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We present subpicosecond time-resolved four-wave-mixing studies on GaAs/AlAs short-period
superlattices having dift'erent miniband widths. Photon echoes are observed as a consequence of the
inhomogeneous broadening of the excitonic resonance. In addition, the photon-echo signal exhibits
periodic modulations as a function of the time delay between the excitation laser pulses. Free
excitons and excitons bound to neutral acceptors are identified as the underlying three-level system
leading to the observed photon-echo quantum beats. From the beat period we can directly infer the
dissociation energy of the bound exciton. In accordance with theory, we find that the dissociation
energy decreases with increasing miniband width, i.e. , when the excitons become less confined. In
addition, we find that the dephasing rate of bound excitons is about one order of magnitude less
than that of free excitons and is mainly determined by energy relaxation.

I. INTRODUCTION

The optical properties associated with excitonic tran-
sitions in semiconductor microstructures like quantum
wells and superlattices have been studied extensively
over the last years by means of linear and nonlinear
spectroscopy. ~ ~ These studies have revealed pronounced
differences between the behavior of excitons in bulk and
quantum-well semiconductors with regard to binding en-
ergy, oscillator strength, screening, bleaching, electric-
field effects, and relaxation dynamics.

Yet, in linear optical spectroscopy, the intrinsic prop-
erties of excitons in quantum structures are often ob-
scured by inhomogeneous broadening inherent to these
microstructures. One of the most prominent examples in
this respect is the inhomogeneous linewidth broadening
of exciton transitions in quantum wells and superlattices
due to fiuctuations of the thickness of the respective semi-
conductor layer by one atomic monolayer. Linear optical
spectroscopy in the frequency domain is then unable to
probe the intrinsic properties of the excitation. In par
ticular, different excitonic states and their respective ho-
mogeneous widths, which are determined by scattering,
generally cannot be resolved. This is the case where the
unique power of coherent nonlinear optical spectroscopy
in the time domain comes to pay. Yet, in these experi-
ments a temporal resolution better than the inverse of the
homogeneous linewidth is required. In the case of semi-
conductors, this means that ultrafast laser spectroscopy
with time resolution in the picosecond and femtosecond
regime is necessary.

Initially, transient four-wave-mixing (FWM) exper-
iments have been primarily used to investigate the

dephasing rate, i.e., the homogeneous part of the
inhomogeneously broadened linewidth of excitons in
GaAs/A1~Gaq ~As quantum wells. s 4 Whereas the time
constant T2 for the loss of phase coherence amounts to
about 7 ps for resonantly excited heavy-hole (hh) exci-
tons, it is about three orders of magnitude shorter for
energetically higher band-to-band transitions. s In these
transient FWM studies, the diffracted signal had not
been time resolved, i.e., it could not be decided whether
the nonlinear signal was emitted as a photon echo, as
expected for inhomogeneously broadened transitions, or
as a free-induction decay, as expected for homogeneously
broadened transitions. However, this information is im-
portant in order to precisely extract the dephasing time
T2 from the decay of the transient FWM curve, i.e. , to
determine the homogeneous and inhomogeneous parts of
the overall linewidth.

By time resolving the FWM signal using cross-
correlation techniques, Schultheis, Sturge, and Hegarty~
observed a photon-echo behavior from two-dimensional
excitons in GaAs/A1~Gaq As quantum wells with a
time resolution of about 13 ps, which is, however, longer
than the respective dephasing time Tz. Noll et aLs could
time resolve the photon echo from localized excitons in
CdS Se~ mixed crystals by using a streak camera with
a time resolution of about 20 ps, since dephasing times up
to 500 ps are observed for this system. Recently, Webb,
Cundiff, and Steels found dephasing times as long as 70
ps when exciting in the low-energy part of the lowest ex-
citonic resonance of a GaAs/Al Ga~ As multiple quan-
tum well (MQW) and using low laser intensities. Tirne-
resolved measurements on a picosecond time scale showed
that the diffracted signal consists of both a free-induction
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decay as well as a photon echo. The authors attribute the
photon echo to excitons localized by interface roughness,
whereas the origin of the free-induction decay signal has
remained unclear.

Time-resolved nonlinear optical spectroscopy is not
only able to determine the homogeneous linewidth of in-
homogeneously broadened transitions, but, in principle,
can also resolve distinct transitions, which are hidden un-
der the inhomogeneous broadening and thus cannot be
seen in linear optical spectra. In recent years, several
groups observed quantum beats and polarization beatsio
by applying transient coherent spectroscopy like reso-
nance fluorescenceii as well as transient (but not time-
resolved) FWM (Refs. 12—16) on different semiconductor
systems. In each of these papers, the observed beat pe-
riod T& could always be compared and thus easily iden-
tified with the energetic splitting of some distinct transi-
tions already observable in the corresponding linear opti-
cal spectra. Consequently, transient quantum-beat spec-
troscopy is now well established in semiconductors and
can be applied to study semiconductor systems, where
closely spaced energetic transitions cannot be resolved
otherwise.

In this paper we report subpicosecond time-resolved
FWM studies on GaAs/AlAs short-period superlattices
(SPS), where the excitonic transitions are considerably
broadened due to potential fluctuations arising from in-
terface roughness. The temporal resolution of photon
echoes allows one to determine the homogeneous as well
as the inhomogeneous broadening of the excitonic res-
onance. From the occurrence of quantum beats in the
photon-echo intensity we can directly infer that a three-
level system is hidden under the unstructured broad exci-
ton emission band. These quantum beats originate from
the simultaneous coherent excitation of excitons localized
in potential fluctuations and excitons bound to acceptor
impurities. We find that the dissociation energy of the
bound exciton decreases with increasing miniband width
as expected from theory. In addition, we have performed
three-pulse transient FWM experiments using picosecond
pulses which show that the dephasing time T2 of bound
excitons is about ten times longer than that of free exci-
tons and is determined by spectral diffusion.

time-resolved FWM experiments are performed in the
two-beam configuration, which in the case of inhomo-
geneously broadened transitions corresponds to a spon-
taneous photon-echo experiment. s This configuration is
schematically illustrated in Fig. 1. The sample is excited
by two subsequent laser pulses with wave vectors ki and
kz. The coherent nonlinear signal emitted into the direc-
tion 2k& —ki can be detected either time integrated by
measuring the FWM signal with a photomultiplier (PMl)
as a function of the time delay ~ between the pump pulses
or time resolved by up-converting the FWM signal with
a third reference pulse in a 1-mm LiBsOs crystal. For a
certain time delay 7. between the pump pulses, the up-
converted signal is monitored by a second photomultiplier
(PM2) as a function of the time delay t of the reference
pulse. This time resolved FWM technique provides a
temporal resolution of about 120 fs. It is important to
note that the pulse widths of the pump pulses behind
the cryostat of about 140 fs are longer than the pulse
width of the reference pulse of 120 fs. This is due to the
fact that the pump pulses pass through more dispersive
media like lenses, attenuators, and cryostat windows as
compared to the reference beam and thus exhibit a larger
chirp.

In addition, we have performed three-pulse FWM ex-
periments using a synchronously pumped dye-laser sys-
tem, which provides laser pulses of about 1-ps dura-
tion. In this three-beam configuration, stimulated pho-
ton echoes are created provided that the inhomoge-
neous broadening of the excitonic transition is sufficiently
large. s These experiments not only allow the determina-
tion of the dephasing time T2 but, in addition, provide
quantitative information about energy relaxation rates
(spectral difFusion). All experiments are performed
at a sample temperature of T=5 K.

III. LINEAR OPTICAL PROPERTIES

The low-temperature absorption and photolumines-
cence spectra of sample A are depicted in Fig. 2(a). The
absorption peak at 1.705 eV corresponds to the n=l hh
exciton transition. The absorption resonance shows a
tail to lower energies indicating pronounced inhomoge-

II. EXPERIMENT

We have studied two GaAs/AlAs SPS samples consist-
ing of 100 periods of (i) 41-A GaAs and 30-A A1As (sam-
ple A) and (ii) 42-A GaAs and 14-A A1As (sample B)
These SPS were grown by molecular-beam epitaxy and
the individual layer thicknesses have been determined by
double-crystal x-ray diKraction. The samples are slightly
p doped due to a carbon concentration of about 1 x 10
cm s. Both samples have been further characterized by
standard low-temperature (T=5 K) absorption and pho-
toluminescence measurements.

We have used a tunable mode-locked Ti-sapphire laser
generating bandwidth-limited pulses with 120-fs duration
at full width with half maximum (FWHM) at a repeti-
tion rate of 80 MHz as an excitation source for the sub-
picosecond time-resolved photon-echo spectroscopy. The
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FIG. 1. Experimental setup for the subpicosecond
photon-echo experiment. The difFracted FWM signal can be
detected either time integrated by measuring the overall in-
tensity as a function of the time delay w between the two ex-
citation pulses with a photomultiplier PM1 or time resolved
by measuring the up-converted difFracted signal at any given
v as a function of the real time t with PM2.
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FIG. 2. (a) Low-temperature absorption and photolumi-
nescence spectra of the GaAs/AlAs SPS sample A. (b) EK-
ciency of the diBracted FWM signal as a function of photon
energy for diR'erent time delays 7. between the pump laser
pulses of 1.25 and 10 ps. The horizontal arrow shows the
energetic spacing h/Ts obtained from the experimentally de-
termined value of the quantum-beat period T~.
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FIG. 3. Up-converted FWM signal as a function of both
the time delay v. between the pump laser pulses and the time
position t of the third reference pulse. A beating photon echo
along the t = 2~ diagonal is clearly observed. The corre-
sponding time-integrated measurement is shown as the solid
line in the inset. The points in the inset represent the result of
a numerical integration of the measured time-resolved photon
echo over t.

neous broadening due to intrawell and interwell thickness
Quctuations. ~ The photoluminescence spectrum is lo-
cated at the low-energy side of the absorption tail and
shows a broad unstructured band with an inhomogeneous
broadening of about 12 meV (FWHM). The Stokes shift
between the maximum of the hh exciton and the lumi-
nescence maximum amounts to 22 meV. The hh exciton
peak of sample B is at 1.695 eV, otherwise the absorp-
tion and photoluminescence spectra are very similar to
those of sample A. Calculations based on the Kronig-
Penney modei22 show that a change of the GaAs layer
thickness by only one monolayer induces energetic shifts
of the n=1 hh excitonic transition of about 19 and 16
meV for samples A and B, respectively. This demon-
strates that the pronounced inhomogeneous broadening
as well as the large Stokes shift are mainly a conse-
quence of intra- and interwell thickness Huctuations in
these GaAs/A1As short-period superlattices.

IV. TIME-RESOLVED FOUR-WAVE MIXING

We now shall discuss the results of the subpicosecond
two-beam FWM experiments with time-resolved detec-
tion of the diffracted FWM signal (taken with PM2 in
Fig. 1). The horizontal bar in Fig. 2(b) indicates the
spectral position and the linewidth (FWHM) of the ex-
citation laser pulses. In Fig. 3 the coherent FWM signal
for sample A is depicted as a function of both the time
delay ~ between the excitation laser pulses as well as the
"real" time t, which is the time delay of the third ref-
erence pulse with respect to the first pump pulse. We
clearly observe that the FWM signal is emitted as a
spontaneous photon echo at a time t = 27, which proves

the inhomogeneous nature of the exciton transition. s z

The observation of a clear photon-echo signal further im-
plies that the inhomogeneously broadened excitonic tran-
sitions can be viewed as an ensemble of noninteracting
two-level systems, where, e.g. , dipole-dipole interactions
are neglected. In this case the temporal width of this
spontaneous photon echo is determined by the inverse
of the inhomogeneous excitonic broadening, allowing an
independent and precise determination of the inhomoge-
neous broadening provided the laser spectrum is broader
than the inhomogeneous width.

In Fig. 4, the up-converted photon-echo signal is plot-
ted as a solid line for one particular time delay ~ be-
tween the pump pulses. The dashed curve in Fig. 4 rep-
resents the cross correlation of the third reference pulse
with one pump pulse. Obviously, the width of the up-
converted photon echo is larger than that of the cross
correlation with the pump pulses. Accordingly, the inho-
mogeneous broadening can be directly determined from
the width of the echo. Knowing the temporal duration of
the pump and reference pulses, we can deconvolute the
cross-correlated FWM signal. We then obtain a temporal
width of 200 fs (FWHM) for the photon echo. Assum-
ing a Gaussian inhomogeneous broadening with spectral
width AE for the excitonic transition, we have computed
the up-converted photon-echo signal taking into account
the experimentally determined finite pulse widths of the
pump and reference pulses. The dotted curve is a result
of such a calculation. It represents the best data fit as-
suming an inhomogeneous broadening of LE=25 meV.
This value is in good agreement with the experimentally
determined Stokes shift of about 22 meV for the photolu-
minescence spectrum. However, it is about twice as large
as the spectral linewidth of 12 meV observed in the lumi-
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FIG. 4. Experimental cross-correlation curves of the pho-
ton echo (solid line) and of one pump pulse (dashed line). The
dotted line represents a calculation of the up-converted FWM
signal assuming an inhomogeneous broadening of RE=25
meV.

nescence spectrum in Fig. 2(a) showing that appreciable
spectral relaxation into energetically lower-lying states
takes place before the excitons recombine.

The time-resolved photon-echo spectrum of Fig. 3
shows an additional striking feature, namely a periodic
modulation of the overall intensity of the echo along the
t = 2r line. This pronounced beating is also seen when
the FWM signal is measured time integrated by using
PM1 for detection. The respective transient FWM trace
is shown as a solid line in the inset of Fig. 3. The dots rep-
resent the result of a numerical integration with respect
to the t axis of the time-resolved photon-echo signal and
the obtained curve coincides with the experimentally de-
termined transient FWM curve as expected. The time
period T~ for the observed beating amounts to about
800 fs for this particular sample. The FWM curves of
sample B (not shown here) also exhibit quantum beats;
however, in this case the time period T~ is determined
to about 1.1 ps. The fact that the photon-echo inten-
sity at t = 2r is beating as a function of time delay w

excludes the possibility that the beating arises from the
interference of two independent sets of inhomogeneously
broadened two-level systems, i.e. , that we observe a so-
called polarization interference. ~4 Opposite to the case of
a three-level system, the third-order dipole moments of
individual two-level systems always rephase at t = 27,
i.e., a beating of the echo at t = 2w is not possible in the
case of independent two-level systems.

Consequently, the underlying electronic structure re-
sponsible for the periodic modulation of the photon-echo
signal must correspond to a three-level system. From
the time period T~ we can infer the energetic splitting
AE = h,/T~ of the two excited states of the three-level
system. We thus obtain DE=5.2 and 3.8 meV for the
SPS samples A and B, respectively. The two distinct
transitions energetically separated by AE, which are co-
herently excited in the FWM experiment, are not re-
solved in the linear optical spectra of Fig. 2(a). Thus
the identification is more subtle. However, knowing the
measured EE = h,/T~ values for the two SPS structures,

we can unambiguously exclude the following potential
candidates.

Light- and heavy-hole excitons are separated energeti-
cally by 60 and 45 meV for samples A and B, respectively.

In principle, a three-level beating between the 1s ex-
citonie ground state and the 2s excitonic excited state
should be possible. However, for the present GaAs/AlAs
SPS samples, exciton binding energies of about 16 meV
are expected, s 7 leading to a 1s-2s splitting of about
12 meV.

The characteristic feature of semiconductor superlat-
tices is the formation of minibands for electronic motion
in growth direction. The Coulomb interaction then leads
to excitonic transitions at the lower and upper edges of
the miniband. Quantum beats between these Mo and
Mq excitons should also be possible. However, Kronig-
Penney band-structure calculations show that the sums
of miniband widths for electrons in the conduction band
and heavy holes in the valence band amount to 6 = 1
and 21 meV for samples A and B, respectively.

Recently, quantum beats have been observed between
exciton states and biexciton states excited by reso-
nant two-photon absorption. 30 The observed time period
i~=3.7 ps corresponds to an energetic splitting of 1.1
meV and represents the binding energy of the biexciton
in a GaAs quantum well. Since the energetic splittings
observed in the present GaAs/A1As superlattice struc-
tures are much larger, we can also exclude that biexci-
tonic states are responsible for the quantum beating of
the photon-echo intensity.

In the following we demonstrate that we can attribute the
quantum beats observed for the GaAs/A1As SPS samples
to the simultaneous coherent excitation of "free" exci-
tons localized by energetic disorder and excitons bound
to neutral acceptors (carbon). First of all, the observed
energetic intervals AE = h/T~ coincide with typical
dissociation energies ED of acceptor bound excitons in
GaAs quantum wells. Miller et at. determined the
dissociation energy E~ for acceptor bound exeitons in
a 46-A.-wide GaAs well to be 6.5 meV by performing
photoluminescence studies. The results were in accor-
dance with Hayne's rule z in the form ED = 0.133E(AO),
where E(Ao) is the ionization energy of the acceptor.
In addition, it was found that E(A ) and thus also
ED decrease with increasing well width ~ as predicted
theoretically. The dissociation energy ED decreases
from 6.5 meV for a 46-A-wide quantum well to the three-
dimensional value of about 2.9 meV for thick GaAs wells.
From the beating period T~, we find energetic intervals
of b,E = 5.2 meV for the SPS sample A and AE = 3.8
meV for sample B. Taking into consideration that the
exact ionization energy of an impurity depends also on
its position within the quantum well, the beating fre-
quency found for sample A agrees well with the E~ value
expected for that particular GaAs quantum-well width.
The lower beating frequency found in case of the SPS
sample B can be easily explained by the fact that the
dissociation energy E~ decreases when going from a two-
dimensional "multiple-quantum-well" structure (sample
A with an overall miniband width of 6 = 1 meV) to a
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more three-dimensional superlattice structure (sample B
with an overall miniband width of 4 = 21 meV).

In Fig. 5 the time-integrated FWM signal is plotted
versus the time delay 7 between the pumping laser pulses
for a slightly lower photon energy as compared to the sit-
uation in Fig. 2 and on a longer, picosecond time scale.
It is seen that after the damping of the quantum beats
has occurred a long-living and unstructured FWM signal
survives. In order to decide whether the long-living com-
ponent is due to free excitons or due to excitons bound
to acceptors, we have measured the diffracted FWM in-
tensity as a function of photon energy for a time delay
w = 10 ps and for a time delay ~ = 1.25 ps, where the
modulated signal has a maximum. The results are shown
in Fig. 2(b). For 7 = 10 ps the FWM signal has its max-
imum at low photon energy, namely at the spectral posi-
tion corresponding to the peak of the luminescence spec-
trum. Consequently, we attribute this long-living FWM
signal to optically excited excitons bound to acceptors.
The FWM spectrum for a time delay of 7. = 1.25 ps also
peaks in the low-energy part of the n=l hh exciton ab-
sorption resonance, however, at slightly higher energy.
The horizontal arrow labeled h/T~ in Fig. 2(b) indicates
the experimentally determined beating frequency. It co-
incides with the energetic spacing between the maxima of
the two FWM spectra. This means that the FWM spec-
trum centered at higher photon energy is most probably
due to "free" excitons, which are localized by potential
fluctuations induced by interface roughness. From the
time constant w~ for the damping of the quantum beats,
we can deduce a dephasing time of T2 = 4~g = 2 ps for
the free excitons, i.e., the dephasing rate is higher than
previously reported for free excitons in undoped quan-
tum wells. 3 4 We attribute the increased dephasing rate
to inelastic scattering, i.e. , trapping of free excitons into
lower-lying bound exciton states. The reduced dephas-
ing of the excitons bound to acceptors and their spectral
diffusion will be discussed in Sec. V.

Finally, we point out that the optical excitation of
bound- and free-exciton states indeed represent a three-
level system, if the acceptor impurity site lies within the
coherence volume 5 of the free exciton. Then both tran-
sitions have the same ground state in common, which

is the nonexcited crystal state. The transition energy
of the free exciton actually marks the continuum edge
of the bound exciton. However, at low enough impu-
rity concentration the mean distance between impurities
might be larger than the diameter of the excitonic co-
herence volume. This should lead to a mixture of three-
level systems and isolated free-exciton two-level systems
and thus to a mixture of quantum beats and polariza-
tion interferences. For the present samples, an impurity
concentration of about 1 x 10~s cm s implies that there
is one impurity atom per sphere of radius 300 A.. This
concentration is sufBcient to exclude the presence of any
free-exciton two-level systems, which are not coupled to
bound excitons.

V. PICOSECOND FOUR-WAVE MIXING

We have argued that the long-living FWM part in
Fig. 5 is due to a reduced dephasing rate of bound ex-
citons. From the decay we deduce a dephasing time
Tq ——4~d, = 18 ps. In order to study the phase relaxation
of bound excitons without exciting free excitons at higher
energy we have used the spectrally narrow picosecond
laser pulses from the synchronously pumped dye laser.
In Fig. 6 the results of transient two-beam FWM exper-
iments are depicted for the SPS samples A and B. The
respective photon energies have been chosen in the low-

energy part of the hh excitonic resonances, i.e. , at the
spectral positions of the bound excitons. The induced
carrier density is estimated to about 5 x 10s cm . By
determining the time constants rd for the decay of the
FWM curves we obtain dephasing times T2 ——4~g of 48
and 80 ps for samples A and B, respectively.

Figure 7 shows the experimentally determined dephas-
ing times T2 for the SPS sample B as a function of pho-
ton energy. For comparison, the photoluminescence spec-
trum, which is due to the recombination of bound exci-
tons, is also shown. A drastic increase of the dephas-
ing times is found for decreasing photon energy. The
T2 times increase to about 130 ps for photon energies
at the low side of the photoluminescence spectrum. The
same qualitative result is found for sample A. Accord-
ingly, the dephasing time Tp ——18 ps obtained for bound
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FIG. 5. FWM signal measured time integrated as a func-
tion of time delay w between the pump pulses for the SPS
sample A.

FIG. 6. Temporal evolution of the two-beam FWM sig-
nals for samples A and B using picosecond laser pulses.
The respective photon energy is chosen to excite dominantly
bound excitons.
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determined by recombination (Tq), but also by inelastic
scattering processes (Ts). In Fig. 8 the temporal evo-
lution of the FWM signal diffracted into direction k4 is
shown for sample B as a function of T for a fixed time
delay v = 15 ps between the pump laser pulses. The
photon energy is chosen to be 1.687 eV, i.e., at a spectral
position where spectral diffusion is expected. The time
constant ~p for the decay of the diffracted FWM intensity
amounts to 25 ps. This implies that the corresponding
decay time for the third-order polarization decays with a
time constant Tp p: 50 ps and is given by

FIG. 7. Experimentally determined dephasing times T2
(dots) vs photon energy within the spectral range correspond-
ing to the photoluminescence spectrum.

excitons from Fig. 5, where the spectrum of the 120-fs
laser pulse encompasses the whole energetic distribution
of bound excitons, represents an average value. The pro-
nounced dependence of the dephasing rate on photon en-
ergy already suggests that the dephasing is dominated by
spectral diffusion within the energetic distribution of the
bound excitons. To be more quantitative, we have per-
formed three-beam FWM experiments, which provide a
quantitative access to the nature of the phase-breaking
scattering processes.

As schematically shown in the inset of Fig. 7, two pump
laser pulses with wave vectors ki and k2 impinge onto
the sample with time delay 7. Additionally, a third laser
pulse with wave vector k3 then interacts with the opti-
cally induced excitation a time period T after the second
laser pulse. As a consequence, a FWM signal is diffracted
into the phase-matching directions k4 = ks + (ks —kg).

For 7 P 0, this three-beam FWM experiment is equiva-
lent to a stimulated photon-echo experiment. " In this
experiment, the first laser pulse arriving at t = 0 excites
different two-level systems within the spectral width of
the laser pulse. As in the case of the two-beam FWM
experiment, the corresponding dipole moments initially
are in phase but come out of phase due to the different
transition frequencies of the two-level systems. In order
to understand the diffraction of the third laser pulse, one
has to consider the effect of the second laser pulse, which
is to transform the dipole moments into a population
KN at t = r. The third laser pulse then impinges on
the sample at t = r + T and transforms the population
6N "back" into third-order dipole moments, which then
rephase at t = 2r + T leading to a macroscopic polariza-
tion acting as the source for the stimulated photon echo.
However, the rephasing between t = r+T and t = 2r+T
can only take place if the frequencies of the initially (at
t = 0) excited two-level systems have not changed dur-
ing the time period between t = w and t = ~+ T, i.e. ,
if no spectral diffusion has taken place. In other words,
if energy-relaxation processes take place between the ar-
rival of the second and third laser pulses, the intensity of
the diffracted stimulated photon echo will decrease. Ac-
cordingly, in a three-beam experiment the decay of the
FWM signal as a function of T for r g 0 is not only

1

T2 2Tpop
(2)

where T,i is the time constant for all elastic-scattering
processes. With the experimentally determined values
of T2 ——60 ps and Tp p

= 50 ps we obtain T,~
= 150

ps. We can thus conclude that the dephasing rate of
bound excitons in the upper part of the luminescence
spectrum is neither governed by recombination (Tq) nor
by elastic scattering processes (T,i), but is mainly given
by inelastic scattering (Ts). In particular, we can ex-
clude "elastic" dephasing due to disorder as an impor-
tant contribution, which implies that the disorder po-
tential cannot be strong on a spatial scale shorter than
the exciton Bohr radius. In other words, the rela-
tive electron-hole motion is not disturbed by the dis-
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FIG. 8. Temporal evolution of the three-beam FWM sig-
nal for sample B as a function of the time delay T of the third
laser pulse and for a time delay w = 15 ps between the first
two laser pulses. The experimental setup is illustrated in the
inset.

POP

We have performed a pump-probe experiment (not shown
here) in order to determine the recombination lifetime
Tq. We find Tq = 150 ps and thus obtain a time constant
Ts = 75 ps for the spectral diffusion of the bound excitons
excited at this particular photon energy. This means that
the decay of the intensity of the stimulated photon echo
is mainly determined by energy relaxation and not by
recombination.

The dephasing time T2 can be written as
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order potential. Altogether, we conclude that phonon-
assisted energy-relaxation processes are the most impor-
tant phase-breaking mechanisms.

To avoid confusion, we would like to point out that
our results cannot be directly compared to the FWM
data obtained by Webb, CundiÃ, and Steel, since they
have studied multiple-quantum-well samples which were
not carbon doped.

VI. CONCLUSIONS

We have presented transient and time-resolved FWM
studies on GaAs/A1As short-period superlattice struc-
tures on a subpicosecond and picosecond time scale. The
observed photon-echo behavior allows us to study the ho-
mogeneous as well as the inhomogeneous broadening of
the excitonic transitions. In addition, the beating of the
echo signal shows that a three-level system is hidden un-
derneath the unstructured linear absorption spectrum.
We attribute this beating to the simultaneous coherent
excitation of excitons bound to acceptor states and exci-

tons localized by interface roughness. From the beat pe-
riod we directly determine the dissociation energy of the
bound excitons. In accordance with theory, we find that
the dissociation energy decreases with increasing mini-
band width, i.e. , when the electronic system loses its two-
dimensional character. The dephasing rate for the bound
excitons is found to be about ten times smaller than the
dephasing rate of localized excitons and is determined by
energy relaxation due to phonon-assisted phase-breaking
processes. In particular, we conclude that the disorder
potential on a short spatial scale is not strong enough to
disturb the relative electron-hole Coulomb motion con-
siderably.
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