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Bottleneck effects in the relaxation and photoluminescence of microcavity polaritons
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A theoretical model for the investigation of the dynamics of microcavity polaritons in the strong-coupling
regime is proposed. The resulting photoluminescence dynamics at small angles is studied as a function of the
angle of observation, the cavity detuning, the lattice, and the free-carrier temperature. For small detunings, the
strong dispersion of the microcavity polaritons at small angles results in a bottleneck relaxation dynamics,
similar to the bulk one. However, important differences, related to the reduced dimensionality of the system,
are found. In particular, a larger emission from the upper polariton with respect to the lower polariton is found
for any temperature. Moreover, a two-lobe angular emission from the lower branch is also expected. In the case
of large pump excess energies, when hot carriers are injected into the system, longitudinal-optical-phonon
emission has also been considered as a possible polariton formation mechanism, and shown to reduce only
partially the effects summarized above.@S0163-1829~97!06036-0#
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I. INTRODUCTION

In an infinite crystal, the interaction between the radiat
field and excitons is characterized by translational invaria
and thus wave-vector conservation. A single exciton mo
couples to a single radiation mode, giving rise to coup
radiation-excitation modes, called polaritons.1 Polaritons are
a strong mixture of the exciton and photon close to the cro
ing of the dispersion curves of the photon and the excit
Outside this crossing region, the polariton has either lar
exciton content, or larger photon content. We refer to ex
tonlike and photonlike polaritons depending on the conte
of exciton and photon in the mixed modes. Polaritons in
infinite crystal are stationary states, and no phase space i
for the decay via radiative recombination. Therefore th
may radiate only through propagation to the crystal surfa2

Instead, in a quantum well~QW!, because of the reduce
dimensionality, the translational symmetry of the electro
states is broken along the growth direction, hereafter den
by z. In this case, a two-dimensional~2D! exciton can re-
combine to a continuum of photon modes with all the p
sible values ofkz and a finite radiative recombination ra
results.3 We do not therefore find strong mixture between t
exciton and photon as in the bulk case.

In order to realize the two-dimensional analog of the b
polariton, a planar structure where both the photon and
citon are confined in the normal direction is necessary. Se
conductor microcavities are planar devices in which the e
tromagnetic field is confined by means of two parallel pla
semiconductor mirrors. When a QW is placed inside a
crocavity, excitons are coupled to the electromagnetic mo
of the dielectric structure. Typical microcavities have
thickness of a few integer multiples of half the photon wav
560163-1829/97/56~12!/7554~10!/$10.00
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length at the exciton resonance frequency. Consequently
exciton is coupled to asinglecavity mode according to the
in-plane wave-vector conservation. Thus this system con
tutes the 2D analogs of the bulk polariton.4 In microcavities
the photons have a finite lifetime which originates from t
finite transmittivity of the mirrors. This implies a radiativ
mechanism for microcavity polaritons which, in contrast
bulk polaritons, does not involve propagation and surfa
recombination.

One of the major issues in the study of optical propert
of bulk polaritons has been the description of the photolu
nescence~PL! process, which is the result of the interpla
between radiative recombination and energy relaxat
through the interaction of excitons with phonons. The rela
ation processes and the results of PL measurements
been successfully understood after detailed theoretical in
tigations of the dynamics of polaritons.2,5 The effective re-
combination times in these systems vary by orders of m
nitude, being very short for photonlike polaritons, and mu
longer for excitonlike polaritons. When the interaction wi
phonons is taken into account, the relaxation times due
phonon scattering become much longer for the photon
polariton than for the excitonlike polariton. This effect is du
to the reduced exciton content in the photonlike polarit
and to the increased slope of its dispersion. The combina
of the increase of radiative rate and decrease of the relaxa
rate in passing from the excitonlike to photonlike modes
sults in a depletion of polaritons in the photonlike regio
and in the absence of any further energy relaxation in
region. This overall dynamics of the 3D polariton has th
been called a bottleneck dynamics.2 The theoretical descrip
tion of such effect presents several difficulties. In particul
surface and spatial propagation effects~i.e., the fact that the
7554 © 1997 The American Physical Society
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56 7555BOTTLENECK EFFECTS IN THE RELAXATION AND . . .
polariton density is not uniform in the sample6!, and elastic
scattering from impurities strongly modify the polariton l
minescence line.6,7 The dynamical effect considered abo
has been observed in the bulk both in continuous-wave6 and
time-resolved experiments.7,8

The small exciton binding energy in bulk GaAs makes
bulk polariton weak to both large temperatures and impu
concentration. Therefore, the bottleneck effects are obse
only in very pure samples at low temperature. Howev
these types of dynamics may be more easily observed
system of reduced dimensionality, like semiconductor mic
cavities, where the exciton binding energies are increa
and the radiative recombination process becomes allow3

In such systems, the impurity luminescence becomes ef
tively quenched by the fast radiative decay, and the PL
namics of the polaritons may be observed up to larger t
peratures than in the bulk. In the present work, we study
dynamics of microcavity polaritons. Our aim is to understa
the fundamental processes underlying the PL, both in stat
ary and time-resolved regimes, and to understand the s
larities and differences with the bulk system. We do, ho
ever, consider realistic systems, which present so
additional differences with respect to the ideal 2D polarito
Currently, good quality microcavities have been realized
many laboratories.9–12 Quarter-wavelength stacks of tran
parent semiconductors, known as distributed Bragg reflec
~DBR’s!, are used to efficiently confine the light in th
cavity.13 For large angles, however, the reflectivity of th
DBR’s drops well below unity. Therefore the radiation is n
effectively confined at these large angles and leaks out
ciently. Because of the DBR design, this loss takes pl
through modes which propagate inside the sample subst
where the radiation is then absorbed. These modes are
ally called leaky modes.4 As a consequence, the realizatio
of the two-dimensional polariton is somewhat partial, be
limited to small angles~or small in-plane wave vectors!. In a
previous paper,14 we have shown how these characterist
of the DBR influence theoverall PL dynamics of the micro-
cavity. It was shown that the PL decay time is dominated
the leakage of radiation at large angles, and is close to
one obtained for bare quantum wells. Experimental con
mation of the above theoretical results has been obta
recently.15 Thus the overall decay dynamics is not of t
bottleneck type as for the bulk. However, the emitted lum
nescence is observed in the region of good mirror reflec
ity. We call this angular region the strong-coupling region.
this paper, we study in detail the PL in this strong-coupli
region, both in the time-resolved and continuous-wave ca
Some similarities with respect to the bottleneck dynam
taking place in the bulk case are found, such as the deple
of the strongly mixed modes. However, we put into eviden
qualitative and quantitative differences between the cha
teristic resulting PL in the two cases. In particular, we fi
that the lower polariton peak emission at any tempera
and for small exciton-cavity detuning is small compared
the upper polariton one; thus a large deviation from the th
mal population of these modes is predicted.

The paper is divided as follows. In Sec. II we briefl
summarize the calculation of the polariton modes of a re
istic cavity, of their radiative recombination rates, and of t
scattering rates by phonons. We set up a rate-equation m
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for the dynamics, and introduce in Sec. III the pump ter
for nonresonant excitation. In particular, we calculate the
lariton formation rates as functions of the carrier tempe
ture, including the formation process by the emission of o
tical phonons. In Sec. IV, we first discuss the over
dynamics, and then the detuning dependence of the rise t
In the case of stationary experiments, we study the emis
as a function of the lattice temperature, the angle of em
sion, and the cavity detuning. Finally, in Sec. V the resu
are discussed with comparisons to available measureme

II. RATE-EQUATION MODEL OF THE DYNAMICS
AND OF THE PHOTOLUMINESCENCE

We identify three steps in the description of photolum
nescence from semiconductors: an excitation provided by
external pump, a relaxation process in which the energy
the excitation is redistributed among the electronic states
released to the lattice, and a radiative recombination proc
In general, all these processes are characterized by diffe
time scales. In Fig. 1 we give a schematic picture of
polariton dispersion and of the possible scattering proce
governing its dynamics and PL that we are going to consid
These include acoustic-phonon scattering within the po
iton branches, polariton formation from a thermal reserv
of free carriers through acoustic- or optical-phonon emissi
and polariton radiative recombination. Neglect of other p
cesses like exciton-carrier, exciton-exciton scattering,
exciton dissociation is justified by the range of low latti
temperatures and low carrier densities considered. In the
lowing, we assume that the dynamics of the scattering is w
described by a set of rate equations. This semiclassical
proximation is justified by the relatively small scatterin
rates of the polaritons with the phonons and external ca
photons~polariton radiative decay! with respect to the typi-
cal changes in the particle energies during the scatte

FIG. 1. Schematic representation of the polariton dispersion,
free-carrier thermal reservoir, and the possible polariton forma
processes: scattering processes by acoustic-phonon emission
sorption, and radiative recombination. UP: upper branch; LP: lo
branch; SR: strong-coupling region; BR: bottleneck region; T
thermal region.
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7556 56F. TASSONEet al.
events. In other words, it is fully justified to neglect the sm
effects of scattering on the energy dispersion of the partic
e.g., the variation of the exciton-polariton masses and R
splitting. This is appropriate for low-density excitation. Th
rate equations read

ṅi ,k5(
j ,k8

Wj ,k8→ i ,k nj ,k8~ni ,k11!

2(
j ,k8

Wi ,k→ j ,k8 ni ,k~nj ,k811!2G i ,knk1Fi ,k . ~1!

The terms containing (n11) correspond to stimulated pola
iton emission, and are hereon approximated by unity beca
of the low density considered. HereWi ,k→ j ,k8 are the polar-
iton scattering rates mediated by the phonons,14 G i ,k is the
radiative recombination rate,4 and the source termsFi ,k rep-
resent the injection of polaritons from the free carriers. Th
last terms are related to the exciton formation rates ca
lated in Ref. 16, and their specific expression in the polari
system will be discussed in Sec. III. Dissociation of excit
polaritons into free carriers by absorption or emission
phonons is negligible at the low lattice temperatures con
ered in this work.

The scattering rates of microcavity polaritons by acous
phononsWi ,k→ j ,k8 , wherek andk8 are the in-plane micro-
cavity polariton wave vectors, andi and j are the branch
indexes, are calculated by using the deformation poten
interaction and the Fermi golden rule.14 Emission and ab-
sorption of optical phonons within the microcavity polarito
bands is impossible, due to the large LO-phonon energy.
scattering rateWi ,k→ j ,k8 is the sum of two contributions aris
ing from phonon emission and absorption. The Fermi gold
rule for the absorption~2! or emission~1! term gives

Wi ,k→ j ,k8
6

5
2p

\ (
qz

uXj ,k8
! ^k8u^0q,qz

uHexc-phu1q,qz
&uk&Xi ,ku2

3d~\V j ,k82\V i ,k6Eq,qz

~ph! !~nEq,qz

~ph!11/261/2!.

~2!

Hereq5k82k is the exchanged in-plane momentum,Hexc-ph
is the deformation potential interaction,unq,qz

& is a phonon

number state,uk& is the exciton state of wave vectork, \V i ,k
is the polariton energy, branchi , wave vectork, n(E(ph)) is
the Bose occupation number for phonons, andEq

(ph)5\uq is
the phonon energy.Xi ,k are the Hopfield coefficients whos
square modulus gives the exciton content in the polar
state of branchi and wave vectork.14,17The explicit expres-
sion of W6 as a function of the conduction- and valenc
band deformation potentialsae andah is then

Wi ,k→ j ,k8
6

5
4p

\

Lz

2p

\

2rVu

~ uk2k8u21qz
~0!2

!

u\uqz
~0!u

3uXj ,k8
! Xi ,ku2@n~Ek82k,q

z
~0!

~ph!
!11/261/2#

3FaeI
iS mh

M
uk82ku D I e

'~qz
~0!!

2ahI iS me

M
uk82ku D I h

'~qz
~0!!G2

, ~3!
l
s,
bi

se

e
u-
n

f
-

c

al

e

n

n

-

whereqz
(0) reads

qz
~0!5F S V j ,k82V i ,k

u D 2

2uk2k8u2G1/2

. ~4!

HereLz is the growth direction quantization size,V the quan-
tization volume,u the speed of the longitudinal acoust
mode, andr the mass density of the solid. The termsI i(q)
and I e(h)

' (qz) are the superposition integrals of the excit
in-plane wave functions and the phonon waves. We cons
the following exciton envelope wave function:

Ck~r,ze ,zh!5Fk~r!c~ze!v~zh!, ~5!

where Fk(r)5A2/paB
2 exp(2r/aB) is the in-plane exciton

envelope function,c andv are the electron and hole confine
ment functions, andaB the exciton Bohr radius. Then th
superposition integrals read18

I i~ uqu!5S 2

paB
D 1/2F11S qaB

2 D 2G23/2

,
~6!

I e
'~qz!5E dzuc~z!u2eiqzz.

Expressions analogous to Eq.~6! hold for I h
' with me in

place of mh , and v(z) in place of c(z). These integrals
introduce cutoffs in the scattering with phonons havi
qi.1/aB or qz.2p/L ~L is the QW width!, and have been
discussed in detail in Ref. 18. In order to calculate the sc
tering rates, we need to specify the exact energy disper
V i ,k of the polariton modes. We use the results which ha
been presented elsewhere4 for a GaAs-based realization of
one-wavelength semiconductor microcavity having a sin
QW embedded at its center. High-reflectivity DBR’s consi
ing of 24 and 20 pairs of quarter-wavelength layers, resp
tively, enclose the cavity. The exact mixed exciton-cav
modes are calculated analytically by diagonalizing t
exciton-photon interaction, where the free electromagn
modes of the full DBR structure are considered.4 A Rabi
splitting \VR54 meV results for this structures, and is
typically observed splitting for these types of structures.10 In
Fig. 2 we plot the total radiative broadening of the mod
G i ,k for a detuningd50. Radiative lifetimes are in the pico
second range, a value which is also typical of GaAs-ba
quantum well structures, and has been obser
experimentally.19 The radiative rate vanishes outside the
diative regionk,k05ncavVexc/c, wherencav is the cavity
index of refraction. This explains the increase of the ove
PL decay time as a function of temperature in tw
dimensional structures, when the excited levels are therm
occupied.20 In the inset of Fig. 2 we plotG i ,0 as a function of
the detuningd. We notice that this is rather large, and
proportional to the cavity photon fraction of the polarito
mode, with exception made for excitonlike modes, wh
d@\VR . In the sequel, we are interested in the dynamics
strongly admixed modes only, and we are going to consi
d.\VR , and in particular the four detunings 0,\VR ,
2\VR , and22\VR . For practical purposes, we have al
been using an analytical approximation to the exact disp
sion, which neglects details of the dispersion effects in
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56 7557BOTTLENECK EFFECTS IN THE RELAXATION AND . . .
leaky mode region.4 Its form is given by the usual solution
of the polariton dispersion equations as given in Ref. 21

~Vexc,k2V i ,k!~Vcav,k2V i ,k!5VR
2/4, ~7!

whereVcav,k5Ac2/ecavk
21Vcav

2 . For ease of reference, w
also report the expression for the square modulii of
Hopfield coefficients:

uXi ,ku25
VR

2/4

VR
2/41~V i ,k2Vexc,k!2 . ~8!

It is instructive to summarize some results on the phon
scattering ratesWi ,k→ j ,k8

6 . In particular, we consider the tota
phonon-scattering rate, which includes both phonon emis
and absorption rates, and is given by

G i ,k
~ph!5 (

j ,k8,l 56

Wi ,k→ j ,k8
l .

We plotG i ,k
(ph) in Fig. 3 as a function of energyE for both the

lower and upper branches. We notice its drastic decreas
the strong-coupling region for the lower polariton only. L
us explain in some detail this fundamental point. T
acoustic-phonon-scattering ratesWi ,k→ j ,k8

l are largely quasi-
elastic because of the momentum cutoffs shown in Eq.~6!.
These cutoffs limit exchanged momenta toaB

215(100 Å)21

typically for a GaAs QW, whereLz.aB . The peak ex-
changed phonon energy is thus close to 1 meV in this c
Therefore, the scattering rate is roughly proportional to
density of states of the polariton modes at the scattering
ergy. For the lower polariton, interbranch scattering is the
fore negligible, and the density of final states is drastica
reduced in the strong-coupling region, where the effect
polariton mass is orders of magnitude smaller than the e
ton mass. For the upper branch instead, interbranch sca
ing to the lower-branch excitonlike mode is dominant, a
consistently much larger scattering rates in the stro
coupling region are obtained. The rapid roll-off of this rate
higher energies is due to the Hopfield factor, i.e., the red

FIG. 2. Microcavity polariton radiative recombination rateGk

for a typical GaAs sample considered in this work, atd50. The
inset shows the normal direction radiative recombination rate a
function of the detuningd.
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tion of exciton content. This asymmetry between the up
and lower branches for acoustic-phonon scattering is v
important in the dynamics, as will be shown later on. T
asymmetry is to be traced back to the fact that upper bra
polaritons are degenerate with excitonlike modes, wher
lower-branch polaritons in the strong-coupling region a
not. This means that this asymmetry is robust to any ot
elastic-scattering mechanism, and therefore constitutes
dominant feature in the dynamics as long as other stron
non-elastic-scattering mechanisms set in at higher temp
tures, or higher densities.

Let us finally discuss how the PL is calculated after t
populations resulting from the solution of Eq.~1!. We recall
that in the strong-coupling regime, the PL spectra consist
two peaks, related to the lower- and upper-branch polar
emissions.4 The width of these peaks is practically broaden
by various effects, but here we are interested in their ove
intensity. In the framework of the rate-equation model, su
marized in Eq.~1!, the PL at a given angleu is proportional
to the photon emission rateG i ,kni ,k into the correspondingk
vector,k5ncavV i ,k /c sinu. Herencav is the cavity index of
refraction, andu is the propagation angle in the cavity. Th
propagation angle in airuair is easily calculated from the
relation sinuair/sinu5ncav. Given the large index of refrac
tion of GaAs, we find total internal reflection for most leak
modes. The calculation of the populationni ,k therefore al-
lows us to calculate the PL emission at any given angleuair
for either the upper or the lower polariton.

III. NONRESONANT PUMP TERMS

We devote this section to a detailed description of
polariton formation rates from free carriers, as this is an i
portant first step in the dynamics, and may considerably
fluence the PL. Formation of exciton polaritons may occ
through the absorption or emission of acoustic phonons
through the emission of optical phonons,16 as schematically
shown in Fig. 1. We therefore generically write the form
tion term as

a

FIG. 3. The total outscattering rates from the lower~solid line!
or upper~dashed line! polariton as functions ofE5\vk at a lattice
temperatureT530 K, and atd50. The upper-branch scattering
mainly interbranch scattering, while for the lower branch both co
tributions are shown.
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Fk5@Cac,k1CLO,k#nC
2 . ~9!

HerenC is the carrier density, andCac andCLO are formation
coefficients for the acoustic-phonon and optic-phonon f
mation processes, respectively. It is quite reasonable to
sume a thermal distribution for the free carriers, with a giv
carrier temperatureTC , which may generally be differen
from the lattice temperatureT. In fact, fast intracarrier dy-
namics is quite effective already at low densities and re
tributes the energy among the carriers, so as to produ
thermal distribution.22 The exchange of acoustic phonons i
volves energies of the order of less than 1 meV. Thus o
lower-branch excitonlike polaritons at the energy-band e
are created by this process, because upper branch pola
are photonlike at the band edge. We also expect that
memory of the initial distribution of formed excitons is lo
during the relaxation on the excitonlike branch. For this r
son, we model formation by acoustic-phonon emission
absorption by a simple sharp delta function,

Cac,k.C~0!d~Elow,k2Ebind!,

where Ebind is the exciton binding energy. The formatio
coefficient has been calculated in Ref. 16, and here we re
its expression for ease of reference:

C~0!5S 2p\2

kBTC
D 2 1

memh

2p\2

mexcS

3 (
ke ,kh ,k

C̃ke ,kh→k
ac e2@\2ke

2/~2me!1\2kh
2/~2mh!#/kBTC,

~10!

C̃ke ,kh→k
ac 5 (

l 561/2

4p

\

Lz

2p

\

2rVu

~ uk2ke2khu21qz
~0!2

!

u\uqz
~0!u

3@n~Eke1kh2k,q
z
~0!

~ph!
!11/21 l #

8paB
2

S

3FaeI
iS 2Ukh2

mh

M
kU D I e

'~qz
~0!!

2ahI i S 2Uke1
me

M kU D I h
'

~qz
~0!

!G2

.

Here all the constants and expressions have already
introduced for the phonon-scattering-rates, Eq.~3!. Concern-
ing optical-phonon emission, it is clearly not quasielastic d
to the large, dispersionless energy of the optical phon
Thus both lower- and upper-branch polaritons are formed
this process. The expression forCLO is similar to the one
given above for the acoustic phonon, provided the deform
tion potential interaction is replaced by the Fro¨hlich interac-
tion, and the appropriate Hopfield factors for exciton cont
in the final state are included. These formation rates h
also been calculated in Ref. 16 for the exciton. Here
include the Hopfield factors, and report the full expressio

CLO, j ,k5S 2p\2

kBTC
D 2 1

memh
(

ke ,kh

C̃ke ,kh→ j ,k
LO

3e2@\2ke
2/~2me!1\2kh

2/~2mh!#/kBTc,
-
s-

n

s-
a

ly
e

ons
he

-
r

rt

en

e
n.
y

a-

t
e

e

C̃ke ,kh→ j ,k
LO 5(

qz

2p

\

\vLOe2~1/e`21/e0!

V~ uk2ke2khu21qz
2!

8paB
2

S

3@11nLO~TC!#uXj ,ku2F I iS 2Ukh2
mh

M
kU D I e

'~qz!

2I iS 2Uke1
me

M
kU D I h

'~qz!G2

3dS \2ke
2

2me
1

\2kh
2

2mh
2\vLO2

\2k2

2M
2EbindD .

~11!

Here the low- and high-frequency dielectric functionse0 and
e` define the Fro¨hlich interaction in the usual way. We no
tice the fact that the LO phonon is dispersionless, theref
the distribution in energy of the injected polaritons mirro
that of the free carriers times the Hopfield factor. T
Hopfield factors are less than one in the strong-coupling
gion. It is therefore important to consider them even in t
pump terms.

Concerning the carrier temperatureTC , it is a function of
both the excess pump energy and of the lattice tempera
T. In this paper we are not interested in the detailed dyna
ics of the carrier temperature, which we are going to rep
elsewhere. We are instead interested in the stationary
where a stationaryTC is also established. Both acoustic an
LO phonons contribute to the cooling~or heating! of the
free-carrier distribution. Since the LO phonons become v
effective for T.60 K in GaAs, it is only in this range tha
the carrier temperatureTC is necessarily close toT. Some
small deviations may be expected for very large excess
ergies~i.e., in the tens of meV range!. For lower lattice tem-
peraturesT, which is the case considered here,TC may be
substantially different from the lattice temperature. Howev
it is unlikely for TC to be far above 60 K for GaAs, becaus
the LO-phonon emission rapidly cools down the free carri
in such a case. The largestTC we will consider is therefore
60 K. From the results of Ref. 16, it follows that the tot
formation rate by acoustic phononsC(0) is weakly dependen
on TC , whereas the total formation rate by LO-phonon em
sion (kCLO,k is exponentially dependent onTC , like
e2(\vLO2Ebind)/kBTC . The crossover temperature is arou
40 K. We therefore consider only the caseTC560 K for
dominant LO formation processes, orTC below 40 K for
dominant acoustic-phonon-mediated formation, leaving as
the crossover region where both processes have to be
sidered at the same time. In Fig. 4 we present the polar
formation coefficientCLO, j ,k as a function of the energy o
the created polariton forTC560 K. We notice that in the
strong-coupling region the coefficient follows the variatio
of the Hopfield coefficient. Therefore the upper polariton fo
mation coefficient is rapidly cut off at high energies. On t
excitonlike lower branch the formation coefficient simp
shows the Boltzmann tail at the free-carrier temperatureTC
~a temperature of 60 K is equivalent to an energy of abou
meV!. This calculation also shows that although the form
tion rate is reduced in the strong-coupling region by the pr
ence of the Hopfield factor, it still remains sizable. Th
lower-branch polaritons in the strong-coupling region a
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likely to be directly injected by LO-phonon emission, whi
it is unlikely for them to be injected by intrabranch acoust
phonon scattering. Qualitative changes in the dynamics
in the PL are thus expected for largeTC .

IV. PHOTOLUMINESCENCE IN THE
STRONG-COUPLING REGION

A. Dynamics

The overall microcavity polariton dynamics and, in pa
ticular, the decay time of both branches, and the rise time
the lower branch PL, have already been discussed in Ref
We recall here that the strong-coupling region spans a s
portion of the k space with respect to the whole excito
branch. Moreover, radiative recombination in the excitonl
branch is still present despite of the cavity confinement
radiation, due to the existence of leaky modes in the mirr
Thus, the total population decay rate and, consequently,
PL decay time, are uniquely determined by the dynam
within the excitonlike branch.23

We now discuss in detail the dynamics of the lower- a
upper-branch PL rise times separately. We remark that
rise time has been defined as the time necessary for the
signal to reach its maximum. We have shown in Ref. 14 t
the lower branch PL rise time is detuning independent.
first notice that in a first step of the relaxation, the excito
cool down to the bottom of the excitonlike branch by phon
emission. At this point a bottleneck in further relaxation in
the strong-coupling region is produced, as for the bulk. T
is always caused by a combination of the slowdown of
laxation rates into this region, and increased radiative rec
bination rates. The question arises of how PL at the bot
of the lower polariton branch,k50, is produced. From the
above discussion, we may exclude a cascade involving m
tiple phonon emission in the relaxation tok50. Instead, re-
laxation involves a single jump with a single-phonon em
sion, as shown in Fig. 1. A rather large amount of energ
then released during relaxation to the phonon. This is in
parent contrast to the claimed quasielasticity in the scatte

FIG. 4. The lower branch~solid line! and upper branch~dashed
line! polariton LO-phonon formation rates as a function of the p
lariton energy~the origin is fixed at the exciton energy!, at a carrier
temperatureTC560 K.
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of polaritons with phonons. However, it results from the c
culations that the energy exchanged in the scattering pro
is peakedaround 1 meV, but still displays long tails aroun
this value. The broadening of this energy distribution is bo
determined by the cutoffs in the superposition integrals~6!
and by the shape of the phonon population factorn(E), into
which the temperature dependence enters. As a consequ
we understand that the rate for scattering from the bottlen
region to the bottom of the lower polariton branch is ve
small, though finite~see Fig. 1!. In particular, we remark tha
the narrower the distribution of the exchanged energy,
smaller this rate is going to be. Clearly, the radiative r
G low,k50 is much larger than this rate at which thek50
mode is populated. Thus, by inspection of Eq.~1!, we under-
stand thatnlow,k50 adiabatically follows the population at th
bottom of the excitonlike branch. We conclude that the r
time of the PL atk50 corresponds to the population buildu
time at the bottom of the excitonlike branch, and is on
determined by this relaxation time. Hence it is detuning
dependent.

The upper branch PL dynamics differs from the low
branch one in which, at least for the rise time, there is
marked dependence on the detuning. In particular, in Fig
we see that the rise time decreases with increasing pos
detuning. To explain this behavior we remark that the o
mechanism for the population of the upper branch is int
branch scattering from excitons in the lower branch. In fa
we already noticed that upper-branch polaritons at
electron-hole continuum energy are unlikely to be form
because of their small exciton content. The interbranch s
tering is quasielastic, always in the sense explained in de
above. Then, mostly excitons in a portion of the low
branch having the same energy as the bottom of the up
branch are involved in this interbranch scattering proce
These ‘‘horizontal’’ scattering processes are shown in Fig
and are allowed by the degeneracy in energy of the up
branch and the excitonlike branch. It also happens that e
in this caseGup,k50 is larger than this populating rate. W

- FIG. 5. Rise timetR as a function of the lattice temperature fo
the upper-branch PL. Three different detunings are considered.
inset show the rise time for the lower polariton branch. Here
d52V case coincides practically with thed5V case, and it is not
reported in the figure.
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conclude that the populationnup,k50 adiabatically follows
the population of the excitonlike branch at the same ene
The first remark, that the upper-branch rise time is usu
shorter than the lower-branch one, thus finds an obvious
planation. In fact, cooling excitons reach these higher en
gies well before reaching the bottom of the excitonlike ba
The other remark, that this rise time depends markedly
the detuning, as is shown in Fig. 5, is also clearly explain
as for larger positive detunings the energy of thek50 upper-
branch polariton is also higher. On the opposite side of
tunings, the upper branch becomes excitonlike; thus the
rise time approaches the value found for the lower branch
appears in Fig. 5.

B. Stationary photoluminescence

The stationary solutions of the rate equations~1! for con-
tinuous wave pump are obtained by settingdn/dt50. The
resulting populations for the case of low free-carrier te
perature ~formation assisted by acoustic phonons! and
T530 K is shown in Fig. 6. The strong-coupling region~few
meV around zero energy, labeled by SR in Fig. 1! is depleted
for both the upper and lower branches with respect to
excitonlike branch. The population in the excitonlike bran
is instead quasithermal~labeled TR in Fig. 1!, apart from
small deviations in the radiative region.24 This picture is
clearly consistent with the interpretation of the polariton d
namics given in Sec. IV A above. The depletion with resp
to the thermal distribution is a consequence of the large
diative recombination rates in the strong-coupling region
compared with the relaxation rates. Moreover, the decre
of the relaxation rates in the strong-coupling region for
lower branch represents a typical bottleneck in the local
namics of the system~i.e., in the strong-coupling region
only, but not for the overall decay dynamics governed by
leakage through the leaky modes!. All these results are thu
similar to those which are found in the bottleneck dynam
in the bulk.2 As for the consequences in the PL, some i
portant differences have to be remarked upon. First, in
selection rules for the PL emitted from a microcavity, the
is a one-to-one correspondence between the angle of d
tion and the in-plane polariton wave vector. For a given o

FIG. 6. The stationary population of the lower- and upp
branch polaritons atd50, and atT530 K.
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servation angle, only two polariton peaks appear in the sp
trum. On the other hand, in the bulk the three-dimensio
polariton wave vector is conserved until the polarit
reaches the surface. At this point, the component orthogo
to the surface is not conserved for the outgoing phot
Thus, in the bulk, the PL at a given angle is the result of
contribution of polaritons with all the possible values of t
wave vector, and it is very difficult to relate the resulting P
line shape to the polariton dispersion and the polariton d
tribution function at the sample surface. As a consequen
the angular-resolved PL gives information on the dispers
only in the 2D case. Second, in two dimensions the stren
of the coupling to the external photons is tuned by the cav
mirror reflectivity. For the semiconductor surface, coupli
is a given parameter and is not easily changed. Third, in
cavity case, the exciton and photon fraction of the modes
easily changed by varying the detuningd, which is not pos-
sible in three dimensions. Because of all these features,
PL from 2D systems provides more information on the inn
processes than in the 3D case. In particular, the PL may
accurately studied as a function of two measurable par
eters: the angle and the cavity detuning. As a further lim
tion in the interpretation of the experimental results, the p
lariton spectrum in three dimensions is dominated
impurity emission, and most of the studies have only sho
lower-branch emission and used LO-phonon replicas
study the occupations in this branch. Therefore, the ca
systems represent a unique workbench where the pola
dynamics can be accurately studied. In Fig. 7 we plot
emission from the upper~a! and lower~b! branches at norma
incidence as functions of the lattice temperatureT, and for
different detunings. We only consider exciton formation a
sisted by acoustic phonons, which is the case for small
cess energy excitation of the system. The emission from
upper branch is overwhelming, and rapidly increases w
temperature. The lower-branch emission remains inst
fairly constant as a function of temperature. These two fa
are explained as follows, by also keeping in mind the res
of Sec. III. The population in the excitonlike part of th
lower polariton branch is quasithermal, and can be para
etrized as

nk}
2p\2

MkBT
e2~\2k2/2M !/kBT.

All the constants have been introduced before. We then c
sider the rate equations~1! in the stationary case and fo
k50, and remark that the fast radiative rate mea
G i ,k50@( j ,k8Wi ,k→ j ,k85G i ,k

(ph) . Moreover, we have shown
that, for this same reason, most of the polariton populatio
within the excitonlike part of the lower branch, as seen
Fig. 6. Thus the PL becomes simply

I i ,k50}(
j ,k8

Wj ,k8→ i ,k

2p\2

MkBT
e2~\2k2/2M !/kBT.

We call this kind of dynamics a two-step process because
inverse scattering process fromk50 to the otherk vectors is
negligible. It is essentially the stationary process correspo
ing to the rise-time process of the lower branch explained
detail in Sec. IV A. When we consider Eq.~3! for the
phonon-scattering rates, and the fact that the Bose occ

-
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FIG. 7. The normal-incidence PL emissio
from the lower ~a! and upper~b! branches as
functions of the lattice temperatureT for different
detuningsd.
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tion factor for phononsn(E) becomes linear inkBT when
kBT.E, we understand that for the lower branch, for te
peratureskBT.(Vexc,k502V low,k50)/2, the PL signal be-
comes roughly constant as a function ofT, due to the can-
cellation of the dependences of the phonon-scattering r
and of the excitonlike population onT. The detuning depen
dence for the lower branch shows that the phonon-scatte
rates for small or negative detunings are very small, and
decreasing for largerudu. This is consistent with the observa
tion made in Sec. IV A for these rates. For positive detu
ings, the lower branch is essentially excitonlike even atk50,
and the phonon coupling is larger, allowing for a stronger
signal.

Scattering from the quasithermal exciton reservoir tow
the upper branch is mostly quasielastic, thus the scatte
rates are always roughly linearly increasing withT, and

I up,k50}T
2p\2

MkBT
e2~Vup2Vexc,k50!/kBT,

where theT factor comes from the phonon-scattering ef
ciency. This simple expression thus explains the strong
pendence on temperature and detuning of the luminesc
from the upper branch as mainly originating from t
Boltzmann exponential of the population in the excitonli
part of the polariton dispersion.

In Fig. 8 we show the angular-resolved PL emission fro
the upper and lower branches, for zero detuning and
fixed temperature of 30 K. A ‘‘hole’’ in the emission of th
lower branch at small angles is evidenced. This is again
lated to the depletion of the population in the strong-coupl
region: the bottleneck effect. This suggests that an angle-
energy-resolved experiment would result in the observa
of a two-lobe emission pattern for the lower polariton. Su
an effect is even more pronounced for negative detuningd,
whereas it of course disappears in the positive detuning
when the lower branch becomes completely excitonlike. T
upper-branch emission does not show such a lobe struc

The above results change significantly when the L
phonon formation of the polariton is considered. In Fig. 9
show the emission in the normal direction for a free-carr
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temperatureTC560 K, andT520 K, as a function of the
detuningd. This situation is typical of high excess pum
energy at a low lattice temperature, as explained in Sec.
In this case, part of the formation process consists of a di
polariton formation in the strong-coupling region. We al
report the emission in the case of lowTC , when direct po-
lariton formation is instead negligible, and polaritons are
jected at the band edge. It is clear from Fig. 9, that the up
branch emission is scarcely influenced by the direct L
phonon-mediated formation of polaritons. By inspection
the results for the population distribution, we have est
lished that quasithermalization of the excitonlike polarito
at the lattice temperatureT is also achieved in the case he
considered. This is simply due to the fact that the total inj
tion rate by LO-phonon emission@which is established
through Eq.~9! and by choosing a stationary carrier dens
much smaller than 1010 cm22# is in this case much slowe
than the relaxation rate in the excitonlike branch. Therefo
the luminescence from the upper branch principally ori

FIG. 8. Angular-resolved PL emission from the lower~solid
line! and upper ~dashed line! polaritons at zero detuning an
T530 K. The inset shows the emission of thermalized polarito
for reference.
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7562 56F. TASSONEet al.
nates from interbranch scattering from a quasithermal po
lation of excitons at temperatureT, as in the low-TC case.
The emission from the lower branch is instead greatly in
enced by the direct formation of polaritons by LO-phon
emission for zero or negative detunings. In fact, in this c
the intrabranch scattering mediated by acoustic phonons
explained in Sec. II, is extremely inefficient and therefo
largely overwhelmed by the direct formation process. As
the strong detuning dependence, we remarked in Sec. III
the formation coefficient depends both on the carrier dis
bution e2E/kBTC and on the Hopfield factor. Clearly, the e
ponential increase in the former factor largely compensa
for the roughlyE21 decrease@see Eq.~8!# of the latter as the
system moves to larger negative detunings. Concerning
angular dependence of the emission, the hole at small an
which was found in the low-TC case before is effectively
reduced by the LO-phonon contribution to the PL at nega
detunings. We show in Fig. 10 the lower-branch emission
TC520 and 60 K ford522VR . Although an increase in
the emission by some orders of magnitude is found

FIG. 10. Angular-resolved PL emission from the lower polarit
at zero detuning forTC560 K ~dashed line! and lowTc ~solid line!.

FIG. 9. The normal-incidence PL emission from the lower a
upper branches as function of the detuningd for the case of LO-
phonon-mediated polariton formation.
u-

-

e
as

r
at
i-

es

he
les

e
t

r

TC560 K, the strongest emission is still at larger angles
clear fingerprint of the bottleneck effect. For zero or positi
detunings, the direct formation is not equally effective,
clearly appears from Fig. 9, and the hole pattern in the
gular emission remains therefore practically unchanged.

V. DISCUSSION AND CONCLUSIONS

We have shown that the PL emission from a microcav
polariton has a rich phenomenology, and that the simple
ture of PL from a thermalized polariton distribution is fun
damentally incorrect. In particular, we have shown that it
quite difficult to populate the polaritons in the stron
coupling region. This is a bottleneck effect, similar to th
found in the bulk. Luminescence from both the upper- a
lower-branch results from one-phonon scattering events f
the excitonlike thermally populated reservoir. However, ev
though the origin of the bottleneck effect is similar in bo
2D and 3D systems, the resulting PL is considerably diff
ent. As an example, in the microcavity, we find that polarit
emission mainly originates from the upper branch at l
lattice temperatures. In the bulk, it is even difficult to disti
guish between PL from the lower and the upper branch
fact, we have already remarked in Sec. IV that the selec
rules for the polariton radiative recombination are of co
pletely different nature in bulk and microcavity systems.
the first case, in fact, the 3D wave vector is the correct qu
tum number to describe the polariton state, but is not c
served in the recombination at the sample surface. C
versely, in the microcavity, the 2D in-plane wave which
the quantum number for 2D polaritons, is conserved in
recombination process. Consequently, an angle-resolved
periment allows the observation of the polariton dispers
in a microcavity,11 while it provides no information on the
distribution along the polariton dispersion in the bulk ca
We have calculated the angular dependence of the PL fro
microcavity. A sharp single-lobe emission over a few d
grees is found for the upper branch, but a two-lobe, conic
shaped emission is found for the lower branch. This is
main signature of the bottleneck dynamics, and no analo
this angular emission exists for the bulk. We also conside
the effects of the injection of carriers at large carrier te
peratures, which are obtained with relatively large exc
pump energy. The direct creation of polaritons in the stro
coupling region, due to LO-phonon emission, in this ca
partially reduces the bottleneck effect, and sizably increa
the emission from the lower branch at small angles. At la
lattice temperature, above 60 K, dissociation by LO-phon
absorption rapidly thermalizes the polaritons, and the us
result of a thermal ratio between the emission of the up
and lower polariton is thus expected. Moreover, an ove
sizable increase of the emission of both the modes res
which is related to the disappearance of the bottleneck eff

Effects of disorder are also different in the bulk and m
crocavity system, due to their different origin. Impurity ce
ters in the bulk act as trapping centers, effectively quench
the radiative recombination from bulk polaritons.2,7 More-
over, strong elastic scattering at the transverse exciton
ergy produces a characteristic dip in the free polari
luminescence.7 These effects are reduced in the QW, a
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surface roughness is instead the dominant scattering me
nism. It does not, however, produce quenching of the ra
tive recombination, but rather a spectral redistribution of
absorption over a large emission line. Moreover, breaking
the in-plane translation symmetry is presumably a large
fect in this case. We have shown that the bottleneck ef
and its consequences are intimately related to the tran
tional symmetry. A detailed study of the dynamics in th
case is necessary in order to establish whether the bottle
effect disappears with strong disorder. Indeed, recent
measurements on microcavity polariton11 did not explicitly
show any evidence of nonthermalized emission in the
even when carried out at low lattice temperatures of 30 K25

Even though the polariton PL spectra have been measur
different emission angles,11 the angular dependence of th
PL intensity has not been determined. We do not expec
find any trace of the two-lobe emission from the low
branch in these samples in which disorder is quite large,
the polariton broadening amounts to a sizable fraction of
r.
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Rabi splitting. Angular dispersion effects, as well as t
other bottleneck effects, are presumably washed out in th
samples. Unfortunately, it is not easy to relate the size of
k mixing with inhomogeneous broadening. Recent theor
cal results26 suggest that, for the lower-branch polariton on
both the inhomogeneous broadening and thek mixing are
effectively reduced for small disorders due to a motion
narrowing effect. Thus we expect that the effects predicte
this paper should be detected within a sizable range of
order. In this linewidth regime, we expect that both a d
crease of the lower-branch emission, and the two-lobe em
sion should indeed be observed.
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