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Time-resolved spontaneous emission of excitons in a microcavity:
Behavior of the individual exciton-photon mixed states
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Low-temperature time-resolved luminescence experiments with 3-ps resolution have been performed on
quantum-well excitons embedded in a nonguiding half-wave microcavity that displays the exciton-photon
mode splitting. The spontaneous-emission dynamics of each of the two split components was studied as a
function of the exciton-cavity detuning under resonant optical excitation. The spontaneous-emission decay rate
is significantly modified with respect to the cavityless situation and its detuning dependence is accounted for by
the strong radiative coupling between the radiant exciton states and the cavity photon hS@3-
182996)95024-9

I. INTRODUCTION tum wells when they are embedded in a planar microcavity
that displays an exciton-photon mode splitting of 4.8 meV.
The modification of the spontaneous-emission dynamicdhe experiments were performed at a temperature of 10 K
of semiconductors by their local dielectric environment hasand the sample was excited with a picosecond laser having a
elicited a lot of interest in the past few years, in view of thespectral width of about 0.4 meV so that it was possible to
possibility of obtaining thresholdless lasing or, equivalently,create particles separately in each coupled mode. Our results
producing single-mode light-emitting diodes through theshow that the emission rate of the quantum well embedded in
elimination of the energy losses associated with spontaneows microcavity is significantly modified with respect to the
emissiom: In 1990 Yokoyamaet al. showed that the cavityless situation. This modification is best accounted for
spontaneous-emission lifetime of GaAs quantum-well exciby the strong electromagnetic coupling that is established
tons is shortened by a factor of 2 when the quantum well idetween the extended exciton states and the modes of the
embedded in a resonant microcavitifthis modification is  microcavity.
generally understood by modeling the emitting species as a The paper is organized as follows. In Sec Il we describe
localized dipole inside the cavity: its lifetime is changed be-the experiments and their results. In Sec. Il we outline the
cause of the modification of the free-space mode density bgnain features of the exciton-photon strong-coupling model.
the cavity boundary conditioA®r, equivalently, because of In Sec. IV we analyze the experimental data in terms of the
the electric field that is reflected by the cavity walls backemission dynamics that arise in the strong-coupling model.
onto the site of the emitting dipof’ The model of a local-  Finally, in Sec. V we summarize our results and our conclu-
ized dipole, however, cannot explain quantitatively thesions.
spontaneous-emission modification observed in Ref. 2. In-
deed, the reflectivity of the Bragg mirrors that constitute the
cavity drops to almost zero for angles of incidence inside the
cavity larger than 20°, so that the change in the spontaneous- Time-resolved luminescence measurements were per-
emission lifetime is at most of the order of 20%. formed on two molecular-beam epitaxyMBE)-grown
More recently, the observation of the exciton-photonsamples, each containing two 12-nm-thick strained
mode splitting in the spectra of planar semiconductor microdng 1/G& gAS quantum wells in a/2-thick AlAs spacer. In
cavities containing few quantum wélt§ has led to the ob- the first sample the AlAs spacer was sandwiched between
servation of quantum beats in the exciton emission, when thevo GaAs/AlAs Bragg mirrors made of 20 and 13.5 pairs
two components of the split line are pumped coherehtfy. and constituting a nonguiding/2 microcavity, as described
At the same time, the observation of the splitting has broughin detail in Ref. 8. In order to be able to vary the cavity
forth the possibility of achieving a strong coupling betweenresonance without altering the other parameters, the sample
excitons and photons in the microcavity. This is analogous tavas fabricated with a slight wedge, so that the effective
what is observed in atomic cavity quantum electrodynamicshickness of the cavity . varies along the radial direction of
(CQED) experiments' and thus may modify the spontane- the wafer by about 1.4% per mm, as determined by optical
ous lifetime of the excitons. and x-ray measurements. The second sample had only one
In this paper, we report an experimental investigation orBragg mirror (namely, the “bottom” mirror, closest to the
the modification of spontaneous-emission dynamics of quansubstratg while the “top” mirror was replaced by a 200-A

II. EXPERIMENTS

0163-1829/96/5@4)/165168)/$10.00 53 16 516 © 1996 The American Physical Society



53 TIME-RESOLVED SPONTANEOUS EMISSION OF EXCITGH. . . 16 517

@ 5 141
@
3
(2]
o < 1.40 -
2 2
o
g o
s % 1.394
z z
> Ll
=
2 1384 7
wl g
e o
Z T T T T T T T

5.0 5.5 6.0 6.5
| ] POSITION (mm)
0 100 200
TIME (ps) FIG. 2. Energies of the resonance luminescence signal, as a

function of the position on the sampl@). The full line corre-

FIG. 1. Luminescence decay curves obtained with a laser exCig,,n s 1o the calculated energies of the coupled modes with a split-
tation resonant with the lower state for different values of the de‘ting g=4.8 meV and a wave vector in the plakie=9.6x 108 em L

tuning: @) &%=E¢—Ex=-8.5 meV, p) &§=-1.5, and ¢€)
8=3.5 meV. The dashed curvel) is the luminescence decay of
the reference sample excited resonantly. The dotted dqlateeled
“Laser”) is the instrument response function.

The dotted curves are the uncoupled exciton and cavity energies for
the same value ok,. The arrows show the positions where the
decay curves of Figs. 1, 3 and 4 have been observed.

sample at 77 K, except that here, in performing the fit we

capping layer of GaAs to protect the AlAs spacer from oxi-have taken into account the parabolic variation of the cavity
dization. This second sample served as a reference in thhickness produced by the MBE-growth process and a slight
measurement of the spontaneous-emission dynamics in thi@ear variation of the quantum-well thickness. This gives an
absence of a cavity. exciton energye,,=1.3955 eV and an exciton-photon mode

The samples were maintained at a constant temperature splitting g=4.8 meV. The strong coupling between the cav-
10 K by means of a closed-cycle helium refrigerator andity modes and the exciton is clearly at the origin of the strong
were excited by a mode-locked Ti-doped sapphire laser givresonance luminescence signal.
ing nearly Fourier-transform limited 1.5-ps-long pulses, at a Time-resolved luminescence curves were obtained on dif-
repetition rate of 82 MHz. The laser beam was incident orferent points of the sampleorresponding to different detun-
the sample at an angle of about 8° and was focused to a spwigs §,=E.q— E,o between the exciton energy and the main
of 50 um diameter. The luminescence emerging with acavity mode energyE.y) for resonant excitation, in which
maximum angle of about 11° was introduced in a 32-cmthe incident beam is tuned to the lower or to the upper state
monochromator and was subsequently detected with a symnd emission is monitored at the same wavelength. When the
chroscan streak camefthe sample was approximately per- excitation is resonant with the upper state, we also observe a
pendicular to the optical axisThe time resolution of the resonance of the luminescence intensity coming from the
streak camera was limited mainly by the synchronization. ltdower states.
transfer function was evaluated by recording directly the la- Figures 1 and 3 present some typical time-resolved lumi-
ser pulses: it corresponded to a Gaussian of 10 ps full widtmescence curves for excitation resonant with the lower and
at half maximum so that its long-time tail falls to theel/ the upper states of the microcavity sample at different cavity
value within about 3 ps, as can be seen from the steep slogketunings as well as for the referen@mvityless sample
of the wings of the laser pulse recording, in Fig. 1. Theunder resonant excitation. Figure 4 shows the time-resolved
average power of the laser was kept between 1 anduldl0 luminescence curves of the lower states when the excitation
(corresponding to between 0.01chth W peak power is resonant with the upper states. Two components may be

When the excitation wavelength was scanned in the vicindistinguished in the curves of Figs. 1 and 3: a short and
ity of the exciton energy(E,;=1.395 eV}, a strong intense signal whose decay tinig) varies between 3.5 ps
resonance-enhanced signal of the luminescence intensity wésose to the resolution of the streak camerad 17 ps and a
observed for two distinct energies, corresponding to the twsecond longer-lived component whose decay tifag is
mixed exciton-photon states. A plot of the energies of theabout 300—-400 psthe luminescence of the lower states,
two states as a function of the position of the excitation spotvhen the excitation is resonant with the upper state presents
on the sample(which corresponds essentially to a 1.4% only the long decay At first sight, we can distinguish two
variation of the cavity thickness per mm of displacemésnt kind of decay curves in Figs. 1 and 3. The first kind corre-
given in Fig. 2. The mirror-to-mirror separation could not be sponds either to the upper branch B=E_ ,—E,;>0 or to
measured independently at 10 K but was deduced from ththe lower branch foi,<<0. In these decay curves, the first
optical data to be approximately 145 nm at the exciton-cavitydecay is very fast and the second component is too weak to
resonance. The curve on Fig. 2 is similar to that reported ifbe observed. The second kind corresponds to the upper
Ref. 8 for the reflectivity and luminescence of the samebranch for§,<O and the lower branch fa>0. In this case,
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FIG. 5. Initial luminescence decay time under resonant excita-

' i tion as a function of the exciton-cavity detunidg=E.,— E,o (H).
0 100 200 b
The data have not been corrected for the resolution of the streak
TIME (ps) camera(~3 p9. The dashed line is the lifetime calculated by the

two-level model withr,=1.3 ps,7, =26 ps, and,=1.9x10* cm™%.

_FIG. 3. Lumine_scence decay curves obtai_ned with a laser exCirpe full line is calculated using the polariton model witly =15.6

tation resonant with the upper states for different values of thepsy 7=13 ps, and<”=1.9><104 em™L

detuning: @) 6=Ec—Eyxo=—4.8 meV, ) §=—1meV, and €)

S=4.7 meV. The excitation pulse creates excitons in the radiant states at

t=0, which subsequently can either recombine radiatively or

interact with acoustic phonons and scatter to the nonradiant

nescence of excitons in uncapped GaAs Wi (also ob- reservoir, thus_glvmg rise to the fast initial decay. At later
Himes, the excitons scatter back from the reservoir to the

seived in our cavityless reference sample n Flg. 1 .Wlt radiant states and then emit light, giving rise to the second,
7,=14.5 p3 and may be understood by invoking the distinc- longer-lived, component

tion between the radiant and nonradiant exciton states. The Figure 5 presents a plot of the initial decay timeas a
former states correspond to the exciton states that can coupllg

liaht and ist of th . th I nction of the exciton-cavity detuning, for the excitation
to lignt and consist of the excitons with angular momentumyog,nant with the lower states. Finally, in Fig. 6 we present

J=1 and with in-plane wave vectols that are shorter than he injtial instantaneous intensity of the resonant lumines-

the photon wave vectdq <ko=nE,d/#ic (n is the refractive  conce measured as a function of the exciton-cavity detuning.
index). The latter, which consist of th@=1 excitons with

wave vector larger than the wave vector of light at the same |||. THE EXCITON-PHOTON STRONG-COUPLING
frequency k,>k,) as well as of thel=2 excitons, cannot MODEL
couple to the electromagnetic field and constitute a reservoir.

the bi-exponential decay is very similar to the resonant lumi

The strong coupling between excitons and cavity modes
can be described either in the framework of the polariton or

INTENSITY (arb. units)
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TIME (ps) FIG. 6. Variaton of the ratio between the luminescence intensity
I and the excitation poweP., with the detuningsy=E.;—Eyq
FIG. 4. Lower-state luminescence decay curves obtained with éll). The open circles are the ratio of the measureRlvalue by
laser excitation resonant with the upper states for different values ahe calculatedr,,. The absolute values have no meaning. The two
the detuning: §) &=-6.5 meV, b) &§&=-1.5 meV, and €) curves have been drawn close to one another to show that they have
6=3.5 meV. the same variation.
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citons cannot move in thedirection. The oscillator strength
478 is related to the volumic oscillator strength of the exci-
tons in the well 473,y .

E, AmB=4mBaoul, 2

x0

> - whereT is the confinement factor of the quantum wells in
Q //‘ the cavity for the confined mode of interest, i.e., the overlap
4 between the wells and the square of the optical field. When
w the wells are situated at the antinode of the field, we can
write
2Nyd
0 il = MetLc’ ©

WAVE VECTOR IN THE Z DIRECTION
whereNy, is the number of wellsd is their thickness, and
FIG. 7. Polariton dispersion curves in thedirection in the ~Mesr iS the effective order of the cavity which takes into
intracavity medium fork,=0. The energies of the upper and the ac_coun}gthe penetration of the electromagnetic field into the
lower states of the microcavity are the intersection of the polaritodMIrrors:
curves with the straight link,= m/L.. The oscillator strength has The cavity confinement imposds,= w/L.. This gives

been unrealistically increased to help the understanding of the figgwo modes(Fig. 7), referred to as upper and lower, whose

ure. energiesE,, andE; are given by

with the more usual quantum-mechanic two-level model. _, EfctEq+0%+ V(EL+ES+0°)°—4ELES,
Since these two descriptions are useful for the understanding =uJd™ 2 '

of the lifetime of the coupled modes, we present in the fol- (4

lowing these two models.
whereg= \/477BEX20/306 is the splitting between the modes

at resonance.
In the vicinity of resonance, that is to say, when
The interest of this mod¥i~'®is that it relates the split- E_,~E,,, the energies of the two modes can be simplifies as
ting of the coupled modes to known parameters of semicon-

A. The polariton model

ductor physics. The propagation of polaritons in theirec- Exct Eck  V(Eek—Ex)?+9°
tion (perpendicular to the plane of the microcayitg a Eui= 2 * 2 : ®)

priori better suited for bulk microcavities. However, it can

also be used for quantum well microcavities provided thatt is worth noting that this expression of strong coupling is

the exciton mass in the direction is taken to be infinite and obtained in the framework of a linear-response theory, as

that one multiplies the oscillator strength of the excitons inpointed out by Zhtet al. in the case of atomic physiés.

the quantum wells by an adequate confinement factor. An- These modes have been designated as cavity polafitons,

other difference with the bulk case is that there is no additheir dispersion curves as a functionlgfhave been plotted

tional boundary condition at the interfaces with the mirrors.in Fig. 8 for three representative values of the detuning

In the following, we will limit our discussion to the case of a 6=Ec—Eyo. Let us note that for the in-plane wave vectors

single exciton mode, associated with thgHH; 1s transi-  larger than the limit of the stop band of the mirrgksg), the

tion, with energyE,,=E,,+%°k/2M, whereM is the ex-  dispersion curve should be exactly the exciton parabola

citon translation mass, and with M2 cavity with a single  (which is not the case in the figure

photon mode, with energi .= (7 c/n) \/k22+ klz‘ . We replace

the intracavity structure by an equivalent homogeneous ma- B. The two-level model

terial having the same oscillator strength and whose refrac- 1o yyo-level model touches on the ideas of CQED, de-

tive index is the average of the refractive indices of the _d'f'veloped in the framework of atomic physics. The two sub-

fe.rent layers. In this material, the dlspers_lon_of a p°|a”t°”systems sharing a single excitation quantum are designated

with wave vectok=(k, k) and an energit is given by the  p,y the state vectori) and|C) and correspond respectively

usual Hopfield model” to the exciton and cavity modes, which have the same wave
vector in the plandk;). They are coupled to each other by

2 2 2
h2c2 (Ko + ki) . AmBES o the radiative interaction. By invoking the rotating-wave ap-
EZ * Exzk— E2’ proximation, the corresponding Hamiltonian can be written
as
where the damping termiE,,y is neglected and
4mB=¢gy—e,, IS the volumic oscillator strength of the exci- 1(6 9
in the : : ielectr H=> , ©®

tons in the intracavity materidk, and e, are the dielectric 2lg -5,

constants below and above the exciton engrde polar-
iton dispersion curve fok,=0 is schematically shown in Fig. where 6,=E.— E,, and the origin of energies is taken at
7, where the exciton dispersion curve is flat because the eXE,,+ E)/2.



16 520 B. SERMAGE¢et al. 53

/, relation between the position on the sample and the detuning
— 3, =+ 5meV &, but not the shape of the curve. The value of the splitting
1.400 (4.8 me\j corresponds to #8=1.11x10"% The effective
order of the cavity is calculated as in Ref. 19, taking for the
1.395 low-temperature refractive index of AlAs and GaAs the val-
uesn;=2.96 (Ref. 22 andn,=3.517% We obtainm.4=6.3
1,390 and the modal overlap'=0.0526. The volumic oscillator
strength of the excitons in the wells is then
4mBoyw=2.12X 1073, This value is very close to what can be
calculated from the exciton binding energy in apGmy, _,As
quantum welB*?|t is worth pointing out that the longitudi-
nal transverse splittind\ =2 BE,(/€,, for the equivalent
intracavity material is equal to 7.8eV, which is nearly
three orders of magnitude smaller than the splitting between
the lower and upper states. When divided by the confinement
factor, it would be 14eV, which is larger than the known
value for GaAs: 8QueV,2®?" because of the increase of the
excitonic oscillator strength in quantum wells.

ENERGY (eV)

14001 IV. DYNAMICS OF THE EXCITON-PHOTON

MIXED STATES

1.395+

__________ g The mixing of the radiant states of the exciton with the
1.3901— }ﬂ Koy Kgp 'fo cavity modes, modifies the dynamics of the exciton lumines-
cence inside the cavity. We will study the lifetime of the

mixed modes in the framework of the two previous models.

104 10° 10°
WAVE VECTOR IN THE PLANE (cm™)

. . . A. The two-level model
FIG. 8. Dispersion curves of the upper and the lower cavity

polariton modes as a function of the wave vector in the plane for Within the two-level model, the observed decay rate of
three values of the detuning. The dashed lines are the dispersig@ach one of the mixed states is a linear combination of the
curves of the cavity without exciton and of the exciton without exciton decay rate and the cavity decay rate. Thus the decay
cavity. The parameters are those of the sample. times of the uppefr;) and lower(7 ) states are given re-
spectively by
The eigenstates of this Hamiltonian are two exciton-

photon mixed states, upper and lower modes, which can be 1 9° 1 [atAg 1 ®
represented as 70 2AW(StA) T 2A¢ | ¢
and
¢ O+ Ay
U= ———— [X)+ \/——2|C), (7
| > \2Ak(5k+Ak)| > 2Ak | > a) 1 B 5k+Ak 1 N 92 1 9
[TV STV WS
St A\ 2 g . . . . .
ILy=|——] |[X)————=—=1C). (7b)  Wherery is the decay time for the exciton population, while
28 V2A, (6t Ay) 7c is the decay time for the energy of the radiation field in

] ] ) the empty cavity(for example, through the emergence of a
They lie at energies Hy+Eq)/2+A/2, with A |ight beam in thez direction. These equations indicate that
= 8+ g?, which is equivalent to Eq5). The two models  the mixed states can display a very fast de@yhe order of
give then the same results and are essentially equivalent.) that can be significantly shorter than the bare exciton
They differ only by the order of introduction of the different decay time.
interactions: photon-exciton-cavity limit. The interest of the  The photon lifetime in the cavity is given by®
second model is that it gives directly the exciton and photon

part of the mixed particles. 2nL Mg MegF 7

Equation(4) or (5) has been used to fit the experimental CTI-RRyc E (10
energies of the upper and lower states as thickness is varied.
The energies of the coupled modes depend 08, andk,.  whereR; and R, are the reflection coefficients of the two

Since the incident angle is 8°, the component of the incidentavity mirrors andF is the finesse of the cavity far from
wave vector in the plank is equal to 9.6¢10°cm . The fit  resonance. We have calculated the finesse through a transfer-
presented in Fig. 2 has been obtained using this valule, for matrix model applied to the whole structure, with the two
n=3.07, M=0.2m,, g=4.8 meV, a parabolic variation of Bragg mirrors and without taking into account the exciton
the cavity thickness, and the same variation for the welresonance. We fin=442,m.4F=2790, which corresponds
thickness. Let us note that a modificationlgfchanges the to a cavity lifetime equal to 1.3 ps.
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Equations(8) and(9) suppose that the wave vector in the 1 1  S+A 4 E\(80.k))— Exo>
ex , (13

planek, is conserved. This is not exactly true because the 7 oA KT
guantum-well interfaces are rough. The position of the in- a  fao B
plane wave vectotk;) is undefined inside a domain limited
By Krougi™ 1L roughs WhereL ougn iS the dimension of the pla- - where 7, is the scattering time of excitons by phonons at
teaus in the quantum-well interfaces. The true decay rate '%rge positive detuning or, in a “naked well,(5+A)/2A is
then an ar\]/erar?e of &/ forl k\\<;‘|r2ugh' Fohr ilm[;gmty,l W& the exciton weight of the mixed particfeee Eq(7)] and the
lsutpgofse& at there Ilsta \;ﬁ uelqftka,) sufc /t. atth dea cu- exponential term represents the number of available phonons
fgk Orkqy Is equal to the average of4/in the domain given by a Boltzmann approximation. _ _

I “rough- On Fig. 5 we have plotted the curve obtained using Eq.

Figure 5 presents a fit of E¢9) to our experimental re- = - =
sults for the fast decay component of the lower state unde(rll) for ki =Kay. Theifllttlng parameters argao—15.6 ps
and k,,=1.8x10" cm 1. The agreement is very good,

resonant excitation with the phenomelogical valugs-26 cave . .

ps andk,,=1.9x10" cm L. As shown in Fig. 5, this simple kegpmg in mlnd the '3-ps resolution of the s'Freak camera,
model gives a good qualitative variation of the lifetime of the Which explains the discrepancy for the negative detunings.
mixed modes with the detuning. The only difference between the two models comes from

the Boltzmann factor in X, [Eq. (13)], which does not
. exists in the exciton part of 4/ [Eq. (9)]. In other words,
B. The polariton model in the first model, we consider that the lifetime of the exci-
The polariton model can give a physical interpretation oftons is constant, while in the second model, the decay rate of
Egs.(8) and(9). For the sake of simplicity, we shall restrict the excitons is only due to the scattering by acoustic phonons
our discussion to the case of resonant excitation on the loweasut from the domain where they can be detected by our op-
branch. Once created, polaritons can decay either by escaieal system. Though the precision of the experimental
ing the cavity with a rate X, or by scattering towards re- lifetimes is not very good~15%) for the large positive de-
gions ink space where the outgoing polaritons will not be tunings, where the luminescence intensity is weak and
detected, at a rate 4/: the decay curves are perturbed by the scattering of the laser
on the surface of the sample, the second model is closer
1 1 1 to the experimental values. The calculated curve is very
—=—+t—. (1)  sensitive to the value ok,, (a decrease ok, by 10%
would shift the curve to the right by 1 meVwhich con-
) firms that the cavity polariton is a pertinent concept to de-
_ The escape time, can be calculated as for the photon gcripe such experiments and that the in-plane wave vector
lifetime inside a cavity[Eq. (10)] by taking into account has to be taken into account. Let us note thatis larger
the difference between the speed of lighn and the polar-  than thek, value corresponding to the half aperture of the
iton velocity 9E/d(%ik;) in the equivalent homogeneous ma- |ens with which we observe the luminescente=11°,
terial inside the cavity. The escape time of the polaritgyis k,=1.3x10" cm™%). Up to now, we cannot say whether this

then difference is due to the interface roughness of the well or to
the fact the sample is not exactly perpendicular to the optical
ke axis.
= Tc e (12 On the basis of our model, we can also give a qualitative
n— account for the whole dynamics of the polaritons, as it ap-
k, pears on Figs. 1 and 3. When excitation is resonant with

excitonlike statesE, for §>0 or E, for §<0), the radiant

wheredE/ dk, is calculated using Ed4) or (5). This expres- and reservoir states are close in energy. Thus we observe a
sion depends o#, andk; and it can be easily shown thatl/ luminescence decay very similar to that of a naked well: with
is identical to the second term on the right-hand side of Eqa first rapid decayrecombination or scattering to the reser-
(9). voir) and a second slower decégturn of excitons from the

The first term(exciton par} on the right-hand side of Eq. reservoij.
(9) is important only forg,>0. It is due either to the exciton When excitation is resonant with lower photonlike modes
recombination in the leaky modeffor k,>kgz, where (E, for &<0), the polaritons created in the radiant states
ksg=6x10* cm ! is the limit of the stop bandor to the  cannot transfer to the reservoir because its energy is much
scattering towards the reservoir through acoustic-phonon irhigher. Thus we do not observe the second decay.
teraction. Let us concentrate on this second mechanism. As a When excitation is resonant with upper photonlike modes
matter of fact, the dispersion curves in Fig. 8 underscordE, for §>0), the first decay is very fast since there are
important changes in the exciton dynamics introduced by thavailable reservoir states at large The intensity associated
cavity, through the variation of the energy of the radiantwith the second decay is negligible because the excitons in
states(k; smal) relative to that of the reservoilk, large.  the reservoir cool rapidly and cannot return to the higher-
Indeed, since the reservoir is not coupled to light, its energenergy radiant states. However, the excitons in the reservoir
is unaffected by the cavity and correspor(ftsr k; not too  can transfer via acoustic phonons toward the lower radiant
large to that of the exciton in a naked wel,,. As a con-  states, which is what we obser{ig. 4).
sequence, we write Furthermore, we observe a long rising tinte 50 p9
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of the luminescence of the lower states for excitation V. SUMMARY AND CONCLUSIONS

resonant with the upper states and for large positive de-

tunings [Fig. 4@], while the luminescence of the upper  Our experimental results on the spontaneous-emission

states is very shoft~10 ps. This is proof that the polaritons  dynamics of resonantly excited quantum-well excitons em-

do not transfer directly from the upper states to the lowemhedded in a cavity and displaying the exciton-photon mode

StateS, but that they transfer via a third kind of states: th%p“tﬂng ShOW that the Spontaneous_emission ||fet|me de_

reservoir. . . _ . pends strongly on the detuning: The effect of the cavity
Finally, the intensity of the instantaneous luminescence a5, pe understood as a strong coupling between the extended

short times for an excitation resonant with the lower bra”dbxciton states and the cavity modes so that our experiments
tends towards zero for large positive detunitigee Fig. 8. 5cce5s directly mixed exciton-photon modes, that is to

Tg;grﬂgge\fso?f :ﬁctthgz]agziréiggi Egnlgélquv:rzga;esfo tfr(')? say, polaritons. When the lower exciton-photon state is more
P Y excitonlike, its lifetime is close to that of bare excitons.

positive detunings as can be observed in Fig. 7, is . . .

larger thanm/L .. Indeed the instantaneous Iumineg\cj:kgce in—By chang!ng the detuning, the mixed state eyol\_/es con-
tensityl_ at short times is proportional to the inverse escapéInUOUSIy Into a more photonlike state, so its I|fgt|me de-
time in thez direction, and to the number of photons from Creases conpnqously to reach the photon lifetime in the cav-
the pump that are absorbed in the cavity. This latter quantit}y- These lifetime changes can be accounted for either
is proportional toP.(1—R), where P, is the excitation through a full polariton model or through a simplified two-
power andR is the reflection coefficient of the cavity at the 'evel model.

same energy. The normalized initial luminescence intensity

can thus be written as
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