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Separation of screened Coulomb interaction and phase-space filling in exciton bleaching
of multiple quantum wells
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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 semiconducfor the first subband, we can assume that the change$ibf 1
tor multiple quantum well$MQW’s) provides strong optical exciton peak are related to the combination of the PSF and
nonlinearities? that may be useful for applications to inte- CS effects and various scattering events, that is, carrier-
grated optics, optical switching devices, optical logic gatescarrier and carrier-phonon collisions due to the occupi¢d
or even optical data processifi§j The optical nonlinearities P&irs in the first subband. _
have been explained by the bleaching, shift and broadenin In contrast, the Chaﬂges of thehf excnon peak.result
of the excitonic absorption resonance due to many-bod nly from the pure CS induced by the occupied pairs. It

(MB) interactions that include the Pauli exclusion principle,can be rgad from a Inset in Fig. 1, where the variations of the
long-range Coulomb screeningS), and band-gap renor- 2 hh exciton peak without the SC effects are almost constant

malization. The exclusion principle can be divided into them the excited density limit. Thus, subtracting the variation

phase-space fillingPSH and the exchange effects, which are rate of 2hh excitonic peak from the variation rate of the

hort q d 1o th d Coul 1 hh excitonic peak at low temperature, we can obtain the
very short ranged compared to the screened Could®®  \ iation induced only by the PSF effects including the scat-

interaction. We denote bqth eﬁect§ a§ PSF, including the ext'ering effects. The included scattering effects mainly affect
change effects. The relative contribution of the PSF and C$,¢ proadening of exciton resonance. In order to investigate

effects to the optical nonlinearities had been intensively inyye scattering effects, we calculate the variations of thé 1
vestigated by variations of excitonic absorption spectragyciton resonance without the SC effects. In this case, the
Many groups have found that the PSF effects are more ehroadening is almost constant and the bleaching is very weak
fective than the screening effect in significant excitonic ab+n our density limit. Therefore, we can see that the other
sorption changes in MQW%>~° However, to our knowl- scattering effects except the PSF and SC effects are very
edge, there was no report on the separation of the PSF angkak in the excitonic variations within the density limit.
CS effects in Thh and 2hh excitons for the highly excited Therefore, it is possible to distinguish these two different
carrier densities in MQW's. mechanisms by systematically investigating the excitonic
In this paper, we propose a method to find the relativevariations associated with different subbands.
strength of the PSF and CS effects in the optical excitonic Since the energy gap between first and second subbands is
nonlinearities by investigating the variations of bleachingabout 100 meV, we should consider the effects of carriers in
and broadening of exciton peaks in the first and second sulthe second subband induced by femtosecond pump pulses to
bands for excited carrier densities of the femtosecond pulsedistinguish the two different mechanisms. In other word, the
in a GaAs/AlGaAs MQW. variation of 2hh exciton peak contains the PSF effect due to
In photoexcited MQW'’s, by femtosecond pump pulses atexcited carrier density from a pump pulse. If we want to
the lowest exciton resonance, one can observe the absorptientract the pure PSF effects induced by the excited carrier
spectrum including exciton peaks in the firsti{i) and sec- density in the first subband, we should subtract theh?2
ond (2hh) subbands. Almost all the excited carriers occupyexciton variations from the fih exciton variations. Through
the first subband and few carriers can occupy the seconthe similar processes, we can make complete separation of
subband due to the short spectral width of the pump pulsghe screening and the PSF effects in the nonlinear optical
This proposed system can be more clearly realized wheresponse for various carrier densities in the MQW's.
picosecond or nanosecond pump pulses are utilized due to its Our calculations are based on the multiband-
very narrow spectral width. The carrier density in the secongemiconductor Bloch equationdSBE) for the electron
subband can be increased, as the strength of pump pulgkole) distribution functionsfﬁk(f;"k) in bandi (j) and the
increases. However, it is very small relative to the excitedcorresponding interband polarizatioRg . The MSBE can
density of the first subband. If the carriers are excited onlybe written a&>*
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FIG. 1. Dotted curve shows the absorption spectrum without the
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particle energies that are calculated with the Kronig-Penney
model.E(t) is the optical field for the combined pump and

probe laser pulses/ denotes the matrix elements of the

screened Coulomb potential. The collision terms denoted by
(- *)]inco are calculated beyond the Hartree-Fock approxi-
mation and especially electron-LO-phonon couplings are
considered up to second order with the well-known Markov
approximation at low temperature. The coupling contributes
to dephasing of interband polarizations as well as energy-

relaxation processéé.Here,IZ denotes the momentum asso-
ciated with the relative motion of electrons and holes.

The field renormalization and the band-gap renormaliza-
tion are affected also by the screening effects through Cou-
lomb potential. The Coulomb enhancement term, which is
strongly affected by the screened Coulomb potential, within
the single-plasmon pole approximation can be writtel? as

2me? 1

pump pulse and the solid curve is nonlinear absorption spectrum VS(:(_J!(, _ij('?,)= 4
with a excited carrier density 2:310'° cm™2 by the pump pulse at

10 K. The pump pulse is tuned at thenh exciton resonance and

the probe pulse covers the two exciton peaks. The inset shows thgheren is the plasma densitynE 23  f; ) andeg is back-
2hh 0exci’[g)n _peaks for various carrier densities within 2.3 ground dielectric constante(n,T) is the inverse screen-
x10° cm™? without the CS effects. ing length of the Coulomb potential and depends on
1 and temperaturel. The inverse of the screening Ierzlgth
= e o h P is calculated self-consistently according tox
Piik=iz 2 (i i+ &5y i Pyriv i =(2mwe?l V)2 [df,(k)/de].?® Since thex modifies the
strength of Coulomb interaction, it plays a quantitatively im-
portant role in the optical excitonic nonlinearities. Thate
exciton depends strongly on the interband polarization
Pzz(t)(=2k,u§2kP22,k), which is hardly affected by the PSF
effects induced by the resonantly excited carriers at thé 1
resonance.
For simplicity model, the collision terms were taken by a
simple dephasing time that is of the order of 0.5 ps, and we
' have ignored the light hole states and used a GaAs/AlGaAs
inco MQW with 75-A well width and 100-A barrier in the theo-
P 1 gfh retic_al calculation model. . '
— 0 =T > (Ui (P U (P k)+'_v‘k ’ Figure 1 shows the calculated linear and nonlinear absorp-
I PRI Pk inco tion spectra for a carrier density of %30 cm? created
(1) by a 200-fs pump pulse that is tuned in thél exciton
resonance at 10 K. The solid and dotted curves are the ab-
sorption spectra with and without the pump pulse of 1.568
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Uij s are renormalized Rabi frequencies m?i,k(ﬁﬂ W)'S
are renormalized electrdhole) energies? Mij « Is an optical
dipole matrix element between conduction bdidand va-

e(h)

lence bandj) states and(;y are the electrafiole) single-

eV at 1hh exciton peak, respectively. Thehh and 2hh
exciton peaks with the pump pulse show redshift and their
oscillator strengths are also strongly bleached by the compe-
tition of the PSF and the CS effects. This redshift is ex-
plained in the Fig. 3. The shifts of both exciton peaks are
almost similar, but the hh excitonic bleaching is signifi-
cantly stronger than the t2h excitonic bleaching which
originates almost from the screened Coulomb correction due
to excited carriers. The PSF effects are also included in the
2 hh excitonic variation, but they are very weak. The inset
figure shows the Bh exciton peaks for various excited car-
rier densities within 2.8 10'° cm™2, without the Coulomb
screening effect. The Rh exciton peaks are hardly changed
and are almost independent of the carrier density. Also, we
have found that, in particular, Hh exciton broadenings are
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FIG. 2. Absorption spectra for various carrier densities in the 00  50x10° 1.0x10° 1.5x10" 2.0x10' 25x10"
MQW at 10 K. The carrier densities are from the top cufag Densty (cm'2)
6.5x 10, 3.7x10°, 1.1x10°, 3.2x10° cm™2; (b) from right _
curve 5.1x10°, 2.9x10°, 1.1x10%, 2.3x10*cm~2; and (c) FIG. 3. (a) Strength of the 1hh and 2 hh exciton peaks(b)
from right curve 5.6 10°, 3.5x107, 8x10%, 3.1x1CP cm 2. their energy positions in the presence and in the absence of the SC
The dotted curve Corresponds to the without pump pu|Se. eﬁects, andc) broadening of the hh exciton peak as a function of

the carrier densities. The strengths are normalized by thie éx-

. S ... _Cit k without th Ise.
hardly changed with a weak bleaching in the density limit ag O Pear Wiholt fhe pump puise

shown in the Fig. 3. The redshift of thehh exciton peaks Coulomb correction, we obtain the pure PSF effect in the
are caused by the SC effects in our model. Therefore, we casptical excitonic nonlinearity. Consequently, we can separate
assume that the major part of thé1B excitonic bleaching is the PSF effects and the screened Coulomb correction effects
directly caused by the CS effects and pure broadening of thfor the optical excitonic nonlinearity in the quantum wells.
2hh exciton resonance may be the dominant bleaching Figure 2 shows absorption spectra for various carrier den-
mechanism. As the Bh variations are subtracted from the sities in the MQW at 10 K. Figure (3) displays the hh

1 hh variations induced by the combined PSF and screenedxciton peaks at various carrier densities of>61%°, 3.7
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X107, 1.1x 1%, and 3.4 10 cm 2. It shows the bleaching

of excitonic oscillator strengths induced by the excited car-
riers. The excitonic resonances are hardly shifted in these
low densities. The Figs.(B) and Zc) show the peaks of the
1hh and 2hh excitons with different strengths of pump
pulses. It can be seen that the bleaching of tld Exciton
peak is larger than that of thelth exciton peak due to more
dominant PSF effects in the first subband. The excited carrier
densities for the first subband are 810, 2.9x10°, 1.1
x10%% and 2.3<10 cm 2. Simultaneously, the carrier
densities for the second subband arex516°, 3.5x 10, 8

x 107, and 3.1 108 cm™2, which are about the same densi-
ties as those obtained in Figa Thus, we assume that the
variations of exciton peaks with low carrier densities are al-

rate
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most the same as the variations dfi2 exciton peaks due to
the PSF effects. Since the peaks in the Fig) #o not shift,
the shift of the Zhh exciton peak results from mainly the CS
effects by the occupied carrier densities in the first subband.
As mentioned above, the variations ohB exciton peaks
include the screening effect induced by the excited carriers
into the first subband and in addition the many-body effects
due to carriers of the second subband. It is quite similar to
the many-body effects presented in the Figa) 2Therefore,
we can obtain only the screening effect in the first subband
by subtracting the already calculatedhfi exciton peak from
the variations of the Bh exciton peak. Again, the PSF ef-
fects in the 1Thh excitonic variations in the first subband can
be obtained by eliminating the measured screening effect
from the 1hh excitonic variations as shown in the Figh?2
Figure 3a) shows the strengths of thehh and 2hh ex-
citon peaks for various photoexcited carrier densities. The
strengths are normalized by the exciton peaks without the
pump pulse and decrease with increasing carrier densities.

Th rength of th h exciton k iall r
e strength of the hh exciton peak especially decreases FIG. 4. (a) Excitonic bleaching rate associated with the PSF

rapidly in low carrier densities. For thehh exciton, it lin- : . -
eaely ydecreases as the carrier density increases. Cons(eli‘f—Ps‘F)’the screeninglicg), and their combined many-body 4s)

qguently, the bleaching of thelh exciton peak is larger than zﬁ:gi’g;) ;hfintgﬁgshé??hreagsieet:v g::sitQSSPSF and the screening
that of the 2hh exciton peak, because theh® exciton is '
influenced only by screening effect due to the occupied car-
riers in the first subband and thehh exciton is affected by the exciton-exciton interactions are not included in our cal-
both PSF and screening effects. The fast decreasehdf 1 culations, the redshift of the exciton resonances appears
exciton peak in low carrier densities results from the addi-more strongly. It means that effects of the PSF for excitonic
tional PSF effects. Therefore, we can see that both mech#hift are very small in these carrier densities. Consequently,
nisms make exciton peaks bleach. the PSF effects are dominant for the excitonic bleaching, but
Figure 3b) shows the peak positions of thenh and 2hh  they do not affect the excitonic shift.
exciton resonances for different carrier densities. For each Figure 3c) shows the broadening of thehh exciton
carrier densities of the first and second subbands, the 1 peaks for various carrier densities in the presence and in the
and 2hh exciton peaks are obtained from one absorptiorabsence of the SC effects. Since in the absence of the SC
spectrum. The open and solid triangles show the peak poseffects the Ihh exciton peaks are hardly broadened with
tions in the absence of the CS effects. In this case, thk 2 increasing carrier density as shown with the open circle. In
peaks with the solid triangles do not shift, but theli peaks the presence of the SC effects the broadening of thé 1
with the open triangles first have blue shift and very lowexciton peaks increase with increasing carrier densities.
redshift with increasing carrier densities. Therefore, the redTherefore, we can assume that the broadening results from
shift of the 2hh exciton peak is due to the screening of the bleaching of the lhh exciton peak induced by the com-
carrier density in the first subband, and the shift of tHeh1  bined PSF and SC effects and the collision terms hardly af-
exciton peak is due to the combined CS and PSF effectdect the excitonic broadening in the density limit.
Both exciton peaks have stronger redshifts with increasing Figure 4 shows the excitonic bleaching lags, Lpsk,
carrier density and their shifts have similar magnitude. Since&nd L,z induced in the hh exciton peaks, and bleaching
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rate Lpse/Lcs for various carrier densities at 10 K. Here, proaches very slowly to 3 with increasing carrier densities.

L =(X;—X5)/X,, wherei denote the CS, PSF, and MB and The rapid change of the absorption coefficient associated the
X; (X,) denotes the oscillator strength of thenth (2 hh) first subband strongly indicates that the PSF and the ex-
exciton peak. Thus, thécs, Lyg, and Lpge denote the change are more dominant than the screening effect. It is
bleaching rate of the exciton peak due to the CS, many-bodyound that the PSF effects are about three times more domi-

and PSF effects, respectively. nant than the screened Coulomb correction effects in the ex-
As shown in the Fig. @), theL g is larger than thé-sc  citonic nonlinearity.
and thel ps¢. In addition, we can observe thiags increases In summary, we show that both the PSF and the CS

slowly. Since influences of the CS will be about the same inpechanisms in the excitonic optical nonlinearities in the
fche 1hh and 2hh excitons, we can estimate the bleaching MWQ can be independently investigated by comparing the
induced by the only PSF effectt.pse=Lmg—Lcs. The  yariations of the hh and 2hh exciton peaks. The screening
Lpsr increases first rapidly in low densities and afterwardeffect for the excitonic bleaching in the MQW occupies 20—
amounts to 70—-85 % of the many-body effects with increasgg o of the many-body effects as carrier density increases.
ing carrier densities. The considerable change of théh1 The PSF effects for the excitonic bleaching are about three
exciton peak in the absorption spectrum gives strong evitimes more dominant than the CS effect and gradually de-
dence that the PSF effects are more dominant than thgreases with increasing carrier density. Therefore, the PSF
screening effect’ for the excitonic bleaching in the MQW.  effects are dominant mechanism for the variations of the

The Fig. 4b) shows the excitonic bleaching rate for dif- 1 hh exciton peak, i.e., the nonlinear optical responses
ferent carrier densities. The bleaching due to the PSF effectgithin the Mott density of the MQW.

is about 2.5—-6 times larger than that due to the CS effect

within the carrier densities 2:810° cm™2. It is smaller

than the reported value of the highly doped MQW, in which
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