse energy is finally given in
Figs. 4(g)–4(i). The peak intensity is given by the maximum inten-
sity of the mode minus the intensity at the base of the peak. We can
see that the modes examined here have a different threshold-like
increase at a given pulse energy, and then stagnate or decrease as

FIG. 4. (a)–(c) PL spectra of the 8 μm ring resonator taken at T = 4, 200, and 300 K, respectively. The solid lines act as guides for the eye to indicate the shift of selected
modes with pulse energy. The dashed lines represent points where the shift is less visible. Data are obtained from Fig. 3. (d)–(f) Mode energy vs pulse energy of selected
modes, identified by the line color, at 4, 200, and 300 K, respectively. (g)–(i) The peak mode intensity vs pulse energy of selected polariton modes, identified by their line
color, at 4, 200, and 300 K, respectively.
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more modes, and hence mode competition, come into play. Similar
strong blueshifts are seen in the 4 μm ring at 4 K (see supple-
mentary material Sec. 8). Finally, we note that interparticle interac-
tions and mode competition may determine the linewidth (FWHM
∼ 2–3 meV) of the lasing modes above threshold (see supplementary
material Sec. 3).

Importantly, the fact that the exciton emission line, detected
either in the area of the pump spot or on the opposite side of the
ring (Figs. 1 and 3), does not broaden with pulse energy and shows
no or small energy blueshift (∼10 meV) confirms that there is a
limited screening of the built-in electric field and that the created
electron–hole density in each QW is well below the Mott density
(∼1012 cm−2).28 Indeed, above the Mott density, the emission is
expected to originate from an electron–hole plasma with a high
energy emission tail extending by 50–60 meV from the exciton
peak maxima.28 This observation is another confirmation that the
nonlinear emission is associated with polariton lasing.

In conclusion, we report UV polariton lasing from multi-
ple modes in microring resonators fabricated from AlGaN planar
waveguides with embedded GaN quantum wells at temperatures
up to 300 K. The micro-structured polariton system we present
has the potential to be used to study modelocking of polaritons
into a sequence of short pulses, generation of UV soliton trains,
and frequency combs supported by giant polariton Kerr nonlin-
earity. Polariton modelocking was demonstrated numerically for
resonantly pumped microring resonators.29 Beyond this, a non-
resonant pump like the one used in this work and a combination
of both resonant and non-resonant pumping offer several avenues
for further research into the complex interplay between turbulence
and modelocking.30 Additional opportunities should arise from the
coupling between two and more rings, which includes combining
space topology and modelocking,31 an aspect not easily within reach
with the linear WG geometry. Overall, our work has the potential to
be a significant step forward for the development of compact active
nonlinear polariton devices operating at RT.

See supplemental document for supplementary material con-
cerning experimental methods and simulation models for polariton
dispersion.
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