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We investigate the effect of resonantly excited excitons on the bleaching ofn=1 andn=2 heavy-hole(hh)
exciton resonances inGaAsmultiple-quantum-well structures by using a pump-probe spectroscopic technique
at low temperature under quasi-stationary excitation conditions. In particular, we present direct observation of
long-range Coulomb screening by two-dimensional exciton-exciton interactions along with the unambiguous
discrimination of screened Coulomb interaction and phase-space filling on then=1 hh exciton bleaching. In
addition, we find that the strength of long-range Coulomb screening on then=1 hh exciton bleaching is only
two to three times weaker than that of the phase-space filling at 10 K.
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Quantum confinement effects in semiconductor multiple
quantum wells(MQW’s) enhance excitonic features, includ-
ing strong and well-resolved excitonic peaks in linear ab-
sorption even at room temperature.1,2 With increasing densi-
ties of photo-generated free electrons and holes, the excitonic
absorption spectra are observed to be shifted, broadened, and
saturated due to the Pauli exclusion principle, the screening
of Coulomb interaction, band-gap renormalization, etc.3–5

The exclusion principle, consisting of phase-space filling
(PSF) and exchange effects, is very short ranged compared to
the screened Coulomb interaction. Hereafter, we will denote
the PSF and exchange effects as PSF.

During the past decades, relative contribution of Coulomb
screening(CS) and PSF to the density-dependent exciton
bleaching in bulk and MQW structures have been intensively
investigated under various excitation conditions.6–13 Fehren-
bachet al.6 observed that the screening of excitons by sur-
rounding excitons is much weaker than that by free carriers
in bulk GaAs. In GaAs MQW’s, Knoxet al.7 found that
resonantly generated excitons produce more absorption
bleaching than free-carrier pairs of equal densities at room
temperature. Recently, Beckeret al.8 showed that the bleach-
ing effect of “cold” neutral excitons is stronger than that of
the same density of “cool” uncorrelated charged electron-
hole pairs in CdZnTe/ZnTe MQW’s. However, to our
knowledge, no experimental data on the long-range CS of
excitons by excitons in quasi-two-dimensional(quasi-2D)
MQW’s have been available.

In this Letter, we report the first direct observation of
long-range CS by two-dimensional exciton-exciton interac-
tions as well as unambiguous discrimination of CS and PSF
effects on then=1 heavy-hole(hh) exciton bleaching at low
temperature sT=10 Kd. In particular, we measured the
changes of optical absorption forn=1 hh andn=2 hh exci-
ton resonances simultaneously in aGaAs/AlGaAsMQW by
using a pump-probe spectroscopic technique under quasi-
stationaryn=1 hh excitation conditions with a narrow-band
nano-second laser. We observed the absorption bleaching of
n=1 hh exciton resonance due to PSF and long-range CS, as
expected. Surprisingly, however, we were also able to ob-
serve that neutral excitons generated atn=1 hh induce the

bleaching of excitons atn=2 hh, strongly indicating the
presence of long-range CS in the quasi-two-dimensional sys-
tem. We subtracted the variation ofn=2 hh from that ofn
=1 hh in order to deduce the PSF effect on then=1 hh
bleaching since then=1 hh absorption bleaching is caused
by both PSF and long-range CS. From the data we find that
the relative strength of the absorption bleaching effect by
PSF is only two to three times stronger than that of long-
range CS. It agrees well with estimates from our theoretical
calculation based on the multi-band-semiconductor Bloch
equations.5,14

Figure 1 shows the spectral shapes of the pump pulse, the
broadband probe pulse, and the absorbance,aL=−lnsI t / I0d,
of a GaAs/AlGaAsMQW at 10 K. Here,I0 and I t are inci-
dent and transmitted intensities, respectively. The sample
used in this study consists of 65 periods of 75 Å GaAs wells
and 100 ÅAl0.34Ga0.66As barriers grown by molecular beam
epitaxy. The substrate was removed by selective etching over
part of the sample in order to allow transmission measure-
ments. The resulting sample had sufficiently good optical
quality in the vicinity of the excitonic peaks. The well-
definedn=1 hh andn=2 hh exciton peaks were observed at
1.5684 eV and 1.6994 eV with line widths of,2.7 meV and

FIG. 1. Linear absorption spectrum ofGaAs/AlGaAs MQW
structure at 10 K, including the spectral shapes of the pump and
probe pulses.
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,7.8 meV, respectively. The peak around 1.587 eV corre-
sponds to then=1 light-hole(lh) exciton.

The experiments were performed using a quasi-stationary
pump and probe measurement technique. A Nd:YAG laser
pumped dye-laser system operating atn=1 hh exciton reso-
nance with a repetition rate of 10 Hz was employed for the
pump beam. The probe pulses with very low intensity spec-
trally cover bothn=1 hh andn=2 hh exciton resonances, as
shown in Fig. 1. The pump pulses were,5 ns in duration
and the probe focus was kept much smaller than the size of
the pump beam. A shutter synchronized with the laser pulse
was used to get a high signal-to-noise ratio and remove the
scattered laser beams. The transmission spectra with and
without the pump beam were monitored using an optical
multi-channel analyzer(OMA) with image sensing photodi-
ode arrays.

Figure 2 shows the low temperature differential transmis-
sion spectra(DTS) which are taken near bothn=1 hh and
n=2 hh exciton resonances. The DTS is defined asDTS
=sT−T0d /T, where T is the probe transmission with the
pump present andT0 is the probe transmission without the
pump. The spectra show induced transmission variations,
i.e., bleaching of various excitonic transitions. The peaks are
caused by variations of oscillator strengths of the excitons,
where the absolute value of the induced transmission be-
comes larger as the pump beam intensity increases. The DTS
around then=1 hh excitonic resonance is positive, however,
the high energy side ofn=1 hh is negative, which originates
from spectral overlapping ofn=1 hh and n=11 h reso-
nances.

In addition, we also observe absorption bleaching near the
n=2 hh excitons, as is depicted in the inset of Fig. 2. It is
worth noting that the wavelength of the pump beam is tuned
at the n=1 hh exciton resonance, the excited excitons are
created by the pump pulse withnELaser,1.0 meV (much
smaller than the n=1 hh exciton linewidth, nE1 hh

,2.7 meV) at 10 K, where the thermal-LO-phonon density
is ignorable, and the decay time of excitons is the order of
nanoseconds even at room temperature.15–17In order to mini-
mize the effect of spectral hole burning due to the inhomo-
geneous broadening, in addition, the DTS were measured by

controlling the intensity of the pump beam to create the car-
rier densities of up to 1.431011 cm−2. Since only the
ground-state excitons in the first subband are generated, the
n=2 hh excitons in the second sub-band are affected solely
by the long-range CS. In contrast to then=1 hh exciton,
however, negative and positive DTS are obtained in the low
and high energy sides of then=2 hh exciton, respectively.
This means that then=2 hh excitonic absorption spectra are
red-shifted for increased exciton density. Therefore, the ex-
perimental observation clearly indicates the existence of
long-range CS effects in the quasi-2D systems.

There are mainly two many-body effects acting in oppo-
site directions of the peak shifts; an attractive inter-particle
interaction influenced by long-range CS and a repulsive in-
teraction by PSF, which contribute to red and blue shifts,
respectively.3,5,12 As mentioned above, then=2 hh excitons
are only affected by an attractive long range CS, exhibited by
a red-shift of then=2 hh exciton resonance. On the contrary,
the blue-shiftedn=1 hh exciton resonance is affected by
both a repulsive PSF and an attractive long-range CS. These
two opposite effects lead to the net change of then=1 hh
exciton resonance. The observed blue shift of then=1 hh
excitions indicates that PSF is stronger than long-range CS in
a quasi-2D system. Note that both attractive and repulsive
interactions also produce a reduction of excitonic oscillator
strength. In summary, the long-range CS affects excitons of
all sub-bands, whereas the PSF effects are restricted to the
n=1 hh excitons of the occupied sub-band.

Figure 3 displays the relation between the peak shift and
bleaching of then=1 hh excitons due to PSF, which is given
by sDE/E1sd=CsDf0/ f0d,3,11,18whereE1s is a binding energy
of baren=1 hh excitons andf0 is its oscillator strength. The
magnitudes ofDf0 and DE are determined by Gaussian fit-
ting of nonlinear absorbance obtained by adding the DTS to
the linear absorbance in Fig. 1. In particular, for an accurate
comparison, we subtract the reduction ratio of oscillator
strength in then=2 hh excitons due to long-range CS from
that of then=1 hh excitons in order to eliminate the long
range CS effect in the DTS. In addition, the net blue-shift of
the n=1 hh excitons due to only PSF is extracted by com-
pensating the red-shift of then=2 hh excitons due to long-
range CS with the observed blue-shift of then=1 hh exci-
tons. As can be seen in Fig. 3, we find a good linear

FIG. 2. Low temperature differential transmission spectra mea-
sured at bothn=1 hh andn=2 hh excitons. The inset shows the
enlarged view of differential transmission spectra near then=2 hh
excitons.

FIG. 3. The fractional change of exciton binding energy as a
function of relative decrease of exciton oscillator strength.
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correlation between the net fractional change of exciton
binding energy andDf0/ f0 for PSF. The coefficientC is ob-
tained to be 0.8, which is 1.6 times larger than the predicted
value. Nevertheless, it is comparable to previously reported
experimental values of 0.3,1.0.11,18 The coefficient C is
known to be close to zero for 3D systems, while for 2D
systems they have nonzero values dependent upon their well
size.3,6,11,18

The experimental data points in Fig. 4 show the ratio of
the contribution of PSF and CS on then=1 hh exciton
bleaching for various excitation densities. It is found that the
bleaching rate is almost constant between 2 and 3 with in-
creasing carrier densities from 331010 cm−2 to 1.4
31011 cm−2. In other words, bleaching due to PSF is nearly
unvaried with values at around 2–3 times larger than that
due to CS. In order to understand this behavior, we investi-
gated the relative strength of bleaching effects due to CS and
PSF theoretically by using the multi-band semiconductor
Bloch equations onto the lowest 1s exciton state. The non-
linear optical response of a semiconductor up to the third-
order can be described by5

S− i
]

] t
− V0DPstd = − m ·Estd + bm ·EstduPstdu2

+ vPstduPstdu2.

Here, V0 is the frequency of the exciton resonance,m its
transition dipole moment,Estd the external laser field, and

mP the interband polarization. Moreover,b=2okW fskWd3 rep-
resents a nonlinearity induced by Pauli blocking andy

=2okW VsskW −kW8dffskWd3fskW8d−fskWd2fskW8d2g is a nonlinearity

originating from the Coulomb interaction.fskWd is assumed to

be a real wavefunction of the 1s exciton andkW denotes the
momentum associated with the relative motion of electrons
and holes. The two terms, which determiney, are originated
from the field renormalization and the band-gap renormaliza-
tion in the full semiconductor Bloch equation. The screened
two-dimensional Coulomb potential is assumed to be

VsskW − kW8d =
2pe2

«0L
2

1

skW − kW8d + k
, s1d

treated statically using the plasmon-pole approximation.19,20

The inverse of the screening length,k, is calculated self-
consistently according tok2=s2pe2/«0Vdon fdfnskd /d«g,
where fnskd is the distribution function of the band indexn,
and «0 is the background dielectric constant. Within these
approximations the explicit form of the third-order response
is characterized by the ratiov /b, which determines the rela-
tive strength of the two sources of optical nonlinearity. We
have ignored the light-hole states in our theoretical consid-
eration. The calculated bleaching rate is shown in Fig. 4 as a
dotted line. As can be seen in the figure, the bleaching due to
PSF is estimated to be constant around 2 times larger than
that due to CS within the carrier concentration 2.0
31011 cm−2.14 We find that the theoretical calculations agree
well with experimental results. However, the calculated
bleaching rate shows a rapid increase for very low densities.
This result is presumed to come from very small excitonic
bleaching of then=2 hh peak due to CS in the very low
densities, in which our calculations are limited.

In conclusion, we have found that then=2 hh exciton
resonance is consistently red-shifted by two-dimensional
exciton-exciton interactions inGaAs/AlGaAsMQW’s under
quasi-stationaryn=1 hh excitation conditions at low tem-
peratures. This confirms that the effect of the excited exci-
tons atn=1 hh on excitons atn=2 hh is primarily due to
long-range CS, which is not negligible in the quasi-2D sys-
tem. On the other hand, then=1 hh exciton resonance is
blue-shifted by the competition of both repulsive PSF and
attractive long-range CS, which should be compensated. Af-
ter discriminating PSF and long-range CS effects in then
=1 hh exciton bleaching, we find that the relative strength of
absorption bleaching due to long-range CS is only 2 to 3
times weaker than that of PSF. The theoretically calculated
value based on the multi-band semiconductor Bloch equa-
tions is in good agreement with our experimental results.
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