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Intensity dependence of superradiant emission from radiatively coupled excitons
in multiple-quantum-well Bragg structures
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Linear time-resolved reflection on the heavy-hole exciton transition of high-quality multiple GaAs quantum-
well Bragg samples reveals enhanced radiative emission and accelerated decay of the coherent optical polar-
ization due to radiative interwell coupling. It is shown that this superradiant mode gradually vanishes with
increasing excitation intensity. Microscopic calculations attribute this decoupling to the carrier-carrier Cou-
lomb interaction in the individual quantum wells leading to excitation-induced dephasing. The intricate density
dependence is discussed comparing computed results for the excitation-dependent decay in single quantum
wells and multiple-quantum-well Bragg structures.@S0163-1829~98!02923-3#
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I. INTRODUCTION

Recently, it could be shown that the dynamics of opti
excitations in semiconductor multiple-quantum-well~MQW!
structures differs considerably from the dynamics in a no
nally identical single quantum well~QW!.1–3 The origin for
this difference lies in the nature of the radiative decay ch
nel that exists in a composite structure of reduced effec
dimensionality. Whereas direct radiative decay of an exci
polariton in a bulk semiconductor is inhibited by the requi
ment of momentum conservation, a QW exciton with an
plane momentum\ki,\v/c, where \v is the excitation
energy, can decay into a photonic state due to the lac
translational invariance in the growth direction of the stru
ture. Values of the radiative lifetime in the range of a few
have been postulated theoretically1,2,4,5 and could be ob-
served experimentally only recently.3,6,7 Since the field that
is emitted by a QW can subsequently interact with ot
QW’s in the sample, the short radiative lifetime of the ex
ton causes an efficient radiative coupling of the QW’s t
leads to collective effects. The dynamics of the collect
excitations depends strongly on the number of QW’sN and
the interwell separationd. A special situation arises in
MQW Bragg structure, where the interwell spacingd equals
an integer multiple of half the exciton wavelength in t
medium lhh. At low excitation intensities, the dominan
coupling mechanism is a stimulated polarization decay
to reemitted photons. This type of coupling creates a
called superradiant mode, which ideally is characterized
an N times enhanced radiative decay rate. The remaininN
21 ‘‘dark’’ modes then have a vanishing radiative coupli
strength.

According to theoretical predictions,2 the formation of a
570163-1829/98/57~23!/14860~9!/$15.00
l

i-

-
e
n
-
-

of
-
s

r
-
t

e

e
-
y

superradiant state in a MQW Bragg structure depends c
cally on the phase matching between optical excitations
different QW’s. Therefore, the dynamics of the optical p
larization is extremely sensitive to various dephasing mec
nisms like scattering at impurities or phonons, interfa
roughness or excitation-induced dephasing.8 Moreover, since
the concept of superradiance is based on the existenc
~quasi!stationary coupled exciton-photon modes, the supe
diant mode cannot be an eigenstate of the nonequilibr
coupled semiconductor-photon system at higher excita
intensities.

In this paper, we present theoretical and experimental
vestigations on the influence of elevated excitation intensi
on the dynamics and the formation of the superradiant m
in a MQW Bragg structure. Since an efficient radiative co
pling requires phase coherence, only experiments able
identify those photons that are reemitted from the coher
polarization are suited to the study of superradiance. In
coherent regime, the reemission of photons is restricted
the direction of the transmitted and reflected excitation be
by the in-plane momentum conservation. Therefore,
present in this paper experimental and theoretical invest
tions of the time-resolved reflected signal that directly rev
the enhanced photon emission and the accelerated radi
decay of the coherent polarization. Comparing results o
high-quality GaAs MQW Bragg sample to those of a sing
QW, the significant reduction of the radiative lifetime can
shown to result from the strong coupling of excitons w
phase-coherent photons leading to a stimulated superra
decay of the excitonic polarization. Similar changes of t
exciton lifetime have been observed for QW’s located ins
microcavities9,10 or excitons irradiated by phase-controlle
coherent optical pulse trains.11
14 860 © 1998 The American Physical Society
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The experimental results are analyzed using a mic
scopic many-body theory that fully includes the radiati
coupling of the QW’s. Details of that theory and numeric
results are described in the following Secs. II and III, resp
tively. In Sec. IV we present the experimental results an
comparison with theory. Section V gives a brief summa
and conclusion and in the Appendix we generalize the an
sis of Ref. 2 to compute the quasistationary coupled excit
photon modes of the semiconductor Maxwell-Bloch eq
tions.

II. THEORETICAL MODEL

The propagation of a classical light pulseE in a semicon-
ductor structure is described by the wave equation

@D21/c2] t
2#E~r ,t !54p/cv

2] t
2P~r ,t !24p¹¹•P~r ,t !,

~1!

wherecv is the vacuum light velocity,c5cv /Ae is the speed
of light in the sample,e is the background dielectric con
stant, andP is the resonant contribution to the total polariz
tion in the QW’s. Restricting our analysis to pulse propag
tion perpendicular to the QW planes, applying the bound
conditions at the interfaces between QW and barrier m
rial, and using an envelope function approximation for thz
dependence ofP we obtain for each circular polarizatio
component of the electromagnetic field within the semic
ductor structure2

E~z,t !5E1
1~ t2z/c!2

2p

ce (
n51

N

] tPn~ t2uz2znu/c!. ~2!

Here, zn is the position andPn the polarization of thenth
QW. E1

1 denotes that part of the optical field in the fir
barrier that propagates in the positivez direction.

In order to allow for a realistic comparison of the com
puted results with experimental observations we include
the following, in addition to the analysis in Ref. 2, also r
flections at the sample surface whereas we assume the
strate to be absorbing. From Maxwell’s equations one
construct the boundary conditions for the vacuu
semiconductor interface:

E0~ t !1ER~ t !5E1
1~ t !1E1

2~ t !, ~3a!

E0~ t !2ER~ t !5Ae„E1
1~ t !2E1

2~ t !…. ~3b!

Here, we denote the input field asE0, the total reflected
field asER and the forward and backward propagating fie
in the first barrier asE1

1 and E1
2 , respectively. Combining

Eqs.~2! and ~3!, we obtain

E~z,t !5
2

Ae11
E0~ t2z/c!2

2p

ce (
n51

N

] tPn~ t2uz2znu/c!

2
Ae21

Ae11

2p

ce (
n51

N

] tPn„t2~z1zn!/c…, z.0

~4!

for the electromagnetic field inside the structure. The to
reflected field outside the sample is given by
-
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ER~z,t !52
Ae21

Ae11
E0~ t1z/cv!

2
2Ae

Ae11

2p

ce (
n51

N

] tPn~ t2zn /c1z/cv!, z,0.

~5!

The first term on the right hand side of Eq.~4! is the
incident laser field transmitted at the vacuum/semicondu
interface, the second term represents the fields emitted f
thenth QW at positionzn , and the last term results from th
internal reflection of the emitted fields at the sample surfa
Clearly, the dynamics of the coupled exciton-photon mod
is modified by the cladding layers due to these internal
flections at the sample/air interface. In the results, th
modifications can either lead to an apparent enhanceme
reduction of the radiative coupling, depending on the thic
ness of the first barrier~see Fig. 8 and Appendix for furthe
details!.

To solve Eqs.~4! and ~5!, the polarizationPn within the
nth QW must be calculated from a microscopic model. F
this purpose, we start from the standard two-band Ham
tonian including the free motion of the carriers in a confin
ment potential superposed on the periodic lattice poten
the Coulomb interaction between carriers and the dipole
teraction between carriers and light field.12 To take into ac-
count the confinement of the QW electrons inz direction, the
Bloch wave functions are expanded into plane waves for
in-plane coordinates and the envelope functions perpend
lar to the QW for the first electron and hole subband on
Expanding the macroscopic polarization of QWn in the one-
particle momentum states, we have Pn(t)
51/A(k m k p k,n(t) wheremk is the dipole matrix elemen
between valence and conduction band andA is the normal-
ization area. Within this basis the equations of motion for
coherent interband polarizationpk,n and the carrier occupa
tion probability f k,n

e/h are derived using Green’s functio
techniques.13 Restricting our analysis to contributions up
second order in the Coulomb potential, we obtain in seco
Born approximation for the polarization and population d
tributions in thenth QW:14

@ i\] t2«k,n
e ~ t !2«k,n

h ~ t !1 i\g0#pk,n~ t !

1@12 f k,n
e ~ t !2 f k,n

h ~ t !#Vk,n~ t !

5 i @2Sk,n
D ~ t !1Sk,n

OD~ t !1Vk,n
D ~ t !2Vk,n

OD~ t !#, ~6!

i\] t f k,n
e/h~ t !1Vk,n~ t !pk,n* ~ t !2Vk,n* ~ t !pk,n~ t !

5 i @sk,n
f ~ t !1sk,n

D ~ t !1sk,n
OD~ t !1vk,n

D ~ t !2vk,n
OD~ t !#. ~7!

Here we added a small phenomenological backgro
dephasingg0, representing contributions due to interactio
of coherent excitons with sample imperfections~defects, in-
terface roughness, alloy fluctuations in the barriers, etc.! or
phonons. The left hand sides of Eqs.~6! and ~7! contain the
Hartree-Fock renormalizations
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«k,n
e/h~ t !5ek

e/h2
1

A(
k8

Vk2k8 f k8,n
e/h

~ t !, ~8!

Vk,n~ t !5mkE~zn ,t !1
1

A(
k8

Vk2k8pk8,n~ t !, ~9!

whereV is the bare quasi-two-dimensional Coulomb pote
tial and ek

e/h5\2k2/2me/h is the free particle energy of a
electron/hole in statek. In the following, we suppress th
QW subscriptn and the time argumentt for better readabil-
ity. The right hand side of Eq.~6! contains the dephasin
processes due to the Coulomb interaction, which are divi
into diagonal~D! and off-diagonal~OD! contributions:

Sk
D5

1

A2 (
k8,k9

(
a,b5e,h

g~ek
a1ek81k9

b
2ek9

b
2ek81k

a
!

3@2Wk8
2

2dabWk8Wk2k9#pk@~12 f k81k9
b

! f k9
b f k81k

a

1 f k81k9
b

~12 f k9
b

!~12 f k81k
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!2pk81k9pk9
* #, ~10!
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g~2ek
a2ek81k9
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3~12 f k81k9
b

! f k9
b

1 f k
af k81k9

b
~12 f k9

b
!

2pk81k9
* pk9#, ~11!

Vk
D5

1

A2 (
k8,k9

(
a5e,h

g~ek
a2ek81k9

ā
1ek9

ā
2ek81k

a
!

3Wk8Wk2k9pk@pk81k
* 2pk81k9

* #pk9, ~12!
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OD5

1
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(
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1ek81k
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!
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ā
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ā
!

1 f k
a~12 f k81k9

ā
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1 f k
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ā
~12 f k81k

a
!#%. ~13!

Here, W denotes the screened Coulomb potential,g(x)
5pd(x)1 iP/x and ā5h(e) for a5e(h), respectively. For
the electron (a5e) and hole (a5h) distribution functions
the relaxation contributions in Eq.~7! are
sk
f 5

2p

A2 (
k8,k9
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b5e,h

d~ek
a1ek81k9

b
2ek9

b
2ek81k
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b
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!Wk8Wk2k9$@ f k

a2 f k81k
a

#pk81k9pk9
* 2@ f k

a2 f k81k9
ā
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ā
!Wk8Wk2k9$@ f k9

a
2 f k81k9

a
#pkpk81k

* 2@ f k9
a

2 f k81k
ā
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Equations~4!, ~6!, and ~7! constitute the semiconducto
Maxwell-Bloch equations~SMBE’s!. The SMBE’s take into
account light propagation effects such as absorption and
emission of photons by the coherently polarized exciton tr
sition. In the linear or quasistationary regime, the solutio
can be expressed in terms of stationary coupled exci
photon~polariton! modes, which have well-defined energi
and radiative linewidths. A detailed analysis of the quasis
tionary modes is given in the Appendix.

The solution of the SMBE’s in the form presented abo
constitutes a rather challenging numerical problem. Due
the various summations in the scattering rates, the evalua
e-
-

s
n-

-

to
on

of the dephasing and relaxation contributions for eachk
point, especially, is extremely CPU time consuming. To d
with this problem we have evaluated the ratesSki

,Vki
,ski

,vki
,

i 51, . . . ,nk using massively parallel numerical schemes.

III. NUMERICAL RESULTS AND DISCUSSION

As examples of the numerical results we discuss in
following the computed time-dependent reflection for
SQW and a perfectN510 Bragg structure assuming 80-
GaAs QW’s and a top layer of 45-nm AlGaAs.15 This QW
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thickness is small enough to make it possible to neglect c
tributions from the light-hole exciton transition.

Figure 1 shows the results for low excitation intensities
a linear ~upper! and logarithmic scale~lower part!. Here,
resonant excitation of the hh-exciton transition with a Gau
ian pulse of 530-fs full width at half-maximum~FWHM! is
assumed. The signal intensity has been normalized to
maximum intensity reflected from the SQW, that occurs
t50. As reference the direct reflection of the incident pu
is shown, which would be found when the sample is repla
by a dielectric mirror with the same dielectric constant as
barrier material. Of special importance are those parts of
reflected signal that are seen for times at which the di
reflection of the incident pulse has decayed. These com
nents result from reemission of light that is transiently a
sorbed by the quantum well~s!. The signal from the Bragg
structure shows a double peak signature as a function of
resulting from the destructive interference between the
rectly reflected signal and the signal coherently emitted fr
the quantum wells. For a pulse duration of 530 fs~FWHM!
the signal intensity reaches its maximum approximately 1
after the arrival of the pulse maximum. At later times t
signals reveal a single exponential decay resulting from
radiative decay of the excitation in the QW’s. Under t
conditions chosen for the calculations, this decay is do
nated by the optical dephasing of the coherent polarizatio
the lowest exciton transition. In real samples, inhomo
neous broadening of the excitonic resonances may pro
further contributions to the signal decay, depending on
amount of energetic disorder in the sample.

The dephasing rate comprises radiative and nonradia

FIG. 1. Calculated linear reflection of laser pulses resonan
the heavy-hole exciton from a perfectN510 Bragg structure~solid
line!, and from a single quantum well~dashed line! on a linear
~upper! and logarithmic scale~lower part!. For reference the re
flected laser pulse at a dielectric mirror with the same dielec
constant as the barrier material is shown~dotted line!.
n-

n

-

he
t
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e
e
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e
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~denoted byG and g0, respectively! contributions. In the
linear regime, the radiative dephasing rate of the tw
dimensional~2D! exciton in the absence of the cladding la
ers can be calculated from the dipole matrix elementmk , the
wavelength in the medium corresponding to the excito
transitionlhh and the overlap of the electron-hole wave fun
tions according toG54p2u(kmkw(k)u2/elhh, which de-
pends on the QW thickness through the excitonic wave fu
tion w(k). Including reflections at the vacuum
semiconductor interface, the radiative dephasing rate o
SQW is given by

Gs5GS 11
Ae21

Ae11
cos~4pd1 /lhh!D , ~19!

whered1 is the thickness of the first barrier~see Appendix!.
Using 1/G517 ps andd150.21lhh yields a radiative dephas
ing time 1/Gs533 ps. Note that due to the finite well width
the value ofG used here is smaller than the decay rates
Refs. 2 and 3 which are computed for the ideal 2D lim
Estimating a nonradiative contribution of 1/g0550 ps, we
obtain T25(g01Gs)

21520 ps for the SQW andT25(g0
1NGs)

2153.1 ps for theN510 Bragg sample. Thus th
theory predicts a pronounced decrease of the signal de
time for theN510 sample. However, it is important to no
that the ideallyN times decreased radiative lifetime in
MQW Bragg structure as compared to a SQW can only
expected if the samples have negligible nonradiative hom
geneous and inhomogeneous linewidthand identical top lay-
ers. However, the quadratic increase of the superrad
emission intensity withN due to constructive interference o
the electric fields reradiated by the excitonic polarization i
Bragg sample is independent of the top layer.

As has been mentioned in the Introduction, the format
of the superradiant mode depends extremely sensitively
phase coherence within the MQW structure. Phase coher
can be destroyed either by deviations~both random and sys
tematical! from the Bragg condition or by intrinsic dephasin
mechanisms like scattering at impurities or interface rou
ness, phonon or Coulomb scattering. Whereas a study o
effects of dephasing due to static disorder requires a wh
series of samples, effects of excitation-induced dephas
can be investigated systematically by varying the excitat
intensity. Furthermore, it is important to note that there i
fundamental difference between excitation-induced deph
ing and dephasing due to static disorder or phonon sca
ing. Whereas disorder leads to dephasing in the linear reg
where the solutions of the SMBE can be expressed in te
of stationary exciton-photon modes, an increase of the e
tation intensity requires the solution of the full nonline
SMBE for the nonequilibrium system where the coupling
the QW’s can no longer be described by the formation
~quasi!stationary exciton-photon modes. Thus, the format
of a superradiant state is not only affected by dephas
mechanisms but also by optical nonlinearities like pha
space filling, Coulomb screening, etc.

To study the influence of the nonlinear Coulombic effec
we show in Fig. 2 the computed normalized reflected sig
of a N510 MQW Bragg structure for different excitatio
intensities. The excitation intensity is given in terms of t
Rabi energyVR52/(Ae11)mk50E0(t50), which is a di-

to
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rect measure of the excitation intensity within the samp
Figure 2 clearly shows that the second peak in the signal,
that part that originates from the reradiation of the MQ
structure, is strongly reduced for increasing excitation int
sities. To analyze the origin of these intensity dependent
fects we plot in Figs. 3~a! and 3~b! the numerical results fo
the reflection of a SQW and the Bragg structure under id
tical excitation conditions on a logarithmic scale. We see t
with increasing intensity the total decay rate increases
nificantly in both structures and simultaneously the ma
mum of the signal amplitude decreases. The increased d
rate of the reradiated signal is a clear signature of
excitation-induced dephasing resulting from the Coulo
scattering effects in the quantum well~s!.

In Fig. 3~c! we plot the ratio of the SQW and Brag
results. Apart from modifications for times less than the la
pulse duration, which can be explained by interference of
QW signal and the initial laser pulse, all signal amplitu
ratios start at a value ofN25100 due to the constructiv
interference of the signal emitted from different QW’s in t
Bragg sample. In the linear regime, the ratio decreases
increasing time due to the enhanced radiative decay rat
the Bragg structure. However, at higher excitation levels
decrease of the signal ratio slows down until the total de
rate of the SQW even exceeds that of the Bragg struc
such that the signal ratio even increases with increasing t
This surprising result can be understood by noting that
photogenerated carrier density depends on the detailed i
play between radiative and nonradiative decay proces
The fast radiative decay in a MQW Bragg sample preve
the coherent polarization from being efficiently scattered i
nonradiative states, i.e., being incoherently absorbed. T
the carrier density generated in a MQW Bragg structure
become significantly smaller than the carrier density in
SQW under identical excitation conditions, which is show
in Fig. 4. Hence, for moderate excitations the excitation
duced dephasing in the SQW is sufficiently more p
nounced than in the Bragg structure for the same excita
intensities. Hence, the total decay rate of the SQW eve
ally exceeds that of the Bragg structure. It is worth noti
that for increasing excitation intensity, the ratio of the ge
erated carrier density in a Bragg structure and a SQW ev
tually approaches unity. In this limit, the dynamics of t

FIG. 2. Calculated reflection of laser pulses resonant to
heavy-hole exciton from a perfectN510 Bragg structure for differ-
ent excitation intensities.
.
.,

-
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reflected signal is dominated completely by the Coulo
scattering, while the radiative coupling is of minor impo
tance.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

To study the main effects found in the theoretical analy
we performed experiments on two GaAs/~Al,Ga!As samples
grown by molecular-beam epitaxy on semi-insulating Ga
substrates: one SQW and a MQW consisting ofN510 GaAs
QW’s of 20 nm thickness between Al0.3 Ga0.7 As barriers,
the thicknesses of which were chosen to satisfy the Br
condition. The Bragg sample has a 47-nm top layer, wh
the SQW sample has a 118-nm top layer. The lo
temperature photoluminescence linewidth amounts to 0
and 0.45 meV for the SQW and the Bragg structure, resp
tively. All experiments were performed atT58 K with
100-fs pulses from a Kerr-lens mode-locked Ti:sapphire
ser. The laser output was split into two parts. The first pu
is passed through a pulse shaper in order to reduce the s

e

FIG. 3. Comparison of the calculated reflected signals emi
from a N510 MQW Bragg structure~a! and a SQW~b! for differ-
ent excitation intensities. In~c! the calculated ratio of the reflecte
signal from aN510 MQW Bragg structure and a SQW for variou
excitation intensities is shown.
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tral bandwidth to 3.3 meV, thus avoiding band-to-band ex
tation of free carriers. Behind the pulse shaper the pulse
ration amounts to approximately 800 fs. This pulse is use
probe the reflectivity at the hh-exciton transition. The
flected beam is superimposed to the second strong 10
pulse in a 2-mm-thick LiIO3 crystal for upconversion. The
sum frequency signal in dependence on the real-time d
between the reflected pulse and the upconversion pulse
vides time resolution of the linear reflection signal.

Figure 5 depicts the measured shapes of the refle
pulse for the SQW and theN510 MQW Bragg sample mea
sured at a very low average probe pulse intensity o
W/cm2. The experimental results agree fairly well with th
computed results shown in Fig. 1. The first peak follows
cross correlation trace of the probe with the upconvers
pulse and can be attributed to reflection at the sample
interface. On the trailing edge both signals exhibit the de
of the resonantly excited polarization of the hh-exciton tra
sition in the QW’s. This signal part is roughly 100 time
higher for the Bragg structure because of the construc
interference of the Bragg-reflected polarization in agreem
with the theoretical predictions. However, the relative ma

FIG. 4. Calculated photogenerated carrier densities in a S
~dotted lines! and aN510 MQW Bragg structure~solid lines! for
different excitation intensities.
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nitude of the signal emitted from the QW polarization a
the signal reflected at the first interface is significantly larg
than predicted by our numerical calculations. Furthermo
the observed signal exhibits a two-stage decay in contras
the theoretical predictions.

The experimentally observed two-stage decay of the
nal emitted from the Bragg sample results most likely fro
imperfect external pulse shaping. To test this assumption
performed calculations using a non-Gaussian exciting la
pulse. As shown in Fig. 6 the computed results mimic
experimental observations. For these calculations we m

W

FIG. 5. Comparison of the time-resolved reflected pulses fro
N510 Bragg structure~solid line!, and from a single quantum wel
~dashed line!, at low excitation intensity on a linear~upper! and
logarithmic scale~lower part!.

FIG. 6. Calculated linear reflected signal from aN510 Bragg
structure excited with a non-Gaussian laser pulse~solid line! in
comparison to excitation with a Gaussian laser pulse of eq
FWHM ~dashed line!.
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eled a pulse shaping in frequency space according toE(v)
5E0(v) f „2b(v2vL1Dv)…f „b(v2vL2Dv)… whereE0
is a Gaussian of 14 meV FWHM,f (x)5@exp(x)11#21 is a
Fermi function, vL is the central laser frequency,\Dv
52.1 meV, andb51.6 ps. The calculated signal amplitud
shown in Fig. 6 are normalized with the signal maximu
obtained att50 from a single quantum well using th
Gaussian pulse. Comparison of the signals emitted from
Bragg sample obtained using a non-Gaussian and a Gau
laser pulse with comparable spectral width shows that
long-time behavior of the signal is not affected by the ext
nal pulse shape, whereas on a short-time scale the sign
determined by interference of the MQW signal and the in
pulse. In particular, the peak height and the temporal posi
of the signal maximum depend on the duration of the ex
ing pulse. This is illustrated in Fig. 7 where the calculat
signal from aN510 Bragg structure is shown for variou
temporal widthstL of the exciting pulse. IncreasingtL shifts
the second peak to later times, even though for all pulses
time-integrated excitation intensity*dtmk50E0(t)/\ has
been kept constant. Under these conditions the emitted si
of the MQW Bragg structure does not depend on the la
pulse duration as can be verified from the signal for tim
larger thantL . Hence, the signal modifications for times le
than tL are a result of the destructive interference. Furth
more we note that for longer pulses the maximum of
directly reflected part of the signal is reduced compared
the reemitted part.

The experimentally observed single exponential decay
the signals fort.2 ps indicate high sample quality, since a
inhomogeneous broadening would result in a nonexpone
polarization decay. Also, degenerate four-wave-mix
~DFWM! experiments3 confirm high sample quality. Linea
fits to the experimental curves at long times yield dephas
times T2 of 7.6 ps and 2.3 ps for the SQW and theN510
Bragg structure, respectively. Assuming a nonradiative c
tribution to the dephasing time of 1/g0537 ps, which can be
estimated from DFWM experiments, theseT2 times corre-
spond to radiative decay times of 9.6 ps for the SQW and
ps for the superradiant mode in the Bragg structure. Du
the different top layers in our structures, the enhancemen
the radiative decay rate is much smaller than the ideal va
of 10. To illustrate the effect of the first top layer on th
signal decay, we plotted in Fig. 8 the calculated linear

FIG. 7. Calculated dependence of the reflected signal on
laser pulse duration.
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flected signal of a SQW with an intrinsic radiative dephas
time of 17 ps and a top layer ofd150.51l, which roughly
corresponds to our 118-nm top layer, and ford150.21l,
which has already been shown in Sec. II. Using Eq.~19! the
radiative dephasing rateG can be estimated from the ob
served signal decay times in Fig. 5, yielding 1/G515 ps for
the SQW and 1/G513 ps for the Bragg structure. Thes
values agree quite well with each other and with the theo
ical prediction.

The value ofT2 for the superradiant mode in the Brag
structure is distinctively smaller than the fast initial dec
time observed in time-integrated DFWM experiments.3 This
discrepancy most likely originates from sample disorder s
as fluctuations of the QW or barrier widths. As shown
previous papers2 the presence of disorder implies a certa
amount of transfer of oscillator strength to the optically da
modes, which are forbidden in a perfect Bragg sample. T
DFWM experiment measures contributions of both the
perradiant and the weakly radiant modes whereas the
flected signal is dominated by the superradiant mode.

To study the effects of phase coherence on the forma
of the superradiant mode we control the dephasing rate
varying the intensity of the incident laser beam. The dens
dependence of the time-resolved reflection signal depicte
Fig. 9 demonstrates rapid disappearance of the superra
emission at higher excitation levels due to rapid phase co
ence loss caused by the excitation-induced dephasing w
the individual wells.8 Variation of the average probe powe
over three orders of magnitude from 5mW to 5 mW results
in a complete suppression of the superradiant emission.
is also demonstrated by the inset of Fig. 9, where the a
under the normalized curves is plotted against the intens
The total change of the integrated pulse area for the low
and highest intensities is about 23%. For the intensi
larger than 5 mW the pulse reflected from the Bragg sam
has the same shape as the incident pulse observed whe
sample was replaced by a gold mirror. The slight modulat
of the signal at21 ps delay in Fig. 9 presumably resul
from imperfect external pulse shaping.

V. CONCLUSION

In conclusion, our theoretical investigation of time
resolved reflection experiments on MQW Bragg structu
and the corresponding single quantum well clearly shows

e FIG. 8. Dependence of the calculated linear reflected sig
from a single quantum well with 1/G517 ps on the cladding layer
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superradiant emission from the radiatively coupled excit
under transient resonant excitation. The theoretical anal
reveals an intricate interplay between excitation-induc
dephasing and superradiant decay of the excitation i
MQW Bragg structure. Efficient radiative coupling requir
phase coherence between the excited excitons. Theory
experiment show a suppression of the superradiant mode
increased excitation intensities due to excitation-indu
dephasing.

The experimental results are well reproduced by soluti
of the semiconductor Maxwell-Bloch equations. The role
non-Gaussian laser pulse shapes and the different clad
layers of the samples is analyzed. The measured radia
lifetime of 2D excitons is strongly influenced by reflectiv
coupling between the quantum well and the air/sample in
face. Depending on the thickness of the upper cladding la
the radiative dephasing time can be either increased or
creased as compared to theT2 of the bare quantum well. The
effects of radiative coupling in a MQW Bragg structure c
be significantly enhanced if the top layer is chosen as al/2
layer ~constructive superposition of surface reflected sign!.
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APPENDIX: DERIVATION OF THE QUASISTATIONARY
COUPLED EXCITON-PHOTON MODES

In the linear or quasistationary regime, Eqs.~4! can be
solved in frequency space by inserting

Pn~v!5x~v!E~v,zn! ~A1!

FIG. 9. Normalized reflected signals from theN510 Bragg
structure in dependence on the excitation intensity. Inset: Inte
under the normalized curves in dependence on intensity. The
mation of the superradiant signal is more and more suppressed
increasing pulse intensity.
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for the polarization in thenth QW, wherex(v) is the two-
dimensional QW susceptibility, computed from the SBE.
serting Eq.~A1! in Eqs.~4! and~5!, one obtains for the tota
reflected field

ER~z,v!eivz/cv52
Ae21

Ae11
E0~v!1

2Ae

Ae11

2p iv

ce

3 (
n,m51

N

eivzn /cS II 2
2p iv

ce
x~v!D~v! D

n,m

21

3x~v!eivzm /cE0~v!, ~A2!

whereII is theN3N unit matrix and

D~v!5S eivuzn2zmu/c1
Ae21

Ae11
eiv~zn1zm!/cD

n,m51

N

.

~A3!

In this regime, the solutions of the SMBE consist of coupl
exciton-photon modes, having energies and radiative de
rates that are given by the poles of Eq.~A2!. The poles
depend on the positionszn of the QW’s and the number o
coupled wellsN. If the susceptibility exhibits a single stron
resonance within the spectral range of the exciting la
pulse at v5v0, we can approximate exp(ivzn /c)
'exp(iv0zn /c) andD(v)'D(v0). Within this exciton-pole
approximation, it can be shown that in the absence of
vacuum/semiconductor interface (e51), the observable
quantities depend only on the phase exp(2iv0d/c) accumu-
lated while traveling back and forward from one QW
another.2 Due to internal reflections at the cladding laye
the dynamics depends also on the absolute positions of
QW’s, which can be recognized from Eq.~A3!. In a perfect
Bragg structure whered is equal to an integer multiple o
half the heavy-hole exciton resonance wavelengthlhh

52pc/v0 inside the medium, on arrival, photons reemitt
from the coherent polarization in a certain QW oscillate
phase with the polarization of any other QW. In these str
tures, a stimulated polarization decay due to reemitted p
tons is the dominating coupling mechanism between excit
in the different wells leading to anN times enhanced radia
tive dephasing rate. However, depending on the thicknes
the first cladding layer, photons that have been reflecte
the first interface can have a different phase, thus modify
the dynamics of the system. Mathematically, this can be s
from Eq. ~A2! by diagonalizing the matrixD(v0). For zn

5d11(n21)lhh/2, the vector 1/AN„(21)n
…n51
N is an eigen-

vector of D(v0) with eigenvalue N„11(Ae21)/(Ae
11)exp(2iv0d1 /c)…. This eigenvector corresponds to the s
perradiant mode, while all other eigenvectors have the eig
value 0 and correspond to dark or subradiant modes. O
the superradiant mode contributes to the reflected signal

al
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ER~z,v!eiv0z/cv

52
Ae21

Ae11
E0~v!1e2iv0d1 /c

2Ae

Ae11

2p iv0

ce

3
Nx~v!

12
2p iv0

ce
Nx~v!S 11

Ae21

Ae11
e2iv0d1 /cD E0~v!.

~A4!

From Eq.~A4! it can be recognized that, within the excito
pole approximation, the reflection of a perfect Bragg str
ture differs from a SQW only by the replacementx→Nx,
expressing the enhancement of the coupling between
semiconductor and the optical field. According to theoreti
predictions,2,3 the radiative coupling strength of the superr
diant mode strongly decreases ifd is slightly detuned from
the Bragg condition. If the mismatch betweend and lhh is
increased, a rapidly growing part of the oscillator strength
transferred from the superradiant mode to theN21 optically
dark modes, which have for small deviations betweenlhh
and d even smaller radiative coupling strengths than in
corresponding SQW. To investigate the limitations of t
exciton-pole approximation, we insert

x~v!52
u(kmkw~k!u2

v2v01 ig0
~A5!

for the linear two-dimensional 1s exciton, yielding

ER~z,v!eiv0z/cv52
Ae21

Ae11
E0~v!2e2iv0d1 /c

2Ae

Ae11

3
iNG

v2v02NDv rad1 ig01 iNGs
E0~v!,

~A6!
at

ev

y,

u
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e

where we defined

G5
2pv0

ce U(
k

mkw~k!U2

5
4p2

elhh
U(

k
mkw~k!U2

~A7!

as the radiative dephasing rate of a SQW in the absenc
the cladding layers, and

Gs5GS 11
Ae21

Ae11
cos~4pd1 /lhh!D , ~A8!

Dv rad5G
Ae21

Ae11
sin~4pd1 /lhh! ~A9!

are the radiative decay rate and the radiative shift of thes
exciton of the SQW in the presence of a top layer of thic
nessd1. From Eq.~A6! it can be recognized that, within th
exciton-pole approximation, the radiative decay rate o
MQW Bragg structure increases linearly with the QW nu
ber. However, if the radiative width approaches the sa
order of magnitude as the exciton binding energy, radiat
coupling of the 1s exciton to the higher excitonic boun
states and the continuum states can no longer be negle
and the single exciton-pole approximation fails. Numeric
calculations indicate significant deviations from the excito
pole approximation forN*30, where the coupling to the
continuum states yields a clearly asymmetric line shape
though the linewidth is still approximately proportional
the QW number. Only in the superlattice limitN→` and the
absence of surface effects, the radiative width of a perio
MQW vanishes and stationary polariton states with the d
persion relation

cos~qd!5cos~vd/c!1
2pv

c
x~v!sin~vd/c! ~A10!

are recovered, whered is the period of the structure.1,16
e,
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