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Polariton relaxation and polariton nonlinearities in nonresonantly
cw-pumped III-nitride slab waveguides
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Polariton lasers are mostly based on planar cavities. Here we focus on an alternative configuration with
slab waveguide modes strongly coupled to excitons confined in GaN/AlGaN quantum wells. We study exper-
imentally and theoretically polariton relaxation at temperatures ranging from 4 to 200 K. We observe a good
robustness of the lower polariton population peak energy position against temperature changes due to a balance
between the shift of the exciton energy and the change in the normal mode splitting, a promising feature for
future applications such as lasers and amplifiers where a small temperature drift in the emission wavelength is a
desired asset. Finally, at T = 4 K we observe the signature of polariton nonlinearities occurring in the continuous
wave regime that are assigned to an optical parametric oscillation process.

DOI: 10.1103/PhysRevB.102.155304

I. INTRODUCTION

When the decay rates of both semiconductor excitons
and confined optical modes are slower than their mutual
rate of energy exchange (the Rabi splitting), the eigenmodes
of the system are hybrid light-matter quasiparticles called
exciton-polaritons or simply polaritons [1,2]. A wide range
of polaritonic phenomena, often arising from their bosonic
nature, can be triggered in planar microcavities [3] and in slab
waveguides (WGs) [4]. These phenomena include various
particular features of a quantum fluid of light, such as co-
herent emission without population inversion [5], parametric
amplification [6,7], parametric oscillation [8], Bose-Einstein
condensation [9], superfluidity [10], or soliton formation [11].

Beyond pure fundamental aspects, the remarkable physi-
cal phenomena ensuing from the mixed light-matter nature
of polaritons open promising perspectives for the realiza-
tion of low power consumption and small footprint active
optical devices [12—17]. This is especially the case for slab
WGs, which exhibit eigenmodes characterized by fast in-
plane propagation with group velocities on the order of 10’
m/s, whose geometry makes them more suitable for inte-
gration into photonic integrated circuits than their planar
microcavity counterparts [4,11,18-25].
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With the aim of realizing ever more complex polaritonic
WG circuits, such as cascading devices, there is a need for a
precise understanding of some key features such as the impact
of temperature and optical pump power on polariton relax-
ation for this specific geometry but also whether observing
polariton nonlinearities in the continuous wave (cw) regime
in other materials than the prototypical GaAs-based system is
within reach. In this regard, developing platforms where po-
laritons exhibit a recognized robustness to their environment
thanks to their large exciton binding energy (E )’g), like opera-
tion up to ambient temperature, is a highly desirable asset. In
particular, such a statement does apply to the III-nitride (ITI-N)
materials system, which was the first to sustain polariton
nonlinearities at room temperature, with the observation of
polariton lasing under pulsed excitation reported in both bulk
and quantum well (QW) based planar microcavities more than
a decade ago [26,27]. So far, polariton relaxation dynamics,
which has been studied in detail and is well understood in
planar cavities [28-33], remains relatively unexplored in the
slab WG geometry, especially as a function of lattice tem-
perature. After the theoretical work [21] that pointed out the
advantages of this configuration, an experimental confirma-
tion of the possibility of amplification and polariton lasing in
WGs [24], as well as a comparison of WG and planar cavity
polariton lasers [34], were investigated under pulsed excita-
tion using the ZnO platform. These works are complementary
to those led on state-of-the-art GaAs WGs where numerous
nonlinear optical features have been reported including dark-
soliton formation under cw excitation that exhibits enhanced
polariton-polariton strength compared to experiments done
with picosecond pulses [35] or modulational instabilities oc-
curring in the pulsed regime like spatiotemporal continuum
generation [36,37]. Let us note that all of those experiments
take place in submillimeter long structures, which could be
even further downscaled by applying longitudinal electric

Published by the American Physical Society
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fields that increase even more the polariton-polariton interac-
tion strength and thus nonlinear effects [25]. Those various
aspects clearly evidence the potential of the WG geometry for
the realization of on-chip compact nonlinear photonic systems
relying on polaritons up to ambient temperature.

In all polariton systems, relaxation phenomena govern the
polariton population distribution along polariton branches and
the eventual emergence of nonlinearities triggered by the
macroscopic occupancy of a given eigenstate by these bosonic
particles. More than two decades ago, Tassone and co-workers
showed that energy dissipation in planar microcavities, and
hence polariton relaxation toward lower in-plane wave vec-
tor (k) states within the light cone, is essentially mediated
by exciton-exciton and exciton-phonon interactions [28,29].
However, the decreasing excitonic character of lower polari-
tons (LPs) when moving toward lower energy states is known
to quench the relaxation process, leading to a so-called polari-
ton relaxation bottleneck [28,38]. The particle accumulation
at the bottleneck, which is a drawback for planar cavities
as it may prevent condensate formation in the ground state,
becomes an important and useful asset in the WG geome-
try. Indeed, since there is no ground state anyway, an initial
macroscopic population can only build up in the bottleneck
region between the purely photonic and the purely excitonic
states [21]. In such a situation, the position of the bottleneck
is determined, as we should expect, by the balance between
relaxation and decay processes.

In this work we focus on the relaxation dynamics of prop-
agating LPs in III-N slab WGs under nonresonant cw optical
pumping as a function of propagation distance for different
temperatures and excitation power densities. This is done in
a platform that combines reduced photonic disorder and a
large E value thanks to the use of high quality GaN/AlGaN
multiple QWs (MQWs) grown on low dislocation density
c-plane freestanding (FS) GaN substrate. Experimental data
are supported by simulations based on the numerical solution
of semiclassical Boltzmann equations for polaritons. Within
this framework we also report polariton nonlinearities, which
are well accounted for using the formalism of the Gross-
Pitaevskii equation (GPE).

II. SAMPLE AND MEASUREMENTS

The structure under investigation is a slab WG that con-
sists of a 130-nm-thick active region with 22 embedded
GaN/Aly.15GaggsN (1.5 nm/3.5 nm) QWs sandwiched be-
tween a 400-nm-thick AlygIng N bottom cladding lattice-
matched (LM) to GaN and a 100-nm-thick SiO; top cladding.
It supports guided polariton eigenmodes arising from the
strong coupling between GaN/AlGaN MQW excitons, of
large binding energy (=40 meV) and oscillator strength
(1.5 x 1013 cm~?) [23,39], and the lowest order transverse
electric (TEy) guided mode. Metal gratings with an outcou-
pling length of 20 um were fabricated on the WGs to couple
the propagating polaritons to free-space (Fig. 1). More details
can be found in Appendix A. The use of an AlInN bottom
cladding LM to GaN enables the growth of slab WGs that
benefit from an excellent material quality, namely a reduced
threading dislocation density leading to reduced interface

Excitation

FIG. 1. Sketch of the sample structure and the associated experi-
mental geometry.

roughness for both the cladding/WG and the QW /barrier
regions [23,40].

In order to uncover the relaxation dynamics of guided
polaritons, the dispersion of the guided modes was measured
under cw excitation by means of Fourier-space spectroscopy
using real-space filtering to select the light outcoupled by a
given grating. A representative parameter space, which con-
sists of the propagation distance (i.e., the distance between
the excitation spot and the collection grating), the sample
temperature, and the excitation power density, was investi-
gated to better understand guided polariton relaxation effects
in these structures. The experimental setup is similar to the
one described in Ref. [23]. A cw frequency-doubled opti-
cally pumped semiconductor laser emitting at 244 nm and
the forth harmonic of a cw neodymium-doped yttrium alu-
minum garnet laser emitting at 266 nm were used for the
excitation, the latter being used for the power series related to
polariton nonlinearities to increase the injection efficiency and
minimize any potential sample damage. The laser beam was
coupled into an 80 x UV microscope objective—with 0.55
numerical aperture and a 350 um field of view—through a
so-called 4f configuration of two lenses and a mirror. The
laser spot diameter on the sample was about 10 um with the
244 nm laser and 20 um with the 266 nm laser, the latter spot
size being more favorable for the development of polariton-
related nonlinearities. This configuration allows us to scan
the excitation spot over the sample within the field of view
of the objective in two dimensions by rotating the mirror.
The light emitted by the sample was then collected through
the same objective lens and the back focal plane (Fourier
plane) was imaged onto the spectrometer entrance slit by two
lenses. The spectrometer consists of a liquid-nitrogen-cooled
back-illuminated UV-enhanced charge-coupled device (CCD)
mounted on a 55-cm-focal-length monochromator. A pinhole
was placed in the first real-space image plane of the sample to
select only the light emitted from the grating outcoupler. The
pinhole diameter of 1.5 mm corresponds to a 20 um diameter
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FIG. 2. Experimental dispersions of propagating LPs collected via metal grating outcouplers using cw 244 nm excitation with a 10 um
spot diameter and 8.3 kW /cm? excitation power density. The measurements were taken at (a) 4 K and a propagation distance of 53 um,
(b) 50 K and 45 pum, (c) 100 K and 49 um, and (d) 200 K and 28 um, respectively. The fitted upper and lower polariton branches accounting
for refractive index dispersion are shown by continuous lines and uncoupled modes (X and TE) by dashed lines.

circle on the sample for the lens combination in use. A wire
grid polarizer with an extinction coefficient better than 100:1
between 300 and 400 nm was positioned immediately after
the pinhole to perform polarization-dependent measurements.
An additional lens was flipped into the collection beam path
to image the real space of the sample onto the spectrometer
CCD while positioning the sample and the laser excitation
spot. A blue light-emitting diode was used for illumination.
The sample was mounted in a cold-finger continuous-flow
liquid-helium cryostat.

Let us note that the largest excitation power density
achieved with the 266 nm laser (8000 W/cm?) leads to an
overall injected carrier density equal to 3.2 x 102 cm™2, i.e.,
an average carrier density of ~1.5 x 10'" cm™2 per QW.
Assuming as a first approximation that the carriers are pho-
togenerated where light absorption takes place, one would
expect a carrier density about 3 x 10'' cm™2 in the first QW
while it would decrease by about one order of magnitude and
amount to 2 x 10'° cm~2 when reaching the last QW. Such
an injection profile has been previously reported in similar
GalN/AlGaN multiple QWs [40]. Those values indicate that
the relevant carrier densities lie well below that leading to
the Mott transition [41] and that the strong coupling regime
is preserved at all times in the following experiments.

III. RESULTS

A. Polariton relaxation

Figure 2 shows four dispersion curves recorded at different
temperatures after a propagation distance (r) of around 50 um
(except for data recorded at 200 K, where the signal was too
weak to be measured at such a distance) using an 8.3 kW /cm?
excitation power density, which was the maximum available
to us, at an excitation wavelength of 244 nm (cf. Appendixes
B and C for details about the analysis of those dispersions).
We observe that the LP branch (LPB) intensity decreases
with temperature relative to the nondispersive photolumines-
cence (PL) background, making it impossible to observe the
LPB above 200 K. Note that as usual with wide band gap
semiconductors, the upper polariton branch (UPB) is absent
in these structures under nonresonant excitation [23,42]. We
also observe that the polariton PL peak relaxes toward lower
energy states along the branch and broadens with increasing

temperature. This is the main signature of polariton relaxation
that we study in this paper.

The effect of relaxation becomes even clearer when consid-
ering the relative LPB population (Npo1) shown in Fig. 3(a). To
obtain a reliable determination of the LPB population, special
care was taken to subtract the cross-polarized PL signal, i.e.,
the polarization parallel to the propagation direction, from the
TE-polarized signal in order to reduce the unpolarized PL
background, which is not of polaritonic nature (Appendix D).

Emission angle (degrees)
20 15 10 -5 O
_I4K I I
——20K
50 K

— 100K
— 150K

LPB population (arb. units)

Peak population
emission angle (degrees)
&

LA
N O
—

!

0 50 100
Temperature (K)

150

FIG. 3. LP relaxation as a function of temperature for a propaga-
tion distance of 50 wm recorded at a power density of 8.3 kW /cm?
using cw 244 nm excitation. (a) Relative LPB population for different
temperatures. (b) LP peak emission angle (red dots) of the population
shown in (a). The error bars show the FWHM of the population peak
including the signature of an eventual asymmetry.
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In practice, the LP intensity (I.p) was integrated over en-
ergy for each emission angle o from Eypg(a) — AE(a) to
Eipg(a) + AE(a), with AE(«) the full width at half max-
imum (FWHM) of the polariton emission for any given
emission angle. Finally, N,o was calculated using the relation-
ship Npoi = ILpTpol1, With 7,01 the polariton lifetime determined
as described in Appendix E. Even though this signal still
contains artifacts from dispersionless PL contributions stem-
ming from the QW longitudinal optical (LO) phonon replica
(e ~ —12°) and substrate luminescence (¢ ~ —18°), the lat-
ter behave as spurious signals occurring at specific energies
whose contribution can be safely ignored when comparing
experimental data to numerical simulations (see below). The
angle o corresponding to the position of the peak in the LPB
population is plotted in Fig. 3(b) as a function of temperature.
An overall decrease in the emission angle with temperature
can be observed, which is an evidence of the enhancement
of polariton relaxation at higher temperatures. However, the
change in the angle remains small and the behavior of the
population maximum can be considered as relatively robust.

To describe theoretically the polariton relaxation that oc-
curs during the propagation of the guided modes, we use
the semiclassical Boltzmann equations with spatial resolu-
tion [21], according to the general procedure described in
Refs. [43,44] for each spatial cell and taking into account the
transfer between these cells with a group velocity v, = dw/0k
determined by the dispersion with @ the angular frequency.
The size of the spatial cells is chosen to be 10 um, a compro-
mise between the numerical costs and spatial precision. The
accuracy of the numerical simulations is thus comparable to
the resolution of the experimental measurements (see, e.g.,
Fig. 6 hereafter). At this scale, the distribution function ex-
hibits smooth variations, at least for sufficiently low densities.
The equations read

Bnk,
7 = P, — Tkngr — 1y ; Wiew r(ng . + 1)
8nk,r
+ (nk,r +1) ZWk’ek,rnk/,r - vg(k) ar ey

I

Here ng , is the polariton distribution function within a
spatial cell located at position r. It describes the population
both in the polaritonic part of the dispersion and in the exci-
tonic reservoir, depending on the wave vector k. The decay
rate 'y includes both the nonradiative exciton decay and the
photonic decay discussed in Appendix E. The pumping term
Py, = Pyexp[—(Ex — Ex)/kgT16(r)—where P, is a prefac-
tor, Ey is the energy along the lower polariton branch, and
Ey is the uncoupled exciton energy at the center of the first
Brillouin zone—describes a spatially localized pumping act-
ing only within a single spatial cell and within the excitonic
reservoir (Ey > Ex), which corresponds to the rapid formation
of thermalized excitons from the initially injected electrons
and holes. The scattering rates W, _, . include both exciton-
phonon and exciton-exciton scattering. They depend on the
density and distribution of particles within each spatial cell,
which means that the linear increase in the area of the cells
with propagation distance due to the radial outspread of the
waveguided polaritons is accounted for [23].

A typical example of the results of the simulations is shown
in Fig. 4, which presents the polariton distribution function
ng.» at 150 K, plotted as a function of relative energy Ex(=E —
Ex) for two different positions r: Below the pump (r = 0,
red dashed line) and far from the pump (r = 50 pum, black
solid line). The experimental distribution function measured
at 150 K at r = 50 um from the excitation spot is shown as
a blue solid line. The same experimental data are plotted in
Fig. 3(a) as a function of detection angle, with the link be-
tween the energy and the angle given by the dispersion curve
shown in Fig. 2. Below the pump, the population bottleneck
occurs just below the exciton energy. During their free prop-
agation, polaritons redistribute themselves differently along
the dispersion curve. The excitons injected by the pump do
not propagate outside the pumping spot, because their group
velocity is small. In other words, the diffusion coefficient
of free excitons is negligible because of their large effective
mass. Due to the low population of excitonic states, thermal
processes lead to a rapid transfer of the polaritons from the
upper part of the bottleneck region toward higher energies,
where the excitonic states are relatively empty. Indeed, their
lifetime is short compared to the pure photonic states of
the guided modes because of the emission into nonpolariton
states, as observed in Fig. 2. This leads to a rapid decrease
of the polariton population at energies just below Ex. At the
same time, the main part of the overall population continues to
relax downward. Because of both processes, the maximum of
the distribution function shifts toward lower energies during
the propagation.

All relaxation processes are more efficient at higher tem-
peratures, and therefore for a constant propagation distance
this maximum is observed at lower energies for a higher
temperature. The results of the simulations and experimental
measurements at different temperatures are summarized in
Fig. 5. We now focus on the relative energy E — Ex of the
LPB population maximum, and not on the angle «. Exper-
imental points [the same as those shown in Fig. 3(b)] are
plotted here as red circles, and the theoretical values are plot-
ted as black squares. A good quantitative agreement between
the two data sets can be observed. While a clear overall de-
crease in the relative position of the population maximum with
temperature can indeed be observed, we note that this position

107 . ——
—— Experiment ,7 S
——Theory (r=50 um) /’ S
5 - - Theory(r=0) ,
o)
©
a
-3
o - -
g 10
om
o
4
10 —— :
-100 -50 0

E-E, (meV)

FIG. 4. LPB population at 7 = 150 K as a function of the rela-
tive energy E — Ey: Simulations (r = 0, red dashed line; » = 50 um,
black solid line) and experiment (» = 50 pm, blue line).
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can be considered as being relatively robust since it exhibits a
small decrease over a substantial range of temperatures. The
temperature dependence of the absolute emission energy of
the LPB population maximum will obviously be a trade-off
between the redshift of the free exciton, the position of the
bottleneck shown in Fig. 4, and the decrease in the normal
mode splitting (Appendix C). In particular, the shift in the
exciton energy with increasing temperature is partly compen-
sated by the decrease in the normal mode splitting leading to
a reduced drift of the LPB population maximum with temper-
ature. This property could prove especially useful for future
devices based on guided polaritons, such as WG polariton
lasers and amplifiers, as it would ensure a good stability of the
operating wavelength compared to their planar microcavity
counterparts where the energy position of the cavity mode
adds to the complexity of this platform. In this respect, let
us note that future WG structures could consist of a ridge-WG
geometry in order to keep a sufficiently large polariton density
for a given propagation distance, hence enabling to probe the
stability of the bottleneck region up to room temperature.

To further quantify the polariton relaxation process, we
have experimentally determined the evolution of both the
position of the LP population maximum [Fig. 6(a)] and the
total LP intensity [Fig. 6(b)] as a function of temperature and
propagation distance r. As shown in Fig. 6(a), the peak in
LP population progressively shifts to lower energies. This is
due to the progressive polariton relaxation occurring during
propagation and the increased absorption experienced by the
higher-energy polaritons, which are closer to the QW band
edge. This behavior is well reproduced by the theory account-
ing for the experimental detection conditions (solid lines). It
is in agreement with the overall energy relaxation picture,
illustrated by the theoretical predictions shown in Fig. 4 for
T = 150 K (red and black lines for different spatial positions).
Similarly, the total LP intensity decreases with increasing
distance r [Fig. 6(b)]. Note, however, that even though a linear
decrease in the total LP intensity as function of r is observed
when using a semi-logarithmic scale (see, e.g., data recorded
at T = 4 K), such a behavior cannot be linked in a straight-
forward manner to the absorption coefficient as one could a
priori expect. Indeed, the LP emission covers a broad spectral
range that coincides with the absorption tail of the WG, which
prevents any straightforward theoretical determination of the

T T T T
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FIG. 5. Relative LPB population peak energy as a function of

temperature for a propagation distance of 50 um: simulations (black
squares) and experiments (red circles).

—4K
—20K
—50K
100K 1
— 150 K

Relative LP peak
population energy (meV)

A -
®,

3 T T T T T T T

[ ® [ ]
c E [ | E
iel A ( ') u .f
o —~ o J
g‘g - A AO ® i

c E

8> e A . N
a2 i
_I\(E E 'S
s .,
) q

r(um)

FIG. 6. (a) Change in the relative LP peak population energy, and
(b) total LP intensity both as a function of propagation distance r
and recorded at a power density of 8.3 kW/cm? using cw 244 nm
excitation at several temperatures. The symbols show the measured
data, while the solid lines show the calculated values.

absorption coefficient. In addition, the mean absorption coef-
ficient (&) deduced from the data taken at 7 = 4 K amounts to
~830 cm™!, a value most likely overestimated compared with
the value of the absorption coefficient we reported previously
on similar WG structures that essentially differed by their
lower Al content in the AlGaN waveguide (& ~ 60 cm™! at
around 200 meV below the MQW free exciton energy in
a WG with an Al content of 10%) [23]. The fact that the
picture cannot be reduced to energy-dependent absorption is
confirmed by direct experimental measurements at 7 = 150 K
(Fig. 16), showing an increase in the emission intensity at
lower energies with increasing propagation distance. We can
therefore conclude that the most accurate description of the
processes is given by the Boltzmann equations (1), which
include both relaxation and decay (with energy dependence),
together with the propagation.

B. Polariton nonlinearities

Beyond the above-mentioned LP relaxation features, let
us emphasize that at the lowest cryogenic temperature of
T =4 K investigated in this work, we observe the clear
signature of a nonlinear polariton emission process that man-
ifests itself through a nonlinear increase in LP population
with increasing pump power density. The intensity integrated
between —9° and —1° is rising with a power-law expo-
nent of 2.7 between 640 and 1300 W/cm? as shown in
Figs. 7(a) and 7(b). This increase slightly exceeds a quadratic
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FIG. 7. LP population integrated over energy and recorded at dif-
ferent excitation power densities spanning two orders of magnitude
using cw 266 nm excitation: (a) Ny as a function of emission angle,
and (b) as a function of excitation power density integrated over
emission angles between —9° and —1°. The dotted line corresponds
to a linear increase in polariton population and serves as a guide to
the eye.

dependence, which suggests that stimulated processes pop-
ulating the modes take place rather than phonon- and/or
exciton-assisted relaxation, since the latter would result in
a quadratic population increase at most [45]. We have also
mentioned that the carrier density per well does not exceed
3 x 10" cm~? at the maximum power density value of 8000
W/cm2 used in this work, which remains well in the range
where excitonic effects dominate for this type of QWs [41].
This nonlinear increase in the LP emission is accompanied by
a redistribution in k space and the onset of several maxima
that belong to the LP dispersion as can be seen in Fig. 8.

Energy (eV)
w
[}
o

w
&)
)

0-15 -10 -5

In previous experiments involving polariton WGs [24], such
modulation was associated with the Fabry-Perot modes of a
horizontal cavity formed by regularly spaced cracks. Here
the modulations we observe show a spacing in k space that
would be compatible with a cavity length of around 10 pum.
In the absence of any horizontal cracks in those nearly LM
structures, such an explanation is unlikely. Instead, such a
feature suggests that those maxima could stem from a non-
linear process where the polariton modes first around —6°,
i.e., at the bottleneck, then at ~ — 8° and at ~ — 4° at higher
pumping power densities get amplified [Fig. 7(a)]. LPs redis-
tribute themselves along the dispersion curve through various
mechanisms, including polariton-polariton scattering. Indeed,
as discussed hereafter, a mode with substantial intensity, i.e.,
polariton occupation, is expected to be unstable against non-
linear parametric processes in a system characterized by a
negative curvature of the dispersion, and in the present case,
repulsive interaction between particles.

Let us note that there is no manifestation of such nonlin-
earities at 7 = 20 K and above (relevant measurements are
shown in Appendix F), as the reduced phonon population gen-
erates the most favorable conditions for the onset of this type
of nonlinearity. At higher temperatures, the required power
density to reach this regime is likely beyond what can be
achieved with the present setup.

The development of the optical parametric oscillator
(OPO)-like process can be described theoretically by calcu-
lating the dispersion of the weak excitations of a macroscop-
ically occupied mode located at the position of the highest
population at a weaker power density. The imaginary part of
the weak excitations determines their decay or growth rates,
and the mode with the highest growth rate is the one where
the OPO signal is expected to be detected. We begin with the
GPE [46]:

0y . 2
ih= - =Hoy + gl 1"y — uy, 2

written for the order parameter v of the macroscopically
occupied state from which the OPO can occur. Here A,
is the Hamiltonian of the noninteracting system such that
Hov (k) = E(k)y (k), g is the coupling constant accounting
for the strength of polariton-polariton interactions, and p is
the chemical potential that corresponds to the energy of the

Norm. PL intensity ~

o

Emission angle (degrees)

FIG. 8. Measured dispersions of propagating LPs collected via metal grating outcouplers using cw 266 nm excitation with a 20 um spot
diameter at a temperature of 4 K for increasing pump power densities. The measurements were taken at (a) 1300, (b) 2500, (c) 5100, and
(d) 8000 W /cm?, respectively. The fitted LPB accounting for refractive index dispersion is shown by a continuous line in each case together

with uncoupled modes (X and TE,, dashed lines).
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macro-occupied mode with the interactions. Equation (2) is
then diagonalized, and the dispersion of the weak excita-

J

det ( E(ko + k) — E (ko) + gn — fiw
gn

where n is the density of the macro-occupied mode, ky is its
wave vector, and k is the wave vector of the weak excitations
(density waves in the condensate, also called “bogolons” [47])
measured relative to ky. The dispersion being known, the only
adjustable parameter is the interaction energy gn. It controls
the value of the positive imaginary part of the bogolon en-
ergy, which should exceed the mode losses. Taking the best
lifetime, obtained at 4 K for a detuning of —40 meV (see
Fig. 14), gives an estimate of the mode linewidth of 0.5 meV.
The gn value also controls the wave vector and the energy at
which the imaginary part becomes the largest, which indicates
where the OPO should switch on first. The result of the cal-
culations, using gn = 0.9 meV, is plotted in Fig. 9(a) over a
relatively narrow range of in-plane wave vector values around
the position of the bottleneck at lower pumping densities
ko ~ 46.5 um~'. The position of the maxima of the imag-

10 T T 7 2
a /
- (a) , _
\Gé/ 5 Signal Main peak 7 Idler 11 %EJ
h _ R T ) ] =
g g
g 0 0 85
= £
o Dispersions 3
ST —— Polaritons 115
4 c
p — —Bogolons (real) | W
% —— Bogolons (imag.)
-10 L 7 I 1} ]
- T T 7
2
'c
S
£
T
c
Ke]
©
=]
g P (W/cm?)
a T=4K ——8000
gL ' '
4 46.0 46.5 47.0

Wave vector k, (um™")

FIG. 9. (a) Theoretical calculation of the mode instabilities at
4 K: Bare polariton dispersion (black solid line), dispersion of
weak excitations (bogolons, real part—black dashed line, imaginary
part—red solid line). The horizontal dashed line shows the minimal
estimated value of losses. (b) Close-up view of the lower polariton
population as a function of in-plane wave vector measured at the
highest power density of 8000 W/cm? in the vicinity of the bottle-
neck [cf. Fig. 7(a)]. The vertical arrows connect the position of the
maxima of the imaginary part where the OPO (main peak as well as
the signal and idler peaks) is expected to appear and their signature
in the experimental spectrum.

tions fAw(k) is given by solving the following characteristic
equation:

gn _
E (kg — k) — E(ky) + gn + hw >_O’ 3)

(

inary part of the energy of the weak excitations Im(%w(k))
is shown by a red solid line, which reproduces well the ex-
perimentally observed position of the maxima of the OPO
emission shown in Fig. 9(b). The real part of the dispersion
of the weak excitations Re[Zw(k)] (black dashed line) shows
a relatively small renormalization with respect to the bare
polariton dispersion E (k) (black solid line), which is also in
agreement with the experiment. Hence, the OPO mechanism
appears as the most plausible explanation accounting for our
experimental data, especially when considering its sensitiv-
ity against an increase in lattice temperature. We also want
to point out that the amplification and the nonlinear effect
we observe occur in the absence of any optical feedback. It
explains why the intensity rise remains moderate and why
the modulations in the emission are quite broad. In order to
properly harness those nonlinearities, an appropriate cavity
design such as a ridge WG cavity or a microring resonator
geometry should be implemented. Finally, let us note that the
observation of parametric instabilities in such a WG structure
does correspond to a specific type of polariton-driven optical
nonlinearities. Indeed, using different pumping conditions,
e.g., under pulsed excitation, the balance between gain and
nonlinear losses may also lead to the generation of solitonic
features [35,36]. Thus, self-phase modulation, a precursor
stage for the formation of optical solitons has recently been
reported under resonant pulsed excitation up to room temper-
ature in similar GaN/AlGaN WGs [48].

IV. CONCLUSION

In conclusion, we have studied polariton relaxation along
the lower polariton branch in strongly coupled GaN/AlGaN
WGs both theoretically and experimentally. We have observed
that the energy position of the polariton emission maximum
is relatively robust versus temperature due to a balance be-
tween the shift of the exciton energy and the change in the
normal mode splitting, a promising feature when aiming for
applications such as lasers and amplifiers. A four-wave mixing
OPO signal, which is a signature of nonlinear polariton inter-
actions, is observed at high pumping at 4 K in the cw regime.
Experimental results and simulations are in good quantitative
agreement, in particular theoretical calculation of the mode
instabilities at 4 K match with the experimental OPO process
when considering an interaction energy gn = 0.9 meV for
polariton nonlinearities.
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APPENDIX A: SAMPLE DETAILS

The structure under investigation is similar to the one
used in our previous work on polariton WGs [23] and con-
sists of a 130-nm-thick active region with 22 embedded
GaN/Aly15GaggsN (1.5 nm/3.5 nm) QWs sandwiched be-
tween a 400-nm-thick Aljg;Ing 13N bottom cladding lattice
matched to GaN and a 100-nm-thick SiO, top cladding. The
bottom cladding and the active region were grown by met-
alorganic vapor phase epitaxy in an AIXTRON 200/4 RF-S
reactor on a low dislocation density (~10° cm~2) c-plane
FS GaN substrate. The AlInN bottom cladding layer contains
seven 5-nm-thick GaN interlayers positioned 50 nm apart in
order to avoid kinetic roughening of the AlInN alloy [49]. All
aforementioned layer thicknesses were determined by high-
resolution x-ray diffraction.

2.8-I T T

261 1>
Q
2 22¢ |2
5 I Ul
% 20} g
o ' 18
1.8_— 5

1.6 _

I ~_

300 400 500
Position (nm)

FIG. 11. Optical mode profile along the growth axis, calculated
with a finite-difference time-domain mode solver, of the TE, mode
supported by the waveguide. The position is measured from the inter-
face between the GaN buffer and the bottom cladding. The refractive
index for (Al)GaN is taken from Ref. [51], while the refractive index
of AlInN is taken from Ref. [52], and the refractive index of SiO, is
issued from experimental data.
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FIG. 12. Normal mode splitting derived from the fitted waveg-
uide polariton dispersions as a function of temperature. The error
bars correspond to the standard deviation of the mode splitting aver-
aged over several measurements.

Metal grating outcouplers with a 130 nm period span-
ning 100 x 100 um? were fabricated on the WGs using a
poly(methylmethacrylate) (PMMA) resist double layer. A
PMMA 495 and a PMMA 950 layer were subsequently spin
coated on the sample, and the grating pattern was written us-
ing a 100 keV Vistec EBPG5000 e-beam lithography system.
After resist development, a 2-nm-thick Ti film followed by a
20-nm-thick Al film were evaporated using a 1 m working dis-
tance e-beam evaporator. Lift-off of the metal was performed
in remover 1165 at 75 °C. Figure 10 shows a scanning electron
microscopy (SEM) image of a fabricated grating. Finally, a
Si0O; top cladding was deposited by plasma-enhanced chem-
ical vapor deposition on top of the active region, burying the
gratings.

Figure 11 shows the refractive index profile of the waveg-
uide along the normal to the sample surface, as well as the
lowest order TE, guided mode profile, which was calcu-
lated using a finite-difference time-domain solver [50]. The

T T T T
T Total measured intensity b
f2) — PL contribution
g —— LPB contribution
o | T=4K
@ r=>50 pum
e L
‘®
c
o L
£
|
o |

= "\ 1 1
-20 -15 -10 -5

Emission angle (degrees)

FIG. 13. Representative determination of the LPB PL signal
(blue line) for a propagation distance » = 50 pum via the subtraction
of the cross-polarized excitonic PL background contribution (red
line) from the total measured PL intensity (black line).
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150
E - E,(T) (meV)

FIG. 14. (a) Experimental LP decay length as a function of po-
lariton energy at different temperatures. (b) Deduced lifetime of the
guided LPs (symbols). A fit to Eq. (E1), taking all the reported data
into account, is shown with the continuous black line. Note that the
data are plotted relative to the exciton energy, which is temperature
dependent. The data corresponding to different temperatures are
therefore directly comparable with each other. The error bars rep-
resent the 90% confidence interval of the exponential decay function
that was fitted to the data.

effective length of the TE; mode, defined as
[elE\*dy
max(e|E|?)’

with ¢ the dielectric constant and E the electric field, is
102 nm at a wavelength of 340 nm.

Legr = (A1)

APPENDIX B: COUPLED OSCILLATOR MODEL

In the coupled oscillator model (COM), the coupled pho-
tonic and excitonic states are described by the following
Hamiltonian expressed in matrix form:

[

where Ex, yx and Ep, yp are the energy and decay rate of the
exciton and the photon, respectively, and gy is the coupling

~

j- Ex + iyx

80

80

Ep +iyp (B)

strength between both modes. Ex was determined experimen-
tally by photoluminescence measurements while accounting
for exciton localization at low temperatures [23]. Ep was
determined as a function of the in-plane wave vector (k,,) and
emission angle by finite-difference time-domain calculations,
which take the refractive index dispersion of the materials into
account. Let us note that in wide band gap semiconductors,
ignoring the refractive index dispersion results in an overes-
timation of the normal mode splitting [23]. The eigenstates
of the system are the UPB and LPB and can be found by
diagonalizing this Hamiltonian:

1 )
Eypp = E[EX + Ep +i(yx + yp)l

1
+3V48 — =P + (Ex — B, (BY)

1 )
Eipg = E[EX + Ep +i(yx + vp)l

1
= V46 = i — 7+ (Ex —EpR. (B

The normal mode splitting Qg.p; is defined at zero detuning
(Ex = Ep at k;; = 0). By subtracting the two energies, we

obtain
Qravi = /485 — (vx — ¥p)*.

Equation (B4) was fitted to the measured dispersion curves
with g¢ as a free parameter.

(B4)

APPENDIX C: NORMAL MODE SPLITTING EVOLUTION

The normal mode splitting was deduced from a fit of the
COM described above, including refractive index dispersion
of the materials. The splitting is shown in Fig. 12 and is larger
compared to what was reported in our previous work [23],
due to the larger exciton oscillator strength, which originates
from the increased Al content in the QW barriers from 10%
to 15%. We observe a moderate decrease in the splitting with
increasing temperature, which is a likely consequence of the
increased homogeneous broadening of the exciton. We did not
observe any significant variation in the normal mode splitting
with propagation length or excitation power, even though both
parameters influence the polariton density at the grating out-
coupler.

PN

/W/,Vy,u 0

Wﬂl

e
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i
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e
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8000
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FIG. 15. LP population integrated over energy at different excitation power densities, spanning two orders of magnitude, and at different
temperatures using cw 266 nm excitation with a 20 wm spot diameter: (a) 20, (b) 50, (c) 100, and (d) 150 K.
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APPENDIX D: PHOTOLUMINESCENCE
BACKGROUND SUBTRACTION

The waveguide dispersion was measured as described
above. A wire-grid polarizer was used to record both the
light polarized along the TE direction, as well as the cross-
polarized signal (with polarization parallel to propagation
direction). The cross-polarized signal was subtracted from the
TE-polarized signal in order to eliminate the PL background
(unpolarized) from the waveguide emission (TE polarized).
Despite this procedure, some dispersionless PL signal stem-
ming from the QWs and the substrate is still visible, as can be
seen in Fig. 2 of the main text. The remaining dispersionless
PL signal in the polariton intensity was reduced by subtract-
ing the integrated cross-polarized intensity multiplied by a
normalization factor. An example of such a data treatment is
shown in Fig. 13.

APPENDIX E: POLARITON LIFETIME
AND DECAY LENGTH

The polariton decay length d was determined by moving
the excitation spot away from the grating. With increasing
propagation distance r, the equation éexp(—r/d ) was fitted
to the measured intensity for each detuning with d and the
normalization coefficient A used as fitting parameters. The
% dependence accounts for the radial polariton outspread,
while the exp(—r/d) term describes the polariton decay. The
polariton lifetime 7,0 was calculated as vig, with the polariton
group velocity v, determined from the LP dispersion. The
polariton lifetime is the weighted average of the photon and
exciton lifetimes 1, and 7y, respectively:

1 PP n X (k)12

- (E1)
Tool(k/)) 7 Tx

where P and X are the Hopfield coefficients with |P(k, /)|2
and |X (k, /)|2 giving the photon and exciton fraction of the
polaritons, respectively [2]. The experimentally determined
decay lengths and lifetimes are shown in Fig. 14 as a function
of polariton energy.

LPB intensity (arb. units)

T=150K -

" 1 " 1
3.45 3.50 3.55 3.60
Energy (eV)

FIG. 16. LPB emission intensity spectrum as a function of en-
ergy at T =150 K for different propagation distances r. The
observed increase in the emission intensity around E = 3.55 eV is
due to the efficient polariton relaxation from higher energies.

APPENDIX F: POWER-DEPENDENT
POLARITON POPULATION

In addition to the power-dependent polariton population
measured at 4 K shown in Fig. 7 of the main text, the same
experiment was also repeated at higher temperatures up to
150 K. The results are shown in Fig. 15. Contrary to the
behavior reported at 4 K, no nonlinear increase in polariton
population and no interference fringes are observed at higher
temperatures.

APPENDIX G: LOWER POLARITON EMISSION SPECTRA
AT DIFFERENT DISTANCES

In order to prove that our experimental observations cannot
be reduced to simple energy-dependent absorption, we show
an example of emission intensity spectra measured at 7' =
150 K at different distances r from the laser spot (Fig. 16). At
this temperature, the relaxation is so efficient that it overcomes
absorption at lower energies, and the emission intensity at
these energies (around E = 3.55 eV) grows instead of de-
caying with the propagation distance. This clearly confirms
that a correct model of the experimental system should clearly
include energy relaxation.
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