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Transition from a microcavity exciton polariton to a photon laser

H. Cao, S. Pau,* J. M. Jacobson,† G. Björk,‡ and Y. Yamamoto§

ERATO Quantum Fluctuation Project, E. L. Ginzton Laboratory, Stanford University, Stanford, California 94305

A. Imamoğlu
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In a previous paper@Phys. Rev. A54, R1789~1996!#, we reported the observation of a laserlike transition
in a single GaAs quantum well microcavity and gave the interpretation as spontaneous buildup of coherent
exciton-polariton population via stimulated polariton-phonon emission. In this Brief Report, we present new
experimental data and correct our previous interpretation for the microcavity polariton system at high density.
We observe a continuous transition from a microcavity polariton emission to a bare photon laser. This con-
clusion is based on the measurements of the angular resolved photoluminescence, linewidth, and intensity of
the lasing line as well as the reflection spectrum under cw pumping.@S1050-2947~97!07606-3#

PACS number~s!: 42.55.2f, 71.35.2y, 71.36.1c
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Two well-known phenomena arising from Bose statist
are ~1! Bose-Einstein condensation~BEC! of massive
bosonic particles~such as rubidium and sodium atoms!, and
~2! stimulated emission of massless photons from incohe
nonequilibrium ~inverted! reservoirs, i.e., lasers. There a
proposals for the intermediate concept such as atom la
@2# and exciton lasers@3#, i.e., stimulated emission of mas
sive bosonic particles from nonequilibrium reservo
~matter-wave ‘‘lasers’’!.

When quantum well excitons strongly couple with
electromagnetic field in a microcavity, the coupled excito
photon system forms new dressed states called the micro
ity exciton-polaritons. Due to their light mass compared w
bare exciton mass, microcavity exciton polaritons have
large de Broglie wavelength (lB57 mm! at 4 K. This can be
compared with that of bare excitons (lB50.07mm! at 4 K
and the exciton Bohr radius (aB;0.02 mm!. At density
where the center-of-mass wave function of the individ
quasiparticle have appreciable overlap, it is expected
quantum statistical effects, such as stimulated emission i
exciton-polariton laser, would play an important role. Thu
for the microcavity polariton, these effects emerge w
much smaller densities than a bare exciton. In a previ
paper@1#, we reported a laserlike transition in a GaAs sing
quantum well~SQW! microcavity and gave an interpretatio
based on the exciton-polariton laser. In this Brief Report,
take back our previous interpretation by presenting ad
tional experimental studies. The GaAs SQW microcav
system makes a transition from the exciton polaritons i
strong-coupling regime to a bare photon in a weak-coup
regime before the laserlike transition occurs. That is,

*Present address: Max Planck Institut, HeisenbergstraXe 1, 70569
Stuttgart, Germany.
†Present address: Media Lab, MIT, Cambridge, MA 02139.
‡Present address: Department of Electronics, KTH Electrum 2

S-16440 Kista, Sweden.
§Y. Y. is also affiliated with NTT Basic Research Laboratorie

Atsugishi, Kanagawa, Japan.
551050-2947/97/55~6!/4632~4!/$10.00
s

nt

rs

-
v-

a

l
at
an
,

s

e
i-
y
a
g
e

final-state stimulation of exciton polaritons loses the com
tition against the exciton bleaching. We will describe belo
the details of our experimental evidences for the conclus

Our sample, grown by molecular beam epitaxy, cons
of a single 20 nm GaAs quantum well~QW! in a half-
wavelength distributed Bragg reflector~DBR! cavity. The
cavity buffer layer is tapered along one direction so that
cavity resonant frequency varies with sample position. T
sample was cooled down to 4.2 K in a liquid helium cryost
To avoid time-dependent effects, a cw Ti:sapphire laser,
erating at 767 nm, was used as the pump. It was focused
30 mm spot on the sample. The cavity emission into t
normal direction was measured by a spectrometer. A w
probe beam from a mode-locked Ti:sapphire laser, opera
at 810 nm, was incident onto the central part of the pu
spot on the sample. The reflected probe beam was guide
a spectrometer.

We measured the cavity emission and the probe reflec
as we increased the pump power. The sample position
chosen where the cavity photon energy is close to the Q
heavy-hole~HH! exciton energy. Figure 1~a! shows the re-
flection spectra of the probe at different pump power. T
QW exciton density corresponding to 1 mW pump power
about 23109 cm22. At low pump power, the strong cou
pling of both QW HH exciton and LH exciton to the cavit
photon state results in three exciton-polariton states, co
sponding to the three dips in the reflection spectrum. As
pump power increases, the exciton-polariton peaks
broadened, and the normal mode splitting also redu
slightly. Eventually at high enough power, the system ma
a continuous transition to the weak-coupling regime, and
reflection spectrum has only one dip which corresponds
the bare cavity photon mode. Figure 1~b! shows the emission
spectra taken simultaneously at the corresponding pu
powers. At low pump power, the emission spectrum featu
two HH exciton-polariton peaks. The slight blue shift of th
exciton-polariton frequency in the reflection spectrum
compared with the emission spectrum is due to the 5° in
dent angle of the probe beam. As the pump power increa
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FIG. 1. ~a! The reflection spectra of the prob
at different incident pump powers.~b! The cavity
emission spectra at the pump powers correspo
ing to ~a!. Two reflection spectra at low and hig
pump power also shown for comparison.
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a third peak emerges in between the two exciton-polar
peaks, and its intensity grows nonlinearly. By compar
with the reflection spectrum, the third emission peak appe
at the wavelength which approaches to the cavity pho
mode. Therefore, it indicates that the system starts lasin
the cavity photon mode. Due to the nonuniform spatial d
tribution of the light intensity over the pump spot, the pro
reflection spectrum changes from a single cavity pho
mode to three exciton-polariton modes as we move the pr
spot from the pump spot center to its edge. This indicates
excitons are saturated in the central part of the pump s
but not in the edge. In the emission spectrum, the lasing
is from the center of the pump spot, and lower HH excit
polariton peak is from the edge of the pump spot. This w
confirmed by the fact that the lower HH exciton polarito
emission intensity was suppressed significantly when
measured the emission only from the central part of
pump spot@4#.

We also measured the cavity emission spectra at diffe
directions and pump powers. Figure 2~a! shows the energie
of the two HH exciton-polaritons as a function ofki at low
pump power. From the second derivative of their angle d
persion curves atki50, we deduced the effective mass of t
HH exciton polaritons are 1.7mph and 3.0mph , respectively,
wheremph is the cavity bare photon mass. Note that t
exciton polaritons at an exact anticrossing point should h
the effective mass of 2mph . This indicates that the cavity
photon energy is slightly blue shifted with respect to the H
exciton energy. Figure 2~b! shows the angle dispersio
curves of the lasing line and the lower HH exciton polarit
at high pump power. The effective mass of the lasing line
very close to the bare cavity photon mass, which confir
the bare photon nature of the lasing line. The slight decre
in the lower polariton effective mass may be due to the b
shift of the HH exciton energy.

Figure 3~a! shows the linewidth of the lasing line and th
lower HH exciton-polariton peak as a function of emissi
angle at high pump power. The linewidth of the lower H
exciton-polariton peak increases aski increases, because e
citons with largerki not only radiatively decay but also rela
down to the smallerki states by acoustic phonon emissio
n
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FIG. 2. ~a! The energies of the two HH exciton polaritons as
function of ki at an incident pump power of 2.3 mW.~b! The
energies of the lasing line~closed circle! and the lower HH exciton
polariton ~cross! as a function ofki at an incident pump power of
120 mW.
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FIG. 3. ~a! The linewidth of the lasing line~closed circle! and
the lower HH exciton-polariton peak~cross! as a function of the
emission angle~in the air! at an incident pump power of 120 mW
~b! The integrated intensity of the lasing line~closed circle! and the
lower HH exciton-polariton peak~cross! as a function of the emis
sion angle~in the air! at an incident pump power of 120 mW.
However, the linewidth of the lasing line is almost indepe
dent of the emission angle, which is a characteristic o
photon laser. The intensity of the lasing line drops rapidly
the emission angle increases, as shown in Fig. 3~b!. The half
angle of the emission lobe is about 8° in the air, which
close to the divergence angle of the cavity bare photon m
as determined by the cavityQ value @5#. Therefore, the mi-
crocavity system indeed behaves like a photon laser at h
pump power.

We have repeated our experiment at other sample p
tions and observed similar lasing phenomena. Although
different sample positions the cavity-exciton detuning is d
ferent, and, hence, the effective mass of the exciton pol
tons varies a lot, the lasing line features a universal effec
mass, which is the bare cavity photon mass. As an exam
Fig. 4 shows the data taken at another sample position. F
the evolution of the cavity emission spectra as a function
the pump power, it seems that no additional emission p
emerges, and the intensity of the middle exciton polari
grows nonlinearly. This looks like a spontaneous buildup
the polariton population, which might be originated from t
stimulated generation of coherent exciton polaritons throu
phonon scattering process@1#. However, the simultaneou
measurement of the reflection spectra shows that, as
pump power increases, the QW excitons become satur
and the exciton polaritons eventually disappear. At h
pump power, the reflection spectrum shows only the b
cavity photon mode, which is very close to the wavelength
the middle exciton polariton.

In conclusion, we observe a continuous transition direc
from the exciton-polariton emission to the bare photon la
without going through the intermediate phase of the excit
polariton laser@3#. This suggests that in our sample the si
of the polariton center of mass wave function is mu
i-
-

er
FIG. 4. At a different sample position,~a! the
reflection spectra of the probe at different inc
dent pump powers.~b! The cavity emission spec
tra at the pump powers corresponding to~a!. Two
reflection spectra at low and high pump pow
also shown for comparison.
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smaller than the polariton thermal de Broglie wavelen
~calculated using the measured quasiparticle mass! due to the
exciton localization caused by the QW interface roughn
and impurities. The reduction of the actual size of the po
iton wave function along the QW plane increases
P.
h

s
r-
e

exciton- polariton laser threshold density to above the ex
ton saturation density.
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