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Abstract—The dependence of the spectra of the polarized photoluminescence of excitons in microcavities
under conditions of three-dimensional quantization on the optical-excitation intensity is investigated.
The cascade relaxation of polaritons between quantized states of a polariton Bose condensate is observed.
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1. INTRODUCTION

Bose liquids represent an example of a new and
peculiar state of matter, a quantum liquid. They pos-
sess a number of unusual properties, such as superflu-
idity, the formation of quantum vortices, and the mac-
roscopic coherence of particle motion. Unfortunately,
liquid helium is an almost unique example of a Bose
liquid existing in nature. Thus, finding other examples
of the Bose-condensed state of matter is an attractive
goal. Recently, the Bose condensation of rubidium
atoms was observed [1]. However, this was attained
under rather extreme conditions, i.e., at ultralow tem-
peratures in magnetic traps. The system of excitons in
a semiconductor is a good candidate for observing
Bose condensation. Excitons are bosons and their
effective mass is low, which suggests that exciton con-
densation can be observed at readily obtainable tem-
peratures. Exciton polaritons, i.e., mixed exciton—
photon states in microcavities, are quasiparticles
whose Bose condensation can be observed still more
easily. Their mass is even lower than that of excitons,
and polariton Bose condensation may, in principle, be
observed even at room temperature [2]. However,
there are complicating factors: first, polaritons live for
a rather short time which may not be enough for them
to thermalize, and second, Bose condensation in a
two-dimensional system is, as a matter of fact, impos-
sible. The first difficulty cannot be overcome, and we
have to be content with nonequilibrium condensation
[3]. To overcome the second difficulty, polariton con-
densation in cavities with three-dimensional quantum
confinement is studied [4].

2. RESULTS AND DISCUSSION

Here, we study the dependence of the spectra of the
polarized photoluminescence of microcavities with
the three-dimensional quantum confinement of
polaritons on the optical-excitation intensity. The
structures under study represented mesas fabricated
from microcavity structures. The microcavity con-
sisted of a 5A/2 GaAs layer clad between two Bragg
mirrors formed by 32 AlAs/Al, sGa, ¢sAs layers. Four
quantum wells were embedded in the microcavity at
locations of electromagnetic-field antinodes. A set of
mesas measuring from 1 to 40 pm in diameter was fab-
ricated from these microcavities. The microcavity
quality factor was as high as 20000. The microcavities
featured a strong exciton—photon coupling mode, the
Rabi splitting being on the order of 10 meV. The pho-
toluminescence was excited by 100-fs-long pulses of a
Ti:sapphire laser with a repetition rate of 100 MHz.
The excitation photon energy was 1.62 eV, which cor-
responds, on the one hand, to the transparency region
of Bragg mirrors and, on the other hand, to the trans-
parency region of AlGaAs barrier layers. The photolu-
minescence was excited and collected using a micro-
scope; the beam diameter was 1.5 pm. Radiation emit-
ted from the sample within an angle of 90° was
collected.

In the linear mode at low excitation intensities
(i.e., below 2 mW/cm?), the photoluminescence spec-
trum of the mesas represents a rather broad band span-
ning from 1.530 to 1.550 eV almost independently of
the mesa diameter. When the excitation intensity
exceeds some threshold value (i.e., upon the transition
to the nonlinear mode), a single narrow peak witha full
width at half-maximum smaller than 0.5 meV appears
on the short-wavelength tail of this band (see Fig. 1a).
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The intensity of this peak first grows very rapidly
(superlinearly) with increasing excitation intensity
and then stabilizes. With a further increase in the exci-
tation intensity, other peaks appear successively in the
short-wavelength region. The number and energy
spacing of these peaks depend on the lateral size of the
mesa. For example, only one line was observed in 40-
pm-diameter mesas, while up to six lines were
observed in S-pum-diameter mesas (Fig. 1b). The
intensity of these lines increases superlinearly with
excitation intensity. Evidently, these narrow lines are
related to the lateral quantization of exciton polaritons
in the mesas. The polariton nature of the narrow pho-
toluminescence lines is confirmed by the dependence
of the degree of circular polarization of the emitted
light on the magnetic field which is characteristic of
excitons.

At the same time, the nature of the broad photolu-
minescence band looks enigmatic. Indeed, in small
mesas (a few micrometers in diameter), all polariton
states should be laterally quantized and manifest
themselves only as a series of narrow lines independent
of the excitation intensity.

We believe that the occurrence of the broad photo-
luminescence band in the linear mode is caused by the
fact that the Q factor of the lateral modes of the micro-
cavities is very low. Indeed, the reflection coefficient of
the lateral side of a mesa is less than 30%; i.e., the pho-
ton lifetime in a mesa is about 0.05 ps, which corre-
sponds to a decay rate of the photon mode of 20 meV.
In the linear mode, the photoluminescence spectrum
features a band with a width of about 20 meV and a
peak located at 1.539 eV. This corresponds to emission
from the bottom of the polariton band (see Fig. 2),
since radiation in this mode propagates perpendicu-
larly to the main surface of the mesa and losses are
minimal.

At high excitation intensities in the nonlinear
mode, where gain is sufficiently high and compensates
for the losses caused by radiation output through the
lateral walls of the mesa, the normal modes of the
three-dimensional cavity manifest themselves.

Observation of the cavity normal modes gives no
indication of whether the exciton—photon coupling in
the microcavity is weak or strong. To address this issue,
we examined the temperature dependence of the pho-
toluminescence spectra.

Figure 2a shows the photoluminescence spectra at
different temperatures. As the temperature increases,
all spectral lines shift to lower energies. This is to be
expected due to the temperature dependence of the
semiconductor band gap. However, the magnitude of
this shift is much smaller than the decrease in the band
gap itself. Since the energy levels of purely photon
modes should be temperature-independent, this result
implies that the observed features have a mixed exci-
ton—photon character; i.e., the modes have both exci-
ton and photon components.

According to Fig. 2a, apart from the long-wave-
length shift of the photoluminescence lines, an
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Fig. 1. Photoluminescence spectra of a 5-pm-diameter
mesa under optical excitation at 1.62 eV with an intensity

of (a) 5 and (b) 35 mW/cmz.

increase in the temperature brings about the appear-
ance of new lines in the spectrum that correspond to
ever higher-energy states of the lateral quantization of
polaritons. The largest number of lines is observed at
60 K. This makes it possible to establish rather reliably
the mutual arrangement of the photon and exciton
modes in the microcavity. The dispersion curves cal-
culated for the sample under study at a temperature of
5 K are shown in Fig. 2b. Dots show the normal modes
of the mesa. One can see that the calculated mode
energies and the positions of the peaks in the photolu-
minescence spectrum agree well with each other. As
the temperature increases, the detuning between the
photon and exciton modes changes, which, in turn,
leads to a change in the dispersion curve. The polari-
ton dispersion curves calculated for a temperature of
60 K are shown in Fig. 2¢c. One can see that the tem-
perature shift of the normal modes is much smaller
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Fig. 2. (a) Temperature dependence of the photoluminescence spectra of a 5S-um-diameter mesa; the excitation intensity is
7 mW/cm2 for all temperatures. (b) and (c) The dispersion curves of polaritons in this sample calculated for temperatures of 5 and

60 K, respectively; dots show the normal modes of the cavity.

than that of the exciton band and agrees well with the
observed spectral shifts. Thus, the temperature depen-
dence confirms that the exciton-mode energy is S meV
higher than the photon-mode energy.

The experimentally measured decay time of the
broad photoluminescence line in the linear mode is
about 100 ps. Such long decay is determined by the
decay time of the exciton population, since the life-
time of photons in the cavity is very short.

In the nonlinear mode, the photoluminescence
decay times for all of the observed lines are on the
order of a few tens of picoseconds, which is consider-
ably shorter than the typical decay times of purely
excitonic luminescence; this fact is also indicative of
the mixed exciton—photon character of these states.

Investigation of the photoluminescence kinetics
demonstrates that different peaks observed in the
spectrum exhibit different temporal behavior. Accord-
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Fig. 3. Temporal dependences of the photoluminescence
spectra of a 5-pum-diameter mesa.

ing to Fig. 3, these lines appear and decay in sequence
one after another. This fact indicates that the cascade
energy relaxation of polaritons between several quan-
tum-confined states of a polariton Bose condensate
takes place.

The longest-wavelength line both appears and dis-
appears in the spectrum later than any other line. Fur-
thermore, it exhibits the longest photoluminescence
decay kinetics on the order of 60 ps. We attribute this
line to the ground state of the polariton condensate.
The shortest-wavelength spectral line, whose energy
equals 1.5625 eV, has the lowest intensity and appears
later than the three longer-wavelength lines. The
appearance of this line may be related to the paramet-
ric scattering of polaritons. Indeed, at the spectral
position symmetric to this line on the energy scale with
respect to the relatively intense line at 1.557 eV there is
avery weak line at 1.5515 eV, located at the long-wave-
length tail of the intense line at 1.5525 eV. This weak
line does not correspond to any actual quantized
polariton state and originates from the parametric
scattering of polaritons [4, 5] taking place upon their
annihilation. In this process, one polariton occupying
the level at 1.557 eV is anihilated and another polari-
ton from the same level is excited to the level at
1.5625¢V; as a result, the emitted photon has an
energy equal to 1.5515 eV. Evidently, for such scatter-
ing to occur, polaritons must interact with each other
rather efficiently; i.e., they form a condensate. This
process is exactly analogous to so-called shake-up
processes in the recombination of trions [6]. The
occurrence of such processes also supports the sugges-
tion that the Bose condensation of exciton polaritons
under conditions of their lateral quantum confine-
ment takes place.
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The behavior of the longest-wavelength line of
quantized polaritons is rather remarkable. This line
appears in the spectrum at times when all other lines
have already disappeared and has a very long photolu-
minescence decay time approaching 60—80 ps. Evi-
dently, this line should correspond to the ground state
of the polariton condensate, when all polaritons have
time to thermalize to the lowest-energy state.

It was found that all lines in the photoluminescence
spectrum are linearly polarized. The degree of polar-
ization varies for different lines from 20 to 60%. The
direction of linear polarization also differs slightly for
different lines. The degree of this spontaneous polar-
ization is determined by the density of the polariton
condensate and correlates with the intensity of the
corresponding lines.

3. CONCLUSIONS

In the photoluminescence spectra of mesas fabri-
cated from microcavity structures, peaks related to
modes of the lateral quantization of polaritons have
been observed. The peaks show up in the nonlinear
mode upon exceeding some threshold level in the exci-
tation intensity and appear in sequence starting from
the longest-wavelength one. In the time-resolved
spectra, the photoluminescence peaks corresponding
to different modes disappear also one after another,
starting from the shortest-wavelength peak. The long-
est-wavelength peak is the last one to disappear. The
peak positions shift to lower energies with time; this
behavior reflects the weakening of the polariton—
polariton interaction with decreasing exciton concen-
tration. Satellites related to parametric scattering were
observed for some of the peaks.

ACKNOWLEDGMENTS

This study was supported in part by the Russian Foun-
dation for Basic Research; the Division of Physical Sci-
ences, Russian Academy of Sciences; St. Petersburg
State University (grant no. 11.37.646.2013); and the
Ministry of Education and Science of the Russian
Federation (grant no. 11.G34.31.0067).

REFERENCES

1. E. A. Cornell and K. E. Wieman, Usp. Fiz. Nauk 172,
1320 (2003).

2. A. Trichet, L. Sun, G. Pavlovic, N. A. Gippius,
G. Malpuech, W. Xie, Z. Chen, M. Richard, and Le Si
Dang, Phys. Rev. B 83, 041303 (2011).

3. A. Imamoglu, R. J. Ram, S. Pau, and Y. Yamamoto,
Phys. Rev. A 53, 4250 (1996).

4. M. Maragkou, A. J. D. Grundy, E. Wertz, A. Lemaitre,
I. Sagnes, P. Senellart, J. Bloch, and P. G. Lagoudakis,
Phys. Rev. B 81, 081307R (2010).

5. C. Ciuti, P. Schwwendimann, and A. Quattropani,
Semicond. Sci. Technol. 18, S279 (2004).

6. D. R. Yakovlev, V. P. Kochereshko, R. A. Suris,
H. Schenk, W. Ossau, A. Waag, G. Landwehr,
P. C. M. Christianen, and J. C. Maan, Phys. Rev. Lett.
79, 3974 (1997).

Translated by M. Skorikov



