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Polarization Dependence of Excitonic-Polariton Propagation in a GaAs Quantum-Well Waveguide

Kensuke Ogawa, Toshio Katsuyama, and Hitoshi Nakamura

Central Research Laboratory, Hitachi, Ltd., Kokubunji, Tokyo 185, Japan
(Received 10 October 1989)

Anisotropic propagation of excitonic polaritons in GaAs single-quantum-well waveguide structures is
evidenced by means of time-of-flight measurements. This anisotropy suggests that the depolarization
effect of two-dimensional excitons enhances the polariton propagation. The observed optical nonlinearity
of the group velocity supports the existence of polaritons and reflects the effect of a polariton-polariton

interaction on their propagation.

PACS numbers: 71.35.+z, 71.36.+c, 78.65.Fa

The coherent coupling between excitons in a semicon-
ductor crystal and the light field gives rise to a propaga-
tion of complex quasiparticles called excitonic polaritons
(EP’s) in the linear regime where the incident light
power is far below the onset of exciton-absorption satura-
tion.! Based on time-of-flight measurements at liquid-
helium temperature, the existence of EP’s has been
confirmed in bulk semiconductor crystals such as GaAs,?
CuCl,? and CdSe.* Large delay times in the propagation
of a picosecond laser pulse have been observed in the re-
gion resonant with excitonic absorption in these crystals,
and have been interpreted as a decrease in the group ve-
locity due to the EP dispersion.

For two-dimensional (2D) excitons in semiconductor
quantum wells, the time-of-flight measurements have
been performed at low temperature in a geometry where
the incident laser beam is perpendicular to the
quantum-well layers.® An increase in the propagation de-
lay time of a light pulse has been found slightly below
the photon energy resonant with the 2D quantum-well
excitons. In this geometry, however, 2D excitons have
no translational motion, and so the polariton dispersion
does not contribute to the observed time delay. By com-
parison with a theoretical estimate from the hole-burning
spectrum, the pulse distortion due to absorption satura-
tion of the excitons has been found to contribute to the
time delay.’

In the case of light propagating parallel to the quan-
tum well layers, on the other hand, translational motion
of 2D excitons is possible. The propagation of
quantum-well excitonic polaritons (QWEP’s) is thus al-
lowed along this direction. The effect of QWEP’s will be
stronger than that of EP’s in a bulk crystal because of
the enhancement of the oscillator strength of 2D exci-
tons.® Recently, time-of-flight measurements for 2D ex-
citons in a GaAs single quantum well were performed
with a picosecond laser pulse transmitted along the
quantum-well layer at low temperature.” The data
yielded a significant propagation time delay in the
exciton-absorption region and suggested a decrease in
the group velocity due to formation of QWEP’s. The po-
larization dependence of 2D exciton absorption has been

observed for linearly polarized light transmitted parallel
to a GaAs quantum well at room temperature.® This be-
havior reflects the optical anisotropy of heavy-hole (hh)
and light-hole (1h) excitons in the quantum well. On the
other hand, the optical anisotropy of QWEP’s has not
been observed. Such information is important for under-
standing the physics of excitonic polaritons in quantum-
confined low-dimensional systems.

In this Letter, the polarization dependence of pico-
second-laser-pulse propagation along a GaAs single-
quantum-well layer is investigated in the photon-energy
region resonant with 2D excitons at low temperature.
The propagation delay time of the laser pulse reaches a
maximum at a photon energy resonant with 2D excitons
and shows anisotropic behavior. This anisotropy is much
stronger than that of the absorption spectrum. Theoreti-
cal considerations for QWEP’s predict that QWEP prop-
agation is enhanced due to the depolarization effect with
a laser polarization perpendicular to the quantum-well
layer.® When the incident laser power is increased from
the linear regime to a level just above the onset of ab-
sorption saturation, the propagation delay time is re-
markably decreased, and a small amount of decrease in
exciton absorption is simultaneously observed. This
power dependence is opposite to that explained in terms
of pulse distortion.®

To propagate a laser pulse along the quantum-well
layer in the time-of-flight measurements, a sample hav-
ing a waveguide structure was grown by molecular-beam
epitaxy on an undoped GaAs substrate. The waveguide
core was comprised of a 50-A GaAs quantum well
sandwiched between 1.8-um superlattice layers. Each
superlattice consisted of 250 periods of 30-A GaAs and
40-A Alg3GagsAs. The cladding of the waveguide was
formed by a 1.0-um GaAs layer. Along the direction
perpendicular to the substrate surface, light fields were
confined in the core. The structure of the waveguide was
a leaky-type waveguide as reported previously.® The
length of the waveguide was 250 um.

Time-of-flight measurements were performed using a
picosecond dye-laser system and a streak camera.” The
laser pulses had a 5-ps duration and a 0.85-meV band-

796 © 1990 The American Physical Society



VOLUME 64, NUMBER 7

PHYSICAL REVIEW LETTERS

12 FEBRUARY 1990

width. The photon energy of the laser was tuned across
the absorption region of hh and lh excitons in the quan-
tum well between 1.605 and 1.670 eV. The laser beam
was divided into probe and reference beams. The probe
beam was focused into the sample mounted in an optical
cryostat and cooled to 6 K. The power and delay time of
the output probe pulse were compared to the reference
pulse, and thus the time-of-flight spectrum was obtained
as well as the absorption spectrum. The polarization
dependence was measured with two configurations of
linear polarization for the incident laser light. In the
transverse-electric (TE) polarization, the electric field of
the dye-laser pulse was parallel to the quantum-well lay-
er, while for the transverse-magnetic (TM) polarization,
the electric field was perpendicular to the quantum-well
layer.

The observed polarization dependence of the
excitonic-absorption spectrum in the quantum-well
waveguide at 6 K is displayed in Fig. 1. Here the in-
cident power density is 8.5%10 ~'° J/cm? for each pulse,
which is more than 1 order of magnitude less than that
required for the onset of absorption saturation.® By as-
suming an exponential tail for the background part, the
excitonic-absorption lines are obtained as the shaded sec-
tion for each polarization. In TE polarization, two ab-
sorption lines are observed. One of the two lines, the one
that lies at the lower photon energy, disappears in TM
polarization. On the other hand, the other line at the
higher photon energy grows larger in TM polarization.
This feature is qualitatively consistent with the optical
anisotropy of hh and lh excitons.® The line at the lower
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FIG. 1. Absorption spectrum of 2D excitons in a GaAs
single-quantum-well waveguide in TE (lower) and TM (upper)
polarizations at 6 K. Shaded areas correspond to the 2D exci-
ton absorption for each spectrum. The labels hh-ex and lh-ex
denote heavy-hole exciton and light-hole exciton, respectively.
Each vertical bar indicates the absorption coefficient ap=190
cm !

photon energy corresponds to a hh exciton. The line at
the higher photon energy is due to a lh exciton. The an-
isotropy of the lh exciton is weaker than that expected.
This weakness is due to polarization rotation by the
correlation between lh excitons in TE and TM polariza-
tion. '°

The absorption coefficient of the waveguide at the pho-
ton energy of the hh exciton absorption was measured as
a2p=190 cm ~! in the linear regime. The coefficient ag is
indicated in each part of Fig. 1. Subtracting the back-
ground, the coefficient apn..x for the hh exciton is 170
cm ~!. The value of annex is about 85% of that estimat-
ed for the room-temperature exciton absorption in GaAs
quantum wells.® This decrease in the coefficient reflects
the coherent propagation of the light pulse.

The time-of-flight spectrum in the exciton-absorption
region at 6 K is plotted for both polarizations in Fig. 2.
The delay time in TE polarization reaches a maximum
at a photon energy which is almost resonant with the hh
exciton absorption. The delay time is measured relative
to the time of flight of a probe pulse at a photon energy
far below the exciton absorption. The dispersion curves
of EP’s change drastically from photonlike to excitonlike
and vice versa in the energy region of the exciton absorp-
tion.! In general, the polariton group velocity is ob-
tained from the curvature of EP dispersion curves. So,
this gives a considerable change in the polariton group
velocity. The observed peak in the delay time is caused
by a decrease of the group velocity of the QWEP’s asso-
ciated with the hh exciton. The observed time delay can
be explained by a theoretical model based on the disper-
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FIG. 2. Delay time of probe pulse transmitted from the
waveguide sample at 6 K. The lower part corresponds to
delay-time spectra obtained in TE polarization, and the upper
part, in TM polarization.
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sion relations of the QWEP’s in the waveguide. Details
of the model will be presented elsewhere.

To derive the group velocity of QWEP’s in the wave-
guide, it should be noted that QWEP’s propagate as
guided waves. The strength of the polariton coupling is
determined by the filling factor® which corresponds to
the overlap between the exciton wave function and the
light field. The optical constants of QWEP’s, such as the
absorption coefficient and group velocity, must be divid-
ed by the filling factor for comparison with those of bulk
EP’s. From standard waveguide theory,!' it can be
shown that the mode profile of the light field is close to
Gaussian and so the filling factor is estimated to be
7.8x10 % The QWEP group velocity associated with
the hh exciton is observed to be 3.7 x 10* m/s which is al-
most 3 of the velocity of light in GaAs. In bulk
GaAs, the polariton group velocity has been reported to
be about zo of the velocity of light at 1.3 K.2 The ob-
served decrease in the group velocity of QWEP’s is due
to the influence of confinement on the oscillator strength
compared to the case of EP’s in bulk material.

The time delay due to the lh-exciton-associated
QWERP is almost zero in TE polarization. This is prob-
ably because the TE component of the lh-exciton oscilla-
tor strength is almost a quarter that of the hh exciton.
In TM polarization, however, a significant increase in
the delay time is observed at a photon energy resonant
with the lh-exciton absorption. The maximum delay
time is larger than that expected from the ratio of lh-
exciton oscillator strengths in TE and TM polarizations.
The polariton group velocity associated with the TM lh
exciton is 4.2x10% m/s. The light fields extend beyond
the narrow quantum-well layer while the exciton wave
function has an almost §-functional distribution in the
waveguide space in TM polarization, and so the physical
situation for QWEP propagation in TM polarization is
very different from that in TE polarization.

Theoretical estimates suggest that the dispersion rela-
tion of QWEP’s is strongly modified on account of the
existence of depolarization fields by the excitons in the
TM configuration.® The depolarization energy shift of
QWEP’s is expected from the theory® to be 12(ac./
Lw)ALT, where, acx, Lw, and ALt represent the Bohr ra-
dius of bulk exciton, the width of the quantum well, and
the longitudinal-transverse splitting of the bulk EP, re-
spectively. In the present sample, Ly =50 A, and the es-
timated depolarization shift is more than 2 meV using
the values'? acx=136 A and A1=0.086 meV. In the
absorption spectrum in Fig. 1, the shift is not apparent.
The reason is believed to be due to mixing between TE
and TM polarizations.'® The depolarization effect also
shifts the bottom of the parabolic dispersion of the lh ex-
citon from the I' point to a point with k=0, and the
QWEP group velocity becomes slower. This effect on
the group velocity is much larger than that on the energy
shift, and qualitatively explains the observed enhance-
ment of the group-velocity decrease in TM polarization.
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It may be argued that the decrease in the group veloci-
ty is due to a change in the refractive index. However,
an anomalous dispersion occurs in the spectral region of
the exciton resonance, which will cause an increase or at
most a negligible decrease in the group velocity.> Thus,
the influence of the refractive index on the observed
pulse delay is not considered significant.

When the incident power density is increased to
2.1x10 % J/cm? for each pulse, a drastic change of the
pulse delay time is found in the spectral region of the ex-
citon absorption. This power density is just above the
onset of the absorption saturation.® Figure 3 shows an
example of the power dependence of the absorption spec-
trum and the time of flight for the QWEP associated
with the hh exciton in TE polarization. The intensity of
the hh-exciton-absorption line decreases when the laser
power increases. The amount of this saturation is ap-
proximately 20% of the intensity of the line measured in
the linear regime. However, the pulse propagation delay
time is decreased to half that in the linear regime; thus,
the group velocity increases by a factor of 2. Such a ten-
dency is quite opposite to that of saturation absorption.
According to the relation, vg & 1/ — Aaex, Which applies
to absorption saturation,® the light group velocity v,
should decrease as the amount of the saturation
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FIG. 3. Power dependences of the absorption spectrum and
the delay time due to QWEP propagation for the hh exciton in
TE polarization at 6 K. Incident power density for the index
LOW is 8.5x101° J/cmzpulse, and that for the index HIGH
is 2.1x10 "% J/cm?pulse. Vertical bars are for indicating ao as
in Fig. 1.
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(—Aaey) increases. The observed increase in the group
velocity is caused not by saturation but by nonlinearity
of the QWEP’s. The higher incident power generates a
larger QWEP population. Because of an interaction be-
tween QWEP’s, scattering of QWEP’s becomes large
when the population is increased. The scattering weak-
ens the coupling between the exciton and the photon, and
the QWEP dispersion becomes more photonlike. Similar
nonlinearity is observed for QWEP’s associated with the
1h exciton.

In conclusion, experimental observations of excitonic
polaritons in a GaAs single-quantum-well waveguide
have been made by time-of-flight measurements. The
polariton group velocity associated with the heavy-hole
exciton is 3.7x10* m/s, while that associated with the
light-hole exciton is 4.2x10* m/s. The polariton effect is
significantly enhanced in the configuration of incident
polarization perpendicular to the quantum well. The po-
lariton group velocity has been found to increase with in-
cident power because of polariton scattering.
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FIG. 1. Absorption spectrum of 2D excitons in a GaAs
single-quantum-well waveguide in TE (lower) and TM (upper)
polarizations at 6 K. Shaded areas correspond to the 2D exci-
ton absorption for each spectrum. The labels hh-ex and lh-ex
denote heavy-hole exciton and light-hole exciton, respectively.
Each vertical bar indicates the absorption coefficient ap=190
cm ',
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FIG. 3. Power dependences of the absorption spectrum and
the delay time due to QWEP propagation for the hh exciton in
TE polarization at 6 K. Incident power density for the index
LOW is 8.5x10 ~'° J/cm?pulse, and that for the index HIGH
is 2.1x107® J/cm?pulse. Vertical bars are for indicating ao as
in Fig. 1.



