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We investigate the demonstration and quantification of the strong coupling between excitons and guided
photons in a GaN slab waveguide. The dispersions of waveguide polaritons are measured from T = 6 to
300 K through gratings. They are carefully analyzed within four models based on different assumptions,
in order to assess the strong-coupling regime. We prove that the guided photons and excitons are strongly
coupled at all investigated temperatures, with a small (11%) dependence on the temperature. However, the
values of the Rabi splitting strongly vary among the four models: the “coupled oscillator” model overesti-
mates the coupling; the analytical “Elliott-Tanguy” model precisely describes the dielectric susceptibility
of GaN near the excitonic transition, leading to a Rabi splitting equal to 82 ± 10 meV for fundamental
transverse-electric mode; the experimental ellipsometry-based model leads to smaller values of 55 ± 6
meV. We evidence that, for waveguides including active layers with large oscillator strengths, as required
for room-temperature polaritonic devices, a strong bending of the modes’ dispersion is not necessarily
the signature of the strong coupling, which requires for its reliable assessment a precise analysis of the
material dielectric susceptibility.

DOI: 10.1103/PhysRevApplied.14.054060

I. INTRODUCTION

Exciton-polaritons are the dressed states of
semiconductor excitons when they interact with pho-
tons in the strong-coupling regime. Compared to pho-
tons, the interactions between polaritons are enhanced
by a few orders of magnitude [1,2], allowing for the
exploration of a wide range of collective quantum states
and phenomena [3–6] inspired from the physics of cold
atoms. Most of these studies have been performed on
microcavity-polaritons, where two-dimensional (2D) pho-
tons are confined in a vertical Fabry-Perot cavity [7].
More complex polariton states can be engineered through
photonic circuits [8–10] or optical control of the excita-
tion pattern [5,11]. Alternative geometries have recently
been explored, where excitons are coupled to Tamm
plasmons [12,13], Bloch surface states [14], micro- and
nanowires [15–18], and guided modes in a slab [19].

*thierry.guillet@umontpellier.fr

The waveguide geometry provides an interesting
framework for polariton fluids propagating with a large
group velocity, and with a strong nonlinearity, leading to
the formation of bright or dark solitons carrying a very
low energy per pulse of about one picojoule in GaAs-
based waveguides at cryogenic temperatures [20,21], and
pulse amplitude modulation of about 100 pJ in GaN-
based waveguides at room temperature [22]. The waveg-
uide geometry was recently investigated in GaN and ZnO
semiconductors in order to achieve large Rabi splittings
[23–26], attaining up to about 200 meV for a ZnO slab
waveguide and enabling the demonstration of a polari-
ton laser and a polariton amplifier operating up to room
temperature [26]. Indeed, room-temperature polaritonics
requires robust polaritons involving excitons with a large
oscillator strength and a large binding energy, found either
in wide bandgap semiconductors or in organic materials
[27]. When large Rabi splittings are achieved in these
systems, a proper measurement and modeling of the dis-
persion of the eigenmodes is necessary, a much more diffi-
cult task than when dealing with standard semiconductors
(e.g., GaAs) and a vertical geometry [25,28]. Indeed, on
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the experimental side, the damping of the upper polariton
branch by the absorption of continuum states frequently
precludes its observation and the direct measurement of
the Rabi splitting between lower and upper polariton states
[29,30]; on the theoretical side, refractive index contribu-
tions from bound excitons, unbound scattering states, and
continuum states are a long-debated issue [31,32], which
becomes prominent when investigating wide bandgap
semiconductors and organic materials [33]. This is due to
the large corrections they introduce to the so-called back-
ground refractive index. The role of these contributions
was already evidenced in the dispersion of polaritons in
vertical microcavities based on wide bandgap materials
[27,34].

In general, the precise determination of the exciton-
photon coupling strength requires the identification of
the condition of zero detuning, where the energies of
the bare photon mode (without coupling to the excitons)
and of the exciton are equal. Extracting such a simple
condition from the experimental dispersions becomes a
challenging task due to the difficulty to answer the ques-
tion: what would be the dispersion of a bare waveguide
mode in a gedanken experiment where exciton oscilla-
tors would be “turned off” in the optical response of
the active layer? To answer this question, we measure
the polariton dispersions in a bulk GaN polariton waveg-
uide from low to room temperature and propose four
models to simulate them, extracting therefrom the model-
dependent exciton-photon coupling strengths. These mod-
els go from the most basic and most-frequently employed
coupled-oscillator models to more elaborate ones that
implement more accurate descriptions of the materials’
dielectric susceptibility. We compare and analyze critically
the very different estimates of the exciton-photon cou-
pling strength while fitting the same experimental polariton
dispersions.

II. SAMPLE

The structure schematically depicted in Fig. 1(a) has
been grown by molecular beam epitaxy on a Si(111) sub-
strate. The epitaxy of a thick (470 nm) AlN buffer at
high temperature (1000 ◦C) is followed by a 170-nm-thick
Al0.65Ga0.35N, before depositing the GaN waveguide core.
The AlN and Al0.65Ga0.35N cladding layers prevent the
overlap between the waveguide photonic mode and the Si
substrate, which would otherwise result in a strong absorp-
tion. The topmost surface of the GaN waveguide displays
a surface roughness as low as 1 nm rms, as illustrated in
Fig. 1(b). The typical thickness of the core GaN layer, mea-
sured in a scanning electron micrograph (SEM), is 100 nm.
The sample is almost crack-free, with a typical distance
between cracks of the order of several millimeters.

First-order grating couplers have been defined by elec-
tron beam lithography [Fig. 1(c)] using a negative-tone
hydrogen silsesquioxane (HSQ, flowable oxide) resist.
After HSQ resist development, the sample is baked under
an O2 atmosphere at 440 ◦C for 1 h to stabilize the HSQ
refractive index to a value of n ≈ 1.43 and reduce the
extinction coefficient to k < 10−4 around λ = 365 nm. The
HSQ thickness is about 80 nm after thermal cure. Each
grating spans over a 100 × 100 μm2 area, with the grating
grooves oriented parallel to the direction 〈11̄00〉.

Such a grating couples a wave propagating with a prop-
agation constant β parallel to the direction 〈112̄0〉 and an
energy E = �ω to an outcoupled light wave at an angle θ

according to the first-order diffraction condition

β = ω

c
sin(θ) ± 2π

�
. (1)

The grating period � has been chosen for an optimal out-
coupling perpendicular to the sample surface in the zero-
detuning regime [for the fundamental transverse-electric

(a) (b) (c)

FIG. 1. (a) Sample structure; β represents the propagation constant of the guided polaritons, and θ is the outcoupling angle.
(b) Atomic force microscopy (AFM) image of the top GaN surface (z scale 6 nm; rms roughness 0.8 nm). (c) SEM of the etched
diffraction grating.
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(TE0) mode]. A series of gratings with varying periods
from 140 to 170 nm by steps of 6 nm are fabricated, all of
them with a measured fill factor a/� = 0.43 ± 0.01, where
a is the width of each grating stripe.

The TE0 [respectively the fundamental transverse-
magnetic (TM0) mode] modal confinement factor is esti-
mated to be of 80% (respectively 65%) in the GaN guiding
core while the overlapping with the grating is typically
lower than 3%, leading to a relatively weak extraction loss.
The combination of a surface roughness of the order of 1
nm and a surface morphology made up of step-and-terrace
mounds with a diameter of the order of 1 μm or less,
results in propagation losses due to surface scattering [35]
estimated to 8 cm−1 at λ = 370 nm. Thus, this source of
loss should only dominate the absorption losses at strongly
negative detuning.

III. EXPERIMENTAL POLARITON DISPERSIONS

The polariton dispersions are measured through angle-
resolved microphotoluminescence under pulsed nonreso-
nant excitation (400 ps pulse width, 4 kHz repetition rate,
at 266 nm; approximately 30 μm defocused excitation
spot). The pulsed excitation allows for an efficient relax-
ation of the exciton reservoir towards the polariton branch.
The excitation density (typically 1 mJ cm−2 per pulse) is
comparable to the threshold for previously investigated
polariton lasers based on GaN microcavities [36–39], even
though lasing is not observed here due to the absence of
any cavity for the guided polaritons. It is also compa-
rable to the threshold of the recently demonstrated ZnO
waveguide polariton laser [26].

The photoluminescence is collected in a Fourier imaging
scheme: the back-focal plane of the microscope objective
(OFR LMU-20x, numerical aperture 0.40) is imaged onto
the entrance slit of the imaging spectrometer and spectrally
dispersed (0.1 nm resolution). The angle-resolved photo-
luminescence measured at T = 6 K for a grating period
� = 152 nm is presented in Fig. 2(a). We observe two
sets of dispersion curves for positive and negative val-
ues of the wavevector β along the z propagation axis, i.e.,
left- and right-propagating polaritons: β = E sin(θ)/hc ±
2π/� with positive and negative dispersion slopes E(θ).
The broad emission line around 3.5 eV does not present
any structure in Fourier space; it is attributed to localized
and donor-bound excitons.

In order to cover a broader range of wavevectors, we
present in Fig. 2(b) the dispersions measured as a function
of β for grating periods ranging from 152 to 170 nm. The
identification of the TE and TM modes is deduced from
polarization-resolved measurements. Let us underline that
the upper polariton branch, above the exciton energy, is
not observed in the experiments due to its strong damp-
ing by the absorption of the electron-hole band-to-band

Λ

Λ
(a)

(b)
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FIG. 2. (a) Angle-resolved photoluminescence (T = 6 K) of
the GaN waveguide diffracted at the grating (period � =
152 nm). (b) Experimental exciton-polariton dispersions of the
lower polariton branch extracted from three diffraction gratings,
whose periods are indicated in the inset table.

transitions, as discussed earlier for GaN and ZnO micro-
cavities [29,40]. The observed bending of the TE0 and
TM0 dispersions when approaching the exciton energy is
expected to be the signature of the strong-coupling regime
between the guided photon and the exciton modes, as will
be confirmed later in the discussion. The next section is
devoted to the quantitative analysis of these dispersions.
Note that the TE1 and TM1 modes, which are mostly
confined in the cladding layers, show a much smaller
bending.

IV. MODELING THE POLARITON DISPERSION

As discussed in a seminal work on polaritons in
microcavities [41], the coupled oscillator model provides a
simple implementation of the quantum theory of the
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exciton-photon interaction, leading to two coupled modes
separated by the Rabi splitting. On the other side, the
semiclassical theory is based on a calculation of the optical
response through the resolution of the Maxwell equations
with a nonlocal linear susceptibility of the active medium.
Both approaches provide a complementary understand-
ing of the strong coupling between excitons and pho-
tons. In the case of microcavities, the predicted split-
ting between polariton resonances depends on the probed
optical response (reflectivity, transmission, photolumines-
cence) and it is comparable but not equal to the Rabi
splitting deduced from quantum theory [41].

In the iconic case of a single GaAs quantum well in a
microcavity, the simple “Lorentzian excitonic” susceptibil-
ity provides a relevant description of the active layer, even
though all nonresonant contributions are approximated in
a frequency-independent background dielectric constant
[41]. This “Lorentzian excitonic” model is implemented in
most transfer-matrix simulations of organic and inorganic
semiconductor microcavities.

In this section the analysis of the measured polariton dis-
persions is investigated through four different approaches.
The two first models are commonly used in the polaritonics
literature to establish the strong-coupling regime in verti-
cal microcavities: the coupled oscillator model (model A)
on one side, and the semiclassical approach with a
“Lorentzian excitonic” susceptibility (model B) on the
other side. The discrepancy between the measured disper-
sions and these two standard models A and B lead us to
consider two more elaborate dielectric susceptibilities for
the GaN active layer: the so-called “Elliott-Tanguy” model
(model C) includes all contributions from bound and
unbound excitonic states in the dielectric susceptibility;
meanwhile, the “empirical” model (model D) implements
the respective contributions from bound excitonic transi-
tions and from all other transitions in the susceptibility
as deduced from spectroscopic ellipsometry measurements
performed at room temperature [42,43]. The fitting of the
polariton dispersions with each of the four models will be
performed from T = 6 K (Sec. IV) to T = 300 K (Sec. VI),
while the accuracy of the temperature-dependent suscep-
tibility of each model will be tested by comparing it to
the experimental ellipsometry measurements performed at
T = 300 K. Moreover, the TE and TM modes calculated
within isotropic and anisotropic susceptibilities will be fur-
ther compared. Finally, we contrast the four interpretive
frameworks and conclude by discussing the reliability and
accuracy of each.

A. Coupled oscillator model (model A)

Let us first compare the measured dispersions of the TE0
and TM0 modes with the coupled oscillator model. As dis-
cussed in Appendix A, the two optical polarizations can
be treated independently. Model A and model B excitons
couple to the bare TE0 mode; since they are closely lying,

E
xp

t.

:

FIG. 3. Model A: coupled oscillator modeling (plain lines) of
the TE0 (black) and TM0 (red) polariton dispersions; the experi-
mental dispersions are shown as squares. The corresponding bare
waveguide modes are indicated as dashed lines, and the exciton
energies as horizontal dotted lines. The green open circle indi-
cates the zero-detuning condition, and the green vertical segment
represents half of the exciton-photon coupling strength.

with a splitting much smaller than the expected Rabi
splitting, we consider them as a single excitonic oscillator.
The C exciton couples to the bare TM0 mode. For simplic-
ity, we do not consider here the coupling of the excitons
to higher-order optical modes (TE1, TM1, and beyond).
For each polarization, the coupling is therefore modeled
by a wavevector-dependent 2 × 2 Hamiltonian. Such an
approach can be generalized to a broader set of excitonic
and photonic modes [28].

We assume a linear dispersion of the bare photon mode
within the spectral range of interest. The exciton energies
are fixed from reflectivity measurements (see Appendix
A). Both calculated TE0 and TM0 polariton dispersions
are shown in Fig. 3. The fit over three parameters (the
two coefficients of the photon line and the exciton-photon
coupling strength) provides an estimate of the exciton-
photon coupling strength for the TE0 polariton mode:
�TE0

A = 150 ± 30 meV. The large uncertainty in �A results
from the large uncertainty in the group velocity of the bare
photon mode, thereby influencing the wavevector βA

δ0 =
43.3 ± 1 μm−1 that corresponds to zero detuning. The
same fitting procedure for the TM0 polariton mode leads to
�TM0

A = 150 ± 50 meV, the uncertainty being even larger
than for the TE0 mode because we do not access large
negative detunings in the angle-resolved PL experiments.

B. Waveguide modeling with a susceptibility based on
Lorentzian excitonic resonances (model B)

The standard approach when investigating the strong
coupling in a vertical microcavity consists in comparing
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the previous coupled oscillator model to transfer matrix
simulations [41], in which the photonic modes of the
microcavity and the dielectric susceptibility of the exci-
ton active layer (see Ref. [30] for GaN microcavities) are
both taken into account. The equivalent for the waveg-
uide geometry is the resolution of the guided modes in a
dielectric slab. Here we choose the resolution for the scalar
description of the electromagnetic field either in the TE
or in the TM polarization, therefore neglecting any TE-
TM coupling. The modes are calculated with CamFR®,
an open-source code implementing the vectorial eigen-
mode expansion method [44], under the approximation of
decoupled TE and TM eigenmodes (see Appendix A). This
is fully valid for the TE modes in the absence of cou-
pling between A, B, and C excitons. Meanwhile, this is an
approximation for the TM modes, since the electric field
of the TM modes may have a small component along the
sample plane, therefore coupling to the A and B excitons.
This is also an approximation for the TE mode if we take
into account the mixing of oscillator strengths of the A, B,
and C excitons, but this mixing is of the order of 1%, as dis-
cussed in Appendix A. We can therefore consider that the
scalar resolution of the waveguide eigenmodes is a relevant
approximation.

Following this approach with the effective background
dielectric constant as a free parameter, and considering a
typical oscillator strength of 40 000 meV2 for each A and
B excitons and 80 000 meV2 for the C exciton [43,45–48],
we compare the calculated and experimental polariton dis-
persions in Fig. 4(c). It is seen that the calculated polariton
dispersion fails to reproduce the experimental measure-
ment: (i) the experimental dispersion near the anticrossing
is not reproduced by the model; (ii) the dispersion at nega-
tive detunings is not fitted properly, and the corresponding
group velocity of the bare photon mode is 20% larger than
the measured one, even if we account for the dispersive
refractive index of the (Al, Ga)N and AlN cladding lay-
ers. The Rabi splitting extracted from this model is only
97 ± 10 meV, much smaller than the result of the coupled
oscillator model.

To unravel the origin of the discrepancy between
the experimental and calculated dispersions, for a thick
relaxed GaN layer at room temperature, we compare the
experimental complex dielectric susceptibility ε = ε1 +
iε2 to the “Lorentzian” one [Figs. 4(a) and 4(b)]. The
model susceptibility is chosen as the sum of three contribu-
tions: (i) the Sellmeier dispersive susceptibility associated
to the deep UV pole of GaN, at about 7 eV [49,50] (yellow
curve); (ii) an empirical rigid shift of ε1; (iii) the contribu-
tion of the excitonic Lorentzian oscillator to the dielectric
susceptibility (solid red curve). The calculated suscepti-
bility of the GaN material in the absence of the excitonic
resonance is the sum of the two first contributions (dashed
red line), and is used to calculate the bare guided mode
dispersion in Fig. 4(c).

(a)

(b)

(c)

E
xp

t.

:

without

FIG. 4. Model B based on the nonlocal susceptibility of a
single Lorentzian excitonic resonance. (a) Real part and (b) imag-
inary part of the GaN dielectric susceptibility (in-plane light
polarization, TE mode, T = 300 K): black square, solid lines
represent ellipsometry measurements; (red) single Lorentzian
oscillator accounting for both A and B excitonic transitions
[including a deep UV Sellmeier pole and a constant shift (+ cst)];
(orange) electron-hole band-to-band (e-h) contribution to the
absorption. (c) Calculated polariton dispersions (solid lines) of
the TE0 (black) and TM0 (red) modes. The experimental disper-
sions are shown as squares. The corresponding bare waveguide
modes are represented with dashed lines, and the exciton energies
with horizontal dotted lines.

The resulting dielectric susceptibility appears to be a
very rough approximation of the experimental one since
the obtained complex susceptibility fails to account for
three important features: (i) the amplitude of the peak in ε1
near the exciton energy is underestimated; (ii) the strong
dispersion of ε1 below the bandgap, in the 3.0–3.3 eV
spectral range, is not reproduced; (iii) the very strong
above-bandgap absorption of GaN, where ε2 reaches a
value of about 2, is absent in the model. These three fea-
tures are strongly related since the steplike increase of ε2
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translates in a strong peak and a long low energy tail for ε1
through Kramers-Kronig relations.

C. Waveguide modeling with the Elliott-Tanguy
dielectric susceptibility (model C)

This discrepancy was analytically solved by C. Tanguy,
based on the Elliott model of the absorption of excitons
and their diffusion states [31], in two different cases: the
3D exciton in a bulk semiconductor [32], as in the present
work, and the 2D exciton in a quantum well [51], as
in most polaritonic studies. Let us first emphasize that
the simple band-to-band absorption, with a (

√
E − EG)/E

dependence in the case of a 3D electron and hole density
of states [orange curve for ε2 in Fig. 4(b)], underesti-
mates the experimental absorption near the band edge;
this evidences the importance of Sommerfeld corrections
related to the electron-hole plasma absorption edge, as
calculated by Elliott [31]. The corresponding ε2 is pre-
sented in Figs. 5(a) and 5(b) (dark green curve), with a
homogeneous broadening (20 meV at T = 300 K) and an
inhomogeneous broadening σ = 10 meV. It reproduces
the Heaviside-like absorption edge, plus the contribu-
tion of the excitons as a broadened peak when Coulomb
interaction is taken into account. Following the work of
C. Tanguy and accounting for the same inhomogeneous
broadening, we derive the dispersion of ε1. No additional
constant is required for this approach and good agree-
ment with the experimental spectroscopic ellipsometry is
obtained below the bandgap up to the band edge; a slight
discrepancy is observed above the bandgap, since ε2 is still
slightly underestimated.

A major interest of the so-called “Elliott-Tanguy” model
presented in Figs. 5(a) and 5(b) is the possibility to calcu-
late the complex dielectric susceptibility in the presence
(dark green curve) and in the absence of Coulomb interac-
tion (light green curve), in the limit of a vanishing Rydberg
energy for the exciton as discussed in Ref. [32]. This last
curve presents a marked peak at the band edge at 3.45 eV
that is solely related to the band-to-band absorption of GaN
(no excitons) [52].

This susceptibility is used to calculate the dispersion of
the bare photon modes of the waveguide within the same
CamFR simulation as in the previous section. The corre-
sponding calculated dispersions for the polariton modes
are presented in Fig. 5. In order to properly fit the experi-
mental dispersions of all TE modes, the oscillator strength
of the A, B excitons has been weighted by a factor of
0.95, and the strength of the UV pole at 7 eV has been
slightly increased by a factor of 1.04. The GaN thickness
is adjusted to eGaN = 96 nm, very close from the actual
thickness (100 nm) measured on SEM images. The fit of
the polariton dispersions is correct for the modes con-
fined in GaN (TE0) as well as in the (Al, Ga)N cladding
layer (TE1), thus showing that the refractive index and the
waveguide thickness are independently determined. The

(a)

(b)

(c)

E
xp

t.

corrections
interaction

:

FIG. 5. Model C based on the Elliott-Tanguy susceptibility.
(a) Real part and (b) imaginary part of the GaN dielectric sus-
ceptibility (in-plane light polarization, TE mode, T = 300 K):
black square, solid lines represent ellipsometry measurements;
Elliott-Tanguy model (including the same deep UV pole as in
Fig. 4) with (dark green) and without (light green) Coulomb
interaction. (c) Calculated dispersions (solid lines) of the TE0
(black), TM0 (red), TE1 (green), and TM1 (blue) eigenmodes
based on the Elliott-Tanguy model of the dielectric suscepti-
bility, and compared to the experimental dispersions (squares).
The corresponding bare waveguide modes are represented with
dashed lines, and the exciton energies with horizontal dotted
lines.

mode profiles are shown in Appendix B. Note that, even
in the absence of excitons, ε1 displays a marked peak
near the band edge, which leads to a strong bending of
the dispersion of the bare waveguide modes. The zero-
detuning condition (δ = 0 meV) is therefore realized at
a wavevector larger than that of the coupled oscillator
model, βC

δ0 = 45.1 ± 0.5 μm−1 instead of βA
δ0 = 43.3 ±

1 μm−1, leading to a smaller value of the exciton-photon
coupling �TE0

C = 82 ± 10 meV. The uncertainty is esti-
mated by varying the background refractive index, the
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exciton oscillator strength, and the GaN thickness in the
fitting procedure.

D. Empirical dielectric susceptibility from
ellipsometry (model D)

We have already highlighted that the extraction (or
derivation) of a dielectric susceptibility of the GaN layer
in the absence of excitons is a critical input for the cal-
culation of the dispersion of the bare photon modes and,
as a consequence, for the deduction of the exciton-photon
coupling strength that relates the semiclassical approach to
the Rabi splitting obtained in quantum theory. We propose
here another approach where we assume that the suscep-
tibility measured by spectroscopic ellipsometry [Figs. 6(a)
and 6(b), black line, T = 300 K] is accounting reliably for
the excitonic transitions as well as for all other contribu-
tions to the background dielectric response of the GaN
layer. Starting from the experimental susceptibility, the
contribution of excitons to the dielectric constant is mathe-
matically subtracted from the experimental data by consid-
ering excitons as classical harmonic oscillators. Only A and
B excitons in their fundamental (n = 1) and excited states
(up to n = 4) are considered. An overall broadening of 23
meV is chosen for an optimal substraction of the excitonic
contribution to the whole dielectric constant. The energies
of A and B excitons are adjusted to fit the absorption front
of ε2 located just below the bandgap energy (3432 meV at
300 K). With all the excitonic parameters being determined
through this procedure, the corresponding contribution
of the exciton to ε1 is subtracted from the experimental
data. Finally, the complex dielectric constant without the
excitonic contributions is deduced initially at room temper-
ature, and it is then obtained at all temperatures by shifting
the energies, following the temperature dependence of
the bandgap. The susceptibility at 300 K is presented in
Figs. 6(a) and 6(b). This approach provides a third estimate
of the GaN susceptibility in the absence of excitons.

The corresponding polariton dispersions are presented
in Fig. 6. The main change compared to the Elliott-Tanguy
model concerns the red shift of the band-edge resonance
for the TE0 mode in the absence of excitons. This leads
to an even larger wavevector for the zero-detuning condi-
tion (βD

δ0 = 45.8 ± 0.5 μm−1), and a much smaller Rabi
splitting �TE0

D = 55 ± 6 meV.

E. Comparison of the four models

From the above discussion, the choice of the proper
model for the dielectric susceptibility of the GaN active
layer without excitons has a major impact on the deter-
mination of the exciton-photon coupling strength. The
deduction of a single figure of merit of the strong-coupling
regime—the Rabi splitting corresponding to the coupled
oscillator quantum theory—is hiding a large part of the
complexity of the electronic excitations in the active layer,

(a)

(b)

(c)

With excitons
Without excitons

E
xp

t.

:

FIG. 6. Model D based on the empirical susceptibility. (a) Real
part and (b) imaginary part of the GaN dielectric susceptibil-
ity (in-plane light polarization, TE mode, T = 300 K): black
square, solid lines represent ellipsometry measurements; sus-
ceptibility without excitons (light blue) as the substraction of
the experimental measurement and the Lorentzian oscillators.
(c) Calculated polariton dispersions (solid lines) of the TE0
(black) and TM0 (red) modes, compared to the experimental
dispersions (squares). The corresponding bare waveguide modes
are represented with dashed lines, and the exciton energies with
horizontal dotted lines.

and of the related dielectric susceptibility. From a practi-
cal point of view, good quantitative agreement between
the experimental and simulated dispersions is not sufficient
to secure a reliable estimation of the Rabi splitting. This
is due to (i) the large oscillator strength of optical transi-
tions in GaN, which leads to a strong absorption from the
excitons as well as from the unbound electron-hole pairs (a
constant background value for ε1 is too rough an approx-
imation); and (ii) the polariton Rabi splitting being larger
than the exciton binding energy, with the peak observed
in the dielectric susceptibility in the absence of excitons
lying in the same energy range as the bare photon mode at
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the zero-detuning condition. The simultaneous fulfilment
of these two conditions is not specific to bulk GaN polari-
ton devices and should also apply to ZnO, (In, Ga)N/GaN
quantum wells, and to some perovskites, transition metal
dichalcogenides, and organic materials commonly used as
active layers in room-temperature polaritonic devices.

Within the four proposed calculation schemes, the cou-
pled oscillator model (A) clearly overestimates the cou-
pling strength; model B with an almost constant group
velocity for the bare photon mode and a single X1s
Lorentzian oscillator is not able to fit the whole disper-
sion and slightly overestimates the coupling strength. The
empirical susceptibility based on ellipsometry (model D)
provides the most conservative estimate of the Rabi split-
ting (55 ± 6 meV); finally, the Elliott-Tanguy model (C)
proposes a fully analytical expression for the susceptibil-
ity and leads to a intermediate value of 82 ± 10 meV.
We shall discuss here the discrepancy between models B,
C, and D, which provide incompatible values of the cou-
pling strength: it is known from Ref. [41] that, for a given
set of exciton and photon energies, the splitting between
transmission dips in a microcavity strongly depends on the
value of the damping parameters for the photon mode (i.e.,
the mirror reflectivity) and the exciton mode (i.e., the exci-
ton homogeneous broadening). Here these two parameters
are part of the modeled dielectric susceptibilities through
the absorption of the continuum (controlling the lifetime
of the bare photon) and the broadening of the excitonic
oscillators. The damping of the bare photon mode strongly
varies among the models B, C, and D. Our attempt to per-
form reverse engineering of the dielectric susceptibility
in the absence of excitons is based on two very different
sets of assumptions in models B-D, leading to very dif-
ferent values of the wavevector βδ0 at the zero-detuning
condition, and of the splitting between the bare photon
mode and the polariton mode at the zero-detuning condi-
tion. The discrepancy can therefore not be resolved. While
all models do clearly assess the realization of the strong-
coupling regime in the investigated GaN bulk waveguides,
the actual value of the Rabi splitting is strongly model
dependent; as a single physical quantity, it cannot hold for
all the features of the coupling of the optical modes to the
excitonic active layer in a regime where the Rabi splitting
is larger than the excitonic binding energy, and where the
exciton oscillator strength cannot be considered as a per-
turbation of the dielectric response of the active layer (in
particular for ε2).

V. GENERAL CONSIDERATIONS ON THE
ANISOTROPIC OPTICAL CHARACTER OF THE
GaN ACTIVE REGION: TE AND TM POLARITON

MODES

The previous calculations were performed as if the GaN
bulk material were isotropic. As detailed in Appendix A,

(a)
at

at

(b)

FIG. 7. (a) Experimental dispersions (filled squares) of the
TE0 eigenmodes as a function of the sample temperature. The fit
by the Elliott-Tanguy model is shown as solid lines with the same
colors. The energies of the XA exciton are plotted with dashed
horizontal lines; the gray open circles indicate the zero-detuning
condition for each temperature, and the gray vertical segments
represent the exciton-photon coupling strength �R/2. (b) The
corresponding values of �R are presented for the TE0 and TM0
modes (blue and green symbols), as well as the fitted value for
the coupled oscillator model (gray) and the empirical dielectric
susceptibility (orange).

in the case of a GaN waveguide grown along the c axis
and taking into account the estimated strain of the GaN-
on-Si layer, pure selection rules (i.e., without mixing) are
almost perfectly fulfilled: within a 1% accuracy A and B
excitons interact with the TE mode only and the C exci-
ton interacts with the TM mode only. The calculation of
the waveguide modes in TE and TM polarizations can be
thus decoupled [53]. The TE mode depends only on the
in-plane diagonal element of the dielectric tensor ε‖ and
the calculation is strictly the same as in the isotropic case.
The propagation equation related to the TM mode depends
on the out-of-plane diagonal element of the dielectric ten-
sor ε⊥ and on the ratio ε‖/ε⊥. Indeed, the continuity of
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FIG. 8. Profiles of the (a) refractive index and (b) intensity of
the first two TE modes (model C, T = 6 K, E = 3.487 eV).

the magnetic fields at the interfaces also involves ε‖. With-
out considering the excitonic resonances that are connected
with optical selection rules, the ratio ε‖/ε⊥ is chosen in
accordance with Ref. [49].

The deduced Rabi splitting for the TM0 mode based on
the Elliott-Tanguy susceptibility (model C) and the empir-
ical dielectric susceptibility (model D) are respectively
worth 79 and 56 meV. Note that they are almost equal to
those of the TE0 mode, which is consistent with the fact
that the sum of A and B exciton oscillator strengths equals
that of the C exciton.

VI. TEMPERATURE DEPENDENCE OF THE RABI
COUPLING

The experimental polariton dispersions have been mea-
sured as a function of the sample temperature from low up
to T = 300 K, as shown with filled squares in Fig. 7(a).
All dispersions are very similar, even though the exci-
ton energies (horizontal dashed lines) shift to the red as
the temperature is increased [54]. The fit by the Elliott-
Tanguy model is plotted with solid lines: the homogeneous
linewidth is increased from 5 to 20 meV from T = 6 to
300 K, [30,55] while the weight of the exciton contribu-
tion to the susceptibility is decreased from 0.95 to 0.75
to properly reproduce the measured dispersions; in order
to properly fit the photonic part of the dispersions at low
wavevectors, it is also required to modify the weight of the
Sellmeier deep UV pole by about 10% from low to room

temperature. All other fitting parameters are kept constant
across this set of temperature-dependent modeling.

The corresponding values of the Rabi splitting for
the waveguide polaritons are presented in Fig. 7(b). We
include the values deduced from the coupled oscillator
model, the Elliott-Tanguy model, and the empirical model.
The Rabi splitting decreases by about 11% for the TE0
mode, from 82 to 73 meV for the Elliott-Tanguy case,
and by 16% for the TM0 mode, revealing that the strong-
coupling regime is maintained up to room temperature.
Within the ellipsometry-based model D, the decrease of the
Rabi splitting is also small (typically 5%). Overall, all the
models assess the robustness of the strong-coupling regime
up to room temperature.

VII. CONCLUSION

The dispersion of polaritons propagating in a bulk GaN
waveguide is measured from 6 K to room temperature, and
exhibits a strong negative dispersion coefficient that is a
signature of the strong-coupling regime.

The analysis of the experimental dispersions is per-
formed through four models of the exciton-photon cou-
pling corresponding to quantum theory (model A) and
semiclassical theory (models B-D), assuming various
dielectric susceptibilities for the active layer. We introduce
two elaborate models leading to estimates of the exciton-
photon Rabi splitting for TE0 modes of 55 ± 6 meV in an
empirical approach based on ellipsometry measurements,
and 82 ± 10 meV in the analytical model, the so-called
“Elliott-Tanguy” model. We show that, whereas all mod-
els can quantitatively fit the experimental dispersions, they
result in very different values of the exciton-photon cou-
pling strengths. This complexity is related to two proper-
ties of the GaN active layer: the exciton binding energy
is smaller than the coupling strength, and the background
dielectric constant cannot be considered as frequency inde-
pendent, even at large negative detunings, due to the large
absorption above the bandgap. It appears that these two
features are common to many materials chosen for their
robust strong coupling up to room temperature. A strong
bending of the dispersion in such polaritonic waveguides is
not definitive proof of the strong-coupling regime. Interest-
ingly, the proposed Elliott-Tanguy model can be adapted
to polaritonic devices embedding such active layers with
a large oscillator strength, including ZnO, (In, Ga)N/GaN
quantum wells, and some perovskites, transition metal
dichalcogenides, and organic materials, therefore revisit-
ing the determination of the Rabi splitting in those systems.
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APPENDIX A: EXCITON ENERGIES AND
BROADENINGS

Let us discuss the chosen exciton energy levels of the
bulk GaN active layer, which are the same for all the four
models. Because of polarization-dependent selection rules,
the TE0 mode is coupled to the A and B excitons. The
energy of exciton A is known from a reflectivity exper-
iment performed on a GaN-on-Si sample with a similar
thickness: EXA = 3.527 eV. If we assume a biaxial strain
for the GaN layer, this corresponds to a deformation ε =
−1.3%, leading to a B exciton energy EXB = 3.537 eV and
a C exciton energy EXC = 3.594 eV [45,56]. It should be
mentioned that this deformation induces almost pure polar-
ization selection rules, since the C exciton transfers only
1.1% of its mainly x polarized (along the growth axis, i.e.,
TM) oscillator strength to the y and z polarizations (in
plane, i.e., TE), whereas the A and B excitons transfer the
corresponding oscillator strength from the x and y polariza-
tions to the z polarization. This small deviation from purely
polarized A, B, C excitonic transitions is not included in the
presented coupled oscillator model, but is accounted for in
Sec. IV C.

The comparison between the experimental and model
dielectric susceptibilities are based on room-temperature
spectroscopic ellipsometry and reflectivity experiments
performed on a series of thick GaN epilayers grown
on silicon substrates, following the procedure detailed in
Refs. [42,43].

The dielectric susceptibility presented in Figs. 4–6 is
measured and modeled at T = 300 K while the polari-
ton dispersion is measured at T = 6 K. Thus, to translate
our modeling down to low temperature, the temperature
dependence of the GaN refractive index has been taken
into account through the Varshni law for energy shifts, and
a temperature-dependent homogeneous linewidth for the
excitonic states has been considered (5 meV at T = 6 K).

APPENDIX B: MODE PROFILES

The dielectric structure of the GaN waveguide and the
calculated eigenmodes is presented in Fig. 8 for an opti-
cal wave propagating at the energy corresponding to the
zero-detuning condition of Fig. 5 (model C, T = 6 K,
E = 3.487 eV). The TE0 mode is mostly confined in
the GaN active layer (84%), whereas the TE1 mode is
mostly guided in the cladding layers [4% in GaN, 57% in
(Al, Ga)N, and 35% in AlN].
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