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Non-polar GaN/AlGaN quantum-well polariton laser at room temperature
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We demonstrate room temperature (RT) polariton lasing in an all-dielectric microcavity containing non-polar
III-nitride quantum wells (QWs) as active media. The microcavity is fabricated using the photo-electrochemical
etching method, by which an optimally grown m-plane Ill-nitride active region is detached from the substrate
in the form of a membrane, which is subsequently inserted between two SiO,/Ta,Os distributed Bragg
reflectors, with 4 and 10 pairs for the top and bottom mirrors, respectively. The active region consists of
25 GaN/AlyGagyN (5 nm/3 nm) QWs. The produced microcavities exhibit two closely spaced polarization-
resolved lower polariton branches at RT, in line with the selection rules of the non-polar orientation, having
a Rabi splitting of 62 and 72 meV in the E || a and E || ¢ polarizations, respectively. In a positively detuned
31 /2-thick microcavity, polariton lasing is observed at ambient conditions in the E | a polarization, with a
threshold ~ 3 times lower than previous state of the art, despite the use of a relatively weak top reflector.
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I. INTRODUCTION

Exciton-polaritons are admixed exciton-photon quasiparti-
cles that are formed inside semiconductor microcavities when
the system operates under the strong coupling regime [1]. Due
to their composite light-matter nature and bosonic character,
above a certain density, exciton-polaritons are subjected to
stimulated scattering, leading to Bose condensation at the
k = 0 ground state of the lower polariton branch (LPB) [2].
The spontaneous emission of photons escaping the micro-
cavity from this macroscopically coherent Bose condensate
is the so-called polariton laser. Aside from their fundamental
interest as inversionless sources of coherent and non-classical
light, polariton lasers are attractive for their ability to operate
at 100 times lower threshold currents than conventional laser
diodes [3]. First realizations of polariton lasers were based
on GaAs [4-6] and CdTe [7] active layers, but the strong
coupling conditions were preserved only at cryogenic tem-
peratures due to the weak exciton binding energies in these
systems. For proper operation at ambient temperature, wide
band gap semiconductors are the system of choice due to the
increased exciton binding energies, which are comparable or
higher than kg7 [8]. Several GaN polariton lasers operating at
room temperature (RT) under optical excitation have been re-
ported, using in standard vertical emission planar geometries
bulk GaN [9], GaN quantum wells (QWs) [10], or even GaN
nanowires [11] as active media. Electrical injection has been
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also demonstrated using bulk GaN as active material; how-
ever, this was accomplished in a non-standard edge-emitting
in-plane microcavity [12].

A few years ago, our group demonstrated a RT GaN po-
lariton laser [13] exhibiting the highest Rabi splitting value
of 64 meV and the lowest polariton lasing threshold un-
der quasicontinuous excitation (Py; = 4.5W/ cm?) compared
with previous reports using bulk or QW structures. The major
advantage in that demonstration was the fabrication method.
Unlike earlier realizations, where the GaN-based active re-
gion was grown either on heavily mismatched substrates
such as silicon [14] or on monolithic AlInN/GaN distributed
Bragg reflectors (DBRs) with an excessive number of periods
[15], our polariton laser was fabricated using the photo-
electrochemical (PEC) etching method [16-20]. The PEC
method allows for the detachment from the substrate of an
optimally grown active region in the form of an atomically
smooth membrane [21], which is subsequently incorporated
inside an all-dielectric microcavity. Recently, an even higher
Rabi splitting of 71 meV at RT was achieved with the PEC
method, using an improved microcavity design containing
GaN/AlGaN QWs in the entire range of the active region and
an only-4-pair DBR as a top mirror [22].

Most of the available literature on GaN microcavities and
polariton lasers is based on polar material [9-22], grown along
the ¢ crystallographic axis, in accordance with the generally
preferred orientation of Ill-nitrides. It is well known, how-
ever, that polar IlI-nitride heterostructures suffer from giant
piezoelectric and spontaneous polarization-induced electric
fields [23-26], which tend to weaken the QW optical
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transitions via the quantum-confined Stark effect. To alleviate
this problem, several approaches have been examined in the
past. The most typical one consists of using narrow polar QWs
(thickness <3 nm) [24,25], which limit the Stark effect and
have enabled the observation of strong coupling and polariton
lasing phenomena in polar GaN QW microcavities [10,13].
Another interesting possibility is the polarization-matching
in quaternary InAlGaN/GaN polar heterostructures [27-29].
However, perhaps the most promising method of all consists
of using m- or a-plane non-polar QWs, which are inherently
free of internal electric fields [30-32].

Despite the enhanced strong coupling characteristics that
can be expected in polarization-free orientations, only a few
non-polar QW microcavities have been demonstrated so far.
Authors of early reports on non-polar microcavities, using
monolithic nitride-based bottom DBRs with a moderately
high degree of disorder, have shown strong coupling at RT
[33], polarization-dependent strong coupling effects [34], and
polariton lasing at 50 K, albeit with relatively large thresholds
[35]. Strong coupling effects and polariton trapping at RT
were also observed in non-polar GaN/AlGaN microcavities
with air-gap DBRs [36,37]. In this paper, we have adapted
the PEC-etching approach to the m-plane configuration to
fabricate leading-edge non-polar GaN QW microcavities with
oxide DBRs, based on high optical quality GaN/AlGaN QWs,
epitaxially grown on commercial m-plane GaN bulk sub-
strates. In our primary structures, we have observed two
closely spaced polarization-resolved LPBs as well as polariton
lasing at RT, with a lasing threshold ~ 3 times lower than the
previous record low value [13].

II. NON-POLAR GaN/AlGaN QWs

To ensure an active region of superior optical quality, the
non-polar GaN/AlGaN QWs were grown by plasma-assisted
molecular beam epitaxy on freestanding 320-um-thick nomi-
nally undoped m-plane GaN substrates from Suzhou Nanowin
Ltd. The growth conditions of the active region are described
elsewhere [38,39]. In contrast to hetero-epitaxial growth of
non-polar GaN on foreign substrates, such as Al,O3 [31,40],
y-LiAlO, [30], 4H-SiC or 6H-SiC [41], or ZnO [42], the
use of freestanding m-plane GaN substrates leads to active
regions grown with zero thermal strain and a dislocation den-
sity < 10° cm™2. In this paper, a stack of 25 GaN/Alj,GagoN
(5 nm/3 nm) QWs forms the 31,/2n-thick active region, with
Ao, being the QW emission wavelength and n the average
refractive index of the cavity. The main reason for using 5-nm-
thick QWs was to minimize the inhomogeneous broadening
occurring in thinner nitride QWs due to interface roughness
and compositional fluctuations in the AIGaN barriers [31,32].
The active region was grown on top of a 25-nm-thick InGaN
sacrificial layer with a targeted indium composition ~12—
14%. The well-known problem of low In incorporation in
non-polar growth [43] was addressed in our case by growing
several identical samples at decreasing substrate temperature,
thus attaining a high enough indium content in the sacrificial
layer to allow PEC etching with a continuous wave (cw) laser
diode emitting at 405 nm.

The exciton levels of the as-grown multi-QW samples have
been characterized by polarization-resolved photolumines-
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FIG. 1. Polarization-resolved photoluminescence (PL) and re-
flectivity (RFL) spectra from the as-grown non-polar multi-quantum-
well (QW) structure, recorded at 15 K in the (a) E || a polarization
and (b) E || ¢ polarization. (c) and (d) The same PL and RFL spectra,
recorded at 120 K.

cence (PL) and reflectivity (RFL) spectroscopy as a function
of temperature, using as excitation a He-Cd cw laser at 325
nm and a broadband Xenon 150 W lamp, respectively. In
Fig. 1, we present the PL and RFL spectra of the as-grown
GaN/AlGaN QWs, obtained at 15 and 120 K in the two
orthogonal polarizations (E || a and E || c¢) analyzed by a cal-
cite Glan-Taylor prism and a ultraviolet A/2 waveplate. The
polarized RFL intensities were normalized to an arbitrary unit
to compare the relative oscillator strengths in the two polar-
izations. The full set of polarized RFL spectra with varying
polarization angle is given in Fig. S1 in the Supplemental
Material [44]. In general, the non-polar QW samples are
characterized by enhanced PL intensities compared with their
polar counterparts grown during the same epitaxial run, while
the RFL spectra exhibit pronounced exciton features, demon-
strating the marked exciton-photon interaction of non-polar
excitons as well as the high optical quality of the m-plane
QWs.

In the E || a-polarized RFL spectrum of Fig. 1(a), we dis-
tinguish at 15 K the bulk Agan and Bgan excitons located at
3.479 and 3.484 eV, respectively. These energy values agree
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with previous studies on unstrained bulk m- or a-plane GaN
[45-48], where both the Ag.n and Bgan exciton states were
found to be allowed in the E || a polarization. In the same
polarization, a relatively broader QW-exciton feature is well
resolved at 3.506 eV, which we attribute to the n = 1 Aqw ex-
citon state based on its position and polarization dependence.
The full width at half maximum (FWHM) linewidth of the
Aqw exciton is ~11 meV, within the lowest exciton FWHM
linewidth values reported in the literature for single non-polar
QW grown on bulk GaN [49]. In the same spectrum, a weaker
feature is also visible at 3.529 eV that we attribute to the
“forbidden” Cqw exciton.

In the cross-polarized RFL spectrum of Fig. 1(b), the
Bgan and Cgun bulk excitons are clearly visible at 3.484
and 3.502 eV, respectively, while the Ag,n exciton almost
disappeared, in accordance to the polarization selection rules
for non-polar GaN [46,47]. According to the same rules, the
Cgan line is usually observed in both polarizations, with the
E || a component being much weaker. In our case, however,
it is difficult to distinguish the Cg,n exciton in the E || a
polarization due to the near coincidence with the n = 1 Aqw
exciton at 3.506 eV. In the E || ¢ polarization, the allowed QW
transitions are the Bow line at 3.514 eV and the Cqw one at
3.529 eV, as shown in Fig. 1(b). This assignment is further
supported by the observation of bumplike PL emission from
the Bow and Cqw states at higher temperatures, as indicated
in the PL spectrum in Fig. 1(d).

The above results strongly suggest that the polarization
selection rules in our GaN/AlGaN QWs are such that the Aqw
lineis E || a polarized, while the Bow and Cqw linesare E || ¢
polarized. As previously discussed in the literature [34,35],
the exciton selection rules and relative oscillator strengths
in non-polar GaN/AIGaN QWs depend strongly on valence
band mixing and strain effects induced by the lattice mismatch
between GaN and AlGaN. In our case, the results are in
qualitative agreement with the k-p estimates of Ref. [34] for
GaN/AlGaN QWs with Al content in the 5-10% range. In
the referred work, the Al content was assumed to control the
strain of the GaN layers, which strictly speaking was not the
case in our as-grown samples, where the GaN layers were
lattice-matched to the substrate. This is the case, however,
in our freestanding GaN/Alj Gag 9N QW membranes, where
the GaN QW layers acquire a compressive strain due to the
presence of the AlGaN layers, which is proportional to the Al
composition.

Regarding PL, the secondary emission spectrum at 15 K
derives mainly from localized Aqgw-exciton states, denoted by
Low. as evidenced by the fact that the main QW PL peak
does not vary in energy in the two polarizations, while the
emission is maintained strongly polarized along E || a [50].
Please note that the PL spectrum in Fig. 1(b) is multiplied by
a factor of 3 for better visibility. With increasing temperature,
a thermally induced delocalization process sets in, gradually
reducing the Stokes shift between the QW emission peak and
the free QW exciton features observed in RFL. This effect is
evident in the E || a-polarized PL/RFL spectra of Fig. 1(c),
where the PL peak at 120 K has acquired a significant overlap
with the respective Aqw feature in RFL. The fact that the
delocalization process is completed in the 100-120 K range
is corroborated by the S-like behavior of the QW emission

energy with temperature, depicted in Fig. S2 in the Supple-
mental Material [44], as well as by the temperature-dependent
exciton decay times shown in Fig. S3(a) in the Supplemental
Material [44], which clearly suggest a change of regime at
~100 K. The analysis presented in Fig. S3 in the Supplemen-
tal Material [44] further confirms the high optical quality of
the as-grown non-polar QWs. Particularly, the PL intensity
drops only by a factor of 24 between 20 and 300 K, while
the PL decay time at RT of non-radiative origin is quite
long ~400 ps. The latter is significantly higher than previ-
ously reported values for single non-polar QWs, including
for QWs grown on bulk GaN [49], and reflects the reduced
non-radiative channels in our structure. The above character-
istics make these optimally grown QWs ideal for polaritonic
devices.

III. MICROCAVITY FABRICATION

Next, we turn our attention to the fabrication of the polari-
ton devices. As a first step, the surface of the as-grown sample
was patterned into ~1-um-deep square mesas with areas from
45 x 45 um? to 155 x 155 um?, by combining photolithog-
raphy and reactive ion etching. Then the sample was attached
to a PEC cell, where an area of 0.78 mm? got in contact with
a dilute KOH (4 x 10~ M) solution and became illuminated
for ~45 min by 4.5 mW of a cw 405 nm laser diode. These
conditions are sufficient for the complete and smooth lateral
etching of the InGaN sacrificial layer [21] and the release
of many ultrathin membranes. As illustrated in Fig. 2(b), the
successful PEC etching of the InGaN layer is visible by the
distinct color change of the etched mesas with respect to the
background. The released membranes were then transferred
one by one on other substrates of choice using a probe tip [51].
For instance, by transferring the sub-micron-thick membranes
on sapphire, it is possible to perform microtransmittance
(n-T) measurements and directly deduce the optical density
(OD) and oscillator strength of the exciton states involved in
the polariton formation [22,51].

In Fig. 2(c), we present the deduced OD spectra at RT in the
E || aand E || ¢ polarizations from a 200-nm-thick membrane
containing 25 non-polar GaN/AlGaN QWs. We distinguish
two pronounced exciton resonances in the two polarizations
of approximately the same strength separated by ~12 meV.
In agreement with the polarization selection rules determined
for the as-grown samples in the previous section, we attribute
the E || a-excitonic resonance to Aqw excitons and the E || ¢
resonance to a combined contribution from the Bqow and Cqow
excitons. Dividing by the number of QWs, we determined the
OD per QW at the peak, varying between 4.4 and 4.9% in
the two polarizations. Moreover, the integration of the OD(E)
curves yields an exciton oscillator strength of 4 x 10'3 cm™
in the E || a polarization and of 5.6 x 103 cm™ in the E || ¢
polarization.

The above values confirm the enhanced oscillator strengths
of the non-polar orientations, as they are already higher or
comparable with those of much thinner polar QWs, such as
2.7-nm-thick polar GaN/Alj¢7;Gap 93N QWs, for which an
OD per QW of 3.5% and an exciton oscillator strength of
4.5 x 103 cm™ have been reported [22]. In addition to the
above “dichroic” behavior, the m-plane GaN/AlGaN QWs are
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FIG. 2. (a) Schematic of the band-gap-selective photo-
electrochemical (PEC) etching of an InGaN layer for the membrane
separation, (b) optical image of a PEC-etched region, and (c)
optical density of an m-plane membrane with embedded 25
GaN/AlyGagyoN quantum wells (QWs) as extracted from room
temperature (RT) p-transmittance measurements acquired in
the E || a- and E | c-axis polarizations of the electric field.
The inset shows a freestanding membrane, transferred on a
10-pair bottom-distributed Bragg reflector (DBR)/Si substrate for
microcavity fabrication.

also expected to exhibit significant birefringence in the two
polarizations due to the inherent crystal anisotropy. For m-
plane GaN, the birefringence is positive, i.e., the extraordinary
(E || ¢) index of refraction n, exceeds the ordinary (E || a)
index of refraction n, by about 1.5-2% in the transparent
spectral region and by <1% as we approach the gap [52,53].
Both dichroic and birefringence effects are important in ac-
counting for the anisotropic polariton dispersions, discussed
next. To investigate the strong coupling regime, the 200-nm-
thick membranes containing 25 non-polar GaN/AlGaN QWs
were transferred on a 10-pair SiO,/Ta;Os bottom DBR pre-
deposited on a Si substrate, as shown in the inset of Fig. 2(c).
To complete the microcavity, a top DBR was either deposited
[22] or directly transferred [54] on top of the GaN/AlGaN
membrane. In this paper, we report on all-dielectric non-polar
GaN/AlGaN microcavities fabricated by electron-gun depo-
sition of a 4-pair SiO,/Ta;0Os top DBR. A schematic of a
complete microcavity is given in Fig. 3.

IV. ANISOTROPIC POLARITON EMISSION

The pronounced polaritonic character of the non-polar
microcavities was established by k-space imaging or angle-
resolved micro-PL (u-PL) measurements at RT. The micro-

4-pair top DBR

10-pair bottom DBR

Polariton formation
inside the cavity

FIG. 3. Schematic illustration of a 31/2 non-polar microcavity,
consisting of 25 m-plane GaN/AlGaN quantum wells (QWs) sand-
wiched between a 4-pair (top) and a 10-pair (bottom) SiO,/Ta,Os
distributed Bragg reflector (DBR). Such a microcavity can operate
in the strong coupling regime and exhibit room temperature (RT)
polariton lasing.

cavity sample was excited at normal incidence by a cw 325 nm
laser beam, focused down to a 9 um spot using an aspher-
ical lens with numerical aperture (NA) = 0.63. The u-PL
signal was collected through the same optical path using a
beam splitter and a final collection lens. For angle-dependent
measurements, an additional lens was positioned at a certain
position before the final lens, imaging the Fourier plane of
the aspheric lens into the spectrometer. Thus, the polariton
emission was recorded simultaneously for a range of angles
between £ 39 °, determined by the NA of the optical path,
tracing directly the polariton dispersions of the system.

Figure 4 depicts polarization-resolved k-space images from
a typical non-polar microcavity at 295 K, exhibiting two
distinct LPBs in the two polarizations. Like most polar ni-
tride polariton devices [9,10,13], no upper polariton branches
(UPBs) are visible here, most likely due to the rapid de-
cay of UPBs to higher energy exciton and continuum states.
Comparing the two LPBs, the one in the extraordinary E || ¢
configuration (LPB,) is much more dispersive than that in the
ordinary E | a configuration (LPB,). In addition, LPB, ex-
hibits between the two the lowest energy at k = 0 and flattens
out to a higher energy level at high k. This implies that the two
LPBs intercross at some specific angle, an unusual feature for
a semiconductor microcavity.

To explain the above LPB dispersions, one must consider
both the birefringence and the anisotropic exciton oscillator
strength in the two polarizations. Specifically, as pointed out
earlier, LPB,, arises due to the strong coupling of the Aqw
excitons with the ordinary cavity mode C, [dotted curve in
Fig. 4(a)]. Likewise, LPB, is formed by the interaction be-
tween the Bow + Cqw excitons and the extraordinary cavity
mode C, [dotted curve in Fig. 4(b)]. In Fig. 4, the position
of the Aqgw exciton is taken at 360.4 nm (3.440 eV) and
that for the Bow + Cow exciton at 359.4 nm (3.450 eV).
Considering the positive birefringence effect in GaN, with
n. > n,, the C, cavity mode is expected at a longer wavelength
with respect to C,. This, as we shall see below, leads to the
unusual coexistence in our microcavity of a more “photonic,”
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FIG. 4. Polarization-resolved = k-space  imaging of the
p-photoluminescence (PL) emitted at room temperature (RT)
by a non-polar 34,/2n-microcavity with 4- and 10-pair distributed
Bragg reflector (DBR) mirrors, exhibiting a Rabi splitting of (a)
62 meV and (b) 72 meV in the E || a and E || ¢ polarization,
respectively. The ordinary (C,) and extraordinary (C,) cavity modes
(green dotted lines), the Aqw and Bow + Cqw exciton levels in the
two polarizations (yellow dashed lines), as well as the simulated
lower- and upper-polariton branches (red solid curves) are also
shown.

negatively detuned LPB, along with a more “excitonic,” pos-
itively detuned LPB,. The different detuning along with the
40% higher oscillator strength for the combined Bow + Cow
exciton peak explains how, at k = 0, the LPB, is at longer
wavelengths than LPB,,. The values of the LPBs at zero angle
are 363.4 nm (3.411 eV) for LPB, and 364.1 nm (3.402 eV)
for LPB,.

To best fit the LPB dispersions, we proceed as follows.
We first determine the thicknesses of the oxide layers, by
fitting with a transfer matrix model (TMM) [55] the RFL
spectra of the “witness” top DBR/Si, grown during the same
deposition run, the bottom DBR/Si, and the X/2 resonator
formed by the deposition of the top DBR on a bottom
DBR/Si. Moreover, the thickness of the GaN-based mem-
brane as well as the difference An = n, — n, are extracted by
fitting the Fabry-Perot oscillations in the transparent region
of polarization-resolved w-T spectra. This procedure allows
us to estimate with precision, based on TMM, the cavity

modes in the two polarizations, with the k = 0 C, position
being at 360 nm (3.444 eV) and the C, position at 361.6 nm
(3.430 eV). This cavity mode difference corresponds to a
An = 0.025, which is a reasonable value based on the liter-
ature [52,53] for the spectral region near the excitonic gaps.
Accordingly, the values of detuning for the two polarizations
are +4 meV for E || a and —20 meV for E || ¢. By knowing
the cavity mode and exciton level in each polarization, it is
then possible to sensitively fit the LPB dispersions in Fig. 4
with the Hamiltonian model, using the respective coupling
constants as adjustable parameters. The coupling constants
that best reproduce the LPB dispersions are 31.4 meV for
E || aand 36.7 meV for E || c. The somewhat higher coupling
constant for the E || ¢ configuration is justified by the higher
oscillator strength of the Bow + Cqw exciton peak. Knowing
the coupling constants in the two polarizations, we can then
estimate the respective Rabi splittings by the energy differ-
ence at the anticrossing between the calculated LPB and UPB
dispersions, which amount to 62 meV for E || a and 72 meV
for E || ¢, respectively. To our knowledge, these values set the
state of the art for non-polar nitride QW microcavities [33-35]
and demonstrate the high quality and optimum design of our
structures.

V. POLARITON LASING AT RT

The successful observation of robust RT polaritons in the
non-polar microcavities has prompted the study of polari-
ton lasing in this particularly intriguing system. Toward this
end, we excited the sample with a quasicontinuous 266 nm
frequency-quadrupled Nd: YAG pulsed laser (7.58 kHz repeti-
tion rate and 0.51 ns pulse width) at normal incidence, using
the same k-space imaging setup as previously described. The
alignment of the k-space setup was optimized at the emission
wavelength of the GaN QWs (360 nm). Due to the elliptical
shape of the laser beam and the chromaticity of the optics,
the excitation spot size in this experiment was 10 x 60 pm?.
Figure 5 shows the k-space images of the LPB, emission
(E || a polarization) at RT, with increasing excitation power
from below to above a threshold power density of Py, =
1.75 W /cm?, obtained by linear extrapolation of the intensity
vs power curve in Fig. 5(f). At low powers (0.34 - Py,), a dis-
persion curve is observed in Fig. 5(a), very similar to Fig. 4(a)
for cw excitation, corresponding to an LPB created by the
interaction of Agw excitons with the ordinary cavity mode, as
fitted using the Hamiltonian model. With power increasing to
0.47 and 0.74 - Py, [Figs. 5(b) and 5(c)], the LPB, emission
concentrates to lower angles, becomes spectrally narrower,
and blueshifts in energy with respect to lower excitation, as
a manifestation of polariton-polariton interaction [56,57]. The
onset of polariton lasing is marked by an abrupt non-linear
increase of the spectrally integrated k = 0 w—PL intensity
with a concomitant collapse of linewidth down to ~2meV,
as depicted in Fig. 5(f).

A strong indication that the system remains in the strong
coupling regime above threshold is that the polariton laser line
appears at distinctly longer wavelengths than the C, cavity
mode and the Aqw exciton for all powers larger than Py,
as shown for instance in the k-space image of Fig. 5(d) for
1.27 - Pyr. The observed Py, is ~3 times lower than the
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FIG. 5. (a)-(d) Sequence of room temperature (RT) k-space p-photoluminescence (PL) images obtained from the non-polar 3A,/2n-
microcavity in the E || a polarization, with increasing pumping power from a quasicontinuous pulsed 266 nm laser, below and above a power
threshold of Py, = 1.75 W /cm?. (e) u-PL spectra at k = 0 as a function of pumping power. (f) Nonlinear increase of the spectrally integrated
k = 0 u-PL intensity and corresponding line narrowing as we cross the polariton lasing threshold.

previous state-of-the-art value reported for a polar GaN QW
microcavity [13] and >10 times lower than the threshold
power density for polariton lasing at 50 K in a non-polar QW
microcavity [35]. It is important to mention that the same
excitation source was used in all these comparative works.
The comparison is even more impressive considering that the
top DBR mirror consists of only four periods in our case, fur-
ther illustrating the large potential of all-dielectric non-polar
microcavities as efficient polariton lasers.

An estimate of the carrier density at threshold can be
obtained from the blueshift (AE) of the LPB line, when in-
creasing the pump power up to the threshold value. From the
k = 0 u—PL spectra of Fig. 5(e), we deduce that the blueshift
experienced by LPB, polaritons is AE = 8§ meV. Using the

relation AE = 6|X,|?Egag®N»p [56,57], where |X,|?(= 0.53)
is the exciton fraction of the LPB, polaritons at k = 0, Ep
(740 meV) is the exciton binding energy, and ap (2.8 nm) is
the exciton Bohr radius, we can estimate the exciton density
at threshold as being equal to Np = 8 x 10! cm™2. It should
be noted that the above relation neglects exciton-saturation
effects, which also tend to blueshift LPBs, and thus provides
only an upper estimate of the exciton density at threshold.
Anyway, the estimated N,p is still significantly lower than the
exciton saturation density in nitride QWs of ~2 x 10'> cm™
[58], further asserting that we are in the strong coupling
regime. In Fig. 5(f), the integrated intensity vs pump power
exhibits the expected S-like behavior corresponding to a 8-

factor of ~ —. It should be noted that, in the context of a

125311-6



NON-POLAR GAN/ALGAN QUANTUM-WELL POLARITON ...

PHYSICAL REVIEW B 104, 125311 (2021)

polariton laser, the B-factor represents the fraction of po-
laritons spontaneously emitted in the mode undergoing
stimulated scattering [9]. The relatively large S-factor value
observed here is possibly due to the reduced “polariton vol-
ume” in our case. For instance, if we compare the all-dielectric
microcavity of this paper with that of a microcavity having
only one dielectric DBR on top and exhibiting a much smaller
B-factor of ﬁ [9], the polariton confinement along the z
direction is significantly stronger in our case. Likewise, if we
compare with a very similar negatively detuned polar QW
microcavity, having dielectric DBRs on both sides and a -
factor of % [13], again, the polariton volume is expected to be
smaller in our positively detuned non-polar microcavity due
to the significant in-plane localization of the polariton con-
densate during polariton lasing. This is manifested in the rel-
atively large angle spread of the polariton laser emission seen
in Fig. 5(d) that we can attribute to spatial confinement of the
polariton condensate in photonic disorder [59]. The observed
angle spread of &+ 8 ° corresponds to a localization radius for
the polariton condensate of ~ 0.4 um, a reasonable value for
positively detuned polaritons in a nitride microcavity [60].
Interestingly, in the E || ¢ polarization, the LPB, polari-
tons exhibit no polariton lasing, at least in the power range
used in Fig. 5. This result is presently not fully understood
and deserves further investigation. The main parameters de-
termining the polariton lasing threshold in a semiconductor
microcavity are the polariton lifetime inside the k = O trap,
the polariton relaxation dynamics down the LPB dispersion,
and—for high temperatures—the thermal escape of polaritons
from the trap to the exciton reservoir [60]. For a constant
temperature, the latter process should be particularly sensi-
tive to the energy depth of the polariton trap with respect
to the exciton reservoir. By inspection of Fig. 4, however,
the trap is deeper for LPB, polaritons (=50 meV) than LPB,
polaritons (&30 meV), implying that the non-observation of
polariton lasing in the LPB, dispersion cannot be associated
with the thermal escape process. On the other hand, based
on the anisotropic polariton dispersions in Fig. 4, one can
qualitatively argue that the positively detuned LPB,, polaritons
(6§ = +4meV) have longer decay time at k = 0 and shorter
relaxation times down the polariton dispersion than the nega-
tively detuned LPB, polaritons (§ = —20 meV). Specifically,
the LPB, polariton lifetime at k = 0 is estimated to be 0.4 ps
using |Xo|? &~ 0.53, a cavity time of 0.19 ps, and an exciton
decay time at RT of 384 ps, while that for LPB, polaritons
with |Xo|> & 0.37 becomes 0.3 ps. Likewise, the polariton
effective masses along the “more excitonic” LPB,, dispersion

are considerably larger than LPB,, enhancing the scattering
probability and shortening the relaxation time from the ex-
citon reservoir to the polariton trap. Both effects favor the
accumulation of polaritons in the LPB, polariton trap com-
pared with LPB,, leading to the macroscopic condensation
and the observation of polariton lasing solely in the E || a
configuration. Evidence for a weaker LPB, population can be
found in the much smaller blueshift (=4 meV) of the LPB,
line than the LPB, as we increase the pump power up to the
threshold value. Assuming the same exciton parameters for
the two LPBs and a |Xy|? &~ 0.37 for the LPB,, polaritons, we
find that the LPB, population is ~ 70% that of the LPB,, po-
laritons, in agreement with the qualitative argument presented
above. Clearly, further studies are necessary to elucidate this
important point.

VI. CONCLUSIONS

In summary, RT polariton lasing is demonstrated in an
all-dielectric non-polar IlI-nitride QW microcavity fabricated
by means of the PEC etching method. The 31/2 microcav-
ity consists of 25 polarization-free m-plane GaN/Aly 1 Gag 9N
active QWs sandwiched between two Si0O,/Ta,Os DBRs and
presents two distinct polarization-orthogonal LPBs, with a RT
Rabi splitting of 62 and 72 meV in the E || a and E || ¢ po-
larizations, respectively. Despite the use of a relatively weak
top reflector, polariton lasing is observed in the positively
detuned LPB along the E || a polarization, with an ultralow
threshold of 1.75 W/cm2 at ambient conditions, which is ~ 3
times lower than the previous state of the art among reported
nitride-based thin film microcavities. These results are very
encouraging for further development of highly efficient non-
polar nitride polariton devices.
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