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Intensity dependence of superradiant emission from radiatively coupled excitons
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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 structur€S0163-182¢08)02923-3

I. INTRODUCTION superradiant state in a MQW Bragg structure depends criti-
cally on the phase matching between optical excitations in
Recently, it could be shown that the dynamics of opticaldifferent QW's. Therefore, the dynamics of the optical po-
excitations in semiconductor multiple-quantum-w@lQW) larization is extremely sensitive to various dephasing mecha-
structures differs considerably from the dynamics in a nominisms like scattering at impurities or phonons, interface
nally identical single quantum we{QW).> The origin for  roughness or excitation-induced dephadinoreover, since
this difference lies in the nature of the radiative decay chanthe concept of superradiance is based on the existence of
nel that exists in a composite structure of reduced effectivgquasjstationary coupled exciton-photon modes, the superra-
dimensionality. Whereas direct radiative decay of an excitoriant mode cannot be an eigenstate of the nonequilibrium
polariton in a bulk semiconductor is inhibited by the require-coupled semiconductor-photon system at higher excitation
ment of momentum conservation, a QW exciton with an in-intensities.
plane momentunfik|<#iw/c, wherefiw is the excitation In this paper, we present theoretical and experimental in-
energy, can decay into a photonic state due to the lack ofestigations on the influence of elevated excitation intensities
translational invariance in the growth direction of the struc-on the dynamics and the formation of the superradiant mode
ture. Values of the radiative lifetime in the range of a few psin a MQW Bragg structure. Since an efficient radiative cou-
have been postulated theoretichfly®> and could be ob- pling requires phase coherence, only experiments able to
served experimentally only recenfly:” Since the field that identify those photons that are reemitted from the coherent
is emitted by a QW can subsequently interact with otherpolarization are suited to the study of superradiance. In the
QW’s in the sample, the short radiative lifetime of the exci- coherent regime, the reemission of photons is restricted to
ton causes an efficient radiative coupling of the QW's thatthe direction of the transmitted and reflected excitation beam
leads to collective effects. The dynamics of the collectiveby the in-plane momentum conservation. Therefore, we
excitations depends strongly on the number of QW'snd  present in this paper experimental and theoretical investiga-
the interwell separatioml. A special situation arises in a tions of the time-resolved reflected signal that directly reveal
MQW Bragg structure, where the interwell spacth@quals the enhanced photon emission and the accelerated radiative
an integer multiple of half the exciton wavelength in the decay of the coherent polarization. Comparing results of a
medium \p,. At low excitation intensities, the dominant high-quality GaAs MQW Bragg sample to those of a single
coupling mechanism is a stimulated polarization decay du®W, the significant reduction of the radiative lifetime can be
to reemitted photons. This type of coupling creates a soshown to result from the strong coupling of excitons with
called superradiant mode, which ideally is characterized byhase-coherent photons leading to a stimulated superradiant
anN times enhanced radiative decay rate. The remaihing decay of the excitonic polarization. Similar changes of the
—1 “dark” modes then have a vanishing radiative coupling exciton lifetime have been observed for QW’s located inside
strength. microcavitieS'® or excitons irradiated by phase-controlled
According to theoretical predictiorfsthe formation of a  coherent optical pulse trairts.
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The experimental results are analyzed using a micro-

scopic many-body theory that fully includes the radiative Eg(z,t)=———Eq(t+2z/c,)
coupling of the QW'’s. Details of that theory and numerical Ve+1
results are described in the following Secs. Il and lll, respec- N
- - 2Je 2m
tively. In Sec. IV we present the experimental results and a _ 53 4 P(t—z,lc+2lc,), z<O
. . . . . th n n v/ .
comparison with theory. Section V gives a brief summary Je+1 Cen=1
and conclusion and in the Appendix we generalize the analy- 5
sis of Ref. 2 to compute the quasistationary coupled exciton- (5)
photon modes of the semiconductor Maxwell-Bloch equa-
tions. The first term on the right hand side of E@}) is the
incident laser field transmitted at the vacuum/semiconductor
Il. THEORETICAL MODEL interface, the second term represents the fields emitted from

thenth QW at positiorg,,, and the last term results from the
internal reflection of the emitted fields at the sample surface.
Clearly, the dynamics of the coupled exciton-photon modes
_1/e272 _ 2.2 _ is modified by the cladding layers due to these internal re-
[A=Le"ot]E(r, O =4m/c,drP(r.) 47TVV'P(r’t)’(1) flections at the sample/air interface. In the results, these
modifications can either lead to an apparent enhancement or
wherec, is the vacuum light velocityg=c, / /e is the speed  reduction of the radiative coupling, depending on the thick-
of light in the samplee is the background dielectric con- ness of the first barriefsee Fig. 8 and Appendix for further
stant, andP is the resonant contribution to the total polariza- details.
tion in the QW’s. Restricting our analysis to pulse propaga- To solve Egs(4) and (5), the polarizatiorP,, within the
tion perpendicular to the QW planes, applying the boundaryith QW must be calculated from a microscopic model. For
conditions at the interfaces between QW and barrier matethis purpose, we start from the standard two-band Hamil-
rial, and using an envelope function approximation forzhe tonian including the free motion of the carriers in a confine-
dependence oP we obtain for each circular polarization ment potential superposed on the periodic lattice potential,
component of the electromagnetic field within the semiconthe Coulomb interaction between carriers and the dipole in-
ductor structuré teraction between carriers and light fiéfdTo take into ac-
count the confinement of the QW electrongidirection, the
Bloch wave functions are expanded into plane waves for the
in-plane coordinates and the envelope functions perpendicu-
lar to the QW for the first electron and hole subband only.
Here, z, is the position and>, the polarization of thewth  Expanding the macroscopic polarization of Q\h the one-
QW EI— denotes that part of the Optical field in the first particle momentum StateS, we have Pn(t)
barrier that propagates in the pOSitiZ@ireCtion. :1/A2k/'l’k pk‘n(t) Whereluk is the d|po|e matrix element
In order to allow for a realistic comparison of the com- petween valence and conduction band &ni$ the normal-
puted results with experimental observations we include inzation area. Within this basis the equations of motion for the

the following, in addition to the analysis in Ref. 2, also re- coherent interband polarizatiquy , and the carrier occupa-

flections at the sample surface whereas we assume the subsn probability féh are derived using Green's function

strate to be absorbing. From Maxwell's equations one cafechniqued? Restricting our analysis to contributions up to
construct the boundary conditions for the vacuum/gecond order in the Coulomb potential, we obtain in second
semiconductor interface: Born approximation for the polarization and population dis-
tributions in thenth QW4

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

N
2
E(zt)=E; (t—z/c)— En; aPn(t—|z—2zy|lC). (2)

Eo(t)+Er(t)=E; (1)+E7 (1), (33
Eo(t)—ER(t)=\/E(Ef(t)—El’(t)). (3b) [iﬁat—sﬁ’n(t)—eﬂ,n(t)+ihyo]pk'n(t)
Here, we denote the input field &, the total reflected +[1—f§]n(t)—fE‘n(t)]Qk'n(t)
field asEg and the forward and backward propagating fields ] b oD b oD
in the first barrier a&; andE; , respectively. Combining =1~ Scn(0) +Scn (D) +Via(t) = Vica (D], (6)

Egs.(2) and(3), we obtain

2 o N i3 fR(1) + Qi n(DPE (D) = Q6 n(DPia(t)
E(z,t)=———Ey(t—2z/c)— En}::l 3Pn(t—|z—2z,|/c)

Je+1 =[S () +50n(D) +Sen (D) +oRa(H —vRR(D]. (D)
em12m g Here we added a small phenomenological background

- > Py(t—(z+z,)/c), 2z>0 . mall _phenomenological backgr
Je+1 Cenm1 dephasingy,, representing contributions due to interactions

of coherent excitons with sample imperfectiqagfects, in-

(4) terface roughness, alloy fluctuations in the barriers,) efc.

for the electromagnetic field inside the structure. The totaphonons. The left hand sides of E¢6) and(7) contain the
reflected field outside the sample is given by Hartree-Fock renormalizations
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1
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whereV is the bare quasi-two-dimensional Coulomb poten- Vo= > g(e—e el —€ )
tial and ef/"=1%2k?/2m,, is the free particle energy of an e Tk TR Tk
electron/hole in stat&. In the following, we suppress the * *
QW subscripn and the time argumerttfor better readabil- X Wier Wic—krPil Py 1~ P k] P (12)
ity. The right hand side of Eq6) contains the dephasing
processes due to the Coulomb interaction, which are dIVIdeG(/OD — +
into diagonal(D) and off-diagonalOD) contributions: kzkn az 9(— < ek'“‘" 6"" k)
D_ 1 b XWk'Wk—k”{pk’+k[(1_fékl)fi/+k”(1_fi”)

a b a
— e, t+e — €., — €
Azk’ kr/ a,b:e,h g( K Kk K k,+k)

X [2WE, = Sap Wi Wi 1P (1= Fr o) Tl

+fﬁ(l_f?/Jrk//)fE//]_pk’+k"[(1_fﬁ)(l_fz/')fz'+k

+Epf (1=, )1} (13

b _¢b __¢a _ *
oo ) (=Tl ) = PP ] (10 Here, W denotes the screened Coulomb potentiz(x)
1 =md(x)+iP/x anda=h(e) for a=e(h), respectively. For
OoD_ g(—e— EE' k”+EE”+EE’ 9 the electron §=e¢) and hole &=h) distribution functions
A% ab=eh i i the relaxation contributions in E¢7) are
(27 > S(E4€l,, —el— €, I2WE, — 83 Wi W, 1—f3)(1—f° )22
Sk_ﬁkl ) b5en (Ek+ 6k’+k” Ek” Ek’+k)[ K’ abVVk’ k—k"][( k)( k'+k”) ) P
~ i (L= ) (=R )], (14)
1 b b
SED_E bzeh O(€f+ €, v €on—€nr o I[2WE, = 8ap Wi Wi JLFE— 2, IPi 1Pt C.C, (15)
k,,k” =e,
D 1 b *
Sk :EE bE 9(5k+fk'+k" En— 6k’+k)[2Wk’ S Wie Wi L f o= T30 o PP 1 T C-C, (16)
k k!l
UE A2 2 g( Ek+ 6k’+k” Eku+ 6k’+k)Wk’Wk kn{[f k’+k]pk’+k”p:"_[fak‘_f§’+k”]pk’+kp:”}+c'c" (17)
kH

k A2k K"

v = 2 g(fk oot € 6k'+k)Wk Wi e[ — fr e dPPier i~ [ — fi 1 JPkPRs 1} +C-C (18)

Equations(4), (6), and (7) constitute the semiconductor of the dephasing and relaxation contributions for e#ch
Maxwell-Bloch equationsSMBE's). The SMBE's take into  point, especially, is extremely CPU time consuming. To deal
account light propagation effects such as absorption and reyith this problem we have evaluated the raBRSVic, Sk Ui »

emission of photons by the coherently polarized exciton tran; _ 1.
sition. In the linear or quasistationary regime, the solutlons

. Ny using massively parallel numerlcal schemes

can be expressed in terms of stationary coupled exciton-
photon(polariton modes, which have well-defined energies IIl. NUMERICAL RESULTS AND DISCUSSION
and radiative linewidths. A detailed analysis of the quasista-

tionary modes is given in the Appendix.

As examples of the numerical results we discuss in the

The solution of the SMBE’s in the form presented abovefollowing the computed time-dependent reflection for a
constitutes a rather challenging numerical problem. Due t&QW and a perfecN=10 Bragg structure assuming 80-A
the various summations in the scattering rates, the evaluatiocBaAs QW’s and a top layer of 45-nm AlGaA3This QW
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(denoted byI' and vq, respectively contributions. In the
1.0 = sQw . linear regime, the radiative dephasing rate of the two-

dimensional2D) exciton in the absence of the cladding lay-
ers can be calculated from the dipole matrix elemept the

Bragg

mirror

transition\ ,, and the overlap of the electron-hole wave func-

tions according tol' =422 uce(K)|? ey, which de-

) . pends on the QW thickness through the excitonic wave func-

-2 0 2 4 6 tion ¢(k). Including reflections at the vacuum/
Time (ps) semiconductor interface, the radiative dephasing rate of a

SQW is given by

ll
1
1
0.5t R dielectric wavelength in the medium corresponding to the excitonic
q
t

Signal (arb. units)

FS:F 1+ C0$47Td1/)\hh) ) (19)

e—1
Je+1
whered, is the thickness of the first barriésee Appendix
Using 1I"=17 ps andd;=0.21\,, yields a radiative dephas-
ing time 11",=33 ps. Note that due to the finite well width,
the value ofl" used here is smaller than the decay rates of
Refs. 2 and 3 which are computed for the ideal 2D limit.
Estimating a nonradiative contribution ofj4=50 ps, we

Time (ps) obtain T,=(y,+I's) "1=20 ps for the SQW and,= (v,
+NI'y) "1=3.1 ps for theN=10 Bragg sample. Thus the
FIG. 1. Calculated linear reflection of laser pulses resonant tgheory predicts a pronounced decrease of the signal decay

the heavy-hole exciton from a perfeldt="10 Bragg structurésolid  time for theN=10 sample. However, it is important to note
line), and from a single quantum we{tashed ling on a linear that the IdeaIIyN times decreased radiative lifetime in a
(upped and logarithmic scalélower par). For reference the re- MQW Bragg structure as compared to a SQW can only be
flected laser pulse at a dielectric mirror with the same dielectricexpected if the samples have negligible nonradiative homo-
constant as the barrier material is shotdotted ling. geneous and inhomogeneous linewidtid identical top lay-

ers. However, the quadratic increase of the superradiant
thickness is small enough to make it possible to neglect coremission intensity witiN due to constructive interference of

Signal (arb. units)

tributions from the light-hole exciton transition. the electric fields reradiated by the excitonic polarization in a
Figure 1 shows the results for low excitation intensities onBragg sample is independent of the top layer.
a linear (upped and logarithmic scald€lower par}. Here, As has been mentioned in the Introduction, the formation

resonant excitation of the hh-exciton transition with a Gaussof the superradiant mode depends extremely sensitively on
ian pulse of 530-fs full width at half-maximurFWHM) is  phase coherence within the MQW structure. Phase coherence
assumed. The signal intensity has been normalized to thean be destroyed either by deviatidit®th random and sys-
maximum intensity reflected from the SQW, that occurs atematical from the Bragg condition or by intrinsic dephasing
t=0. As reference the direct reflection of the incident pulsemechanisms like scattering at impurities or interface rough-
is shown, which would be found when the sample is replacediess, phonon or Coulomb scattering. Whereas a study of the
by a dielectric mirror with the same dielectric constant as theeffects of dephasing due to static disorder requires a whole
barrier material. Of special importance are those parts of theeries of samples, effects of excitation-induced dephasing
reflected signal that are seen for times at which the direcéan be investigated systematically by varying the excitation
reflection of the incident pulse has decayed. These compantensity. Furthermore, it is important to note that there is a
nents result from reemission of light that is transiently ab-fundamental difference between excitation-induced dephas-
sorbed by the quantum wéd). The signal from the Bragg ing and dephasing due to static disorder or phonon scatter-
structure shows a double peak signature as a function of timé&g. Whereas disorder leads to dephasing in the linear regime
resulting from the destructive interference between the diwhere the solutions of the SMBE can be expressed in terms
rectly reflected signal and the signal coherently emitted fronof stationary exciton-photon modes, an increase of the exci-
the quantum wells. For a pulse duration of 53QF8VHM)  tation intensity requires the solution of the full nonlinear
the signal intensity reaches its maximum approximately 1 pSMBE for the nonequilibrium system where the coupling of
after the arrival of the pulse maximum. At later times thethe QW’s can no longer be described by the formation of
signals reveal a single exponential decay resulting from théquasjstationary exciton-photon modes. Thus, the formation
radiative decay of the excitation in the QW’s. Under theof a superradiant state is not only affected by dephasing
conditions chosen for the calculations, this decay is domimechanisms but also by optical nonlinearities like phase
nated by the optical dephasing of the coherent polarization ggpace filling, Coulomb screening, etc.
the lowest exciton transition. In real samples, inhomoge- To study the influence of the nonlinear Coulombic effects,
neous broadening of the excitonic resonances may providee show in Fig. 2 the computed normalized reflected signal
further contributions to the signal decay, depending on thef a N=10 MQW Bragg structure for different excitation
amount of energetic disorder in the sample. intensities. The excitation intensity is given in terms of the
The dephasing rate comprises radiative and nonradiativRabi energyQr=2/(ve+ 1) ur_oEo(t=0), which is a di-
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FIG. 2. Calculated reflection of laser pulses resonant to the
heavy-hole exciton from a perfebt= 10 Bragg structure for differ-
ent excitation intensities.

Normalized signal

rect measure of the excitation intensity within the sample.
Figure 2 clearly shows that the second peak in the signal, i.e.,
that part that originates from the reradiation of the MQW
structure, is strongly reduced for increasing excitation inten-
sities. To analyze the origin of these intensity dependent ef-
fects we plot in Figs. @ and 3b) the numerical results for
the reflection of a SQW and the Bragg structure under iden-
tical excitation conditions on a logarithmic scale. We see that
with increasing intensity the total decay rate increases sig-
nificantly in both structures and simultaneously the maxi-
mum of the signal amplitude decreases. The increased decay
rate of the reradiated signal is a clear signature of the
excitation-induced dephasing resulting from the Coulomb
scattering effects in the quantum wsgjl

In Fig. 3(c) we plot the ratio of the SQW and Bragg
results. Apart from modifications for times less than the laser Time (ps)
pulse duration, which can be explained by interference of the
QW signal and the initial laser pulse, all signal amplitude FIG. 3. Comparison of the calculated reflected signals emitted
ratios start at a value ol2=100 due to the constructive from aN=10 MQW Bragg structuréa) and a SQWb) for differ-
interference of the signal emitted from different QW’s in the e_nt excitation intensities. Ifr) the calculated ratio of the reflec_ted
Bragg sample. In the linear regime, the ratio decreases witfignal from aN=10 MQW Bragg structure and a SQW for various
increasing time due to the enhanced radiative decay rate fiCitation intensities is shown.
the Bragg structure. However, at higher excitation levels the ) _ )
decrease of the signal ratio slows down until the total decajeflected signal is dominated completely by the Coulomb
rate of the SQW even exceeds that of the Bragg structyrécattering, while the radiative coupling is of minor impor-
such that the signal ratio even increases with increasing timdéance.
This surprising result can be understood by noting that the
photogenerated carrier density depends on the detailed inter- IV. EXPERIMENTAL RESULTS AND DISCUSSION
play between radiative and nonradiative decay processes.
The fast radiative decay in a MQW Bragg sample prevents To study the main effects found in the theoretical analysis
the coherent polarization from being efficiently scattered intove performed experiments on two Ga#sl/Ga)As samples
nonradiative states, i.e., being incoherently absorbed. Thugrown by molecular-beam epitaxy on semi-insulating GaAs
the carrier density generated in a MQW Bragg structure cagubstrates: one SQW and a MQW consistindNef 10 GaAs
become significantly smaller than the carrier density in @QW'’s of 20 nm thickness between ¢4 Gag 7 As barriers,
SQW under identical excitation conditions, which is shownthe thicknesses of which were chosen to satisfy the Bragg
in Fig. 4. Hence, for moderate excitations the excitation in-condition. The Bragg sample has a 47-nm top layer, while
duced dephasing in the SQW is sufficiently more pro-the SQW sample has a 118-nm top layer. The low-
nounced than in the Bragg structure for the same excitatiotemperature photoluminescence linewidth amounts to 0.25
intensities. Hence, the total decay rate of the SQW eventuand 0.45 meV for the SQW and the Bragg structure, respec-
ally exceeds that of the Bragg structure. It is worth notingtively. All experiments were performed at=8 K with
that for increasing excitation intensity, the ratio of the gen-100-fs pulses from a Kerr-lens mode-locked Ti:sapphire la-
erated carrier density in a Bragg structure and a SQW everser. The laser output was split into two parts. The first pulse
tually approaches unity. In this limit, the dynamics of theis passed through a pulse shaper in order to reduce the spec-

Rotio of the signals
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2 sof

3 0 _ nitude of the signal emitted from the QW polarization and
w -1 -0 1 2o 3 4 5 the signal reflected at the first interface is significantly larger

Time (ps) than predicted by our numerical calculations. Furthermore,
the observed signal exhibits a two-stage decay in contrast to
FIG. 4. Calculated photogenerated carrier densities in a SQWhe theoretical predictions.
(dotted lineg and aN=10 MQW Bragg structurésolid lines for The experimentally observed two-stage decay of the sig-
different excitation intensities. nal emitted from the Bragg sample results most likely from
imperfect external pulse shaping. To test this assumption we

tral bandwidth to 3.3 meV, thus avoiding band-to-band excifPerformed calculations using a non-Gaussian exciting laser
tation of free carriers. Behind the pulse shaper the pulse dlRulse. As shown in Fig. 6 the computed results mimic the
ration amounts to approxima’[e|y 800 fs. This pu]se is used t@Xperimental observations. For these calculations we mod-
probe the reflectivity at the hh-exciton transition. The re-

flected beam is superimposed to the second strong 100-fs 10*°F : :
pulse in a 2-mm-thick LilQ crystal for upconversion. The ; N
sum frequency signal in dependence on the real-time delay !
between the reflected pulse and the upconversion pulse pro-

o

IE,(w)I? (arb. units)
o
o

-1 - 4

vides time resolution of the linear reflection signal. 10 00 5 S :

Figure 5 depicts the measured shapes of the reflected fw=fiw, (mev) ]
pulse for the SQW and thd=10 MQW Bragg sample mea- 102

sured at a very low average probe pulse intensity of 2
W/cm?. The experimental results agree fairly well with the
computed results shown in Fig. 1. The first peak follows the
cross correlation trace of the probe with the upconversion 107
pulse and can be attributed to reflection at the sample/air
interface. On the trailing edge both signals exhibit the decay
of the resonantly excited polarization of the hh-exciton tran-
sition in the QW's. This signal part is roughly 100 times F|G. 6. Calculated linear reflected signal fronNa= 10 Bragg
higher for the Bragg structure because of the constructivetructure excited with a non-Gaussian laser pulsid line) in
interference of the Bragg-reflected polarization in agreemenéomparison to excitation with a Gaussian laser pulse of equal
with the theoretical predictions. However, the relative magFWHM (dashed ling

Signal (arb. units)
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FIG. 7. Calculated dependence of the reflected signal on the FIG. 8. Dependence of the calculated linear reflected signal
laser pulse duration. from a single quantum well with I/=17 ps on the cladding layer.

flected signal of a SQW with an intrinsic radiative dephasing
time of 17 ps and a top layer af;=0.5I\, which roughly
corresponds to our 118-nm top layer, and thr=0.21\,
which has already been shown in Sec. Il. Using @¢) the
radiative dephasing ratE can be estimated from the ob-
served signal decay times in Fig. 5, yielding"#15 ps for

the SQW and 17=13 ps for the Bragg structure. These
galues agree quite well with each other and with the theoret-

eled a pulse shaping in frequency space according(to)
=Ey(0)f(—B(w— o +Aw))f(B(0— o —Aw)) whereE,

is a Gaussian of 14 meV FWHM/(x)=[expX)+1] lis a
Fermi function, w, is the central laser frequencfi,Aw
=2.1 meV, and3= 1.6 ps. The calculated signal amplitudes
shown in Fig. 6 are normalized with the signal maximum
obtained att=0 from a single quantum well using the
Gaussian pulse. Comparison of the signals emitted from th -
Bragg sample obtained using a non-Gaussian and a Gaussi'gﬁl prediction. . .

laser pulse with comparable spectral width shows that the The value ofT, for the superradiant mode in the Bragg

long-time behavior of the signal is not affected by the exterStructure is distinctively smaller than the fast initial decay

nal pulse shape, whereas on a short-time scale the signaltiI € observed in tlme-lntgg_rated DFWM exper|rr_1e3mfsh|s
determined by interference of the MQW signal and the inpu Iscrepancy most likely originates ffom s_ample disorder Sth
pulse. In particular, the peak height and the temporal position"i15 ﬂ_uctuanons?SOf the QW or barr_ler W'dths' '.A‘S shown In
of the signal maximum depend on the duration of the excitPreVious pape the presence of disorder |mpI|es_a certain
ing pulse. This is illustrated in Fig. 7 where the calculated@Mount of t_ransfer of O.SC'”ath strength to the optically dark
signal from aN=10 Bragg structure is shown for various modes, Wh'Ch. are forbidden in a perfec; Bragg sample. The
temporal widthsr, of the exciting pulse. Increasing shifts DFWM experiment measures contributions of both the su-

the second peak to later times, even though for all pulses t :;Zg'i?tnz??s t(;‘sm\?:gfég bra?r']aengumggrzzi;\’nr:enrqe::jse the re-
time-integrated excitation intensityfdtu,—oEq(t)/A has 9 Y P )

been kept constant. Under these conditions the emitted signa} To study the effects of phase coherence on the formation

of the MOW Bragg structure does not depend on the lase? the superradiant mode we control the dephasing rate by

pulse duration as can be verified from the signal for times/arying the intensity of the incident laser beam. The density

larger thanr, . Hence, the signal modifications for times IeSSdependence of the time-resolved reflection signal depicted in

L Fig. 9 demonstrates rapid disappearance of the superradiant
than r_ are a result of the destructive interference. Further-_~: . : o :

. emission at higher excitation levels due to rapid phase coher-
more we note that for longer pulses the maximum of the

. . ; ence loss caused by the excitation-induced dephasing within
directly reflected part of the signal is reduced compared t(%he individual well$ Variation of the average probe power
the reemitted part. :

The experimentally observed single exponential decay o Ver three orders of magnitude fromBV to 5 mW results

the signals for> 2 ps indicate high sample quality, since an in a complete suppression of the superradiant emission. This

inhomogeneous broadening would result in a nonex onentiail? also demonstrated by the inset of Fig. 9, where the area
noge 9 POneNtader the normalized curves is plotted against the intensity.
polarization decay. Also, degenerate four-wave-mixing

(DFWM) experiments confirm high sample quality. Linear The total change of the integrated pulse area for the lowest

fits to the experimental curves at long times yield dephasingf:;nd highest intensities is about 23%. For the intensities
times T, of 7.6 ps and 2.3 ps for the SOW and tNe- 10 rger than 5 mW the pulse reflected from the Bragg sample

Bragg structure, respectively. Assuming a nonradiative contlas the same shape as the |nC|d(_ent pulse ol:_)served Whe.n the
tribution to the dephasing time of #4=37 ps, which can be sample was replaced by a golq mirror. The slight modulation
estimated from DFWM experiments, the$g times corre- of th? signal at—1 ps delay in Flg.' 9 presumably results
spond to radiative decay times of 9.6 ps for the SQW and Z'Et)rom imperfect external pulse shaping.

ps for the superradiant mode in the Bragg structure. Due to V. CONCLUSION

the different top layers in our structures, the enhancement of

the radiative decay rate is much smaller than the ideal value In conclusion, our theoretical investigation of time-
of 10. To illustrate the effect of the first top layer on the resolved reflection experiments on MQW Bragg structures
signal decay, we plotted in Fig. 8 the calculated linear re-and the corresponding single quantum well clearly shows the
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T | for the polarization in thenth QW, wherey(w) is the two-
2 18T — A Bragg | dimensional QW susceptibility, computed from the SBE. In-
1.2L FRE]x W Pulse - serting Eq.(A1) in Egs.(4) and(5), one obtains for the total
oy 52k i reflected field
= E
L 1.0 -
E EN e
L) 0.8 08_|.|.|.| 1 17 (w2l \/—— 2\/2 2l w
4 0 20 40 60 80 100 Er(z,w)e'*?Cv= — Eo(w)+ ——
= Intensity (W/em2) ] Ve+1 Je+1 Ce
= Intensit; 4
3 0.4 ’ N 2T -1
Z X > @unle || - —— y(w)D(w)
n,m=1 Ce nm
0.0 — .
N Y X x(w)e'?m/°Eg(w), (A2)
-2 0 2 4 6 8
Time (pS) wherell is theNX N unit matrix and
FIG. 9. Normalized reflected signals from tiN=10 Bragg
structure in dependence on the excitation intensity. Inset: Integral
under the normalized curves in dependence on intensity. The for- \/—_ 1 N
mation of the superradiant signal is more and more suppressed with D(w)= giolzn—znlic ye— 4 gio(zntzy)lc
increasing pulse intensity. \/2-4- 1
n,m=1
(A3)

superradiant emission from the radiatively coupled excitonsn this regime, the solutions of the SMBE consist of coupled
reveals an intricate interplay between excitation-induceqates that are given by the poles of Ed2). The poles
dephasing and superradiant decay of the excitation in flepend on the positions, of the QW’s and the number of
MQW Bragg structure. Efficient radiative coupling requiresc upled wellsN. If the susceptibility exhibits a single strong

phase_ coherence between the excited excitons. Theory a sonance within the spectral range of the exciting laser
experiment show a suppression of the superradiant mode for

increased excitation intensities due to excitation-induced’ ulse at w=w, we can approx |m§te e?qp(z,1/c)
dephasing. ~expa(.uozn/'c) ahd D(w)~=D(wq). W|th|r1 this exciton-pole
The experimental results are well reproduced by solution@PProximation, it can be shown that in the absence of the
of the semiconductor Maxwell-Bloch equations. The role ofVacuum/semiconductor interfacee<1), the observable
non-Gaussian laser pulse shapes and the different claddirffy@ntities depend only on the phase exp{@/c) accumu-
layers of the samples is analyzed. The measured radiatiJated while traveling back and forward from one QW to
lifetime of 2D excitons is strongly influenced by reflective another: Due to internal reflections at the cladding layers,
coupling between the quantum well and the air/sample interthe dynamics depends also on the absolute positions of the
face. Depending on the thickness of the upper cladding laye®W's, which can be recognized from E@3). In a perfect
the radiative dephasing time can be either increased or dé8ragg structure wherd is equal to an integer multiple of
creased as compared to fheof the bare quantum well. The half the heavy-hole exciton resonance wavelengtf,
effects of radiative coupling in a MQW Bragg structure can=27c/w, inside the medium, on arrival, photons reemitted
be significantly enhanced if the top layer is chosen ag2a  from the coherent polarization in a certain QW oscillate in
layer (constructive superposition of surface reflected signal phase with the polarization of any other QW. In these struc-
tures, a stimulated polarization decay due to reemitted pho-
ACKNOWLEDGMENTS tons is the dominating coupling mechanism between excitons
in the different wells leading to aN times enhanced radia-
tive dephasing rate. However, depending on the thickness of
the first cladding layer, photons that have been reflected at
the first interface can have a different phase, thus modifying
the dynamics of the system. Mathematically, this can be seen
from Eq. (A2) by diagonalizing the matriXD(wg). For z,
=d;+(n—1)\p2, the vector YN((—1)MN_, is an eigen-
vector of D(w,) with eigenvalue N(1+ (\e—1)/(\e
In the linear or quasistationary regime, E@g4) can be +1)exp(2wyd;/c)). This eigenvector corresponds to the su-
solved in frequency space by inserting perradiant mode, while all other eigenvectors have the eigen-
value 0 and correspond to dark or subradiant modes. Only
Pn(w)=x(w)E(w,z,) (A1)  the superradiant mode contributes to the reflected signal:
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APPENDIX: DERIVATION OF THE QUASISTATIONARY
COUPLED EXCITON-PHOTON MODES
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Er(z,w)e' @0?% where we defined
~1 . 2Je 2mi 2mwg 2 4x? 2
=—\/;—Eo(w)+e2""0d1’°—\/; T r= > (k)| ==—| > mek)| (A7)
Je+1 Je+1 Ce Ce |k €Nnn| K
N as the radiative dephasing rate of a SQW in the absence of
% x(w) Eo(w). the cladding layers, and
27T| wq -1 2iwndn /
1- Nx(w)| 1+ —=——e'@0fL’c _
ce Vet+1 r=T|1+ cogdnd, M) |, (A8)
(Ad) Je+1
From Eq.(A4) it can be recognized that, within the exciton- e—1
pole approximation, the reflection of a perfect Bragg struc- Awaq=T sin(4mdy/N\pp) (A9)
ture differs from a SQW only by the replacemept> Ny, Vet1

expressing the enhancement of the coupling between th
semiconductor and the optical field. According to theoretical
predictions>* the radiative coupling strength of the superra-
diant mode strongly decreasesdifis slightly detuned from
the Bragg condition. If the mismatch betwedrand A\, is
increased, a rapidly growing part of the oscillator strength i

re the radiative decay rate and the radiative shift of the 1
exciton of the SQW in the presence of a top layer of thick-
nessd;. From Eq.(A6) it can be recognized that, within the

exciton-pole approximation, the radiative decay rate of a
MQW Bragg structure increases linearly with the QW num-

X X Ser. However, if the radiative width approaches the same
transferred from the superradiant mode tolthe optically order of magnitude as the exciton binding energy, radiative

dark modes, which have for small deviations betwegp coupling of the 5 exciton to the higher excitonic bound

andd even.smaller radlatl_ve cogplmg strer}gt.hs.than N thegiates and the continuum states can no longer be neglected
corresponding SQW. To investigate the limitations of the

i | imai . ; and the single exciton-pole approximation fails. Numerical
exciton-pole approximation, we inser calculations indicate significant deviations from the exciton-
IS eo(K)[2 pole approximation folN=30, where the coupling to the

xX(w)=——"—7— (A5)  continuum states yields a clearly asymmetric line shape al-
@=@o+170 though the linewidth is still approximately proportional to

for the linear two-dimensionalslexciton, yielding the QW number. Only in the superlattice linNt— and the
absence of surface effects, the radiative width of a periodic
. Je—1 . 2\e MQW vanishes and stationary polariton states with the dis-

Er(z, )€ 0% = — N Eo(w)— ez'“’odllcm persion relation
€ €
iND 27w )
% Eo(w), cogqd)=cogwd/c)+ ?X(w)sm(wd/c) (A10)

w—wg—NAw q+i1y,+iNTg
(A6)  are recovered, wher is the period of the structure®
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