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Transport of superradiant excitons in GaAs single quantum wells
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The dynamics of resonantly excited-HH excitons in GaAs single quantum wells is studied by picosecond
transient reflection and photon echo. The energy relaxation and transport properties of the excitons are probed,
making use of the surface electric field. At low exciton densities and 5 K, transport appears to be absent, and
superradiant decay takes the place of free excitons with characteristic times ranging from 5 to 13 ps, depending
on the well width. The polarization decay is governed by energy relaxation, and a coherence length is found for
these free excitons of 200 nm. Low in the exciton resonance, we measure a much slower radiative decay and
smaller coherence lengths, due to localization. Here both radiative decay and pure dephasing contribute to the
polarization dephasing rate. At higher exciton densities and temperature, transport is observed, induced by
exciton-exciton and exciton-phonon collisions. For free excitons it is demonstrated that the increased polar-
ization dephasing rate is exclusively due to exciton transport, and not to pure dephasing. For localized excitons,
pure dephasing processes prevailly and thermally activated transport is fouf80163-18207)05847-5

[. INTRODUCTION derstand the factor\(ag)? in Eq. (1) qualitatively: the ra-
diative decay is enhanced with respect to the one-electron
The radiative recombination of excitons in two dimen- case by a factor equal to the number of coherent oscillators
sions is fundamentally different from the three-dimensionalwithin the area oi2. In a 100-A GaAs single quantum well
case. In bulk, the strong coupling between light and exciton§SQW) 7,=9.9ps, according to Eqg.(1). Later
gives rise to an interesting eigenstate, the polariton. Radiazalculation€® however, give values for, that are a factor
tive decay, then, requires phonons or other translationalef 3 higher.
invariance breaking entities such as defects, impurities or In these calculations, the excitons are considered to be
interfaces. Quantum well§QW's), however, inherently ideal, i.e., of infinite extension, and thus radiate in a direc-
break translational invariance in one direction. As a consetional way in exactly one single photon mode. In reality,
guence, a radiative decay channel opens up, at least for ekowever, excitons have a limited coherence lergtlthat, if
citons with a center-of-mass in-plane wave numlmgr short enough, increases the radiative lifetime. Indeed, if
smaller thanz/N, with N=\g/n, Ao the in vacuowave- <\, the superradiant effect becomes less prominent. The
length of the photon, and the index of refraction. The coherence length. appears to be directly related to the pure
small-wave-number excitons have a giant dipole momentiephasing timd, of an exciton’
since they are a linear superposition of a large number of
electron—hole wave funcuons,. and exhlb]t D|cI§e Le=VATHM, 2)
superradiancé.This phenomenon is well known in atomic
physics. It refers to the situation in whict identically pre- ~ with the in-plane exciton madd =0.27m,, andm, the elec-
pared two-level atoms radiate from a region smaller than th&on mass. The radiative decay rate for excitons in the limit
optical wavelength. Their collective radiative decay rate isof Lo<\ reads’
enhanced with a factaN relative to that of a single atom. )
The exciton wave function is also collective in the sense that I’ =240 (ﬁ) 3)
it represents a coherent superposition of a large number of ag Ys:
electron-hole states. Superradiance has been discussed by nu-
merous authors, both for one-dimensiof#D) Frenkel ex- There are a number of experiments that measure the life-
citons in disordered aggregatésand 2D Wannier excitons time of 1s-HH excitons in GaAs QW’s, mostly using the
in semiconductor thin film&-® technique of time-resolved luminescence. For a 45-A SQW,
Hanamura calculated the radiative decay rdig of free  Deveaudet al! deduced a value for the exciton lifetime of
2D excitons with a zero center-of-mass momentum: 10+ 4 ps, based on resonantly excited excit®EE) lumi-
nescence experiments and measurements of the resonance
line profile. Vinatierriet al? obtained the radiative lifetime
of excitons to be 40 ps in a 15-period GaAs 150-A multiple-
quantum-well(MQW) sample with 150-A AlGa,_,As bar-
Here y,=45/d,|%/3k\3, with d,, the dipole matrix element, riers. They combined a measurement of the luminescent life-
represents the one-electron radiative decay rate. One can utime with that of the homogeneous linewidth determined by
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four-wave mixing (FWM). Recently a FWM study on a
SQW and MQW Bragg structurEshas indicated that the (@)
exciton lifetime should be<10 ps. Wanget all* measured a
8-ps lifetime in a 15-period 175-A MQW with 150-A barri-
ers.

Transport properties of REE in real structures appear to
be dependent on the excitation position in the inhomoge-
neously broadened line. Hegarty and Stdtgghowed that a
mobility edge exists below which excitons are considered to
be immobile. Excitons with energies higher than the mobility (b)
edge show diffusive transport with a diffusion coefficient
D~10 cn?s 1.1 In the last decade transport of resonantly
excited excitons was studied by different techniques. Hillmer
et al1® measured the lateral transport of resonantly and non-
resonantly excited 2D excitons, using a time-of-flight
method. The resonantly created excitons were shown to ra- ‘ , , ,
diate from the island where they are created. Devesud!’ 1545 1547 1549 1551 1553 1.555
demonstrated in a time-resolved luminescence experiment _ Energy (eV)
that nonresonantly excited excitons move from a regioN of
monolayers to a region withl+1 monolayers in typically
250 ps. Wang, Jiang, and St¥eteported also in GaAs
QW’s a 100-ps time for the hopping of localized excitons.
They employed high-resolution frequency-resolved FWM.

Since the first experiments, the quality of the QW'’s fab-
ricated has improved to such a degree that REE in the high- A. Samples

energy wing of the exciton resonance are considered to be we ysed GaAs SQW's fabricated on top of a semi-
free and should have large; and exhibit pure superradi- insulating chromium-dope®01) GaAs wafer. An intrinsic
ance. The question arises: what are the transport properties glaAs buffer layer of 1um is deposited on the substrate,
these superradiant excitons? Using the observed superradigdfiowed by a 60-nm AlGa, _,As barrier k=0.27+0.01), a
lifetimes and the maximum velocity of REE in ideal GaAs thin GaAs layer, forming the quantum well, a 300-nm
SQW's of 1¢ m/s, we can directly estimate a traveled pathAl,Ga _,As barrier, and a 30-nm GaAs cap layer. The
within its lifetime of 10"’ m, which is smaller tham. This  samples are nominally undoped and molecular beam epitaxy
calculation shows that REE are immobile but free. Of coursggrown at a substrate temperature of 580 °C. The quantum-
the transport properties of the superradiant excitons may beell thicknesses used in the experiments are 35, 50, 100, and
affected by scattering, e.g., exciton-exciton or exciton-200 A. The full width at half maximum linewidths of the
phonon interaction. The latter is shown to be important atls-HH exciton resonances are determined by photolumines-
elevated temperatures, brings the exciton to a state with higbence, and amount to 5.8, 3.4, 1.2, and 0.6 meV, respec-
momentum, and thus makes the exciton mobile. The role ofively. The reflection spectra all show a distinct dispersive
exciton-exciton interaction in transport of REE is not yetcurve around the $HH exciton absorption. Spectra are
studied and is one of the main issues addressed in the presejiven in Fig. 1 for the 100-A SQW. The Stokes shift turns
paper. out to be smaller than 1 meV for all samples, as judged from

In this paper we present ultrafast pump-probe measurezomparing the cw reflection and photoexcitation spectrum
ments on the lifetime, transport and dephasing of REE innot shown with the luminescence. The immeasurably small
GaAs SQW's. To study the superradiant lifetime and theStokes shift demonstrates the high quality of the samples.
transport properties, we rely on a combination of two experi-
mental techniques: transient reflecti@rik) and photon echo
(PE). In TR experiments, excitons are probed in a remark-
ably sensitive way, namely via the screening they achieve of The experimental scheme is shown in Fig. 2. We use an
the surface electric field. We show that excitons created imrgon-ion laser-pumped Ti:sapphire laser, producing a beam
the high-wing of the resonance at low temperature and loveonsisting of a 76-MHz Fourier-limited train of pulses that is
density, decay superradiantly, may be considered as a fregplit into two by a beam splitter. One of the beams is modu-
coherent state, and indeed are effectively immobile. For ellated at 100 kHz by passing a fast mechanical chopper. The
evated free-exciton densitiéé,,>10° cm~2 exciton-exciton  other beam meets a scanning optical delay line, a pneumatic
interaction is shown to produce transport. shaker(Mannesmann-Rexroth Pneumatic KA-20 HUtBat

This paper is organized as follows. In Sec. Il we describguns at a velocity of 0.1 m/s with a maximum delay of 0.7 ns.
the samples and the experimental technique. We continue loth beams are focused to an area of about (160? on
introducing the mechanism allowing us to study energy rethe sample, under a mutual angle-8°. Different colors for
laxation and transport of REE. In Sec. Ill we present thethe pump and probe can be used starting with femtosecond
experimental data and discuss the results, and in Sec. IV waulses and filtering by insertion of a Fabry-Perot interferom-
conclude the paper. eter (FPI) in the pump arm and a single grating monochro-

Reflectivity

PL Intensity

FIG. 1. cw reflection spectrurfupper tracg and luminescence
spectrum(lower tracg in the 100-A SQW at 5 K. The solid curve in
the upper panel is a calculation, explained in the text.

Il. EXPERIMENTAL METHODS

B. Pump-probe setup
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FIG. 2. Setup for the pump-probe experiments in the TR geom- FIG. 3. TR trace in the 100-A SQWt & K without (curve 2
etry. Ar"—argon-ion laser; Ti—Ti:sapphire laser; BS—beam split- and with cw illumination(curve 23
ter; Ch—chopper; FPI—Fabry-Perot interferometer; MON— '

monochromatorD—delay line; Pu—pump beam; Pr—probe beam; . . . . .
C—cryostat; S—sample; PD—avalanche photodiode; R&S— probing resonantly with the exciton line, but no signal when

Rhode & Schwartz test receive—HP multimeter; Co—  €ither pump or probe is tuned out of resonance. The TR
controller delay line; PO—personal computer. signal appears to be negative near the line center, and is
positive but small at the wings. The observed change in am-
mator in the probe arm. The FPI has a free spectral range ¢fitude suggests the involvement of screening of static elec-
7.3 THz and a finesse of about 30. The monochromator hastéc fields by photocarriers.
resolution of 0.5 meV. The crosscorrelation of the two pulses To explain the signal we approximate 2D excitons by a
is typically 2.5 ps. The pump and probe color can be chosefheet of Lorentz oscillators located at a distaddeom the
independently within the laser linewidttll me\). Since sample surface, and the rest of the sample as a stack of layers
pump and probe are derived from the same laser, the relativith the appropriate dielectric constants. In a standard matrix
timing of the pulse trains is essentially jitter free. Alterna- calculation we computed the amplitude of the reflected
tively we used the laser in the picosecond meétl& pg for ~ waves, normalized to the amplitude of the incident wave
PE experiments and TR with one-color pump and probdoth traveling perpendicularly to the sheet. The result is
beams. The intensity of the probe beam is taken at least $hown in the upper panel of Fig. 1 as a solid curve that tracks
factor of 100 smaller than the pump, but in PE experimentdhe measured cw-reflection spectrifull dots) well. Subse-
pump and probe intensities are equal. quently we calculated thdynamicalreflection spectrum for
We have chosen the reflection geometry to avoid etchinghe case of aransientbroadening, shift, or decrease in mag-
of the substrate and strain problems. In TR the probe beanfitude of the resonand@ot shown. A comparison of these
and, in PE, light emitted in the directiong2are led to a spectra to the measured signals leads to the conclusion that
Peltier-cooled Hamamatsu C4777 photodiode. The bandhe TR signals in our samples correspond to a transient blue-
width of the photodiode is 100 MHz, the sensitivity 2.5 shift of the exciton line induced by the pump pulse.
kV/W, corresponding to 70 electrons per photon, and the The origin of this blueshift is screening of the surface
background noise 5 pAHz. The performance of this pho- €lectric field by excitons produced by the pump. An electric
todiode approaches that of a photomultiplier tube. We defield is generally present near the surface, due to Fermi-level
modulate the photocurrent at 100 kHz over a 10-kHz bandpPinning at the surface, and penetrates the QW. For a semi-
width, using a Rhode and Schwartz test receiver. The signdnhsulating substrate, surface field strengths &
is read out every 1Qem displacement of the delay line by a =10°~1C° V/m are expected? The exciton resonance then
HP3458A voltmeter, and stored in a personal computer. Sigshifts by the action of the quantum-confined Stark effect
nal averaging is performed by repetitively scanning the delayQCSB.?>~**We estimate the screening field hf excitons
line. The sample is held in an optical flow cryostat that isper unit of surface by
temperature controlled fro 2 K upwards. Experiments are
performed with equal horizontal polarization of the pump N,
and probe. We checked that the results are identical for AE
cross-polarized pump and probe in TR experiments.

4

dmege,’

with e the elementary charge arge, the dielectric con-
stant. For exciton densities of 4@m ™2 AE=1.1
Figure 3 shows examples of the signal for one-color pumpx 10° V/m. Using the result of Milleret al*® for the coeffi-
and probe TR experiments. Curve 2 is taken during addicient @ of the the QCSEa=1.7x10" ! m? meV/V2, we
tional illumination with a cw halogen lamp (0.5 mW/én  arrive at a blueshift 2AEE,, equal to 4 ueV for E,
and curve 1 without the lamp. The signal amplitude signifi-=10° V/m. According to our calculations this value corre-
cantly diminishes by the illumination, but the shape remainssponds to a change of reflection 0k40~°, within our de-

the same. We measure a signal in the case of pumping ardction sensitivity.

C. Optically induced blueshift of the exciton resonance
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Our observations are consistent with photoreflectance . , , . ,
modulation described in Ref. 25. In these experiments an

exciton line shift was found to be induced by excitons that '§ N

could clearly be related to screening of the surface electric m= V¢ 7
field and the QCSE. We conclude that the surface electric *

field in our sample is instrumental for generating a TR sig- Y oo

nal.
The TR technique may be used not only to study the
decay but also the spatial transport of REE in an inhomoge-

neously broadened exciton resonance. A spectrally narrow _\//,_—-——-—-'—""'—"‘
pump frequencyiw,, for example, creates a spatial distri- ' 2 25ps

AR/R
T
I

bution of excitons

nO(r)ocllf(wl!r)i (5)

wherel ; is the intensity of the pump beam ah¢,r) is the —"\/’”“"‘ 4 7 ps

homogeneousbsorption line profile at positiom in the
guantum well. Taking forf (w,r) a Lorentzian of widthl'}, ' L ' ' ‘
with a local energyiw,, and an amplitude distributed ac-
cording to a Gaussian of width; centered arounfl wy, we
obtain

Delay (ps)

FIG. 4. TR for the 50-A SQW aT=5 K and an exciton density
ex] — 4%2(w, — wo)2IT2] of 10° cm 2 Photon energies are indicated in the inset, which
5 57 (6) shows the PL spectrum. Full lines are fits discussed in the text.
[A% (01— @)+ 1]

flwq,r)e

Equations(5) and (6) tell us that there will be a significant taken in the 100-A well 1 meV above line center at the
exciton population created only if the local resonance energjndicated energy 1 in the inset. Curves 2 are the two-color
hw, is sufficiently close tdiw,, i.e., withinI'y. The suffix  measurements when pumping at the same energy as curve 1,
r of w, is to express that the exciton resonance frequency iBut probing at an energy 1.5 meV lower in the line, indicated
position dependent. Thus spectral diffusion reflects spatigh the inset. Clearly, no signal is observed for low densities,
transport. In a TR experiment, with pump and probe at theFig. 5(a), in contrast to the case of high densities, Figh)5
same laser frequency,, we create excitons at positions Quite remarkably, the amplitude of curve 2 in Fighpbis
given by Eq.(6), leading to docal and temporal blueshift of much larger than that of curve 1 in Fig(WB, signifying

the exciton resonance as explained above. Consequently, tBgciton transport at high densities. The high-density data are
TR signal will drop as soon as excitoegther decay at the
location of creation or escape to other regions of the QW. In
TR experiments withdifferentpump and probe frequencies,
we may probe the transport directly.

)
I1l. RESULTS AND DISCUSSION S 0
O
A. Low exciton density and temperature, superradiance S
. . o
In this section we present the results of TR and PE ex- &
periments in SQW's for low exciton densites < 1546 1550  1.554
(Nex~10° cm™?) and temperatureT(=5 K). Figure 4 shows P l . Energy (eV)
a selection of TR signals for equal pump and probe frequen- ' ' ' (b)

cies in the 50-A SQW at the spectral positions as indicated in
the inset, the luminescence spectrum. The solid lines are fits
to a uniexponential function convoluted with the instrumen-
tal profile. The decay constaiiit; decreases from 26 to 7 ps
for increasing photon energy. Similar behavior is found for
the other quantum wells: In the 35-A SQW, the lifetime goes

AR/R (arb. units)

from 17.9 to 5.2 ps, and in the 100-A SQW from 15 to 8 ps. -4t -
For the 200-A SQW, the inhomogeneous broadening is . . .

smaller than the laser linewidth arid =13 ps. The decay 30 0 30 60 90
times, taken at the high-energy side of the exciton resonance Delay (ps)

namely 5.2, 7, 8, and 13 ps, apparently increase wjth

The decay of the signal presented in Fig. 4 measures 10Ss F|G, 5. TR signal in the 100-A SQW at 5 K, with pump and
of excitons in the region of creation. We show that under theyrobe 1 meV above line centérurve 1, and TR signal with pump
present conditions exciton transport is absent, using results mev above line center and probe 0.5 meV below line center
of the one- and two-color TR experiments described now. Incurve 2, for (@ 10° excitonscm? and (b) 5
Fig. 5 we present the one-color TR signal, curves labeled 1x 10° excitons cm?2.
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further discussed in Sec. Ill B. At this point we can already 0.6
conclude that exciton transport is virtually absent at low den-
sities and temperature. T~ 0.4f
Now we comparel,; with the dephasing tim&, mea- & $
sured by PE, under the same conditions. We fit a uniexpo- E 02} ¢ '
nential curve to our data, with the time constambnvoluted t
with a Gaussian line to account for the instrumental resolu- Y
tion. The polarization dephasing time is computed by taking 0 05 10 15 20 25

: . 10, 2
T,=4r, the appropriate expression for inhomogeneously Exciton density (10"cm”)

broadened resonances. High in the resonance we then find 12
ps in the 50- and 100-A SQW'’s and 8 ps in the 35-A SQW
(data not shown

Lower in the resonance, howevér, is larger, an effect
reported earlier by Hegarty and Sturfeand attributed to
localization: For the 50-A SQW, we obser¥g= 25 ps. For
the 35_A SQW the e|ongati0n is even more pronounced_ F0$ec. I A, no TR Signal iS detectable at IOW denSitieS, at |eaSt
the 100-A SQW, which has the smallest inhomogeneou#hen the pump and probe energies differ by more than 1
width, however, the effect is quite small, namely, an increasdneV [Fig. 5@]. At exciton densities above210° cm™?,

FIG. 6. Decay rate'l'l‘1 of TR signal pumping and probing the
free excitongO) and reciprocal rise time of TR signal when pump-
ing free excitons and probing localized excitdi®) as a function
of exciton density for the 100-A SQW.

from 12 to 14 ps. however, we measure a clear TR signal in two-color experi-
Polarization dephasing generally is causedrpyand T}, g}ﬁﬁts’ which is a direct proof of exciton transpRig.
1T ,=1/2T,+ 1T}, ) TR data forNg=10"cm 2 and T=5K in the 100-A

SQW are presented in Fig(l§. As stated above, curve 1
From the measured, and T;, we may computél, using  corresponds to free excitons and equal pump and probe en-
Eq. (7). For the 100-A SQW, 1 meV above line center, we ergies. Curve 2 is obtained when pumping free excitons and
find a mean value fof ;=48 ps, with a lower limit of 26 ps, probing the localized statésee the ins¢t Curve 2 reveals a
in any case much longer thah,~8 ps. The large pure rise taking 7 ps, followed by a delay of hundreds of picosec-
dephasing time is also found for the 50-A SQW high in theonds. Within the experimental resolution the rise time ap-
resonance. This important result shows that ferés gov-  pears to be independent of the frequency difference between

erned by energy relaxation, pump and probe. The rise time does, however, depend on
exciton density(see Fig. 6, full dots As demonstrated in
1UT,~1/2T,. (8) Sec. Il C, one-color TR experiments monitor local decay by

superradiance and escape of excitons, while two-color TR

Since nonradiative recombination of excitons is known to beexperiments probe exciton transport. The open dots in Fig. 6
negligibly small, and.trar!sport IS ab;ent, we conclude thactatre the measured decay rates of the one-color TR signals,
the T}S measured high n th_e I|_ne in the 50- ar_1d 100-A T; ' vs N, A simple rate-equation analysis reveals that the

SQW'’s are the superradiant lifetimes of free excitons. Ap'rise time should be equal f,, as observed. Inspection of

parently the exc%iton_ superradiates ra}ther than coIIidgs eIaStf'he amplitudes of the two-color signals and comparison to
cally. Hanamura pointed out that this rgmarkgble_ CIFCUM- e results of the rate-equation analysis, lead to the conclu-
stance should be present for free excitons in high-quality . : 1 ; . i
SQW’s. KnowingT), and using Eq(2), we estimate the co- sion that the speeding up @f ~ for increased exciton den

' 9tz >ING Eate), sities is exclusively due to spatial escape, induced by
herence lengthL., and find, for the 100-A SQW|L, exciton-exciton collisions
- 190.nm, W'th a lower limit of 100 nm. Th's yalge is close In order to examine the effects of exciton-exciton colli-
to A, implying that the measured radiative lifetime of the sions onT,, we compare PE and TR experiments in the
excitons virtually represents the superradiant lifetime of Eq 2

100-A SQW again on free excitons in Fig. 7. The observed

(Tl)'_lfgiid’-rlz 8 ps is approximately the predicted value of rise of Tgl with N, (open dots in Fig. ¥Vis known to be
O_ .

In the low-energy wing of the exciton resonance, in theproduced by exciton-exciton collisioRs.We find for free

; ; -1_ 01
100-A SQW we findT, =15 ps, longer than high in the line. excitons |_nl the 1_00"& S.QW Tp =17.0x .101 S
This points to a decreased valuelgf, in this case 80 nm +10.0Ng, s~ cn? (full line tracking the PE data in Fig.)7

according to Eq(3). This value is larger than thie, com- These values are in good agreement With. e_arlier
puted from Eq.(2), valid for free excitons. All SQW data measurements.Quite remarkably, multiplication of this line

—1 - - —1
taken in the low-energy parts of the line exhibit the samd®' T2~ Dy afactor of 2 yields the line through tfig ~ data

discrepancy. From this we conclude that the free-exciton pictfull dots in Fig. 7, i.e., T,~2T,, over the measured range

ture fails, and that excitons localize in the low-energy wing,0f Nex- We conclude from this that in inhomogeneously
in agreement with earlier finding&2® broadened resonancasy exciton-exciton collision produces

transport.
We now turn to the question how exciton-exciton scatter-
ing may induce transport of superradiant excitons in the ab-
By increasing the excitation densily,, and temperature sence of thermal phonons. We consider interaction between
T, we can study the dephasing and transport properties dfvo excitons in the inhomogeneously broadened exciton
REE in the presence of interaction. As already discussed iresonance. In an exciton-exciton collision process energy

B. High Ng,and T, transport and dephasing
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FIG. 7. Fast decay rate in TH®) and PE(O) vs exciton density

for the 100-A SQW at 5 K. PE data merge into TR data when F|G. 9. TR dataO) and PE(®), vs pump power for the 100-A
multiplying by a factor of 2. Indicated with an arrow is ¥#2 as  sQW taken at 5 K, when pumping the localized states.
deduced from TR data, at low densities.

o ) . localized excitons. The timg, is, within errors, independent
conservation is now possible, when the potential energy ofs the exciton density. However, the dephasing B¢ in-
one exciton is exchanged for the kinetic energy of the othercreases with\,,, but slower than for the case of free exci-
In a two-exciton collision @~0 exciton may then gain ki- ons. Apparently, exciton-exciton scattering induces dephas-
netic energy at the expense of another exciton. The increasgy for localized excitons in a similar way as it does for free
in klnetlc.e.nergy is typlcal!y the inhomogeneous "”ew'dth-excitons, but does not affedt,, in contrast to the free-
Such collisions inherently involve transport, as observed. Inyciton case. Hence for localized excitons the transport in-
a QW with disorder, momentum conservation does not holdy,ceqd by exciton-exciton interaction is strongly suppressed
if at least one of the excitons involved in the collision is i, comparison to the free-exciton case. This is consistent
localized. A more detailed model of exciton-exciton interac-yith TR signals for pumping in the localized part and prob-

tion in disordered QW's is required. _ _ing higher. We note that the amplitude of curve 2 in Fig. 8 is
The situation markedly changes when localized excitong,o orders of magnitude smaller than curve 1.

are excited, low in the line. These results are shown in Fig. 8. ko, elevated temperatures the rise time decreésms-

Curve 1is TR data with equal pump and probe energies, andare curves 2 and 3 of Fig),8but the amplitude increases.

curve 2 corresponds to probing high in the line, both at 5 K.opyiously exciton-phonon interaction also affects the trans-

As for curve 2, free excitons are probed in curve 3, but Nowyot properties of the superradiant excitons, since the TR

at 100 K instead of 5 K. We kept track of the shifting of the signal increases with rising temperatuiirve 3, Fig. 8.

band gap to lower energies by properly tuning the pump angthe amplitude of this curve is much larger than the ampli-

probe frequencies. The rise time of the signal when probing,qe of curve 2 of Fig. 8 measureti®K under otherwise the

at higher energies than the pump amounts to 13 ps at 5 Kygme conditions.

with'a greatly diminished amplitude compared to curve 1. The rise time of the TR signal, when pumping localized
Figure 9 shows the density dependenceTqf' (open  states and probing the free exciton state, has the same value

circles and T, * (closed circlesat 5 K when pumping the and temperature dependence as the decay Timef TR

when pumping and probing the localized excitdese Fig.

10). The solid curve is a fit to a thermally activated behavior.

For localized excitons the thermally activated behaviof pf

and T, that we observed appeared to be consistent with the

results of Hegarty, Goldner, and Sturgeand thus is not

-*% discussed in detail in the present paper.
3 Finally we discuss the long decay of the TR signals, ob-
'g served at highN., or T, produced by the excitons after many
E exciton-exciton and exciton-phonon collisions. We observe a
o
< 0.4
Q
1.54(15En er1.?:3) 1.554 PN 03¢ .
-3 ' ' i = 02} o :
-30 0 30 60 90 g o
Delay (ps) MO0, o
0
FIG. 8. TR data in the 100-A SQW at an exciton density of 5 0 20 40 60 80 100 120
X 10° em~2 when pumping the localized states. The probe is reso- Temperature (K)

nant with the localized states in curve 1, and the free states in curve

1. Curves 1 and 2 are taken at 5 K, and curve 3 at 100 K. The pump FIG. 10. (®) Reciprocal rise time of the TR signal vs tempera-
and probe wavelength in curve 3 have been properly tuned to conture for pumping localized excitons in a 100-A SQW and probing
pensate for the shift in band gap at elevated temperature. Pump affieee excitons. Fast decay rdte) TR vs temperature when pumping
probe energies are indicated in the inset, the cw-reflection spectruand probing localized excitons fi¥.,=10°cm™2. The curve is

at 5 K. discussed in Sec. Il B.
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decay time of a couple of hundred picoseconds that is indd-ocalization effects low in the exciton resonance give rise to
pendent of pump and probe energies, in agreement with the decrease in coherence length, an increase in radiative life-
luminescence decay time of nonresonantly excitedime, and significant pure dephasing.

excitons?®?°Indeed, in case of high exciton densities or tem-  Exciton-exciton and exciton-phonon collisions are shown
perature the excitons are expected to form a statistical distrio induce transport between areas of different thicknesses in
bution over the available states similar to the one present fathe quantum well. The increase of the dephasing rate of free
the nonresonantly excited excitons, already extensively studexcitons in the presence of exciton-exciton collisions is dem-
ied. In the limit of high density or temperature the excitonsonstrated to be exclusively due to the speeding up of this
produce a Boltzmann distribution which no longer reflectstransport, and not induced by pure dephasing. For localized

the specific initial excitation conditions. states, we demonstrate that only a small fraction is mobile
under conditions of strong optical pumping at low tempera-
IV. CONCLUSION tures, that pure dephasing by exciton-exciton collisions does

_ S play a role, and that thermal activation processes induce
To summarize, we obtain insight into the transport prop+ransport at higher temperature.

neously broadened resonances employing transient reflect|c,\.ﬁmu$|y broadened resonances at low temperature is possible

and photon-echo techniques. _ thanks to the exchange of potential and kinetic energies in an
High in the resonance, and for low density and temperagyciton-exciton collision. A detailed model, however, is
ture, the superradiant lifetimes are determined to be 5, 7, §g¢king.

and 13 ps for 35-, 50-, 100-, and 200-A SQW'’s, respectively.
We show that the polarization decay is completely governed
by energy relaxation, leading to an estimate of the typical
coherence length for these free excitons~d00 nm. Exci- We thank F. J. M. Wollenberg and R. Beelen for technical
ton transport is shown to be slow in comparison to the radiaassistance. A.V.A. gratefully acknowledges INTA®!-395

tive decay, confirming the expectation that the resonantlyjor financial support. This work was sponsored by the Dutch
excited excitons high in the resonance are free but immobilescience foundations FOM and NWO.
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