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We study the influence of optical selection rules and po-
larization splittings on properties of exciton polaritons
in a planar AlGaAs waveguide containing embedded
GaAs quantum wells. We demonstrate that TE and TM
modes couple differently with light- and heavy-hole
quantum well excitons, which leads to distinct polar-
ization splittings of the resulting polariton modes. The
experimental data are in good agreement with model-
ing based on theoretical data for the optical selection
rules for quantum well excitons. © 2018 Optical Society of

America

http://dx.doi.org/10.1364/ao.XX.XXXXXX

Polaritons, hybrid light- matter particles arising from strong
coupling of light to material excitations such as excitons, repre-
sent a unique laboratory for studying a broad variety of quan-
tum and collective phenomena [1]. The very small effective
mass of polaritons, inherited from their photonic component,
combines with strong interparticle interactions stemming from
their excitonic component and favor such phenomena as non- or
quasi-equilibrium Bose-Einstein condensation [2–6], Berezinskii-
Kosterlitz-Thouless phase transitions [7], superfluid-like behav-

ior [8, 9], and formation of vortices [10, 11]. The giant χ(3)

effective optical nonlinearity enables generation of amplitude
squeezed light [17] or antibunched polariton emission [18] as
well as spontaneous polygon pattern formation [12] and dissipa-
tive and conservative bright and dark polariton solitons[13–16].
All these phenomena occur at very low quasiparticle densities.

A number of important properties of polaritons are related
to their spin degree of freedom, which is directly related to the
polarization of the emitted light. For zero in-plane momentum
polaritons with a positive spin projection on the structure growth
axis correspond to right circular polarized photons, while polari-
tons with negative spin projection correspond to left circular po-
larized photons. For non-zero in-plane momentum these states
become mixed and the true eigenstates of the non-interacting

system are TE and TM linearly polarized states [19]. Moreover,
polariton- polariton interactions are strongly spin dependent,
which leads to such effects as polarization multistability and
bistability [20, 21], vector solitons, and polariton spin switching
[22]. There are also theoretical proposals to utilize the polariton
polarization degree of freedom in ultrafast optical logic gates
operating with polarization domain walls or vector solitons [23].

Up to the present, research has focused nearly exclusively
on polaritons in semiconductor microcavities (MCs), which are
Fabry-Perot resonators consisting of high reflectivity Bragg mir-
rors with quantum wells embedded at an antinode of the cavity
mode. Recently, however, alternative systems have been ex-
plored. Strong coupling between excitons and Bloch-surface
waves [24], Tamm plasmon polaritons [25] and photonic modes
in slab waveguides [26] have been demonstrated. In the lat-
ter system polaritons are confined by total internal reflection
and propagate with high in-plane momentum and group veloc-
ity (30-60 µm/ps), an order of magnitude greater than in MCs.
Combined with the ease of patterning this makes waveguide po-
lariton systems very favorable for the development of ultrafast
optical signal processing devices, where light can be controlled
by light [27]. In MC systems the TE-TM photonic splitting is
usually small, on the order of 0.1 meV. In the thin single mode
waveguides studied in [26], by contrast, this splitting is of the
order of 10’s of meV and so polariton states form predominantly
in only the TE or TM polarization. This means that rich physics
associated with interaction- induced polarization mixing cannot
be addressed in such thin polariton waveguide structures.

In this paper we investigate formation of polariton states in
slab waveguides with thickness of order 1µm, where the TE-TM
splitting is on the order of 1 meV [28]. Such splitting is compara-
ble to the interaction energy (blueshift) in polariton condensates
and solitons, which paves the way towards the study of spin-
dependent phenomena in high speed interacting polariton fluids
and to the development of ultrafast active polariton spin devices.
Note that the value of the TE- TM splitting strongly depends on
the thickness of a waveguide [29], and can be tuned over a wide
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range of desired values by varying the thickness of the slab.
The reason for the dependence on thickness is as follows. The

resonance condition for a waveguide mode is that the round-
trip phase accumulated during propagation, kzt where t is the
thickness, plus the phase φ arising from reflection at the two
interfaces is an integer multiple of 2π. Here φ is the sum of the
phase angles of the Fresnel reflection coefficients at the two inter-
faces. The TE-TM splitting arises from the difference φTE − φTM

and is fixed for a fixed mode index neff = kx/k0 where kx is the
propagation constant (in-plane momentum) of the guided mode,
k0 = 2π/λ and λ is the free-space wavelength. As t increases,
keeping neff fixed, the importance of the φ contribution relative
to kzt becomes less and so the TE-TM splitting reduces.

To demonstrate formation of polariton states in a thick slab
waveguide we used a planar asymmetric total internal reflection
waveguide with a single quantum well (QW) embedded in the
core layer. Sample T699 was grown by molecular beam epitaxy
and contains a 930 nm thick Al0.03Ga0.97As core between the vac-
uum and a 960 nm thick Al0.3Ga0.7As lower cladding. A single
14 nm GaAs QW is located in the center of the core (Fig. 1, a).

To couple light into the waveguide a grating coupler was
etched on the surface using argon ion beam etching in an Oxford
IonFab300 Plus system. The PMMA mask for the grating was
prepared using electron-beam lithography in a Zeiss Crossbeam
1540XB microscope equipped with ELPHY Plus external scan
generator. The coupler consisted of a 300 × 300 µm array of
grooves with 150 nm width, period 245 nm, and 100 nm depth,
as revealed by scanning electron microscopy (Fig. 1, c). The
sample was cleaved along a GaAs crystallographic plane to
create a facet through which light could be collected from the
waveguide. The input grating coupler was positioned 80 µm
away from the cleaved facet.

The sample was mounted in a closed-cycle helium cryostat
and kept at 10 K during the experiments. The grating coupler
was illuminated by a tunable diode laser (Sacher Lynx). The
laser beam was passed through an intensity stabilizer, Glan
prism and λ/2 waveplate, allowing control of its intensity and
linear polarization, before being focused to a 200 µm spot on the
grating coupler using a 150 mm lens. In order to scan the in-
cidence angle ϕ a parallel translation of the laser beam across
the focusing lens was implemented by the refraction in a ro-
tating parallel-sided glass plate. Beam translation before the
lens corresponds to varying ϕ at the focal point. At the QW
exciton resonance wavelength and for the chosen grating period
light close to normal incidence is coupled to the guided mode
by first order diffraction.

Coupled light propagated through the waveguide and was
collected from the sample edge before being refocusing onto a
photomultiplier. Fast scanning of the incident angle ϕ in the
range −20...+20◦ combined with slow scanning of the laser pho-
ton energy E from 1.49 eV to 1.57 eV made it possible to measure
the dispersion (dependence of the waveguide transmission spec-
trum on the incidence angle) for all three waveguide modes and
both HH and LH exciton resonances in the QW.

Reflection spectroscopy of sample at 8 K revealed pro-
nounced heavy hole (HH-exc) (EHH = 1.526 eV) and light hole
(LH-exc) (ELH = 1.530 eV) exciton resonances (Fig. 2(b)). Be-
side the excitonic resonances, waveguide transmission measure-
ments at energies well below the excitons revealed maxima
corresponding to the three electromagnetic modes. The waveg-
uide is expected to support two even (#0 and #2) modes and one
odd (#1) mode having an antinode and a node at the position of
the QW layer respectively (see Fig. 1(b)). All the photon modes

Fig. 1. (a) Experimental geometry. The guided mode is excited
using the diffraction grating coupler, and is collected from
the sample edge. (b) Electric field distribution of three TE-
polarized modes (#0, #1 and #2) in the waveguide. (c) Electron
microscope image of a section of the grating coupler reveals
the 150 nm width and 100 nm depth of the stripes.

have nearly the same group velocity ∂E
∂kx

, but they have differ-

ent TE/TM polarization splittings. Mode #0 has the smallest
TE-TM splitting of just 0.6 meV. The TE-TM splitting increases
to 2.2 meV and 4 meV for the higher order modes #1 and #2
respectively.

TE-TM splitting increases as the mode number increases. For
modes far above cutoff the light propagates at an angle θ ≈ 90◦

(e.g. parallel to the interfaces - see Fig. 1) and cos θ ≈ 0 so that
the Fresnel coefficients for TE and TM modes are approximately
equal and there is very little splitting. Higher order modes
propagate at steeper angles θ leading to an increasing difference
in φTE and φTM and increasing splitting. This occurs as long as
neff is much larger than the index of at least one of the cladding
materials, which is always the case here because of the large
index contrast between GaAs and air.

The spectral (angular) FWHM of the modes was around

1 meV (0.2◦) so that the quality factor is better than Q = ∆λ
λ ≈

1800 (Fig. 2(b)). The measured linewidth is mostly determined
by the photon loss rate due to coupling to the free space modes
in the grating region. The high measured Q-factor is supported
by the observation of light propagation in the waveguide at
millimeter distances for wavelengths away from the exciton
resonances.

Fig. 2 shows the waveguide transmission spectrum as a func-
tion of incidence angle on the grating for TE-polarized light, for
photon energies near the exciton resonances and wavenumbers
in the vicinity of mode #0. The spectrum reveals an anticrossing
of the photon mode with both the LH-exc and HH-exc character-
istic of the expected behavior for strong light-matter coupling.
Three polariton branches are formed. Light-matter coupling is
accompanied by the attenuation of the transmitted intensity for
energies close to the exciton resonances. Simultaneously, the
FWHM of the polariton branches reduces to 0.2 meV indicating
low inhomogeneous broadening of the exciton resonances. The
spectral peaks were fitted by Gaussian functions and the angle-
energy dependence (polariton dispersions) are depicted for the
different modes and two polarizations in Fig. 3.
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Fig. 2. (a) Waveguide transmission spectra as a function of in-
cident angle ϕ or x component of the wave vector kx for mode
#0 and TE polarization. Intensity is shown on a logarithmic
color scale. Photon and exciton modes (white dashed), best fit
to a coupled oscillator model (red dashed). (b) Reflection spec-
tra in TM polarization and ϕ = 74◦ (blue) and transmission
spectra in TE polarization at ϕ = 16◦ (red).

Table 1. Experimentally determined Rabi splittings Ω, meV for
even photonic modes and HH-exc and LH-exc transitions.

Mode #0 Mode #2

Polarization HH LH HH LH

TE (in-plane) 3.1 1.8 2.5 1.6

TM (nearly normal) 0 3.6 0 2.8

To provide a fit to the experimentally measured polariton
dispersions we use a model of three coupled oscillators, one
corresponding to the photon mode and two others to the HH and
LH-excitons respectively (see the red dashed curves in Fig. 2).
The corresponding secular equation reduces to the following 3rd
order algebraic equation:

Eph(ϕ)− Epol(ϕ) =
Ω

2
HH

4
(

EHH − Epol(ϕ)
) +

Ω
2
LH

4
(

ELH − Epol(ϕ)
) ,

(1)
where ΩHH and ΩLH are respectively the Rabi-splittings for
HH-exc and LH-exc, ϕ is the angle of incidence on the grating
coupler, Eph(ϕ) is the dispersion of the photon mode and Epol(ϕ)
is the polariton dispersion. The Rabi splittings extracted from
the fits to the the experimental data are shown in Table 1.

For the odd mode, #1, no strong coupling is observed for ei-
ther exciton resonance in either polarization. This is as expected
since the QW is located at a node of the electromagnetic field.
Nevertheless a slight attenuation and hint of a small splitting
(around 1 meV) could be seen around the LH-exc in the TM-
polarization. This may be due to the slight shift of the field
node from the center of the core layer due to the asymmetry
introduced by the different cladding refractive indexes on either

Fig. 3. Dispersion of the modes of a planar waveguide with
a single quantum well placed in the middle of a core layer.
Experimental data are shown by colored markers, dashed lines
represent fit by the anticrossing model. Note the absence of
strong coupling between TM-modes and HH-exc.

side of the structure.

Our experimental data are in agreement with well known
polarization dependent selection rules for HH and LH-exciton
transitions in GaAs/AlGaAs QWs [30]. We see that switching
from TE- to TM-polarization leads to the disappearance of the
strong coupling for the HH-exc resonance whereas the coupling
to the LH-exc reaches its maximum (see Fig. 3) which is fully
in accord with the expected qualitative trend. Quantitatively,
the ratios between the observed values of Rabi splittings Ω

correspond well to those predicted by the oscillator strengths f
of the transitions. Our experimental oscillator strength ratios are
compared to those expected theoretically in Table 2 where we use
Ω ∝

√

f (following [37]). The values of the Rabi splittings for
different modes and polarizations vary from 1.6 to 3.6 meV. This
is smaller than the 5-6 meV observed in [26] for TE-polarized
polaritons in a 135 nm-thick AlGaAs/GaAs waveguide with a
10 nm In0.04Ga0.96As/GaAs single QW as the active region. The
difference is due to the greater thickness of the waveguide used
in the present work which reduces the spatial overlap of photon
and exciton fields in the growth direction.

In conclusion, we have studied polarization-resolved polari-
ton dispersions in a thick planar AlGaAs total internal reflection
waveguide with a thin GaAs QW embedded inside the core layer.
We have demonstrated the strong influence of the polarization
dependent optical selection rules and the TE-TM splitting of
the waveguide modes on the properties of propagating polari-
tons. Despite the reduced Rabi splitting the very narrow HH
and LH exciton linewidths in the GaAs QW of this work lead to
well resolved narrow polariton modes. This property, as well
as the small values of TE-TM splitting (TE-TM splitting for LH
exciton polaritons decreases with increasing exciton fraction),
may enable the study of interesting spin-dependent quantum
fluid phenomena and applications (vector dark and bright soli-
tons, polarization dependent switching etc) in such high speed
waveguide polariton systems.
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Table 2. Optical selection rules for QW excitons represented
as oscillator strength of the corresponding transition divided
by the oscillator strength of HH transition in TE polarization.
Theoretical values are taken from [30], experimental values are
extracted from the Table 1 with use of the formula Ω ∼

√

f by
division of squared values of corresponding Rabi splittings.

Polarization HH-exc LH-exc

TE, theory 1 1
3

TE, mode #0 1 0.34

TE, mode #2 1 0.4

TM, theory 0 (forbidden) 4
3

TM, mode #0 0 1.34

TM, mode #2 0 1.25
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