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Separation of screened Coulomb interaction and phase-space filling in exciton bleaching
of multiple quantum wells

Koo-Chul Je,1,2 Moongoo Choi,2 Sang-Youp Yim,2 Jeung Sun Ahn,1 and Seung-Han Park2

1Japan Advanced Institute of Science and Technology, Ishikawa 923-1211, Japan
2Institute of Physics and Applied Physics, and Department of Physics, Yonsei University, Seoul 120-749, Korea

~Received 26 February 2002; revised manuscript received 24 June 2002; published 4 October 2002!

Excitonic nonlinearity in multiple quantum wells due to many-body interactions consisting of phase-space
filling and screened Coulomb interaction is investigated. In particular, we show that the effects of the screened
Coulomb interaction and the phase-space filling on the exciton bleaching can be separated for highly excited
carrier densities by femtosecond pump pulses. We also find that the phase-space filling effects on the excitonic
bleaching are about three times larger than the effects of screened Coulomb interaction and gradually decreases
with increasing carrier density within the Mott density.
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The confinement of an electron and a hole in semicond
tor multiple quantum wells~MQW’s! provides strong optica
nonlinearities1,2 that may be useful for applications to inte
grated optics, optical switching devices, optical logic gat
or even optical data processing.3,4 The optical nonlinearities
have been explained by the bleaching, shift and broade
of the excitonic absorption resonance due to many-b
~MB! interactions that include the Pauli exclusion princip
long-range Coulomb screening~CS!, and band-gap renor
malization. The exclusion principle can be divided into t
phase-space filling~PSF! and the exchange effects, which a
very short ranged compared to the screened Coulomb~SC!
interaction. We denote both effects as PSF, including the
change effects. The relative contribution of the PSF and
effects to the optical nonlinearities had been intensively
vestigated by variations of excitonic absorption spec
Many groups have found that the PSF effects are more
fective than the screening effect in significant excitonic a
sorption changes in MQW’s.1,5–9 However, to our knowl-
edge, there was no report on the separation of the PSF
CS effects in 1hh and 2hh excitons for the highly excited
carrier densities in MQW’s.

In this paper, we propose a method to find the relat
strength of the PSF and CS effects in the optical excito
nonlinearities by investigating the variations of bleachi
and broadening of exciton peaks in the first and second
bands for excited carrier densities of the femtosecond pu
in a GaAs/AlGaAs MQW.

In photoexcited MQW’s, by femtosecond pump pulses
the lowest exciton resonance, one can observe the absor
spectrum including exciton peaks in the first (1hh) and sec-
ond (2hh) subbands. Almost all the excited carriers occu
the first subband and few carriers can occupy the sec
subband due to the short spectral width of the pump pu
This proposed system can be more clearly realized w
picosecond or nanosecond pump pulses are utilized due
very narrow spectral width. The carrier density in the seco
subband can be increased, as the strength of pump p
increases. However, it is very small relative to the exci
density of the first subband. If the carriers are excited o
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for the first subband, we can assume that the changes ofhh
exciton peak are related to the combination of the PSF
CS effects and various scattering events, that is, carr
carrier and carrier-phonon collisions due to the occupiede-h
pairs in the first subband.

In contrast, the changes of the 2hh exciton peak result
only from the pure CS induced by the occupiede-h pairs. It
can be read from a inset in Fig. 1, where the variations of
2 hh exciton peak without the SC effects are almost const
in the excited density limit. Thus, subtracting the variati
rate of 2hh excitonic peak from the variation rate of th
1 hh excitonic peak at low temperature, we can obtain
variation induced only by the PSF effects including the sc
tering effects. The included scattering effects mainly aff
the broadening of exciton resonance. In order to investig
the scattering effects, we calculate the variations of the 1hh
exciton resonance without the SC effects. In this case,
broadening is almost constant and the bleaching is very w
in our density limit. Therefore, we can see that the oth
scattering effects except the PSF and SC effects are
weak in the excitonic variations within the density limi
Therefore, it is possible to distinguish these two differe
mechanisms by systematically investigating the excito
variations associated with different subbands.

Since the energy gap between first and second subban
about 100 meV, we should consider the effects of carrier
the second subband induced by femtosecond pump puls
distinguish the two different mechanisms. In other word,
variation of 2hh exciton peak contains the PSF effect due
excited carrier density from a pump pulse. If we want
extract the pure PSF effects induced by the excited car
density in the first subband, we should subtract the 2hh
exciton variations from the 1hh exciton variations. Through
the similar processes, we can make complete separatio
the screening and the PSF effects in the nonlinear opt
response for various carrier densities in the MQW’s.

Our calculations are based on the multiban
semiconductor Bloch equations~MSBE! for the electron
~hole! distribution functionsf i ,k

e ( f j ,k
h ) in band i ~j! and the

corresponding interband polarizationsPji ,k . The MSBE can
be written as10,11
©2002 The American Physical Society12-1
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where

Ui j ,k5m i j ,kE~ t !2 (
i 8 j 8,k8

Vs
eh~ i j 8 j i 8

k2k82kk8!Pj 8 i 8,k8 ~2!
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E i i 8,k
e

5e i ,k
e d i i 82 (
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kk9kk9! f j 9,k9

h . ~3!

Ui j ,k’s are renormalized Rabi frequencies andE i i 8,k
e (E j j 8,k

h )’s
are renormalized electron~hole! energies.10 m i j ,k is an optical
dipole matrix element between conduction bond~i! and va-
lence band~j! states ande i ( j ),k

e(h) are the electron~hole! single-

FIG. 1. Dotted curve shows the absorption spectrum without
pump pulse and the solid curve is nonlinear absorption spect
with a excited carrier density 2.331010 cm22 by the pump pulse a
10 K. The pump pulse is tuned at the 1hh exciton resonance an
the probe pulse covers the two exciton peaks. The inset show
2 hh exciton peaks for various carrier densities within 2
31010 cm22 without the CS effects.
15531
particle energies that are calculated with the Kronig-Pen
model.E(t) is the optical field for the combined pump an
probe laser pulses.Vs denotes the matrix elements of th
screened Coulomb potential. The collision terms denoted
(•••)u inco are calculated beyond the Hartree-Fock appro
mation and especially electron-LO-phonon couplings
considered up to second order with the well-known Mark
approximation at low temperature. The coupling contribu
to dephasing of interband polarizations as well as ener
relaxation processes.11 Here,kW denotes the momentum ass
ciated with the relative motion of electrons and holes.

The field renormalization and the band-gap renormali
tion are affected also by the screening effects through C
lomb potential. The Coulomb enhancement term, which
strongly affected by the screened Coulomb potential, wit
the single-plasmon pole approximation can be written as12

Vs~ i j 8 j i 8
k2k82kk8!5

2pe2

e0L2

1

~kW2kW8!1k~n,T!
, ~4!

wheren is the plasma density (n52( i ,k f i ,k) ande0 is back-
ground dielectric constant.k(n,T) is the inverse screen
ing length of the Coulomb potential and depends onn
and temperatureT. The inverse of the screening leng
is calculated self-consistently according tok2

5(2pe2/e0V)(n@d fn(k)/d«#.13 Since thek modifies the
strength of Coulomb interaction, it plays a quantitatively im
portant role in the optical excitonic nonlinearities. The 2hh
exciton depends strongly on the interband polarizat
P22(t)(5(km22,k* P22,k), which is hardly affected by the PS
effects induced by the resonantly excited carriers at the 1hh
resonance.

For simplicity model, the collision terms were taken by
simple dephasing time that is of the order of 0.5 ps, and
have ignored the light hole states and used a GaAs/AlG
MQW with 75-Å well width and 100-Å barrier in the theo
retical calculation model.

Figure 1 shows the calculated linear and nonlinear abs
tion spectra for a carrier density of 2.331010 cm22 created
by a 200-fs pump pulse that is tuned in the 1hh exciton
resonance at 10 K. The solid and dotted curves are the
sorption spectra with and without the pump pulse of 1.5
eV at 1hh exciton peak, respectively. The 1hh and 2hh
exciton peaks with the pump pulse show redshift and th
oscillator strengths are also strongly bleached by the com
tition of the PSF and the CS effects. This redshift is e
plained in the Fig. 3. The shifts of both exciton peaks a
almost similar, but the 1hh excitonic bleaching is signifi-
cantly stronger than the 2hh excitonic bleaching which
originates almost from the screened Coulomb correction
to excited carriers. The PSF effects are also included in
2 hh excitonic variation, but they are very weak. The ins
figure shows the 2hh exciton peaks for various excited ca
rier densities within 2.331010 cm22, without the Coulomb
screening effect. The 2hh exciton peaks are hardly change
and are almost independent of the carrier density. Also,
have found that, in particular, 1hh exciton broadenings are
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hardly changed with a weak bleaching in the density limit
shown in the Fig. 3. The redshift of the 1hh exciton peaks
are caused by the SC effects in our model. Therefore, we
assume that the major part of the 2hh excitonic bleaching is
directly caused by the CS effects and pure broadening of
2 hh exciton resonance may be the dominant bleach
mechanism. As the 2hh variations are subtracted from th
1 hh variations induced by the combined PSF and scree

FIG. 2. Absorption spectra for various carrier densities in
MQW at 10 K. The carrier densities are from the top curve~a!
6.53106, 3.73107, 1.13108, 3.23108 cm22; ~b! from right
curve 5.13108, 2.93109, 1.131010, 2.331010 cm22; and ~c!
from right curve 5.63106, 3.53107, 83108, 3.13108 cm22.
The dotted curve corresponds to the without pump pulse.
15531
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Coulomb correction, we obtain the pure PSF effect in
optical excitonic nonlinearity. Consequently, we can sepa
the PSF effects and the screened Coulomb correction eff
for the optical excitonic nonlinearity in the quantum wells

Figure 2 shows absorption spectra for various carrier d
sities in the MQW at 10 K. Figure 2~a! displays the 1hh
exciton peaks at various carrier densities of 6.53106, 3.7

e

FIG. 3. ~a! Strength of the 1hh and 2 hh exciton peaks,~b!
their energy positions in the presence and in the absence of th
effects, and~c! broadening of the 1hh exciton peak as a function o
the carrier densities. The strengths are normalized by the 1hh ex-
citon peak without the pump pulse.
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3107, 1.13108, and 3.23108 cm22. It shows the bleaching
of excitonic oscillator strengths induced by the excited c
riers. The excitonic resonances are hardly shifted in th
low densities. The Figs. 2~b! and 2~c! show the peaks of the
1 hh and 2hh excitons with different strengths of pum
pulses. It can be seen that the bleaching of the 1hh exciton
peak is larger than that of the 2hh exciton peak due to more
dominant PSF effects in the first subband. The excited ca
densities for the first subband are 5.13108, 2.93109, 1.1
31010, and 2.331010 cm22. Simultaneously, the carrie
densities for the second subband are 5.63106, 3.53107, 8
3107, and 3.13108 cm22, which are about the same dens
ties as those obtained in Fig. 2~a!. Thus, we assume that th
variations of exciton peaks with low carrier densities are
most the same as the variations of 2hh exciton peaks due to
the PSF effects. Since the peaks in the Fig. 2~a! do not shift,
the shift of the 2hh exciton peak results from mainly the C
effects by the occupied carrier densities in the first subba
As mentioned above, the variations of 2hh exciton peaks
include the screening effect induced by the excited carr
into the first subband and in addition the many-body effe
due to carriers of the second subband. It is quite simila
the many-body effects presented in the Fig. 2~a!. Therefore,
we can obtain only the screening effect in the first subb
by subtracting the already calculated 1hh exciton peak from
the variations of the 2hh exciton peak. Again, the PSF e
fects in the 1hh excitonic variations in the first subband ca
be obtained by eliminating the measured screening ef
from the 1hh excitonic variations as shown in the Fig. 2~b!.

Figure 3~a! shows the strengths of the 1hh and 2hh ex-
citon peaks for various photoexcited carrier densities. T
strengths are normalized by the exciton peaks without
pump pulse and decrease with increasing carrier densi
The strength of the 1hh exciton peak especially decreas
rapidly in low carrier densities. For the 2hh exciton, it lin-
early decreases as the carrier density increases. Co
quently, the bleaching of the 1hh exciton peak is larger than
that of the 2hh exciton peak, because the 2hh exciton is
influenced only by screening effect due to the occupied c
riers in the first subband and the 1hh exciton is affected by
both PSF and screening effects. The fast decrease ofhh
exciton peak in low carrier densities results from the ad
tional PSF effects. Therefore, we can see that both me
nisms make exciton peaks bleach.

Figure 3~b! shows the peak positions of the 1hh and 2hh
exciton resonances for different carrier densities. For e
carrier densities of the first and second subbands, the 1hh
and 2hh exciton peaks are obtained from one absorpt
spectrum. The open and solid triangles show the peak p
tions in the absence of the CS effects. In this case, the 2hh
peaks with the solid triangles do not shift, but the 1hh peaks
with the open triangles first have blue shift and very lo
redshift with increasing carrier densities. Therefore, the r
shift of the 2hh exciton peak is due to the screening
carrier density in the first subband, and the shift of the 1hh
exciton peak is due to the combined CS and PSF effe
Both exciton peaks have stronger redshifts with increas
carrier density and their shifts have similar magnitude. Si
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the exciton-exciton interactions are not included in our c
culations, the redshift of the exciton resonances appe
more strongly. It means that effects of the PSF for excito
shift are very small in these carrier densities. Consequen
the PSF effects are dominant for the excitonic bleaching,
they do not affect the excitonic shift.

Figure 3~c! shows the broadening of the 1hh exciton
peaks for various carrier densities in the presence and in
absence of the SC effects. Since in the absence of the
effects the 1hh exciton peaks are hardly broadened w
increasing carrier density as shown with the open circle
the presence of the SC effects the broadening of the 1hh
exciton peaks increase with increasing carrier densit
Therefore, we can assume that the broadening results f
the bleaching of the 1hh exciton peak induced by the com
bined PSF and SC effects and the collision terms hardly
fect the excitonic broadening in the density limit.

Figure 4 shows the excitonic bleaching asLCS, LPSF,
and LMB induced in the 1hh exciton peaks, and bleachin

FIG. 4. ~a! Excitonic bleaching rate associated with the P
(LPSF), the screening (LCS), and their combined many-body (LMB)
effects; ~b! the bleaching rate between the PSF and the scree
effects as a function of the carrier densities.
2-4
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rate LPSF/LCS for various carrier densities at 10 K. Her
Li[(X12X2)/X2, wherei denote the CS, PSF, and MB an
X1 (X2) denotes the oscillator strength of the 1hh (2 hh)
exciton peak. Thus, theLCS, LMB , and LPSF denote the
bleaching rate of the exciton peak due to the CS, many-b
and PSF effects, respectively.

As shown in the Fig. 4~a!, theLMB is larger than theLSC
and theLPSF. In addition, we can observe thatLCS increases
slowly. Since influences of the CS will be about the same
the 1hh and 2hh excitons, we can estimate the bleachi
induced by the only PSF effects,LPSF5LMB2LCS. The
LPSF increases first rapidly in low densities and afterwa
amounts to 70–85 % of the many-body effects with incre
ing carrier densities. The considerable change of the 1hh
exciton peak in the absorption spectrum gives strong
dence that the PSF effects are more dominant than
screening effect1,7 for the excitonic bleaching in the MQW.

The Fig. 4~b! shows the excitonic bleaching rate for di
ferent carrier densities. The bleaching due to the PSF eff
is about 2.5–6 times larger than that due to the CS ef
within the carrier densities 2.331010 cm22. It is smaller
than the reported value of the highly doped MQW, in whi
the effects of the PSF are about ten times stronger than
effects of the screening.14 The bleaching rate is very large i
low carrier densities due to the very weakLCS. The LPSF
increases slowly in the high carrier density, whereas theLCS
linearly increases and will be saturated. However, the
gradually decreases within these carrier densities and
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proaches very slowly to 3 with increasing carrier densiti
The rapid change of the absorption coefficient associated
first subband strongly indicates that the PSF and the
change are more dominant than the screening effect.
found that the PSF effects are about three times more do
nant than the screened Coulomb correction effects in the
citonic nonlinearity.

In summary, we show that both the PSF and the
mechanisms in the excitonic optical nonlinearities in t
MWQ can be independently investigated by comparing
variations of the 1hh and 2hh exciton peaks. The screenin
effect for the excitonic bleaching in the MQW occupies 20
30 % of the many-body effects as carrier density increas
The PSF effects for the excitonic bleaching are about th
times more dominant than the CS effect and gradually
creases with increasing carrier density. Therefore, the P
effects are dominant mechanism for the variations of
1 hh exciton peak, i.e., the nonlinear optical respons
within the Mott density of the MQW.
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