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The dynamics of the interacting excitonic states in GaAs/Al, Ga&-, As quantum wells has been

investigated by spatially resolved and time-resolved luminescence spectroscopy. The combination
of these techniques allows us to determine the radiative recombination processes generated by in-

elastic biexciton-biexciton and exciton&lectron collisions under high-excitation density. Our ex-
perimental results demonstrate that the dynamics of the interacting excitonic states in quantum
wells are comparable to those in bulk materials, i.e., the dimensionality of the semiconductor does

not have a significant effect on the specific inelastic collision processes.

The intrinsic radiative recombination processes occur-
ring in direct-gap semiconductors can be classified into
three regimes according to the quasiparticle density gen-
erated in the crystal: (i) radiative recombination process-
es of free excitons in a dilute boson gas, (ii) radiative de-

cay of excitons due to inelastic scattering processes in a
dense interacting excitonic gas, and (iii) electron-hole
plasma above the screening threshold for the exciton ion-
ization. In the case of semiconductor quantum wells
(QW's) most of the work on the distinct properties of
confined excitons has been carried out in the limit of a di-
lute boson gas, in which excitons can be considered as
noninteracting elementary excitations undergoing the
modified crystal potential of the superlattice, or in the
high-density limit, when state filling and screening govern
the nonlinear optical response of the crystal. ' Despite
their enhanced binding energy and oscillator strength, in
semiconductor quantum wells no evidence of interacting
excitonic states has been reported apart from a kind of
exciton-exciton interaction occurring through the ex-
change of real or virtual acoustic plasmons at high exciton
density. 2

In this paper we report the nrst observation of radiative
decay of excitons and excitonic molecules (biexcitons)
generated by inelastic collision processes in GaAs/
Al„Gai— As multiple quantum wells (MQW's). The dy-
namics of the interacting excitonic states are studied by
spatially resolved and time-resolved high-excitation-
intensity luminescence. The combination of these two
techniques allows us to study in detail the radiative
recombination processes induced by biexciton-biexciton
and exciton-electron scattering under high-excitation con-
ditions. The experimental results provide clear evidence
that the dynamics of the interacting excitonic states in
quantum wells do not signiicantly differ from those in
bulk materials.

The GaAs/AI, Gai „As MQW's were grown by
molecular-beam epitaxy on (001) GaAs substrates. They

consist of 25 periods of 10-nm GaAs wells sandwiched be-
tween 15-nm Alo. 3sGao.ssAs barriers grown on a I-Itm-
thick Alo 3sGao s4As barrier layer to prevent carrier losses
in the underlying GaAs buffer layer. The optical charac-
terization of the samples reveals sharp excitonic peaks
with about 1.5-meV full width at half maximum at low
temperature and about 1-meV Stokes shift between the
photoluminescence and photoluminescence-excitation
spectra. The spatially resolved and time-integrated lumi-
nescence measurements are carried out either with short
pulses or with pulses having a time duration comparable
to the exciton lifetime of the investigated MQW's. A
high-frequency mode-locked Ar+ laser with 80-ps pulse
width serves as the excitation source. The detection sys-
tem consists of a 0.5-m spectrometer combined with a
streak camera with an optical multichannel for readout
(allowing a time resolution of 20 ps in the time-resolved
luminescence measurements). Longer laser pulses (5 ns)
are achieved by using a N2 pumped dye laser operating at
570 nm with 10-Hz repetition frequency. A 0.6-m mono-
chromator equipped with a photomultiplier tube and a
boxcar integrator is used for the integrated luminescence
measurements. All measurements are performed at a
sample temperature of 5 K with an adjusted power density
of 0.5 MWcm . In the spatially resolved experiments
the luminescence is collected in a backward direction at
different distances (d) from the center of the excited spot
(the focus diameter is about 40 Itm). A spatial resolution
of about 20 pm has been obtained by scanning an en-
larged image of the sample surface (magnified by a factor
of 10) across the entrance slit of the monochromator by
means of micrometric displacements of the collecting lens
(the spatial resolution is therefore controlled directly by
the slit width).

In Figs. 1(a) and 1(b) we compare the spatially re-
solved time-integrated photoluminescence (PL) spectra
taken under picosecond excitation with those obtained un-
der stationary conditions (ns pulses). In both cases pro-
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FIG. 1. Space-resolved luminescence spectra under (a) picosecond or (b) nanosecond excitation recorded at different distances d
from the center of the excited spot. (88 represents inelastic biexciton-biexciton scattering, EE represents inelastic exciton-electron

scattering. )

nounced changes are found in the PL spectra taken at
different displacements d from the center of the excited
spot. When the crystal is excited with picosecond pulses
[Fig. 1(a)] the integrated PL spectrum at d 0 exhibits
an excitonic peak corresponding to the n 1 heavy-hole
exciton in the quantum well (E~~q) and a small shoulder
(Bband) about 2 meV on the low-energy side. When spa-
tially resolving the luminescence far away from the spot
center we observe an overall decrease of the emission in-
tensity and the rising of new emission bands on the low-

energy side of the E ~ ~1, emission. In particular, we detect
a band (BB) peaked about 4 meV below the E~~s line at
intermediate displacements (80(d (180 pm), and an
additional line (EE) arising 7.5 meV below the E ~ ~s line
at d & 160 pm. It is worth noting that both the 88 and
the EE bands disappear when the excitation intensity is
reduced (thus excluding the possibility that they can be
due to any extrinsic or impurity-related emission) and
that they can be selectively resolved by choosing the ap-
propriate distance from the center of the excited spot, in
allowance with the rapid expansion of the photogenerated
carrier population (a more detailed treatment of the
quasiparticle density profile in space and time during the
expansion will be the subject of a forthcoming paper).

A completely different behavior is observed under
nanosecond excitation [Fig. 1 (b)]. The luminescence
spectrum taken from the center of the excited spot (d 0)
exhibits broad emission lines and band filling of the
higher-energy subbands (mainly the conduction-band to
light-hole transition E~~~) and a sharp emission line (S)
peaked about 12 meV below the exciton line. When in-
creasing the displacement d, the S-band intensity de-
creases and the characteristic band-filling line shape is
smoothed while the E ~ ~q becomes sharper. About 300 pm

away from the excitation spot center the emission spec-
trum recovers the excitonic character and closely resem-
bles the usual luminescence curves measured at low exci-
tation intensity.

The origin of this remarkable change in the spatially
resolved PL spectra lies in the different relaxation process-
es underlying the quasiparticle photogeneration under
different excitation conditions. During the pulse transient
the picosecond excitation results in the photogeneration of
a dense electron-hole plasma which relaxes to the bottom
of the subband and forms excitons on a time scale of the
order of 0.4 ns. 5 This leads to the establishment of a
dense exciton gas in the time interval between two follow-
ing pump pulses which gives rise to different excitonic ra-
diative decay processes detectable in a time-integrated
luminescence spectrum. Conversely, the nanosecond exci-
tation leads to the generation of a dense electron-hole
plasma under stationary conditions thus preventing the
formation of excitons due to screening effects. In both
cases the spatially resolved PL measurements allow us to
study different species of photogenerated quasiparticles
undergoing a fast expansion due to scattering and diffu-
sion processes.

The attribution of the luminescence bands observed un-
der ps excitation can be made on the basis of simple ener-
getic arguments and according to the temperature and in-
tensity dependence of the emission spectra shown in Fig.
2. The 8 band arising about 2 meV on the low-energy
side of the E~~I, line is found to grow superlinearly with
the excitation intensity. Its energy position well accounts
for the radiative recombination of biexcitons in 10-nm
GaAs quantum wells. ' This attribution is supported by
the decay time of the 8 band which is found to be about
one half of the exciton decay time measured at the same
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excitation intensity, in agreement with previous biexciton
studies in other MQW heterostructures. s The 88 band
lies one biexciton binding energy below the 8 band, show-

ing a superlinear intensity dependence [Fig. 2(a)] and a
temperature dependence very similar to the GaAs band

gap [Fig. 2(b)]. In analogy to the case of II-Vl semicon-
ductors, 9 conservation of energy and momentum in the in-
elastic biexciton-biexciton scattering resulting in the cre-
ation of free excitons and a photon must lead to the ob-
served emission spectrum peaked around E E~~q —2Eb
(where Eb is the biexciton binding energy). In addition,
as discussed in the following, the time decay of this radia-
tive recombination process is shorter than the biexciton
decay time but longer than any excitonic scattering pro-
cess, in accordance with the formation time of the biexci-
ton itself. As far as the EE band is concerned [Fig. 2(b)],
it lies well below the fundamental E~ ~I, line and shifts to
the red faster than the gap when the temperature is in-
creased. The deviation from the expected temperature
dependence of the gap is almost linear in the range
20-120 K and closely resembles the spectral behavior of
the luminescence emitted by inelastic exciton-electron
scattering process resulting in the ionization of one exci-
ton and in the diffusion of a hot electron. '

Simple energetic arguments' allow us to account for
this anomalous temperature dependence: Momentum and
energy conservation in the exciton-electron scattering pro-
cess results in a characteristic emission peaked at
E E~ ~p

—(M/m, )h K /2M [where m, g, & is the electron
(hole) mass and M m, +my is the total exciton mass].
By assuming a Boltzmann distribution of the excitons in-
volved in the scattering processes the exciton-electron
emission peaks at E E ~ u, —1/2(M/m, )kg T, which
linearly deviates from the expected band-gap temperature
dependence (in particular, for the case of GaAs quantum

F1G. 2. (a) Intensity dependence and (b) temperature depen-
dence of the space-resolved luminescence spectrum recorded
280 pm away from the center of the excited spot. The spectra of
(b) have been measured at the maximum excitation intensity
Io 0 5 MWcm

wells, it results in E~E~~I, —3kaT). Inspection of our
experimental spectra shows that the EE band shifts ac-
cording to E~EIIp, —2kgT in the temperature range
20-120 K, in reasonable agreement with the theoretical
prediction. It is worth noting that the exciton-exciton
scattering process can hardly be invoked in order to ex-
plain the EE emission. Momentum and energy conserva-
tion for this collision process would lead to a characteristic
emission peaked at E-E~~I, —%~+5 K /2M (Ref. 11)
(where R„is the exciton binding energy equal to 9.5 meV
in a 10-nm GaAs quantum well'3) which does not fit with
our experimental findings.

The interpretation of the spectra taken under stationary
conditions is more straightforward. The sharp superlinear
peak observed at d 0 is related to the electron-hole plas-
ma emission (probably some scattered stimulated emis-
sion) also showing very high optical gain'4 and weak exci-
tonic emission. At large displacements (d & 100 pm) the
spatial expansion of the electron-hole plasma (EHP) re-
sults in the formation of excitons in the region of the crys-
tal where the EHP density is reduced [it has been recently
shown that the actual density of the EHP reduces by a
factor of 5 in 10 pm after about 500 ps (Ref. 4)], thus re-
sulting in the exciton luminescence at large d values.

Further insight into the above-discussed many-particle
dynamics is obtained from the results of the time-resolved
PL measurements. In Fig. 3 we show the time evolution
of the E I Ip, 88, and EE bands recorded by measuring the
decay time of the PL collected 280 pm away from the
center of the excited spot [spectrum d 280 pm in Fig.
1(a)]. At the power density involved in our experiment
we find an exciton decay time of about 2 ns and a biexci-
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FIG. 3. Time evolution of the space-resolved luminescence
spectrum recorded at d 280 pm. The time r is the time delay
in the measurement. The temperature is 5 K.
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ton lifetime of about 1 ns. The 88 and EE bands exhibit
much shorter decay times, about 600 and 250 ps, respec-
tively, thus supporting our interpretation in terms of
scattering processes in a dense exciton gas. In particular,
in the early times [Fig. 3(a)] the EE band is found to arise
with the pump pulse while a weaker emission can be ob-
served at the E] ~ p, energy position. Within the first 300 ps
the EE band disappears [Fig. 3(b)] while the 88 emission
band grows and becomes dominant. At longer delays the
88 reduces in intensity and, after about 1 ns [Fig. 3(c)],
the E~|I, is the main emission channel with a broad low-

energy shoulder in the 88-band spectral region.
The observed time evolution supports the previous inter-

pretation: Exciton-electron scattering processes are quite
fast and follow the time evolution of the pulse. This indi-

cates that the radiative recombination process underlying
the EE emission involves excitons and electrons photogen-
erated in the transient of the pump pulse and quickly ex-
panding along the crystal surface. In the 300 ps following
the pump pulse [Fig. 3(b)] the EE scattering process
disappears and a mixed exciton-biexciton gas is formed.
The emission spectra in Fig. 3(b) are very similar to the
ones obtained at lower pump intensities, when the photo-
generated particle density is not high enough to generate
excitonwlectron scattering and only the E~~s and the BB
emission are present. In this transient phase the
biexciton-biexciton scattering seems to be the most
efficient radiative recombination process. For longer
times [Fig. 3(c)] these interacting excitonic processes lose
importance and the excitonic character of the spontaneous

emission is recovered. It is worth noting that the EE and
88 bands can easily be observed only by means of spatial-
ly resolved luminescence measurements, which allows us
to probe points of the crystal surface where the actual
density of the quasiparticle is changing in time owing to
the particle expansion.

In conclusion, we have reported the first experimental
evidence of exciton-electron and biexciton-biexciton in-
elastic scattering in GaAs MQW's by means of time- and
space-resolved luminescence measurements. The observa-
tion of the exciton-electron scattering in GaAs MQW's in-
dicates that this process is the most efficient radiative
recombination mechanism also in two-dimensional GaAs
at high exciton density, thus confirming previous studies
on bulk GaAs. ' In addition, the observation of biexci-
ton-biexciton scattering can be considered a consequence
of the biexciton wave-function confinement which strongly
enhances the quantum properties of these excitonic mole-
cules as compared to the bulk case. 6 It is worth noting
that the investigated class of processes in quantum wells
exhibits spectral features which are common to all semi-
conductors under intense optical excitation, ' ' ' ap-
parently independent of the dimensionality.
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