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Blue Shift of the Exciton Resonance due to Exciton-Exciton Interactions
in a Multiple-Quantum-Well Structure
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Femtosecond time-resolved dynamics of exciton screening and pairing is studied in a 53-A
GaAs multiple-quantum-well structure at 15 and 224 K. An intriguing high-energy shift of
the exciton self-energy in the dense limit is reported.
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Multiple-quantum-well structures (MQWS) are
currently attracting considerable interest, both from
a fundamental point of view, as well as for their po-
tential applications as efficient, active devices in op-
toelectronics. ' They consist of alternate, ultrathin

0
layers (typical thickness d = 100 A) of two semi-
conductors with different energy gaps. Carriers
created in MQWS are confined in the layers of
lower gap energy, thereby providing a rather unique
quasi-two-dimensional system of electrons and
holes. As a result of this confinement, the
Coulomb attraction between electrons and holes is
increased compared to that in bulk form of the
same material. This leads to the observation of dis-
tinct exciton absorption lines in MQWS even at
room temperature, which is very unusual for a nor-
mal semiconductor. Large optical nonlinearities,
associated with the screening of these excitons
upon optical creation of carriers, have been report-
ed. Based on these excitonic nonlinearities,
room-temperature operation of all-optical devices
(such as bistable elements) has been recently
demonstrated.

We have investigated the dynamics of the exci-
tonic optical nonlinearities in a GaAs-AlGaAs
MQWS, with an experimental apparatus having a
time resolution of 120 fs. This study brings infor-
mation about the dissociation rate of excitons into
free electron-hole pairs, induced either by the pres-
ence of free carriers or by thermal phonons, as well

as about the reverse effect, namely pairing of free
carriers into excitons. We also report for the first
time a renormalization of the exciton self-energy in

a highly excited quasi-two-dimensional system.
The principle of the measurement is similar to that
pioneered by Shank et al. An ultrafast optical
pump pulse [duration full width at half maximum
(FWHM) = 120 fs] creates a high density of elec-
tron-hole pairs in the GaAs layers of the sample. A
weaker, broadband probe pulse, also of 120-fs dura-
tion, is transmitted through the excited sample at
different delays from the time of carrier creation.
By recording the pump-induced changes in the ab-
sorption spectrum of the probe pulse as a function
of time delay, one has direct access to the evolution
of the excited system. In the experiment both the
pump and probe pulses are obtained by continuum
generation in two different water cells using the
amplified optical pulse from a ring cavity passively
mode-locked (CPM) dye laser. ' An interference
filter selects a narrow spectral range in one of the
continua for the pump pulse. Its pulse energy con-
tent is further amplified, if necessary, in a dye am-
plifier system. By tilting of the interference filter,
the pump peak wavelength may be finely adjusted
so that the electron-hole pairs can be created either
in the form of free carriers or directly as excitons.
The sample itself consists of 300 periods of al-
ternate layers of GaAs (thickness = 53 A) and
Ala 3Gao 7As (thickness= 56 A) held at 15 K or 224
K. The time-resolved transmission spectra of the
probe pulse are recorded with a spectrograph and
optical multichannel analyzer.

Figure 1(a) shows spectra obtained at a sample
temperature T = 15 K with the 740-nm wavelength
of the pump pulse in the GaAs absorption continu-
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FIG. 1. (a) Time-resolved absorption of GaAs-
Alp 3Gap 7As MQWS (GaAs layer thickness = 53K) at
T = 15 K recorded at various delays from the creation of
free electron-hole pairs. The excitation wavelength is at
740 nm. (b) Excitation wavelength is adjusted at 767.7
nm inside the heavy-hole exciton line. The excitation
laser spectrum is also shown.

um. The curve labeled —5 ps corresponds to a case
where the probe pulse precedes the pump on the
sample, and it is therefore representative of the
unexcited crystal. The observed absorption line at
766 nm corresponds to the heavy-hole exciton. Im-
mediately following the creation of hot carriers, one
notices a strong modification of the absorption
spectrum. The carriers screen the Coulomb interac-
tion responsible for binding an electron and a hole
to form a pair, leading to the disappearance of the
exciton structures in the spectrum. We found that
exciton bleaching requires a minimum pump energy
of the order of 1 p, J/cm2 (corresponding to an es-
timated initial carrier density of 10'" cm 3) and
that it is accompanied by the appearance of a broad
luminescence band characteristic of a two-com-
ponent plasma in good agreement with similar
results obtained by Shank et al. In the results of
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Fig. 1, the pump energy is adjusted just above the
threshold energy for plasma formation and the
spectra are displayed at various delays. The time
necessary to screen the exciton features is less than
150 fs. This is in agreement with similar experi-
ments by Shank et ai. in GaAs ~here exciton
screening was found to occur in less than 1 ps.
However, the subsequent evolution of the system is
markedly different. Whereas in bulk GaAs, com-
plete exciton bleaching persists for delays in excess
of several hundreds of picoseconds, here the exci-
ton oscillator strength recovers rapidly, returning to
its original value within 100 ps, an indication that
the free carriers responsible for exciton bleaching
have disappeared. Another striking feature is the
high-energy shift of the peak of the exciton absorp-
tion as it reappears. Such a blue shift cannot arise
from a pump-induced thermal effect that would in-
stead displace the exciton toward lower energies.
Rather, we attribute it to the fact that the sample is
still in an electronically highly excited state, but
with the electron-hole pairs in the form of a dense
gas of excitons, rather than free carriers as initially
injected. The blue shift then results from the mu-
tual exciton-exciton interactions in the dense limit,
leading to a renormalization of the exciton self-
energy.

If this interpretation is correct, it should also be
possible to observe situations where an exciton re-
normalization occurs instantly upon electron-hole
pair creation, but without initial reduction of exci-
ton oscillator strength, simply by adjusting the
pump pulse wavelength inside the exciton reso-
nance, in order to generate directly a high-density
exciton gas. We have taken special precautions to
obtain a narrow pump frequency spectrum, compar-
able in width to the heavy-hole exciton resonance.
This ensures that no significant density of free car-
riers is produced by a high-energy tail of the pump
spectrum overlapping the band absorption continu-
um. The results of resonant pumping ()t„„p
'=767.7 nm) are shown in Fig. 1(b). Consistent
with the above model a blue shift without exciton
bleaching is observed after exciton creation. De-
lays in excess of 400 ps are necessary for the exci-
ton resonance to gradually resume its normal, un-
perturbed position. This indicates that the exciton
lifetime in this MQWS at 15 K is in the nanosecond
range. The magnitude of the shift of the undimin-
ished exciton energy is directly proportional to the
pump intensity, i.e. , to the exciton density.

Another stringent test for this interpretation is
obtained by performing similar experiments at tem-
peratures close to the ambient. It has been deduced
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by Chemla et al. from a linewidth analysis that
despite its pronounced appearance in absorption,
the exciton lifetime in a MQWS at 300 K is 0.4 ps,
due to thermal dissociation into a free electron and
hole. It means that under nonresonant pumping,
exciton bleaching should occur, but no shift, even
at longer delays, since most of the generated
electron-hole pairs always remain in the form of
free carriers. On the other hand, under resonant
pumping, an initial excess population of excitons is
created. This should lead to a blue shift, together
with bleaching, during the exciton lifetime, and
thereby provide a means to verify directly the exci-
ton thermal dissociation rate. Results obtained at
T=224 K are in agreement with this model as
shown in Fig. 2. In both cases, at longer delays
At ) 2 ps, the behavior is the same, independent of
the initial pumping conditions. A complete exciton

screening is achieved, signaling the presence of
long-lived carriers. The early behavior in the first
picosecond is different, however, showing just
bleaching in the nonresonant condition but simul-
taneous shifting and bleaching in the resonant
pumping condition, as expected. Although a pre-
cise value of exciton lifetime is difficult to extract
from a deconvolution of shift and bleaching, it is
consistent with a value of 0.8 ps inferred from the
difference in exciton linewidth, using the procedure
of Chemla et al. for 224 K.

To further prove that the blue shift results from
exciton-exciton interactions but not from "normal"
(free carrier) screening, we show in more detail the
behavior of the exciton resonance in the presence
of an increasing density of free carriers (Fig. 3).
This is obtained either by increasing the nonreso-
nant pump intensity at a fixed, zero time delay
( T = 224 K) or by recording the time evolution of
the transmission spectrum during the pump pulse
duration before the created carriers pair into exci-
tons (T = 15 K). Note the absence of any shift in
both cases, as the exciton peak absorption progres-
sively decreases.
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FIG. 2. Time-resolved absorption spectra of GaAs
MQWS at T = 224 K at different delays from the excita-
tion pulse. In (a) the pump pulse wavelength is at 760
nm (nonresonant excitation), while in (b) it is at 800 nm
(resonant excitation).
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FIG. 3. Time-resolved absorption spectra of GaAs
MQWS showing the onset of exciton bleaching under
nonresonant pumping. The upper curve gives the time
evolution of the exciton during the pump pulse, for a
fixed pump intensity. The lower curve is obtained at
fixed zero delay with a pump intensity increasing by suc-
cessive steps of 2.
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A renormalization of the exciton self-energy to
higher values is not predicted in current theoretical
mode1s'0 that are applicable to three-dimensional

crystals. Recently, Fehrenbach et a/. " have per-
formed an experiment in bulk GaAs, in which exci-
tons are resonantly created at low temperature with

a picosecond laser. No displacement of the exciton
was observed, up to excitation intensities for which
the excitonic gas underwent a transition into a plas-

ma. This suggests that the shift observed here is
related to the reduced dimensionality of the elec-
tron-hole system in the superlattice structure used
here. To the best of our knowledge, there are no

theoretical calculations of the exciton self-energy
pertaining to the two-dimensional exciton in the
dense limit.

In conclusion, we have observed an intriguing
blue shift of the exciton resonance in a highly excit-
ed multiple-quantum-well structure, which we attri-
bute to predominantly repulsive interactions be-
tween excitons in the dense regime. At elevated
temperatures creation of a high density of non-
equilibrium excitons results in a blue shift whose
disappearance allows a direct measurement of their
thermal dissociation time.
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