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Transition from strong to weak coupling and the onset of lasing in semiconductor microcavities
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Angular-dependent emission spectra are investigated in a strongly coupled InGaAs-GaAs-AlAs-based semi-
conductor microcavity as a function of excitation intensity and of detuning between the uncoupled exciton and
photon modes. Under conditions of nonresonant excitation, it is shown that the onset of stimulated emission
always occurs in the weak coupling regime. Angular-dependent studies show that the transition to weak
coupling occurs when the linewidth of highk excitons becomes of the order of the normal mode splitting of the
exciton-polariton coupled modes. We conclude that, under nonresonant excitation, ‘‘polariton lasing,’’ where
stimulated polariton scattering followed by photon emission occurs in the strong coupling regime, is only likely
to be achieved in systems with larger exciton binding energy than in GaAs-based structures or possibly also in
GaAs microcavities containing excess concentrations of free electrons. The experimental results below thresh-
old are found to be in good agreement with numerical solution of Boltzmann kinetic equations for the photo-
excited polariton distribution.
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I. INTRODUCTION

Semiconductor microcavities permit the control of the
teractions between quantum well excitons and cav
confined photons. Most importantly the resulting excito
photon coupled modes~exciton-polaritons! exhibit novel
features possessed by neither excitons nor photons alone1 Of
particular interest for the present work, the density of sta
in the strongly coupled polariton region is very small,
order 1024 of that of the excitons. As a result it is expecte
to be very much easier than in bulk materials to achieve s
occupancies exceeding unity, and thus to achieve final s
stimulation of scattering from the high density of photoc
ated excitons in the exciton reservoir into thek'0 light-
emitting polariton states@see schematic diagram in Fig
1~a!#. The k'0 states have significant photon character a
are rapidly transformed into external photons, on time sca
determined by the photon lifetime in the cavity, of ord
1–10 ps in high finesse cavities. We have recently repo
the observation of such stimulated polariton scattering2–4

arising from the bosonic character of the polariton quasip
ticles, in resonant excitation conditions where polaritons
injected directly into the lower polariton dispersion curve,
the point of inflection of the lower polariton branch@see Fig.
1~b!#. Such resonant excitation permits direct population
the low density of states, strongly coupled polariton regi
and allows state occupancies greater than one to be achie
at total injected densities two to three orders of magnitu
below the densities at which exciton screening, and the
of strong coupling occurs.

The purpose of the present paper is to investigate whe
stimulated scattering can be achieved under conditions
nonresonant excitation in GaAs-based microcavities, sim
to the conditions under which a real semiconductor dev
0163-1829/2002/65~20!/205310~9!/$20.00 65 2053
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under electrical injection may be expected to operate.5 Under
nonresonant conditions, excitons are injected at ener
above the stop band of the Bragg mirrors of the microcav
The excitons relax rapidly by LO phonon emission to pop
late the exciton reservoir, from where, at low density, th
emit acoustic phonons in times of order 1nsec, before es
ing from the cavity on time scales of;1 ps by photon
leakage through the Bragg mirrors@see schematic in Fig
1~a!#. The relatively slow relaxation compared to the ve
fast escape leads to the formation of a relaxation bottlen
for the polaritons for negative detunings,6–9 with strongly
depleted lowk states compared to the states in the resona
regime, and in the exciton reservoir@Fig. 1~a!#. The occur-
rence of the bottleneck inhibits very strongly the achiev
ment of high state occupancies in the neark50 region.
However, we have also shown that with increasing power
bottleneck can be suppressed by exciton-exciton scatte
from the highk states towardsk50, whilst at the same time
remaining in the strong coupling regime.6

In the present paper, we investigate the modification
the bottleneck, and the onset of stimulated emission i
series of nonresonantly excited photoluminescence exp
ments on a GaAs-based microcavity. A wide range of ne
tive detunings, the energy separation between the uncou
excitons and photons, is investigated to study the influe
of the exciton/photon character of the lowk states on~a! the
transition from strong to weak coupling,~b! the strength of
the bottleneck and whether it can be suppressed, and~c! the
onset and character of strongly nonlinear, stimulated em
sion. Most importantly angular dependent studies are e
ployed to provide a stringent test of whether there is dep
ture from strong coupling at high excitation intensity. It
found that in typical GaAs-based microcavities, the onse
gain and strong line narrowing always corresponds to c
©2002 The American Physical Society10-1
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R. BUTTÉ et al. PHYSICAL REVIEW B 65 205310
ventional vertical cavity lasing in the weak coupling regim
From studies of the linewidths of the highk states it is shown
that the strong coupling is lost at exciton densities wh
give rise to broadening of the exciton lines of the order of
normal mode splitting of the polariton coupled modes.

An important feature of the present work is its focus
studies for negative detuning, where the uncoupled ca
mode lies to lower energy than the uncoupled excitons.
zero and positive detunings a relaxation bottleneck is
observed,6,7 probably due to effective disorder scatterin
from the uncoupled exciton levels, or possibly also beca
of efficient polariton scattering by residual free carriers.10 In
these cases, thek50 emission behaves in a very similar wa
to that of the uncoupled excitons, with sublinear increase
the k50 intensities with power, up to the threshold f
stimulated emission.11 By employing negative detuning, it i
likely that the photon character of thek50 states will be
more prominent, with greater probability of the desired
elastic scattering from the exciton reservoir, as oppose
direct elastic scattering from the tail of the exciton distrib
tion. We also present a theoretical model based on the B
zmann kinetic equations for exciton polaritons in tw

FIG. 1. ~a! Schematic diagram of microcavity dispersion in t
strong coupling regime for small negative detuning between
uncoupled exciton and cavity modes. Both uncoupled cavity pho
and exciton~dashed!, and the strongly coupled polariton mode
~thick! are shown. In the strong coupling regime, the states h
mixed exciton-photon character at lowk, whereas with increasingk,
the lower polariton states become increasingly excitonlike. Follo
ing nonresonant excitation, excitons relax by LO phonon emiss
into the reservoir. Competition between slow acoustic phonon
laxation and fast escape from the cavity leads to the formation
the relaxation bottleneck, with the size of the circles represen
schematically the polariton population as a function ofk. ~b! Lower
polariton branch dispersion on linear scale, for reference, show
resonant excitation at the point of inflection of the lower polarit
branch.
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dimensional reciprocal space to achieve a more profo
understanding of the physical mechanisms underlying
observed polariton distributions. Good semiquantitat
agreement between the theoretical results and the experim
tal data below threshold is obtained. Strong support for
key role of exciton-exciton scattering in determining the p
lariton distributions at densities below the screening thre
old is obtained.

As a result of the results presented we are able to prov
definitive answers to the question of whether ‘‘polariton la
ing’’ ~sometimes termed ‘‘boser’’ emission!12 can be
achieved in GaAs-based microcavities. This area has b
the subject of much controversy in the past with observat
of boser emission being claimed,13 and then retracted,14 and
furthermore being shown both theoretically and experim
tally to be due to lasing in the weak coupling regime~for a
sample with positive detuning!.15 The results presented her
are a major extension of our work in Ref. 6 where only o
small negative detuning was studied, and power dens
below the onset of strong nonlinear emission and line n
rowing were employed.

The paper is organized in the following way. Followin
this introduction, the sample and experimental setup are
scribed. This is followed in Sec. III A by presentation of th
spectra atk50 from well below to above the stimulatio
threshold, for three negative detunings exhibiting marke
different properties. In Sec. III B, the angular dependence
the spectra is presented over the full range of powers. S
tion III C presents the theoretical approach we use to
scribe the polariton dynamics in the strong-coupling regim
and then in Sec. III D the dispersion curves and polari
linewidths as a function ofk are described. From these re
sults, the variation of the polariton distribution with pow
and how it depends on detuning, and the transition fr
weak to strong coupling and its relation to the stimulati
threshold, are deduced. The impact of exciton-exciton s
tering on the polariton kinetics is revealed by comparison
the experimental data with the results of the theoreti
model. Finally in Sec. IV, the main conclusions are summ
rized.

II. EXPERIMENTAL DETAILS

The experiments were performed on a 3l/2 InGaAs/
GaAs/AlAs microcavity containing two pairs of thre
In0.06Ga0.94As quantum wells embedded at the antinodes
the optical field of the GaAs cavity. The cavity was su
rounded by 17 ~upper! and 20 ~lower! repeats of
Al0.13Ga0.87As/AlAs Bragg mirrors. The experiments wer
carried out in reflection geometry in a cold finger cryos
permitting wide angular access up to660°. Photolumines-
cence~PL! was excited by 1.59 eV cw radiation from a T
:sapphire laser focussed to a 25mm spot, collected with
angular resolution of 1° by a fiber mounted on a rotating r
and detected by a monochromator, nitrogen cooled C
combination. The spot size was measured directly by mov
a pinhole across the focal plane of the beam, and monito
the power transmitted. All the results presented here w
obtained at a sample temperature of 25 K~measured by a
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TRANSITION FROM STRONG TO WEAK COUPLING AND . . . PHYSICAL REVIEW B65 205310
FIG. 2. ~a!–~c! PL spectra measured atk50 as a function of power for detuningsD of 23, 28.7, and213.5 meV. In each case th
lowest spectrum is taken at 4 W/cm2. The onset of strong line narrowing occurs at 400, 800, and 1600 W/cm2, respectively, in~a!–~c!,
respectively.
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temperature sensor glued to the sample surface!, although
very similar results were obtained in the range 10 to 50

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Spectra detected atuÄ0, kÄ0. The transition from
spontaneous photoluminescence to stimulation

A series of spectra as a function of incident power
three negative detunings (D) between cavity and exciton
modes of23, 28.7, and213.5 meV is presented in Figs
2~a!, 2~b!, 2~c!, respectively~the lowest powers in each cas
are 4 W/cm2, and range up to 400, 1200, and 3200 W/c2

in Figs. 2~a!, 2~b!, 2~c!, respectively!. The powers quoted ar
estimated powers absorbed in the cavity, allowing for 50
attenuation in the Bragg mirrors and 50% absorption by
cavity. In each case, at low powers two PL peaks from
upper ~UPB! and lower ~LPB! polariton branches are ob
served, with the separation in energy between the peak
creasing with increasing detuning. With increasing pow
very little change in the form of the spectra is observed up
;40 W/cm2. Above such powers the UPB signal is o
served to broaden, followed by a small upshift of the LP
signal. Finally above threshold power densities of 400, 8
and 1600 W/cm2 in Figs. 2~a!, 2~b!, 2~c! respectively, very
strong line narrowing from the linewidths of 0.5 meV at lo
power to 0.2 meV limited by the spectrometer resolution16

accompanied by a strong nonlinear increase of intensit
observed.17 Up to the onset of the strong line narrowing, th
PL intensities increase superlinearly with power, as show
Fig. 3, as reported previously by Senellartet al.18 and by
Tartakovskiiet al.,6 consistent with increased population
the low k states by exciton-exciton pair scattering.6,9 How-
ever, the main interest of the present paper is the natur
the phenomena underlying the strong line narrowing and
much faster nonlinear increase of intensity observed at
highest powers in Figs. 2~a!, 2~b!, 2~c! and in Fig. 3.

B. Angular dependent studies: The bottleneck and variation
with power

In order to investigate the nonlinear behavior, and
transition from the phenomena occurring at low powers,
gular dependent measurements to probe the variation o
20531
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polariton populations as a function of in-plane wave vec
with increasing power were carried out. Angle resolved sp
tra at low power (4 W/cm2) well below threshold are pre
sented in Figs. 4~a!, 4~b!, 4~c! respectively, and at power
just above threshold in Figs. 4~d!, 4~e!, 4~f!. LPB populations
as a function of angle and hence in plane wave vector~k!
~sincek5v/c sinu) deduced from the results of Fig. 4 ar
shown in Fig. 5. The relative polariton populations are o
tained from the integrated PL intensities, following corre
tion for the photon fraction of the states as a function ofu, as
described previously in, e.g., Refs. 2 and 6. The main ef
of the correction for the photon fraction, relative to the ra
data in Fig. 4 is to increase the relative weight of the higk
points, since in all cases the photon fraction is a rapi
decreasing function ofk, as the states become increasing
excitonlike at highk.

We first consider the low power results of Figs. 4~a!–4~c!.
In each case the PL intensities increase with increasingu,
reach a maximum at angles close to resonance between
uncoupled exciton and cavity modes (16°, 25° and 28°
D523, 28.7, and213.5 meV, respectively!, and then de-
crease again to higher angle. The depletion of the lowk

FIG. 3. Integrated PL intensity versus power density forD523,
28.7, and213.5 meV. In each case an approximately quadra
variation is found, consistent with pair scattering from the reserv
to lower k states, up to the onset of strong line narrowing a
stimulated emission.
0-3
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FIG. 4. Angular dependent emission spectra at low powers of 4 W/cm2 for D523, 28.7, and213.5 meV in~a!–~c! and above
threshold in~d!–~f!. Ring emission arising from the relaxation bottleneck is observed at low power, with the maximum in intensity s
to higher angle with increasing negative detuning. Above threshold the PL shows the sharp stimulated peak atu50 in each case. AtD523
and 28.7 meV, the PL decreases in intensity with angle, showing that the bottleneck is suppressed, whereas at213.5 meV, the PL
maximum still occurs at finite angle even in the presence of the stimulation.
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states relative to those at higherk is a manifestation of the
relaxation bottleneck for polaritons,6–9 discussed in the In-
troduction, and shown schematically in Fig. 1~a!. We also
note that since the microcavities have two-dimensional
plane symmetry, the peaking of the PL intensities at a p
ticular nonzero value ofu corresponds to ring emission i
the two-dimensional plane~such two-dimensional PL image
under near resonant excitation are presented by Sav
et al.19!. It is also notable that when corrected for the phot
fraction of the states involved~Fig. 5!, the depletion of the
20531
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low k states is seen to be very pronounced, with populati
;5, 10, and 50 times smaller in Figs. 5~a!–5~c!, respectively
than those of the highk states. It is also important to not
that once the maximum populations as a function ofk are
reached in Fig. 5, the relative populations remain appro
mately independent ofk to higher k, as the states of the
exciton reservoir are approached.

At the powers above threshold, in Figs. 4~d!–4~f! the be-
havior is very different, with in each case the very sharp pe
of Fig. 2 occurring atk50. At D523 and28.7 meV, the
FIG. 5. ~a!–~c! Polariton populations, obtained from results of Fig. 4 forD523, 28.7, and213.5 meV as a function of angle~and
in-plane wave vector!. The bottleneck is suppressed well below threshold in~a!, only very close to threshold in~b!, whereas in~c! at D
5213.5 meV, the lowk states are still depleted relative to those at highk even above the stimulation threshold.
0-4
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TRANSITION FROM STRONG TO WEAK COUPLING AND . . . PHYSICAL REVIEW B65 205310
PL intensities now decrease with angle from low to highk,
whereas at213.5 meV, following the sharp peak atk50,
the PL intensity exhibits a secondary maximum at;22°.
The whole range of power dependent results, corrected
the photon fractions of the radiating states, are presente
Figs. 5~a!–5~c!. We consider each of the detunings in tur
since the behavior has significant differences with increas
detuning

~a! D523 meV. The depletion of the lowk states is
suppressed at incident powers of;40 W/cm2, as we re-
ported previously in Ref. 6 for a similar detuning. For high
powers thek50 signal becomes stronger than that at highk,
and then at 400 W/cm2 the sharp stimulated emission
observed.

~b! D528.7 meV. Similar behavior to that at
23 meV is seen, but the lowk depletion is only fully sup-
pressed at the onset of stimulated emission at 800 W/c2.

~c! D5213.5 meV. With increasing power, the bottle
neck shifts to lowerk by ;6°,20 but still with marked deple-
tion of the lowk states even at the onset of stimulated em
sion. Accompanying the shift of the distribution towar
lower k there is a corresponding relative depletion of t
high k states~also visible at28.7 meV detuning!.

Thus to summarize the observations of Figs. 4 and 5
marked relaxation bottleneck is observed for all the nega
detunings at low power. At zero detuning, not presented h
there is no bottleneck,6,7 probably because of efficient popu
lation of thek50 states by disorder scattering from the re
ervoir, or possibly also due to electron-exciton scattering10

With increasing power the bottleneck is fully suppressed
23 meV and very nearly at28.7 meV, before the onset o
stimulated emission, by polariton-polariton and polarito
exciton and exciton-exciton scattering from states at highk
to those at lowerk ~see next section!.21 At large negative
detuning, the bottleneck is never suppressed before the o
of stimulated emission, due to the low exciton fraction of t
low k states~at D5213.5 meV, the exciton fraction of th
k50 states is only 0.04!, and probably also because of th
larger energy loss required to populate the lowk states.

C. Numerical simulation of the polariton relaxation in the
strong coupling regime

In order to place the interpretation of the above results
a firm basis, the polariton relaxation dynamics were m
elled by solution of the Boltzmann equations for the pol
iton populationnk in two-dimensional reciprocal space

dnk

dt
5Pk2Gknk2nk(

k8
Wk→k8~nk811!

1~nk11!(
k8

Wk8→knk , ~1!

wherePk is the generation term describing optical pumpin
Gk is the recombination rate composed of both radiative
nonradiative components,Wk→k8 is the total scattering rate
between the statesk andk8. This scattering rate is compose
of two terms in our model, namely, polariton-acoustic ph
non scattering and polariton-polariton scattering. An imp
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tant assumption is that the generation term and, con
quently, the polariton distribution in reciprocal space ha
cylindrical symmetry at all times considered. This is cons
tent with the experimental configuration of nonresonant
citation far from the anticrossing region. Also, direct gene
tion of hot excitons by the incident laser pulse has be
assumed, thus neglecting the kinetics of exciton format
from electron-hole pairs. Elastic scattering due to structu
disorder is also neglected since it does not break the cy
drical symmetry of the system.

The recombination rateGk is defined as a function ofk in
the following way.22

~a! For polariton wave-vectors within the stop bandk
,ks), we assumeGk5ck /tc , whereck is the photon frac-
tion of the polariton andtc is the cavity photon lifetime~1.3
ps!. ks583106 m21 for our structure. In this region, exci
tons are strongly coupled with cavity-confined photons.

~b! For wave vectors outside the strong coupling regi
but within the ‘‘light cone’’ ~i.e., wave vectors less than tha
of the incident light in the medium,ks,k,klight) we assume
Gk5G0, with G0 the radiative decay rate of free QW exc
tons taken asG0

21516 ps.23 In this region of reciprocal
space, the QW excitons are weakly coupled with the c
tinuum of free photon modes. The lifetime taken for excito
in this region has very little effect on the overall polarito
dynamics.

~c! Outside the ‘‘light cone,’’ i.e., forklight,k, Gk51/te is
assumed, wherete is the exciton ~nonradiative! lifetime
taken to be;0.5 ns.23 In this region, the exciton reservoir
scattering processes to lowerk are needed in order for radia
tive recombination to occur. We calculate the polarito
acoustic phonon and polariton-polariton scattering rates
lowing Tassone,8,9 including scattering only within the
lower-polariton branch. We neglect in this model all spi
related effects, with the matrix element for exciton-excit
scattering calculated assuming parallel exciton spins.

Figure 6 shows the polariton population calculated
a function of emission angle from solution of Eq.~1! for
D523 meV ~a!, 28.7 meV ~b!, and 213.5 meV~c!, for
different values of the excitation power~to be compared with
the experimental data in Fig. 5!. Comparison of Figs. 6 and 5
shows that the main features of the experimental spectra
to ;100 W/cm2 are reproduced very well by the theory.24

The suppression of the bottleneck with increasing excitat
intensity at small negative detuning in Fig. 5~a! is seen
clearly in Fig. 6~a!, with good quantitative agreement be
tween theory and experiment for the power (30–40 W/cm2)
at which the bottleneck is suppressed being found.25 The
trend of weaker suppression of the bottleneck with incre
ing detuning in Figs. 5~b!, 5~c! is also found in Figs. 6~b!,
6~c! as the exciton fraction of the lowk states decreases
Furthermore, at large negative detuning, the shift of
maximum of the distribution in Fig. 5~c! to lower k with
power is also reproduced well in the theory of Fig. 6~c!. The
good overall agreement between theory and experiment
confirms the dominant role of exciton-exciton scattering p
cesses in controlling the dynamics of the cavity polarito
0-5
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FIG. 6. ~a!–~c! Polariton populations obtained from numerical solution of Eq.~1! for detunings of~a! 23, ~b! 528.7, and~c!
213.5 meV as a function of angle for a range of excitation intensities.
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under conditions of nonresonant excitation, for intensit
greater than;5 W/cm2 ~phonon scattering is dominant a
lower powers!.

The maximum excitation intensity shown for each detu
ing in the calculations is at least a factor of 2 less than
powers at which the transition from the strong to the we
coupling regime is observed experimentally~see Sec. III D
for details on the loss of strong coupling!. We can thus be
confident that the comparison between theory and exp
ment is being made in the strong coupling regime where
theoretical treatment is applicable. It is notable that occup
cies of order unity are predicted at the highest powers
Figs. 6~a!–6~c!, the condition required for the onset of stim
lated scattering. However, the simulations also show that
populations only begin to increase exponentially at pow
2–3 higher than those shown in Fig. 6, in regimes wh
strong coupling is found to be lost experimentally~see Sec.
III D !. Thus the simulations, as well as the experiments~see
Fig. 3! correspond to the regime of exciton-exciton pair sc
tering with at most a quadratic dependence of population
power.

Although the theory accounts well for the polariton dist
bution and its dependence on power in the strongly coup
regime, there are qualitative differences in the regime
large wave vectors, beyond the resonancek values in Figs. 5,
6. The theory predicts decreasing occupancies beyond r
nance, whereas in experiment occupancies nearly inde
dent of k for k.kres are found. The higher occupation i
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experiment probably arises from additional quasielastic d
order scattering into states close in energy to the exc
reservoir, the same mechanism very likely giving rise to
absence of the bottleneck at zero detuning, as discusse
the Introduction.

D. Dispersion curves at low power and above threshold, the
transition from weak to strong coupling

It is seen from the above that at low power a relaxat
bottleneck is observed for all the negative detunings, wh
is either fully or partially suppressed before the onset
stimulated emission from the cavity. We now present
measured dispersions as a function of angle to answer
question posed in the introduction as to whether the stim
lated emission occurs in the strong or weak coupling regim
for all the detunings.26 The peak energies as a function
angle are presented in Fig. 7 for the three detunings, at
power (4 W/cm2) and at powers just above the stimulatio
threshold. At low power, the characteristic anticrossing of
strong coupling regime is seen with the resonance angleu res
shifting from 13° to 25° to 29° for23, 28.7, and213.5
meV detunings. It is notable that in each case, the peak in
PL intensity distribution withu in Figs. 4~a!–4~c! occurs to
within 2° at u res. This arises since the density of polarito
states decreases strongly belowu res, as the states becom
increasingly photonlike with effective mass tending towar
gime. The

FIG. 7. ~a!–~c! Measured dispersions well below~squares! and above threshold~triangles! for D523, 28.7, and213.5 meV. In each

case above the stimulation threshold, the emission peaks occur at the energy of the uncoupled cavity mode in the weak coupling re
full curves are the calculated exciton~X! and cavity~C! dispersions.
0-6
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FIG. 8. ~a!–~c! Emission spectra as a function of power forD523, 28.7, and213.5 meV. In each case the two peaked polarit
spectrum in the strong coupling regime collapses into the single emission line at the cavity mode energy below the thresholds for s
(Pstim5400, 800, and 1600 W/cm2 in the three cases, respectively!.
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the photon mass of 331025me , thus leading to the occur
rence of the bottleneck for states atu,u res.

7

Furthermore it is seen that above threshold, in each c
the measured dispersion follows closely that of the
coupled cavity mode, and thus that stimulation is on
reached when the structures are in the weak coupling reg
At D523 meV, it is already clear from thek50 peak
position that weak coupling has been reached, with
stimulated peak occurring;2 meV above the LPB energy
close to the energy of the uncoupled cavity mode. For
larger negative detunings thek50 situation is less clear with
peak shifts of,1 meV found from below to above thresh
old ~as expected since at larger negative detuning the L
energy lies close to that of the uncoupled cavity mode!. The
occurrence of weak coupling above threshold is made f
clear, however, from the overall variation withk which fol-
lows closely that of the uncoupled cavity mode, particula
in the resonance regime where the two peaked structure c
acteristic of strong coupling at low power is replaced by o
peak above threshold at the cavity mode energy.

The transition from weak to strong coupling is mo
clearly examined from the spectra at the resonance angle
the three detunings as a function of power shown in Fig
The transition from the strong-coupling two polariton pea
at low power, to the single peak at high power is again se
The topmost spectrum in each case is taken just above
stimulation threshold. It is notable, however, that for ea
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detuning the two peaked structure disappears at factors
(D523 meV) to 8 (D5213.5 meV) lower power than
the stimulation thresholds, at power densities in the ra
from 200 to 400 W/cm2. Thus it is fully clear from the
results of Figs. 7, 8 that stimulation is only reached at pow
beyond which the strong coupling has already been lost.

Further information on why the strong coupling is lost
the observed powers is given from the variation of the low
polariton branch linewidths as a function of angle in Fig.
At low power nearly angle independent linewidths of;0.5
at 23 meV, 0.7 at28.7 meV, and 0.9 at213.5 meV are
observed~the increasing width with detuning is due to th
exciton inhomogeneous broadening, as discussed in Ref.!.
At high power the variation is very different, with a stron
increase of linewidth with angle being found.28 The increase
of linewidth as the highk exciton states are approached is
clear signature of the onset of exciton-exciton scattering
exciton screening at high density. Indeed it is notable tha
the high powers shown the measured linewidths at highk are
>4 meV, of the order of the normal mode splitting of
meV, consistent with the loss of strong coupling.

Precise conversion of the power density at which
strong coupling is lost to photocreated exciton density
made difficult by a number of experimental uncertainties.
noted at the start of Sec. III A, the power densities quoted
estimated powers absorbed in the cavity. Assuming a typ
exciton lifetime of 0.5 nsec,23 the power density at which
FIG. 9. ~a!–~c! Lower polariton branch linewidths~full width half maximum! for D523, 28.7, and213.5 meV at low power
(4 W/cm2) and at high power close to or above threshold.
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strong coupling is lost of 200 W/cm2 in Figs. 7~a! and 7~b!
@400 W/cm2 in Fig. 7~c!# corresponds to an exciton she
density of 431011 cm22. Since there are six quantum wel
in the sample, strong coupling is thus lost at a density o
31010 cm22 per well, close to the Mott limit for excitons in
GaAs QWs, and consistent with early work of Houd´
et al.,26 and experiment and calculations of Kiraet al.15 Las-
ing occurs at factors of 2, 4, and 8 higher densities at
three detunings studied, clearly in the weak coupling regi
the increase of threshold power with detuning arising fr
the decreasing overlap of the cavity mode with the g
curve of the light emitting quantum well excitons.30

It is thus clear in both experiment and theory that su
ciently large lowk populations are not achieved for stimul
tion to occur before strong coupling is lost. We have a
shown from the experiment-theory comparisons that the r
tively small polariton populations arise from the inefficie
relaxation from the reservoir into the polariton region. F
ther insight into the mechanisms underlying the loss
strong coupling is given by the calculated polariton popu
tion over a large range ofk shown in Fig. 10, obtained by
solution of Eq.~1! for D523 meV and a pumping intensit
of 60 W/cm2. In the main part of the figure the populatio
per state along a line ink-space is shown~the full line!, as in
Figs. 5 and 6, and in the inset the population per unit ra
of k around a ring of wave vectork @Nring(k)/dk# is
presented.29 The total polariton density is then given by

Ntot5E
0

1` 1

~2p!2
nk2pk dk. ~2!

Since the system has cylindrical symmetry, this favo
large k relative to lowk states, as compared to the depe

FIG. 10. Calculated exciton-polariton population as a funct
of wave vector, obtained from numerical solution of Eq.~1! for D
523 meV and excitation intensity 60 W/cm2 ~solid line!. Equi-
librium polariton population given by Bose statistics with ze
chemical potential~dashes!. The inset shows the population per un
range of k around a ring of wavevectork Nring(k)/dk from the
kinetic equation~solid line! and for equilibrium Bose statistic
~dashes! for the same set of parameters as in the main part of
figure.
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dence along a line, as a result of the strongly increas
density of states withk. The distributions from Eq.~1! are
compared with the equilibrium distribution function~the
dashes! expected for a Bose gas of polaritons with ze
chemical potential (m). The critical density for condensatio
~and hencem50) is calculated to be 2.431010 cm22 at 25
K, much smaller than the density employed for the full cur
of Fig. 10 calculated to be 1.531011 cm22 @the small den-
sity for m50 is due to the small polariton mass within th
trap and also to the small lateral size of the optically exci
area (25mm)#.

There are several major differences between the ca
lated ‘‘kinetic’’ distribution and the thermal equilibrium one
First, there is strong deviation at smallk, a direct conse-
quence of the bottleneck effect, as discussed earlier. M
over, at highk greater than;108 m21, the kinetic distribu-
tion lies substantially higher than the equilibriu
distribution, demonstrating the extra population of the res
voir, due to the inefficient relaxation, the large reserv
population being a key factor in the loss of strong coupli
before stimulation is achieved. Finally the deep minimum
the solid curve in Fig. 10 atk;107 m21 arises from the
efficient exciton-exciton scattering in this region: one excit
of the pair loses energy to provide a nonzero population
low the bottleneck, with the other member scattering to h
k to populate the reservoir, eventually giving rise to excit
screening at high density.31

IV. CONCLUSION

We have shown both experimentally and theoretically t
the occurrence of the polariton relaxation bottleneck play
major role in inhibiting the efficient population of low wav
vector polariton states, under conditions of nonresonant
citation. Even though the density of states in this region
low as a result of the very low polariton mass, the relative
slow relaxation rates relative to the polariton lifetimes p
vent polariton occupancies greater than unity from be
achieved in the GaAs-based microcavities under study,
fore the onset of exciton screening. The stimulation pheno
ena under conditions of nonresonant excitation occur inst
in the weak coupling regime with uncoupled exciton a
photon modes. This contrasts strongly with the situation
resonant excitation where the polariton region is popula
directly by the pump laser, and the relaxation bottleneck
bypassed and high population of the exciton reservoir
avoided.

The prospects for the observation of polariton lasing, u
der conditions of nonresonant excitation nevertheless rem
good in systems of higher exciton binding energy such
II-VI materials,32 GaN, or organics.33 In this case sufficiently
strong population of the lowk states by exciton-exciton sca
tering before the onset of exciton screening may be expe
due to the greater resistance of the exciton states to scr
ing, although the greater energy loss required from the e
ton reservoir to populatek50 states will be an inhibitory
factor to the achievement of high populations. Indeed
early report32 of a stimulated peak close to the energy of t
lower polariton branch in CdTe microcavities under nonre

e
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nant excitation conditions provides optimism that such po
iton lasing may indeed be achievable. A further mechan
of high potential10 to achieve polariton lasing in systems
lower exciton binding energy is to employ microcavities w
excess electron doping in the quantum wells, but dope
densities below the screening limit. Under such conditio
the additionnal exciton-electron scattering channel is
pected to lead to very effective population of the lowk states
er
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at relatively low exciton densities in the region o
;1010 cm22.

ACKNOWLEDGMENTS

We acknowledge the support of EPSRC and the Europ
Community Human Potential Program, Contract No. HPR
CT-1999-00132, CLERMONT, and valuable interactio
with D. M. Whittaker, M. Emam-Ismail, and A. Lemaıˆtre.
v. B

.S.

at

t of
iton
en-

and

el,

of
is
gly

tion
nd,
d-
tive

an-

an,

r-
eck

. B
e
vity
ular
lost

sed
s at

.

1For reviews see M.S. Skolnick, T.A. Fisher, and D.M. Whittak
Semicond. Sci. Technol.13, 645 ~1998!; G. Khitrova, H.M.
Gibbs, F. Jahnke, M. Kira, and S.W. Koch, Rev. Mod. Phys.71,
1591 ~1999!.

2R.M. Stevenson, V.N. Astratov, M.S. Skolnick, D.M. Whittake
M. Emam-Ismail, A.I. Tartakovskii, P.G. Savvidis, J.J. Baum
berg, and J.S. Roberts, Phys. Rev. Lett.85, 3680~2000!.

3P.G. Savvidis, J.J. Baumberg, R.M. Stevenson, M.S. Skoln
D.M. Whittaker, and J.S. Roberts, Phys. Rev. Lett.84, 1547
~2000!.

4J.J. Baumberg, P.G. Savvidis, R.M. Stevenson, A.I. Tartakovs
M.S. Skolnick, D.M. Whittaker, and J.S. Roberts, Phys. Rev
62, R16 247~2000!.

5Possible evidence for stimulated polariton scattering under n
resonant excitation conditions has been reported in II-VI mic
cavities by Le. Si Dang, D. Heger, R. Andre´, F. Boeuf, and R.
Romestain, Phys. Rev. Lett.81, 3920~1998!.

6A.I. Tartakovskii, M. Emam-Ismail, R.M. Stevenson, M.S
Skolnick, V.N. Astratov, D.M. Whittaker, J.J. Baumberg, a
J.S. Roberts, Phys. Rev. B62, R2283~2000!.

7M. Müller, J. Bleuse, and R. Andr, Phys. Rev. B62, 16 886
~2000!.

8F. Tassone, C. Piermarocchi, V. Savona, A. Quattropani, an
Schwendimann, Phys. Rev. B56, 7554~1997!.

9F. Tassone and Y. Yamamoto, Phys. Rev. B59, 10 830~1999!.
10A.V. Kavokin, G. Malpuech, A. Di Carlo, and J.J. Baumber

Phys. Stat. Solidi A~to be published!.
11P. Senellart and J. Bloch, Phys. Rev. Lett.82, 1233~1999!.
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