PHYSICAL REVIEW B 70, 085309(2004)

Relative strength of the screened Coulomb interaction and phase-space filling on exciton
bleaching in multiple quantum well structures
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We investigate the effect of resonantly excited excitons on the bleaching bfandn=2 heavy-holghh)
exciton resonances iBaAsmultiple-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 am=thénh exciton bleaching. In
addition, we find that the strength of long-range Coulomb screening on=tfiehh 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 multiplebleaching of excitons ah=2 hh, strongly indicating the
guantum wellg¥MQW’s) enhance excitonic features, includ- presence of long-range CS in the quasi-two-dimensional sys-
ing strong and well-resolved excitonic peaks in linear abtem. We subtracted the variation nE2 hh from that ofn
sorption even at room temperatdréWith increasing densi- =1 hh in order to deduce the PSF effect on tiel hh
ties of photo-generated free electrons and holes, the excitonjgleaching since the=1 hh absorption bleaching is caused
absorption spectra are observed to be shifted, broadened, apg both PSF and long-range CS. From the data we find that
saturated due to the Pauli exclusion principle, the screeninghe relative Strength of the absorption b|eaching effect by
of Coulomb interaction, band-gap renormalization, %%. PSE is only two to three times stronger than that of long-
The exclusion principle, consisting of phase-space fillingrange CS. It agrees well with estimates from our theoretical
(PSP and exchange effects, is very short ranged compared tgalculation based on the multi-band-semiconductor Bloch
the screened Coulomb interaction. Hereafter, we will denotequations:4
the PSF and exchange effects as PSF. Figure 1 shows the spectral shapes of the pump pulse, the

During the past decades, relative contribution of Coulomiroadband probe pulse, and the absorbantes-In(l,/1),
screening(CS) and PSF to the density-dependent excitonof a GaAYAlGaAsSMQW at 10 K. Here,l, andl, are inci-
bleaching in bulk and MQW structures have been intensivelyjent and transmitted intensities, respectively. The sample
investigated under various excitation conditi6n$ Fehren-  ;sed in this study consists of 65 periods of 75 A GaAs wells
bachet al® observed that the screening of excitons by sur-gnd 100 AAl 3G a0 66AS barriers grown by molecular beam
rounding excitons is much weaker than that by free carriergpitaxy. The substrate was removed by selective etching over
in bulk GaAs In GaAs MQW’s, Knoxet al found that  part of the sample in order to allow transmission measure-
resonantly generated excitons produce more absorptioments. The resulting sample had sufficiently good optical
bleaching than free-carrier pairs of equal densities at roorguality in the vicinity of the excitonic peaks. The well-
temperature. Recently, Becket al® showed that the bleach- Jefinedn=1 hh andn=2 hh exciton peaks were observed at

ing effect of “cold” neutral excitons is stronger than that of 1 5684 eV and 1.6994 eV with line widths 2.7 meV and
the same density of “cool” uncorrelated charged electron-

hole pairs in CdZnTéZnTe MQW'’s. However, to our
knowledge, no experimental data on the long-range CS of 1 hh
excitons by excitons in quasi-two-dimension@juasi-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-holghh) exciton bleaching at low
temperature (T=10 K). In particular, we measured the
changes of optical absorption far=1 hh andn=2 hh exci-
ton resonances simultaneously itcaAs AlIGaAsMQW by
using a pump-probe spectroscopic technique under quasi- 156 160 1'64 1'68 1'72
stationaryn=1 hh excitation conditions with a narrow-band ' "ENERGY (eV) '
nano-second laser. We observed the absorption bleaching of
n=1 hh exciton resonance due to PSF and long-range CS, as FIG. 1. Linear absorption spectrum GaAsAlGaAs MQW
expected. Surprisingly, however, we were also able to obstructure at 10 K, including the spectral shapes of the pump and
serve that neutral excitons generatechatl hh induce the probe pulses.
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FIG. 2. Low temperature differential transmission spectra mea- FIG. 3. The fractional change of exciton binding energy as a
sured at botm=1 hh andn=2 hh excitons. The inset shows the function of relative decrease of exciton oscillator strength.
enlarged view of differential transmission spectra nearrth@ hh

excitons. controlling the intensity of the pump beam to create the car-
rier densities of up to 1410 cm™2 Since only the

~7.8 meV, respectively. The peak around 1.587 eV correground-state excitons in the first subband are generated, the
sponds to then=1 light-hole(lh) exciton. n=2 hh excitons in the second sub-band are affected solely

The experiments were performed using a quasi-stationary the long-range CS. In contrast to the=1 hh exciton,
pump and probe measurement technigue. A Nd:YAG lasehowever, negative and positive DTS are obtained in the low
pumped dye-laser system operatingnatl hh exciton reso- and high energy sides of the=2 hh exciton, respectively.
nance with a repetition rate of 10 Hz was employed for theThis means that the=2 hh excitonic absorption spectra are
pump beam. The probe pulses with very low intensity specfed-shifted for increased exciton density. Therefore, the ex-
trally cover bothn=1 hh andn=2 hh exciton resonances, as perimental observation clearly indicates the existence of
shown in Fig. 1. The pump pulses wetés ns in duration long-range CS effects in the quasi-2D systems.
and the probe focus was kept much smaller than the size of There are mainly two many-body effects acting in oppo-
the pump beam. A shutter synchronized with the laser pulssite directions of the peak shifts; an attractive inter-particle
was used to get a high signal-to-noise ratio and remove thiteraction influenced by long-range CS and a repulsive in-
scattered laser beams. The transmission spectra with ateéraction by PSF, which contribute to red and blue shifts,
without the pump beam were monitored using an opticarespectively>12As mentioned above, the=2 hh excitons
multi-channel analyzefOMA) with image sensing photodi- are only affected by an attractive long range CS, exhibited by
ode arrays. a red-shift of then=2 hh exciton resonance. On the contrary,

Figure 2 shows the low temperature differential transmisthe blue-shiftedn=1 hh exciton resonance is affected by
sion spectraDTS) which are taken near both=1 hh and both a repulsive PSF and an attractive long-range CS. These
n=2 hh exciton resonances. The DTS is definedDdsS two opposite effects lead to the net change of i€l hh
=(T-Ty)/T, where T is the probe transmission with the exciton resonance. The observed blue shift of el hh
pump present and, is the probe transmission without the excitions indicates that PSF is stronger than long-range CS in
pump. The spectra show induced transmission variation$ quasi-2D system. Note that both attractive and repulsive
i.e., bleaching of various excitonic transitions. The peaks aréteractions also produce a reduction of excitonic oscillator
caused by variations of oscillator strengths of the excitonsstrength. In summary, the long-range CS affects excitons of
where the absolute value of the induced transmission begll sub-bands, whereas the PSF effects are restricted to the
comes larger as the pump beam intensity increases. The DT& 1 hh excitons of the occupied sub-band.
around then=1 hh excitonic resonance is positive, however, Figure 3 displays the relation between the peak shift and
the high energy side af=1 hh is negative, which originates bleaching of then=1 hh excitons due to PSF, which is given
from spectral overlapping oh=1 hh andn=11h reso- by (AE/E;¢=C(Afy/fy), > BwhereE, is a binding energy
nances. of baren=1 hh excitons andi is its oscillator strength. The

In addition, we also observe absorption bleaching near thenagnitudes ofAf, and AE are determined by Gaussian fit-
n=2 hh excitons, as is depicted in the inset of Fig. 2. It isting of nonlinear absorbance obtained by adding the DTS to
worth noting that the wavelength of the pump beam is tunedhe linear absorbance in Fig. 1. In particular, for an accurate
at then=1 hh exciton resonance, the excited excitons are&eomparison, we subtract the reduction ratio of oscillator
created by the pump pulse WIthE, ,.<1.0 meV (much  strength in then=2 hh excitons due to long-range CS from
smaller than the n=1 hh exciton linewidth, AE;, that of then=1 hh excitons in order to eliminate the long
~2.7 meV at 10 K, where the thermal-LO-phonon density range CS effect in the DTS. In addition, the net blue-shift of
is ignorable, and the decay time of excitons is the order ofhe n=1 hh excitons due to only PSF is extracted by com-
nanoseconds even at room temperatdr€.In order to mini-  pensating the red-shift of the=2 hh excitons due to long-
mize the effect of spectral hole burning due to the inhomo+ange CS with the observed blue-shift of thel hh exci-
geneous broadening, in addition, the DTS were measured Bgns. As can be seen in Fig. 3, we find a good linear
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10 : originating from the Coulomb interactiog(k) is assumed to

sl . Eﬁpe”mem be a real wavefunction of theskexciton andk denotes the
e : eory momentum associated with the relative motion of electrons
= 6 and holes. The two terms, which determimeare originated
< . from the field renormalization and the band-gap renormaliza-
T 4T tion in the full semiconductor Bloch equation. The screened
= ) L T, . two-dimensional Coulomb potential is assumed to be
3 CoTTT R . . 2w 1
S Vik=k)= =5 ———, (1)

s . . , , o- (k=K' +«k

6 2 4 6 8 10 12 14 16 treated statically using the plasmon-pole approximatfofi.
PAIR DENSITY (10" om”) The inverse of the screenir;g Iengzth,, is calculated self-
. _ consistently according tox®=(2me*/egV)Z,, [df,(k)/de],
FIG.‘ 4. Relat'v.e Strenth (.)f PSF a'.“.j CS on tiwel hh exciton wheref (k) is the distribution function gf the band index
bleaching for various excitation densities. The dashed line corre- - . . L
sponds to the theoretical calculation. and g, is the backgrour!d. dielectric constant. Within these
approximations the explicit form of the third-order response
is characterized by the ratio/b, which determines the rela-
correlation between the net fractional change of excitonjve strength of the two sources of optical nonlinearity. We
binding energy andfo/f, for PSF. The coefficien€ is ob-  have ignored the light-hole states in our theoretical consid-
tained to be 0.8, which is 1.6 times larger than the predicte@ration. The calculated bleaching rate is shown in Fig. 4 as a
value. Nevertheless, it is comparable to previously reporte@otted line. As can be seen in the figure, the bleaching due to
experimental values of 0:31.0''® The coefficient C is PSF s estimated to be constant around 2 times larger than
known to be close to zero for 3D systems, while for 2Dthat due to CS within the carrier concentration 2.0
systems they have nonzero values dependent upon their well 10!1 cm2.14 \We find that the theoretical calculations agree
size3611.18 well with experimental results. However, the calculated
The experimental data points in Fig. 4 show the ratio ofpleaching rate shows a rapid increase for very low densities.
the contribution of PSF and CS on thre=1 hh exciton  This result is presumed to come from very small excitonic
bleaching for various excitation densities. It is found that theoleaching of then=2 hh peak due to CS in the very low
bleaching rate is almost constant between 2 and 3 with indensities, in which our calculations are limited.
creasing carrier densities from >X310'%cm™? to 1.4 In conclusion, we have found that the=2 hh exciton
X 10" cm. In other words, bleaching due to PSF is nearlyresonance is consistently red-shifted by two-dimensional
unvaried with values at around 2-3 times larger than thagxciton-exciton interactions iBaAd AIGaAsMQW’s under
due to CS. In order to understand this behavior, we inVGStiquasi-stationarm:1 hh excitation conditions at low tem-

gated the relative strength of bleaching effects due to CS angeratures. This confirms that the effect of the excited exci-
PSF theoretically by using the multi-band semiconductokons atn=1 hh on excitons ah=2 hh is primarily due to
Bloch equations onto the Iowests}exmton state. The non-  Jong-range CS, which is not negligible in the quasi-2D sys-
linear optical response of a semiconductor up to the thirdtem. On the other hand, the=1 hh exciton resonance is

order can be described by blue-shifted by the competition of both repulsive PSF and
P attractive long-range CS, which should be compensated. Af-

(_ i— _Q()) P(t) = — - E(t) + bu - EQ)|P(t)? ter discrim_inating PSF and ang-range CS effects in the
at =1 hh exciton bleaching, we find that the relative strength of
+uP)|PO)[2. absorption bleaching due to long-range CS is only 2 to 3

times weaker than that of PSF. The theoretically calculated
Here, Q, is the frequency of the exciton resonangejts  value based on the multi-band semiconductor Bloch equa-
transition dipole momentE(t) the external laser field, and tions is in good agreement with our experimental results.

wP the interband polarization. Moreover= 23 ¢(k)° rep- This research was supported by the Ministry of Science
resents a nonlinearity induced by Pauli blocking and and Technology of Korea through the National Research
=23¢ Vik=k)[p(k)3p(k") - p(k)?p(k')?] is a nonlinearity  Laboratory PrograniContract No. M1-0203-00-0082
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