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Photoluminescence dynamics of cavity polaritons under resonant excitation
in the picosecond range

J. Bloch* and J. Y. Marzin
Laboratoire de Microstructures et de Microe´lectronique, CNRS, Boıˆte Postale 107, 92225 Bagneux Cedex, France

~Received 27 January 1997!

We present a calculation of time-resolved photoluminescence of cavity polaritons including scattering by
acoustic phonons. Under resonant excitation to the lower-energy polariton, the calculated initial decay time, as
a function of the detuning between the exciton and the cavity mode, is found to be in excellent agreement with
the experimental measurements of Sermageet al. @Phys. Rev. B. 53, 16 516~1996!#. Moreover, this model of
perfectly delocalized polaritons describes qualitatively the overall dynamics under resonant excitation of the
polariton states. However, the role of inhomogeneous broadening seems to be important to describe quantita-
tively the photoluminescence decay at long time delays.@S0163-1829~97!01627-5#
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I. INTRODUCTION

Recently semiconductor microcavities have been fa
cated and showed characteristic features of the strong
pling between the exciton and the cavity mode: the R
splitting has been measured in reflectivity, absorption as w
as in photoluminescence.1–5 The eigenstates of the syste
are exciton-photon mixed states, characterized by an in-p
wave vector, and named cavity polaritons. Their in-pla
dispersion relation has been measured by angle-reso
photoluminescence.2 Cavity effects are expected to modif
the dynamics of spontaneous emission and several t
resolved luminescence experiments were performed in
semiconductor microcavities to study spontaneous emis
modification induced by cavity effect.6–11Recently, Sermage
et al. reported picosecond photoluminescence measurem
in a l/2 semiconductor microcavity containing two quantu
wells.6 These experiments were performed for various det
ings between the cavity mode and the exciton. When
lower-energy polariton was excited resonantly, a biexpon
tial decay curve was measured. We interpreted this beha
in a similar way to Deveaudet al.:12 the short timet re-
flects the rapid initial decay of observed radiant states;
longer time reflects the refilling of these radiant states ma
from the reservoir of nonradiant excitons. In the cav
sample, the short decayt appeared to be continuously re
duced when the lower-energy state evolved, through a va
tion of the detuning, from an excitonlike state to a photonl
state. Simultaneously, the intensity of the signal correspo
ing to the second decay decreased continuously. In a ro
approximation, we first described the evolution of the init
decay rate 1/t, by a linear combination of a photon and a
exciton decay rate~1/tc and 1/tx! weighted by the exciton
and the photon component of the mixed state~x andc!,

1

t
5x

1

tx
1c

1

tc
. ~1!

The average exciton decay timetx should reflect overall in-
elastic scattering undergone by the exciton part of the po
iton. This corresponds mainly to scattering by acous
phonons.
560163-1829/97/56~4!/2103~6!/$10.00
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We also presented time-resolved measurements of
low-energy polariton emission under excitation resonant
the high-energy polariton.11 Under such a nonresonant exc
tation of the low-energy polariton, we also measured a cl
dependence of the luminescence dynamics as a functio
the detuning between the exciton and the cavity mode. B
the rise time and the decay time were continuously redu
when the lower-energy state evolved from an excitonlike t
photonlike state.

In this paper, we clarify the role of phonon scattering
these resonant photoluminescence experiments: we ca
late the time evolution of the polariton population as a fun
tion of their in-plane wave vector using rate equations a
including scattering by acoustic phonons. We deduce
time-dependent intensity of light emitted by the structu
Notice that acoustic-phonon scattering has already been
cluded in the calculation of stimulated emission in a mic
cavity by Pauet al.13 Moreover we compare our results wit
a recent paper of Tassoneet al.,14 where the temporal re
sponse of an analogous system under nonresonant excit
is considered.

The paper is organized as follows. First, we present
main ingredients of our polariton model. Then, we pres
calculated decay curves of the lower branch in two excitat
configurations:~i! under resonant excitation of the lower p
lariton and~ii ! under resonant excitation of the upper pola
iton. We finally compare our calculations with experimen
measurements.

II. DESCRIPTION OF OUR MODEL

We describe the polariton states in a two-coupled ba
model, considering only the 1S, J51 state of the heavy-hole
quantum well exciton with an in-plane dispersion relati
given by

Ex~k!5Ex
01

\2uku2

2M
. ~2!

Ex
0 is the fundamental exciton energy andM is the effective

mass describing the in-plane motion of the exciton cente
mass.M5me1mh , whereme (mh) is the electron~hole!
in-plane mass.
2103 © 1997 The American Physical Society
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The empty cavity mode has a dispersion given by

Ec~k!5
\v
neff

Ak021uku2, ~3!

whereneff is the cavity effective refraction index,v the speed
of light, andk0 and k the wave vectors alongz and in the
layer plane.

Since a planar microcavity has an in-plane translation
variance, each exciton with an in-plane wave vectork is
coupled to the photon with the same in-plane wave vec
Therefore, the upper and lower branch polaritons with
in-plane wave vectork are approximated as the eigensta
of the 232 Hamiltonian:

H~k!5SEc~k!

g*
g

Ex~k! D , ~4!

g is the radiative coupling between exciton and cav
modes. Ifu and l superscripts hold for the upper and low
polariton branches, these eigenstates are

uu~ l !k&5xk
u~ l !uXk&1ck

u~ l !uCk&, ~5!

with

xk
u5

g

A2D~d1D!
,

ck
u5A~d1D!/2D,

xk
l 5ck

u , ck
l 52xk

u , ~6!

whereuCk& and uXk& are the photon and exciton eigensta
at wave vectork, respectively, and where

d5
Ec~k!2Ex~k!

2
, D5Ad21g2.

The eigenenergies are given by

Ek
u~ l !5

Ec~k!1Ex~k!

2
1~2 !

D

2
. ~7!

Acoustic phonons of wave vectorQ5(q,qz) can scatter a
polariton from stateu i k& to stateu f k8& through the deforma-
tion potential HamiltonianHdef

Q ~taken from Ref. 15! cou-
pling the corresponding excitonsuXk& anduXk8&. The transi-
tion rates between the two polariton states, of energyEk and
Ek8 , are given by

Wk,k85
2p

\ (
Q,e561

z^ i kuHdef
Q u f k8& z2

3d~Ek82Ek2e\vQ! f e~\vQ!, ~8!

where the phonon energy is\vQ and f e(\vQ)5n(\vQ)
1(12e)/2 takes into account the phonon occupation nu
ber n(\vQ) at a given temperature T.e51 (21) corre-
sponds to the absorption~emission! of a phonon.

As in Ref. 14, we assume that the deformation poten
matrix element between polariton states is simply given
the matrix element between exciton states multiplied by
respective exciton content of the polariton states, namely
-

r.
e
s

s

-

l
y
e

^ i kuHdef
Q u f k8&5xkxk8^XkuHdef

Q uXk8&. ~9!

We assume that elastic scattering processes~due to alloy
disorder and interface roughness! lead to a quick isotropic
redistribution of polaritons ink space. Therefore, we calcu
late the population of rings ink space. LetNk be the popu-
lation of such a ring with radiusk and thicknessdk,

Nk5r2D k dkE
0

2p

n~k,u!du, ~10!

n(k,u) is the occupation factor of the polariton state (k,u)
andr2D5S/4p2 the density of states in the two-dimension
phase space. The spin variable has been omitted here
cause we do not consider spin-flipping scattering proces

The rate equations for the time evolution ofNk , dropping
the index of the branch from now on, are

dNk

dt
52NkS 1tk 1(

k8
Rk,k8D 1(

k8
Rk8,kNk81Lk~ t !,

~11!

with

Rk,k85r2Dk8dk8E
0

2p

Wk,k8du. ~12!

In Eq. ~12!, u is the angle between the initial and the fin
polariton wave vectork andk8. Rk,k8 is the integrated scat
tering rate from the ring with radiusk to the ring with radius
k8. In Eq. ~11!, 1/tk is the polariton escape rate which wi
be discussed later on, andLk(t) is the generation term.

The next step is to evaluate the averaged ratesRk,k8 . For
the sake of simplicity, the 1S exciton wave function is taken
as the simplest variational trial function as in Ref. 13

^re ,rhuXk&5xe~ze!xh~zh!F~r!
1

AS
eiK•R, ~13!

re and rh are the in-plane coordinate vectors of the electr
and hole, respectively,r5ure2rhu, R is the in-plane posi-
tion of the exciton center-of-mass, andK the associated
wave vector.xe(ze) andxh(zh) are sine functions describin
the wave functions for the electron or hole in a 12-nm qu
tum well for the case of infinite barriers.F(r ) is an expo-
nential function describing the spatial extension of the ex
ton envelope function over the bore radiusl513 nm.

Following Ref. 15, we take

Hdef
Q 5A\Q/2wVu~Dee

iQre1Dh~q,qz!e
iQrh!, ~14!

with

Dh~q,qz!5
l1m

2

q2

Q2 1m
qz
2

Q2 . ~15!

w is the mass density,u the longitudinal sound velocity,V
the sample volume,l and m the deformation potentials
~taken from Ref. 15 for GaAs/GaxAl12xAs quantum wells!.

Q5Aq21qz
2 is the modulus of the~3D! phonon wave

vector Q5(q,qz). The deformation potential matrix ele
ments are then given by
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^XkuHdef
Q uXk8&5A\Q/2wVuD~q,qz!A~qz!dq,k2k8 ~16!

with

D~q,qz!5DeGS qmh

M D1Dh~q,qz!GS qme

M D ~17!

and whereA(qz) and G(x) are the Fourier transform o
xe
2(z) and F2(r), respectively. Using Eqs.~9! and ~16! in

Eq. ~8!, we deduce

Wk,k85
pxk

2xk8
2

wVu (
qz ,e561

Aqz21uk2k8u2

3D2~ uk82ku,qz!A2~qz!

3d~Ek82Ek2e\v uk2k8u,qz
! f e~ uEk82Eku!.

~18!

The delta function in Eq.~18! selects aqz value for the
emitted or the absorbed phonon. Only for a sufficiently la
difference in energy between the initial and the final sta
both in-plane momentum and energy conservations are
multaneously possible. In this case,qz is given by

qz56A~Kk,k8!
22uk2k8u2

with

Kk,k85UEk82Ek

\u U. ~19!

Kk,k8 is the modulus of the phonon wave vector. Equat
~18! can be simply replaced by

Wk,k85
Lzxk

2xk8
2 Kk,k8

\wVu2qz
D2~ uk82ku,qz!A2~qz!

3d„qz2A~Kk,k8!
22uk2k8u2…

3 f sgn~Ek82Ek!~ uEk82Eku!Y~Kk,k82uk2k8u!

~20!

where a factor of 2 corresponding to6qz has been taken into
account and whereY(x) is the Heaviside function.

Rk,k8 thus reads from Eq.~12!

Rk,k85
Lzr2Dxk

2xk8
2 k8dk8~Kk,k8!

2

\wVu2

3E
0

2p

du
Y~Kk,k82uk2k8u!

A~Kk,k8!
22uk2k8u2

3D2@ uk2k8u,A~Kk,k8!
22uk2k8u2#

3A2@A~Kk,k8!
22uk2k8u2# f sgn~Ek82Ek!~ uEk82Eku!.

~21!

In the detailed calculation, we are led to define several
markable wave vectors.

~i! kexc51.431024 Å21 is the in-plane wave vector o
the polaritons created at the initial time. It is directly relat
to the experimental incidence angle of the excitation las
e
,
si-

n

-

r.

The termLk(t) in Eq. ~11! createsN051010 polaritons with
an in-plane wave vectorkexc around the initial time.

~ii ! Since the Bragg mirrors have a finite stop band, th
is a given photon in-plane wave vectorkcav, at a given en-
ergy, beyond which the reflectivity drops down. Fork
.kcav, excitonsuXk& and photon modesuCk& are in weak-
coupling regime, the exciton being coupled to a continu
of photon modes. Therefore, fork.kcav, the two branches
are associated to pure photon and exciton modes.

~iii ! We also definekrad5(neffEx
0)/\c as the maximum in-

plane wave vector of radiant exciton states.k.krad corre-
sponds to nonradiant exciton states so that 1/tk50. For
kcav,k,krad, we are in the weak-coupling zone ofk space.
Therefore,tk is simply the radiative lifetime of the exciton
of wave vectork. In a rough approximation, we have taken
k-independenttk , equal to the zone-center radiative lifetim
calculated with our variational exciton wave function.
summary, for kcav,k,krad, 1/tk51/tx50.1 ps21. For k
,kcav, 1/tk is equal to the polariton escape timeck

2/tc . tc is
the photon lifetime inside the cavity; in our casetc51 ps.

~iv! kobs is the maximum in-plane wave vector of the p
lariton states emitting light within the detection cone and
collected signal during timedt is I (t)5dt(k,kobs

Nk /

tk . kobs is slightly larger thankexc to reproduce the experi
mental setup of Ref. 6.

~v! For the numerical integration of the rate equations,
have used 20 values ofk between 0 andkobs, and between
kobs andkrad.. 100 rings have been defined betweenkrad and
kmax5531022 Å21.

III. RESONANT EXCITATION
OF THE POLARITON STATES

In this section, we first calculate decay curves of t
lower-energy polariton states under resonant excitation~1.5
ps pulse!. Therefore in the calculation, we create polarito
around the initial time in the lower branch with an in-plan
wave vectorkex and calculate the intensity of light emitte
by the lower branch in the detection cone (0<k<kobs).

Figure 1~a! presents calculated decay curves for three d
ferent detuningd and a temperature of 10 K. In agreeme
with experimental results,6 we find a biexponential decay fo
positive detunings. By analyzing in detail the polariton tran
fers versus time, we confirm that the short decay correspo
either to the immediate escape of the polariton or to
absorption of phonons and the scattering towards largek ~the
reservoir!. The short-time behavior is therefore well d
scribed by the simple equation~1!. The second slower deca
is then due to the return from the reservoir towards the ra
ant states under examination.

In Fig. 1~b! we plotted the calculated and measured init
decay times under resonant excitation. An excellent ag
ment between calculation and experiments is obtained f
large range of detuning and with no adjustable paramete

Figure 2 shows the polariton in-plane dispersion relatio
and the lower branch exciton weight for two opposite detu
ings. For a detuning equal to16 meV, the dispersion of the
lower branch is similar to that of the uncoupled exciton a
its exciton weight is very close to 1, even in the center of
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2106 56J. BLOCH AND J. Y. MARZIN
Brillouin zone. Since the polariton escape time is very long
in this range of detunings, the decay curves are mainly gov
erned by acoustic-phonon scattering. In Ref. 6, we reporte
that similar decay curves were measured in a cavity samp
for positive detunings and in a reference sample without to
mirror. However, in the reference sample, the short photolu
minescence~PL! decay time is not only controlled by the
acoustic-phonon scattering~which is identical in the cavity
sample!, but also by the exciton radiative lifetime character-
istic of the coupling to the continuum of photon modes~in
the absence of cavity!. Probably because these two terms are
of the same order of magnitude ('10 ps), similar behaviors
are observed for positive detunings in the case of polariton
and for the bare exciton. On the contrary, for negative detun
ings, the curvature of the lower branch in the center of th
Brillouin zone is much larger and at the same time the exc
ton weight of these polaritons is very small. These states a
mainly photonlike and their scattering by acoustic phonon i
inefficient.13 Therefore, most of the initially created polari-
tons immediately emit a photon: the initial decay is very
fast and the second slow decay is not visible, in agreeme
with experiments.6

Figure 1~b! also presents the calculated initial decay time
versus detuning for different temperatures. When increasin
the temperature, scattering by acoustic phonons becom

FIG. 1. ~a! Calculated decay curves for three detuningsd5
26, 0, and16 meV. ~b! ~j! Experimental initial decay time~taken
from Ref. 6! measured at 10 K as a function of the detuningd.
Other curves: calculated decay time for different temperatures.
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more and more efficient so that the decay time is reduced
positive detunings. Moreover, at low temperatures, the de
time increases strongly and monotonously with the detun
whereas for a temperature superior to 30 K, it present
slight maximum near zero. To our knowledge, these evo
tions with temperature have not yet been checked exp
mentally.

We now consider the decay curves at long-time delays
a more quantitative way. At 10 K, the relative intensity of t
second decay for positive detunings is three orders of m
nitude smaller in the calculation than in the experimen
However, it is of importance to recall that in these expe
ments, the laser reflected beam had been masked by a
screen. Therefore, for short-time delays, only light comi
out from polaritons which have been elastically scattered
be detected. Since in the calculation, we count the wh
emission of the ring of in-plane wave vectorkexc, we over-
estimate the first decay with respect to the long-time ta
This could explain a part of the discrepancy between exp
ment and calculation. To include the fact that one ring ink
space is partially masked, we introduced a phenomenolog
parametera which reflects the proportion of light, emitted b
the ring of in-plane wave vectorkexc, which is counted in the
total signalI (t). For short-time delays,a corresponds to the
fraction of polaritons elastically scattered. Except for lar
positive detunings, the introduction ofa does not change the
short or the long decay time but only modifies the relat
intensity of these decays. For positive detunings, we rep
duce the global experimental decay curves witha51023.
This may indicate that the elastic scattering rate leading to
isotropic population of the rings ink space is not as short a
previously measured in bare quantum wells.16 However,
even with this value ofa, the calculated relative intensity o
the second decay for a detuningd50 is still two orders of
magnitude smaller than in the experimental data~instead of
five for a50!. Disorder effects may account for the remai
ing discrepancy. To further increase the calculated long-t
tail, we have to introduce a broadening ink space, which

FIG. 2. In-plane dispersion relations~solid lines! of the polari-
tons for two opposite detunings~d516 and26 meV!. The dashed
lines indicate the exciton weight of the lower energy polariton a
function of the in-plane wave vector. Vertical bars show the po
tion of the characteristic wave vectors used in the calculati
namely,kobs, kexc, kcav, andkrad.
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reflects disorder effects and relaxes allk related selection
rules in the transition rates from Eqs.~18! and ~21!. This
adds new phenomenological parameters and we would n
additional experimental data to adjust them. Moreover,
properly take into account the polariton inhomogeneo
broadening, we would have to make the full calculation
broadened excitons coupled to the cavity mode as in Ref.
Then the scattering by acoustic phonons between these
broadened polariton states has to be calculated. Rece
Whittakeret al.showed that the influence of disorder and t
induced broadening strongly depends on the detuning
cause of the change in the polariton effective mass. W
this mass is getting smaller, motional narrowing
observed.18 Moreover, in Ref. 19 they showed that the natu
of the exciton and cavity mode broadening, strongly infl
ences the resulting polariton broadening. Therefore, a pre
microscopic description of the disorder is necessary to
culate the polariton inhomogeneous broadening but is
yond the scope of the present work.

Finally, we also calculated decay curves of the upper
lariton branch under resonant excitation. Similar results
found. The luminescence of the upper polariton decays b
ponentially. As for the lower polariton, the first decay tim
gets shorter when the upper polariton becomes photon
and at the same time, the relative intensity of the sec
decay becomes smaller. As is mentioned in Ref. 20,
found that for a similar exciton and photon weight, the fi
decay time is shorter for the upper polariton since it involv
the emission of acoustic phonons, whereas for the lower
lariton, absorption of acoustic phonons is required. Th
calculations describe qualitatively the experimental de
curves in Ref. 6 of the upper polariton branch under reson
excitation.

IV. EXCITATION RESONANT TO THE UPPER ENERGY
POLARITON STATE

In this section, we calculate decay curves of the low
energy polariton states under an excitation resonant to
upper polariton as in Ref. 11~1.5 ps pulse!. Therefore, we
create polaritons around the initial time in the upper bran
with the same in-plane wave vectorkexc as in the previous
section and calculate the intensity of light emitted by t

FIG. 3. Normalized calculated decay curves of the lower bra
under excitation resonant to the upper branch for three detun
d526, 0, and16 meV.
ed
o
s
f
7.
ew
tly,

e-
n

-
se
l-
e-

-
re
x-

e
d
e
t
s
o-
e
y
nt

-
he

h

lower branch in the detection cone (0<k<kobs). Figure 3
presents lower branch decay curves for two opposite de
ings. Both rise time and decay time are shortened when m
ing from positive to negative detunings, in qualitative agre
ment with experimental curves presented in Ref. 11.

In order to get a better understanding of the destiny of
polaritons initially created in the upper branch, we defi
five regions ink space, as shown in Fig. 2, and look at t
transfers between these zones as a function of time. The
first zones concern the lower branch: Zone 0 correspond
the detection cone (0<k<kobs), zone 1 to radiant states i
the strong coupling regime but out of the detection co
(kobs<k<kcav), zone 2 to radiant states in weak couplin
(kcav<k<krad), and zone 3 to nonradiant states (krad<k).
Finally, zone 4 describes the detection cone in the up
branch (0<k<kobs) where carriers are initially injected in
our calculation. Figure 4 shows the number of carriers tra
ferred from one of these zones to zone 0 as a function of t
and for the two considered detunings16 and26 meV. For
a positive detuning, almost all carriers are initially tran
ferred to zone 3, the reservoir of nonradiant states. The
fraction of them are transferred to zone 0, and the shap
the whole luminescence curve essentially reflects this tra
fer from zone 3 to zone 0. However, for a negative detuni
since the polariton states of zone 0 are mainly photonli
scatterings to this zone are inefficient. Most of the carri
are initially scattered through zone 3 as in the previous c
but then they mainly recombine through oblique modes
zones 1 and 2. Very few carriers are scattered to zone 0

h
gs

FIG. 4. ~a! Schematic graph of the calculated transfersa, b, g,
andd, from different zones ofk space toward the detection con
~b! and~c! Calculated transfers as a function of time from differe
zones ofk space toward the detection cone. The signal inten
I (t), which is roughly proportional to the sum of these transfers
also shown.~b! Corresponds tod516 meV whereas~c! corre-
sponds tod526 meV.
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2108 56J. BLOCH AND J. Y. MARZIN
this transfer is of the same order of magnitude than the di
transfer from zone 4 to zone 0. Therefore, the short rise t
reflects this direct transfer from the upper branch to the
tection cone and the decay time corresponds to the empt
of zone 3. In both cases the decay time of the luminesce
is governed by the evolution of the nonradiant state pop
tion and therefore is weakly sensitive to cavity effects.

The calculated intensity of light strongly decreases wh
the lower branch becomes photonlike. However, the oppo
behavior is observed experimentally: a much more inte
signal is detected for a photonlike lower branch~negative
detuning!. This discrepancy clearly indicates that our mod
of perfect delocalized polaritons, which does not take i
account any disorder, only gives a qualitative description
nonresonant luminescence.

V. CONCLUSION

Under resonant excitation, the PL decay time is sign
cantly shortened when the lower-energy state is photonl
However, we would like to underline here that this is t
case only because we excite the system resonantly to
states that are in the strong-coupling regime. Actually th
states with 0<k<kcav represent only a small fraction of th
radiant states~roughly 10%!. 90% of the radiant states ar
weakly coupled to photons and their spontaneous emissio
only slightly modified by cavity effect~through the modifi-
cation of oblique modes!. Therefore, the overall spontaneo
emission rate is unchanged: this is consistent with Re
where Stanleyet al. showed that the integrated intensity
light emitted by the edge of a microcavity does not depe
on the detuning. They conclude that cavity effects only c
cern a very small proportion of the radiant states.

When carriers are created at higher energy than
ground state, essentially states weakly coupled to the ca
s
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mode are populated at initial times and they mainly em
light through the leaky modes of the Bragg mirrors. As
Ref. 14, we also calculated the decay time of a shar
peaked excitonic population at the energy of the exciton c
tinuum and found, in agreement with Tassoneet al., weak
dependance of the overall dynamics on the detuning betw
cavity and exciton. In the present calculation however, si
we create the initial carrier population resonantly on the
per branch, we find a strong dependence of the rise time
the detuning in agreement with experiments. But as in R
14, after a few picoseconds, the carriers thermally fill t
reservoir and then the luminescence decay reflects the e
tying of the reservoir and therefore weakly changes with
tuning.

In conclusion, our model describes very well the sho
time behavior of resonant luminescence measured in sam
described in Ref. 6. It also gives a qualitative understand
of the overall dynamics over a larger time scale. However
describe precisely the experimental long-time behavior of
bare quantum-well exciton, we have to introduce a very la
broadening ink space. With such a broadening of the pola
iton states, the border between the strong- and the we
coupling zone is blurred. Therefore, in such samples, dis
der cannot be treated as a small perturbation of perfe
delocalized polaritons. It would thus be very interesting
compare our calculated decay curves with time-resol
measurements in microcavities where a Rabi splitting m
larger than the PL line broadening was reported, such
II-VI microcavities.5
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