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Strong coupling of polaritons at room temperature in a GaAs/AlGaAs structure
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We report direct measurement of the dispersion relation of polaritons in GaAs/AlGaAs microcavity structures
at room temperature, which clearly shows that the polaritons are in the strong-coupling limit. The Rabi splitting
ranges from 12.3 to 15.2 meV depending on the detuning, significantly exceeding the heavy-hole exciton half
width of 5.2 meV. As the polariton density increases, the Rabi splitting decreases; but even when the polariton
gas becomes a coherent, Bose-condensate-like state, the polaritons retain a strong exciton component, as seen
in the nonlinear energy shift of the light emission. This opens up the possibility of polaritonic devices at room
temperature in a material system which can be grown with very high quality and uniformity.
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I. INTRODUCTION

Polaritons can be viewed as photons dressed with an ef-
fective mass and repulsive interactions, due to the strong
coupling of a cavity photon state and a semiconductor exci-
ton state. Over the past two decades, numerous experiments
have demonstrated Bose condensation and nonlinear coherent
effects in GaAs/AlGaAs structures at cryogenic temperatures
(e.g., [1-6]). Strong coupling occurs when the Rabi splitting
is larger than the half widths of the states, implying that
the vacuum oscillation rate between the exciton and photon
modes is faster than their decay times.

Polaritonic strong coupling at room temperature is de-
sirable to use their strong optical nonlinearity for practical
polaritonic devices. Polaritons in the strong-coupling limit
have been seen in organic materials [7-9] and perovskites
[10,11]. Significant efforts have also been made to achieve
strong coupling in III-V structures at room temperature. Ear-
lier results [12—14] had spectral half widths comparable to,
or only slightly smaller than, the measured Rabi splittings.
Furthermore, none of these earlier works above showed a
nonlinear shift of the spectral lines, line narrowing, or lasing
as the excitation density increased. While a nonlinear line shift
is not a direct indicator of strong coupling, it indicates that the
polaritons have a significant excitonic fraction, and is essential
for nonlinear optical applications.

In a previous paper, we reported polaritonic coherent
emission at room temperature in GaAs/AlGaAs microcavity
structures [15]. A thermalized energy distribution was seen
and it was clear that polaritonic effects involving an exciton
fraction were present, as seen in the strong energy shift of
the emission line with pump power. However, at that time, it
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was not clear what exciton fraction could be attributed to the
polaritons; it was argued in Ref. [15] that the coupling of the
photons to excitons was weak but nonzero, with exciton frac-
tion of 10% or less, based on a model of the photon-exciton
coupling using the observed photoluminescence (PL) data.

We have now performed similar experiments with multi-
ple structures with different designs, with different designed
Q factors of the cavities and different numbers of quantum
wells, and a wide range of pumping conditions. Crucially, by
looking at a sample with lower Q factor of the microcavity,
we can easily observe three polariton branches arising from
the heavy-hole exciton, light-hole exciton, and cavity photon
mode, which allows us to fit the entire dispersion curves of the
polaritons.

In this work, we demonstrate a Rabi splitting of approxi-
mately 13 meV at room temperature, which is more than twice
the heavy-hole exciton half width of 5.2 meV. We find that in
all of the studied samples, the polaritons are in strong cou-
pling at low pump power at room temperature, and remain in
relatively strong coupling as the pump power is increased into
the coherent emission regime. The Rabi splitting decreases as
density increases, but never fully collapses to zero, as far as
we can measure.

This result is surprising, but is a result of the fact that our
samples have very sharp exciton lines in the quantum wells
even at room temperature. (The Supplemental Material [16]
shows the exciton emission from bare quantum wells grown
using the same process but without a microcavity.) When the
quantum wells are embedded in a microcavity, we expect that
there will be splitting of the excitons into multiple states due
to well-width fluctuations, but this does not imply broadening
of the exciton-polariton lines. The line width of polariton
states primarily arises from the homogeneous broadening of
the exciton states and is not strongly affected by the presence
of multiple exciton states.

©2025 American Physical Society
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TABLE 1. Sample designs with different quantum-well (QW)
numbers, top DBR periods, and Rabi splitting values derived from
fits to the dispersion data near resonance. All samples have the
same number of periods of the bottom DBR. Samples labeled P
were grown in the Pfeiffer laboratory at Princeton University, while
the sample labeled W was grown at the Wasilewski Laboratory at the
University of Waterloo.

Periods of Rabi
Sample name No. QWs Top DBR Splitting (meV)
Sample P1 12 23 12.41 £ 0.08
Sample P2 12 29 12.57+£0.14
Sample P3 12 32 13.21 £0.54
Sample W1 28 32 13.33+0.12

II. EXPERIMENTAL METHODS

In the experiments reported here, we used a GaAs/AlGaAs
microcavity structure very similar to those of previous ex-
periments [15,17,18]. We have used four different samples
throughout this work. Table I summarizes their properties.

(a)
1.54

Three of the four samples consisted of a total of 12 GaAs
quantum wells with AlAs barriers embedded within a dis-
tributed Bragg reflector (DBR), with each sample having a
different number of periods of the top DBR. The fourth sam-
ple, in contrast, consisted of a total of 28 GaAs quantum wells.
In all samples, the quantum wells are in groups of four, with
each group placed at one of the antinodes of the cavity. Further
details about the samples are discussed in the Supplemental
Material [16].

All the measurements reported in this paper and Sup-
plemental Material [16] were at room temperature, with no
cryogenic system. The polaritons were generated by pumping
the sample nonresonantly with a wavelength-tunable laser,
tuned to a reflectivity minimum (737.4 nm) approximately
172 meV above the lower polariton resonance. To minimize
heating of the sample, the pump laser was modulated using
an optical chopper with a duty cycle of 1% and pulses of
duration approximately 25 us, which is very long compared
to the dynamics of the system. The nonresonant pump created
electrons and holes, which scattered down in energy to be-
come polaritons. The photoluminescence (PL) was collected
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FIG. 1. Strong coupling at room temperature in samples P1 and W1. (a) Left plot: angle-resolved PL. measurements of the polariton at very
low pumping power for sample P1 at a location with LP exciton fraction of approximately 0.12 at k = 0. Right plot: the intensity as a function
of energy along the slice at constant angle corresponding to the vertical dashed line in (a). To reduce the noise in the experimental data, we
averaged over 20 pixels around the slice. Dashed lines: fit to two Lorentzian peaks. (b) The same measurements at very low pumping power
for sample W1, for an LP exciton fraction of approximately 0.24 at k = 0. The extra curved lines seen at low energy and high angle in (b) are
ripples in the reflectivity spectrum at the edge of the stop band of the DBR cavity of this sample.
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FIG. 2. Angle-resolved PL for different pump powers, at a location on sample P1 with 0.54 exciton fraction of the LP at k = 0. (a) Pump
power P = 0.01Py, (b) P = 0.83Py,, (c) P = 1.00Py, and (d) P = 1.13Py,. The threshold power Py, is defined in Sec. III of the Supplemental

Material [16].

using a microscope objective with a numerical aperture of
0.75 and was imaged onto the entrance slit of a spectrometer.
The image was then sent through the spectrometer to a CCD
camera for time-integrated imaging.

To measure the energy dispersion of the polaritons, we
used angle-resolved photoluminscence (PL) to obtain the in-
tensity image (6, E), where 6 is the angle of emission, which
has a one-to-one mapping to the in-plane momentum of the
polaritons. The angle of photon emission maps directly to
the in-plane k vector of the particles inside the structure.
The exciton fraction can be chosen by moving to different
locations on the sample, where the cavity photon energy varies
because of the thickness gradient across the wafer. This thick-
ness variation causes a change in cavity photon energy, as the
wavelength of the photon inside the cavity is proportional to
the cavity length.

III. EXPERIMENTAL RESULTS

Figure 1 shows examples of dispersion of the polaritons
measured at room temperature for two different samples,
clearly demonstrating strong coupling with two distinct po-
lariton branches. These branches, lower polariton (LP) and
middle polariton (MP), arise due to the interaction between
the heavy-hole exciton with the cavity photon mode.

Polariton condensation was observed as we increased the
pump power across the phase transition. Figure 2 shows angle-
resolved PL for different pump powers for the case of the
LP mode near resonance with the cavity photon. In this case,
the higher, light-hole exciton branch is clearly visible. As is
typical for polariton condensation, the PL narrows both in
k space and in energy width as the density increases; the

latter indicates coherence of the emission. We note that at
room temperature, the two lowest polariton modes are roughly
equally occupied and therefore the lowest-energy state is not
strongly favored.

The linewidths and the energy positions of the polariton
lines were extracted from the /(6, E) images by taking a
vertical slice at 6 = 0 to obtain I(E'). The resulting intensity
profiles were fitted to the sum of two Lorentzians, correspond-
ing to the LP and MP. The upper polariton (UP), being very
excitonic at 6 = 0, was essentially undetectable except at the
anticrossing regions, as seen in Fig. 2. Since the detuning in
Fig. 2 corresponds to the case of approximately 0.5 exciton
fraction of the LP and MP, the difference between the peak po-
sitions of the two Lorentzians extracted from the fits, plotted
in Fig. 3(c), is close to the Rabi splitting energy. Because this
is a three-level system with contribution from the light-hole
exciton state, the cavity photon does not lie exactly in the
middle of the LP and MP states, and the splitting there is not
exactly equal to the Rabi energy.

As the pump power is increased, the LP and MP lines shift
but remain resolvable up to the onset of strong coherence, in-
dicated by line narrowing and a jump in the emission intensity.
At high power, only a single peak is resolvable. Above this
power, we used a single Lorentzian fit to extract the linewidth
and energy shift (denoted by the filled black circles). Above
the density indicated by the vertical dashed lines in Fig. 3, the
system appears to collapse to weak coupling, i.e., photonic
condensation.

The Rabi splitting at very low pumping power, extracted
from the three-level model described below (with parameters
provided in the Supplemental Material [16]), ranges from
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FIG. 3. Blueshift and linewidth of the PL lines for sample P1 at
a location with 0.54 LP exciton fraction at k = 0. (a) The intensity
at k = 0 of the polaritons as a function of optical pump intensity,
corrected for the reflection from the top surface. (b) The energies
of the polariton lines at k = 0 as a function of the pump power.
The red dashed line represents the zero-energy cavity extracted from
the three-level model fits. The line marked “Cavity k = 0 energy”
is the value from the fit of Fig. 4(b); the vertical pink range gives
the uncertainty of this value. The bare heavy-hole exciton energy is
very near to this value. (c) Circles: Full width at half maximum at
k = 0. A single Lorentzian fit was used for the data corresponding
to solid circles since we see only main peaks at high power due to
condensation. The vertical black dashed lines (with uncertainty given
by the gray regions) indicate the power beyond which the system can
no longer be identified as being in the strong-coupling regime.

12.3 to 15.2 meV, depending on the detuning. The three-level
model is highly constrained, as it fits the full energy dispersion
for different emission angles and all three polariton branches
(upper, middle, and lower). The Rabi splitting values are di-
rectly obtained from such fits, as illustrated in Fig. 4.
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FIG. 4. Angle-resolved PL for different locations on sample P1
compared to simulation. Left side of each image: Angle-resolved PL
measurements of the polariton at very low pumping power, corre-
sponding to the estimated exciton fractions of the lower polariton at
k = 0 given by the upper labels. Right sides: simulated data using
the model discussed in the text. The parameters for the fits are given
in the Supplemental Material [16]. The solid black, red, and yellow
lines represent the LP, MP, and UP, respectively. The green dashed
line represents the heavy-hole exciton energy, the blue dashed line
represents the light-hole exciton energy, and the purple dashed line
represents the cavity energy. The extra curved lines seen at low
energy and high angle in (c) are ripples in the reflectivity spectrum at
the edge of the stop band of the DBR cavity of this sample.
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The obtained values from the fits of Rabi splitting are
significantly larger than the heavy-hole exciton half width,
measured to be approximately 5.2 meV, yielding a ratio of
Qhn/Thn & 2.3-2.9—about a factor of two above the high-
est value reported in previous work, where Qpp /Iy &~ 1-1.2
[12-14]. This improvement in achieving a larger Q,/I'hy
is not merely a technical enhancement, but also enables the
system to maintain strong coupling at higher pumping powers.
As a result, strong coupling persists well into the nonlinear
regime (as shown in Fig. 3), where significant blueshift of the
lower polariton line is observed, before eventually becoming
weak coupling at higher pumping powers.

As shown in Fig. 3, the coherence is accompanied by
a nonmonotonic energy shift, indicating substantial interac-
tions present in the system and, therefore, strong nonlinearity.
Above the threshold density for weak coupling, the blueshift
is reversed, as the polaritons appear to be pulled back down
to the bare cavity photon energy. In this same regime, the line
broadens again, indicating that the system is becoming less
coherent.

IV. ANALYSIS

A simple three-level model for our GaAs-based microcav-
ity structures incorporating photons, heavy-hole excitons, and
light-hole excitons can be expressed as follows:

Ecav(0) + ilcay /2 /2
H(®) = Q/2 Epp + iy 0 . (D
Q/2 0 Ep + il

where I'c,y gives the half width at half maximum of the
photon linewidth broadening, which is negligible compared
to the exciton linewidths in our samples, and 'y, and Ty
give the heavy-hole and light-hole exciton broadening. We
diagonalized the Hamiltonian for each 6 value to obtain the
real and imaginary parts of its eigenvalues. The imaginary
parts correspond to the half widths of the polaritons. This
then allowed us to compute a simulated /(6, E) image by
summing three Lorentzians, each representing the LP, MP,
and UP. The real parts of the Hamiltonian eigenvalues give
the Lorentzian peaks, while the imaginary parts give their
half widths. We ensured that the integral of each Lorentzian
at each 6 slice is equal to the Maxwell-Boltzmann distribu-
tion e~ [E@—Er@=0V/ksT Rinally, to account for the radiative
lifetime of the polaritons, we scaled each Lorentzian by the
photon fraction since the more photonic the polariton is, the
more likely it is to emit a photon outside the cavity.

Figure 4 shows the simulations of the three-level model
alongside the experimental data for different locations on the
sample. The simulations successfully capture the key features

observed in the experimental data, giving a similar dispersion
and linewidth of the polaritons. This strong agreement high-
lights the effectiveness of the three-level model in capturing
the essential physics governing the system. For photonic de-
tunings, the light-hole exciton intersects the cavity mode at
a larger angle than what we can collect with our numerical
aperture, making the upper polariton not visible.

As discussed in the Supplemental Material [16], the tran-
sition from strong coupling to weak coupling seen at higher
densities can be understood in terms of a classical dielectric
model. In both limits, i.e., strong coupling and weak coupling,
the nonlinear shift of the lines can be understood as an effect
of the mixing of the exciton and photon states.

V. CONCLUSIONS

The clear observation of strong coupling in a
GaAs/AlGaAs structure is surprising because the binding
energy of excitons in quantum wells in this material system
is only around 10 meV [19], well below the thermal energy
kgT = 25.7 meV. This implies that there will be a significant
population of free electrons and holes, which can lead to
complicated renormalization of the energies of the states,
but as seen clearly in these experiments, the free electrons
and holes do not screen out the exciton resonance at low
densities.

In the case of the resonant detuning shown here, the system
clearly remains in strong coupling even as the PL line narrows
into the coherent regime, until a density threshold is exceeded
at which it appears to collapse to weak coupling. At detunings
far from resonance, the system collapses to weak coupling
at densities below the onset of coherence, but even in those
cases, the exciton/electron-hole optical resonance still gives a
strong interaction of the photons with excitons. This nonlinear
interaction gives nonmonotonic energy shifts of the emission
energy in all cases. This may be useful for nonlinear optical
switching applications at room temperature.

These results imply that there is potential to make exciton-
polariton-based GaAs/AlGaAs devices for room-temperature
applications, including low-threshold lasers and nonlinear op-
tical devices.
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