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Exciton dynamics in GaAs/AlxGa12xAs quantum wells
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The changes induced in the optical absorption spectrum of a GaAs/AlxGa12xAs multiple quantum well due
to a photoexcited carrier distribution are reexamined. We use a femtosecond pump-probe technique to excite
excitons and free electron-hole pairs. We find that for densities up to 1011 cm22 the saturation of exciton
absorption is caused both by a reduction of the oscillator strength and by a broadening of the exciton reso-
nance, which exhibit quite different temporal evolutions. The restoring of the initial value of the reduced
oscillator strength is determined by the free-carrier lifetime, which we have measured to be 65 ps, whereas the
temporal evolution of the broadening is due to the exciton-exciton interaction and determined by the exciton
lifetime, which is found to be 410 ps. We have measured the oscillator strength saturation densities and shown
that at low temperature the influence of free electron-hole pairs on the exciton oscillator strength is twice as
effective as the influence of other excitons.@S0163-1829~99!11011-7#
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I. INTRODUCTION

The confinement of electrons and holes in semicondu
quantum wells leads to the strong enhancement of excit
optical transitions. This provides strong optical nonlinearit
that can be used for all-optical or electro-optical switchi
devices.1 One fundamental nonlinearity is the absorpti
saturation of the exciton by photoexcited free and bou
electron-hole pairs.2 Understanding the basic physics of th
saturation is essential for optimizing the performance of e
troabsorptive photonics devices.3

The linear exciton absorption is described by three par
eters: the oscillator strengthf x , the linewidth Gx and the
resonance energyEx . The nonlinearity arises when one o
more of these quantities is changed by the influence of p
toexcited free and bound electron-hole pairs. A change oEx
shifts the exciton line. A reduction of the oscillator streng
~ROS! and a broadening decrease the initial excit
absorption,4 that was denoted as exciton bleaching in t
previous works and we shall keep this term throughout
paper. The carrier induced modification of the exciton a
sorption, or exciton bleaching, has been experimentally
vestigated by spectrally resolved nonlinear transmiss
measurements such as pump-probe experiment or four-w
mixing. However, there were some problems with dist
guishing the separate influences on each of the parame
because they simultaneously affect the exciton absorptio

Many experimental and theoretical works have been c
ried out to understand the relative importance of carr
induced ROS and broadening on the exciton bleaching
earlier works,5,6 in which the multiple quantum wells
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~MQW! with a large contribution of inhomogeneous broa
ening were investigated, no changes in exciton absorp
linewidths with increasing photoexcited quasiparticle dens
were detected and the exciton bleaching was attributed
clusively to ROS. The inhomogeneous broadening has a n
ligible carrier density dependence.7 So in Refs. 5 and 6 the
changes of homogeneous broadening, which should lea
the exciton bleaching, were hidden by the inhomogene
broadening background. Nevertheless, direct measurem
of broadening in bulk GaAs~Ref. 8! and GaAs/AlxGa12xAs
MQW ~Ref. 9! by four-wave mixing showed that broadenin
of exciton lines has to play an important role. This result w
proved by the authors of another experimental work,10 in
which a high-quality MWQ sample was investigated by
pump-probe experiment. The authors of Ref. 10 registe
the significant contribution of broadening and found that
their experimental conditions broadening may be even
only reason of the exciton bleaching.10 To separate the role
of each exciton parameter in Ref. 10 the line shape of
exciton absorption spectrum was approximated by a Lore
zian function. Besides the fact that for a more accurate
scription of exciton absorption one should use a Gau
Lorentzian function,7,11 this approximation is very sensitiv
to the absorption background, which strongly depends on
fluctuations of the intensity of the exciting laser radiatio
Theoretical calculations predict that ROS is detectable e
at low photoexcited densities.12,13 This, however, was no
experimentally revealed in Ref. 10. Recent experimen
studies employing a pump-probe experimental techniqu14

in which an integral determination of the OS was used, h
shown that both ROS and broadening are clearly obser
10 255 ©1999 The American Physical Society
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10 256 PRB 59LITVINENKO, BIRKEDAL, LYSSENKO, AND HVAM
even at low carrier density and that pure broadening may
dominant only at very low carrier densities, while the cont
bution of ROS to the exciton bleaching becomes more
portant at higher densities.

The next important question about the exciton dynam
was what quasiparticles—excitons or free electron-h
pairs—are dominant in the exciton broadening and ROS.
influence of free and bound carriers on the broadening
extensively investigated by four-wave mixing in the works8,9

for low and intermediate carrier densities and in t
works15,16 for high carrier density. It was found that for low
and intermediate densities the broadening exhibits a lin
dependence upon the density of free or bound electron-
pairs and that the efficiency of free carriers to produce e
ton broadening is one order of magnitude higher than
efficiency of excitons. The density dependence of the bro
ening due to exciton-exciton interaction remains linear
even high carrier densities, whereas the broadening indu
by free electron-hole pairs demonstrates a square-root
sity dependence for high carrier densities.

The investigation of the behavior of ROS was more in
cate. The first attempts of finding the cause of ROS are
dertaken in the works,5,6 in which the influence of broaden
ing on the exciton absorption was completely ignored. T
authors of these works concluded that the influence of e
tons on ROS was at least twice as effective as the influe
of thermalized free electron-hole pairs. However, Schm
Rink et al.12 predicted theoretically the completely oppos
situation, that in quasi-two-dimensional media cold electr
hole pairs should produce ROS more effectively. In anot
theoretical investigation Zimmermann13 obtained that at low
temperature excitons should produce stronger ROS than
carriers, whereas at temperatures higher than 25 K the
ciency of both free and bound quasiparticles should be p
tically the same. In the experimental work,14 in which the
authors register the simultaneous influence of both ROS
broadening on the exciton bleaching, the OS was determ
as a sum value for heavy- and light-hole excitons and for f
electron-hole pairs which made it impossible to investig
each observed resonance separately. Thus, studying th
erature, it is obvious neither theoretically nor experimenta
what the main reason is for ROS.

The use of a high-quality sample with quite a large ene
distance between heavy- and light-hole excitons and ap
ing a moment analysis~see below! to process the absorptio
spectra, allow us to investigate the origin of the ROS
heavy-hole excitons. In this paper we experimentally m
sure the saturation density of the heavy-hole exciton OS
show explicitly that at low temperature the influence of fr
electron-hole pairs on the ROS is twice as strong as the
fluence of other excitons. Also we show the specific diff
ence of each exciton parameter in the modification of
exciton absorption.

II. METHODS AND ANALYSIS

The MQW under investigation was grown by molecula
beam epitaxy and consisted of 20 periods of 80-Å-w
GaAs layers and 100-Å-wide AlxGa12xAs layers. In all ex-
periments the sample was placed in a helium optical cryo
and its temperature was maintained close to 5 K. The la
e
-
-

s
e
e

as

ar
le
i-
e
d-
r
ed
n-

-
n-

e
i-
ce
-

-
r

ee
fi-
c-

nd
ed
e
e
lit-
y

y
y-

f
-
d

n-
-
e

e

at
er

source was a tunable Ti-sapphire laser with 120-fs pulses
a repetition frequency of 76 MHz. As an experimen
method of the investigation of the exciton dynamics we us
the pump-probe technique.14

The typical absorption spectra of the sample are displa
in Figs. 1 and 2 for different time delays of the probe bea
and different spectral positions of the laser radiation. T
initial photoexcited quasiparticle density was approximat
equal to 931010 cm22 for both excitation conditions. The
spectral positions of the exciting laser radiation are indica
in Figs. 1 and 2 by the thin solid curves. The lines of hea
hole ~1.579 eV! and light-hole ~1.595 eV! excitons are
clearly seen in the absorption spectra. In the present p
we shall examine the behavior of the heavy-hole exciton

We analyzed the experimental results by the mom
analysis method.17,18 This method does not require know
edge of the exact shape of the absorption spectrum and
sists of defining all excitonic parameters in terms of in
grals. The computational results obtained for both excitat
conditions are presented in Figs. 3 and 4. One can clearly
from these figures that the exciton bleaching is due to b
ROS and broadening of the excitonic line. But these para
eters explicitly exhibit different behavior in time.

In the case of resonant excitation~see Fig. 3! the ROS, the
broadening and the shift of the exciton resonance occu
the time the pump pulse reaches the sample (t50). The OS

FIG. 1. Change in shape of the exciton absorption spectrum
function of the time delayt for the resonant excitation. The narro
solid line shows the spectrum of the exciting laser radiation.

FIG. 2. Change in shape of the exciton absorption spectrum
function of the time delayt for the nonresonant excitation. Th
narrow solid line shows the spectrum of the exciting laser radiat
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PRB 59 10 257EXCITON DYNAMICS IN GaAs/AlxGa12xAs QUANTUM WELLS
exponentially restores its initial value with the characteris
time of 65 ps, whereas the time behavior of the broaden
and the blueshift are described by a remarkably differ
characteristic time of 410 ps. As will be shown the ROS
basically due to the influence of free electron-hole pa
which disappear from the interacting system during the fi
100 ps forming the excitons.15 The main reason for the
broadening and the blueshift in this case is the excit
exciton interaction, so the evolution of these parameter
determined by the exciton lifetime. In the case of nonre
nant excitation~see Fig. 4! the ROS and the broadening e
hibit almost the same behavior as for resonant excitation,
the relative change is twice as big for the same total pho
excited carrier density. The blueshift reaches its maxim
only after 110–130 ps. This is caused, as was mentione
Ref. 10, by the influence of free carriers, which leads to
additional redshift of the excitonic lines. For larger time d
lays, more than 130 ps, the blueshift and the broaden
decrease exponentially with the same characteristic tim
410 ps.

In order to understand which interaction mechanisms
fluence the ROS, the broadening, and the shift of the e
tonic line we investigated the change of each excitonic
rameter as a function of the quasiparticle density for a fix

FIG. 3. Relative changes in the oscillator strengthF, the maxi-
mum of the absorption coefficienta, the broadeningG and energy
shift DE of the exciton resonance as a function of the time delat
for the resonant excitation~see Fig. 1!.

FIG. 4. Relative changes in the oscillator strengthf, the maxi-
mum of the absorption coefficienta, the broadeningG and energy
shift DE of the exciton resonance as a function of the time delat
for the nonresonant excitation~see Fig. 2!. In the insert the tempora
evolution of exciton density in the presence~solid line! and in the
absence~dot line! and the decreasing of the free electron-hole p
density~dash line! are shown.
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time delayt'20 ps. This time was chosen because all
laxation processes for both free and bound carriers shoul
completed after this time has elapsed.15

III. BROADENING OF THE EXCITON RESONANCE

The broadening of the excitonic line as a function of t
quasiparticle density for a fixed time delay (t'20 ps) is
displayed in Fig. 5. As one can see from this figure,
obtained a clearly linear dependence for the case of reso
excitation ~solid triangles!. This confirms that exciton-
exciton interaction is responsible for the broadening. F
electron-hole pairs produce a square-root dependence16 as
one can see for the case of nonresonant excitation~open
squares!.

Let us consider the resonant excitation. To describe
changing of the excitonic linewidth in this case, we empl
the relation8,9

Gx~n!5Gx~0!1gEbab
2Nx , ~1!

whereab is the Bohr radius of the exciton in the MQW,Nx
is the density of two-dimensional excitonic gas, andg is a
proportionality coefficient, or scattering efficiency.8,9 To de-
termineab we shall use the relation

E1S
~a!ab

~a!5const, ~2!

whereE1S
(a) andab

(a) are the binding energy and Bohr radiu
of an exciton in a medium of dimensiona.19 A variational
calculation20 also confirms the validity of relation~2!. For
our MQW it was found thatE1S

(a)5Eb'10 meV (a'2.3)
and, consequently,ab

(a)'59 Å . Substitutingab
(a) for ab in

Eq. ~1! and approximating the experimental results, we fi
that for resonant excitationg53.160.4 and Gx(0)51.30
60.08. We shall now compare these values to the exp
mental results obtained in Ref. 9, where the broadening
the exciton resonance was determined as a function of
quasiparticle density in a four-wave mixing experiment w
preexcitation of both free electron-hole pairs and excito
Using relation~2!, we get from Ref. 9g52.860.56 for the
case of exciton-exciton scattering andg521.863.7 for scat-
tering by free carriers. The value ofg we obtained in our
experiment confirms the conjecture that in the case of re

r

FIG. 5. Half-width of the heavy-hole exciton absorption line
the electron-hole pair density for constant time delayt'20 ps and
for both excitation conditions.
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10 258 PRB 59LITVINENKO, BIRKEDAL, LYSSENKO, AND HVAM
nant excitation the broadening of the excitonic lines is g
erned by the exciton-exciton interaction.

Let us now compare the experimental scattering e
ciencyg with the calculations performed in Ref. 21. It wa
found there that the exciton-exciton scattering is descri
by the parameterg (2D)50.41 for an ideal two-dimensiona
quantum well and byg (3D)556.6 for an ideal bulk semicon
ductor. Our valueg'3.1 falls betweeng (2D) and g3D, at-
testing to the fact that we are dealing with an intermedi
quasi-two-dimensional case.

The nonresonant excitation case is shown in Fig. 5
squares. The appearance in the interacting system of an
ditional free carrier density changed the dependence of
broadening on the quasiparticle density. One can see f
Fig. 5 that the broadening is now proportional to the squa
root carrier density. This dependence is in a very good ag
ment with the experimental results of Ref. 16 in which t
authors directly measured the exciton broadening cause
free electron-hole pairs and found

Gx~N!5Gx~0!1kN1/2. ~3!

The best fit to our data is found forG(0)51.40
60.18 meV andk5(0.3960.07)310210 meV cm2 and is
shown in Fig. 5 by the solid curve. It should be mention
that the magnitudes ofGx(0) coincide for both excitation
conditions, so the models we have used to describe the
fluence of both free and bound quasiparticles on exc
broadening are compatible. For a relatively short time de
it is expected for nonresonant excitation that the broaden
of the exciton line is caused by scattering with free electr
hole pairs. After 110–130 ps, when all free carriers ha
formed the excitons, the density dependence of the broa
ing again becomes linear due to exciton-exciton scatterin

IV. EXCITON OSCILLATOR STRENGTH

Figure 6 displays the shift of the excitonic line normaliz
to the binding energyDE/Eb versus the relative chang
D f / f b in the OS and versus the relative changeDa/ab in the
maximum of the absorption coefficient in the case of re
nant excitation. Each point of these curves corresponds
certain value of the photoexcited quasiparticle density at
same time delayt'20 ps. To describe these results we us
the formulas12

FIG. 6. Energy shift of the exciton resonance in units of t
binding energy vs the relative change in oscillator strength and
the relative change in the maximum of the absorption coefficient
a fixed time delay (t'20 ps) and different electron-hole pair de
sities.
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DE

Eb
5C~ f !

D f

f 1S
, ~4!

DE

Eb
5C~a!

Da

a1S
, ~5!

where Eb , f 1S , and a are the experimental values of th
binding energy, OS, and maximum absorption coefficient
the unperturbed excitonic state, respectively, andC( f ,a) are
proportionality coefficients. From Fig. 6 we obtainedC(a)

50.2060.02 and C( f )50.4960.06. The value ofC(a)

agrees very well with previous results,22 but the value ofC( f )

differs significantly. This proves the assumption employed
Ref. 22 that the exciton bleaching is determined exclusiv
by a decrease of the OS to be incorrect. Our value ofC( f ) is
the first experimental determination of this quantity, so tha
can be compared only with the results of theoretical calcu
tions. Using the result of Ref. 12, we find for a real quantu
well that in the case when cold excitons are responsible
the change in OS the proportionality coefficientC( f ) equals

Cexc
~ f ! 50.45

Eb
~2D !

Eb
, ~6!

and in the case when the cold plasma is responsible,

Cpl
~ f !50.22

Eb
~2D !

Eb
, ~7!

where Eb
(2D) is the binding energy of an ideal two

dimensional exciton. It should be mentioned that in Ref.
the influence of the electron-hole plasma was completely
nored in the calculation of the quasiparticle-density dep
dence of the magnitude of the blueshift, which we employ
to obtain expressions~6! and ~7!. As a result of the quite
wide spectrum of the laser radiation, free charge carriers
generated under our experimental conditions. However, t
effect on the energy position of the excitonic line is ve
small. This effect is expressed as a small deviation of
time dependence of the blueshift from an exponential
small value of time delayt ~see Fig. 4! and leads to an erro
in the determination ofDE of only a few percent. Substitut
ing into expressions~6! and ~7! the valueEb'10 meV, we
obtained for our MQWCexc

( f ) 50.76 andCpl
( f )50.37. Compar-

ing these values with experimental valueC( f )'0.49, one can
conclude that despite their relatively low density the fr
carriers have a decisive influence on the ROS. This re
confirms the prediction by Schmitt-Rink that the influence
free carriers on OS is more effective than that of exciton12

As one can see from Fig. 4, a change in the OS is
served during first 120 ps, while the broadening and shif
the exciton line, which are caused by the exciton-exci
interaction, continue for several hundreds of picosecon
Such a rapid return of the OS to its initial value is due to t
vanishing of the free carriers from the system of interact
particles. Using an exponential function to describe the
havior of the OS, we were able to measure directly the li
time of free electron-hole pairs. It was found that this tim
remains practically unchanged right up to quasiparticle d
sity 1011 cm22 and equalsT1,eh5(6568) ps.
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In order to determine the contribution of free and bou
quasiparticle to the ROS, we simultaneously investigated
relative changing of the OS (D f / f ) as a function of quasi-
particle density for both excitation conditions and fixed tim
delay (t'20 ps). The case of resonant excitation is sho
in Fig. 7~b! by solid triangle, and the other excitation cond
tion in Fig. 7~a! by solid circles. For fitting the experimenta
results we used the following linear dependences:

D f ~res!

f
5C~res!

•N~res!5
Nexc

~res!

Ns,exc
1

Npl
~res!

Ns,pl
,

D f ~non!

f
5C~non!

•N~non!5
Nexc

~non!

Ns,exc
1

Npl
~non!

Ns,pl
, ~8!

Ni5Nexc
~ i ! 1Npl

~ i ! i 5res, non,

where Nexc
( i ) , Npl

( i ) and the densities of excitons and fre
electron-hole pairs for resonant (i 5res) and nonresonant (i
5non) excitation, respectively.Ns,exc andNs,pl are the satu-
ration densities of the OS, when only excitons and only f
carriers influence the OS.12 C( i ) ( i 5res, non) are the experi
mentally measured proportionality coefficients. We obtain
that C(res)51.2310212 cm2 andC(non)52310212 cm2.

In order to estimate the value ofNs,exc andNs,pl we have
to know what is the contribution of free carriers and excito
to the total quasiparticle density. The photoexcited car
density is proportional to the integral of the product of t
absorption coefficient of these quasi-particles and the in
sity of the exciting laser. The spectra of the laser radiat
and the theoretical absorption spectra of free and bo
electron-hole pair states, which was obtained by the gen
Eliott formula,19 are shown in Fig. 8. In this way we est
mated thatNexc

(res)/Npl
(res)'10.5 andNexc

(non)/Npl
(non)'1.7. Now,

using the values ofC(res) andC(non), the magnitudes of the
OS saturation densities from Eq.~8! are found to beNs,exc
5131012 cm22 andNs,pl52.531011 cm22. The absolute
values of the OS saturation densities are one order of m
nitude higher than predicted by the authors of the theoret
works Refs. 12 and 13. However, their ratio is in a very go
agreement with the result of Ref. 12.

The density of free carriers becomes negligibly small a
130 ps~see Fig. 4!, therefore the ROS has to be due to t
only excitons. Let us estimateNs,exc from the dependence o
D f / f on the carrier density fort5135 ps. The exciton den
sity for this time delay can be obtained from the followin
equations:

FIG. 7. Relative changes in the exciton oscillator strength a
function of electron-hole pairs density for nonresonant excitati
solid circles (t'20 ps) and solid squares (t'135 ps); for reso-
nant excitation: open triangles (t'20 ps).
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dNexc

dt
52

Nexc

T1,exc
1

Npl

T1,pl
,

~9!
dNpl

dt
52

Npl

Tpl
,

whereT1,exc5410 ps andT1,pl565 ps are the lifetimes o
excitons and free electron-hole pairs, respectively. The in
values of exciton and free carrier densityNpl(0) andNexc(0)
are obtained using their ratio~see above! and the value of the
total pair density. Fort→0 the density of both types o
quasiparticles tend to zero. The solutions of Eq.~8! are pre-
sented on the inset to Fig. 4 by solid line. For comparison
temporal evolution of free electron-hole pair density~dash
line! and the density of excitons in the absence of free c
riers ~dot line! are shown on the same insert.

Figure 7~a! shows the dependence of the relative ROS
the exciton density fort5135 ps~open square!. The best
linear simulation takes place for proportionality coefficie
equaledC59.6310213 cm2 and indicates in Fig. 7~b! by
the solid line. Inserting the value ofC in Eq. ~9! one obtains
Ns,exc5131012 cm22 in agreement with the result above
Considering a 10% accuracy of determination of the r
experimental carrier density, this confirms the validity of t
model used.

V. ENERGY SHIFT OF THE EXCITON RESONANCE

The energy shiftDE of the excitonic line as a function o
the photoexcited carrier density~at t' 20 ps! is displayed in
Fig. 9 for the resonant excitation. As it was expected for
exciton-exciton interaction, a clear linear dependence is

a
: FIG. 8. Experimental~squares! and theoretical~solid lines!
heavy-hole exciton and free carriers absorption spectra. The
and dash-dot lines represent the spectra of the exciting laser r
tion.

FIG. 9. The energy shiftDE of excitonic line for the resonan
excitation as a function of photoexcited carrier densityN at t
'20 ps.
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10 260 PRB 59LITVINENKO, BIRKEDAL, LYSSENKO, AND HVAM
served. The proportionality coefficient betweenDE and N
was found to beC50.083, while for an ideal two-
dimensional quantum well it should beC50.24.12 In our
opinion, this discrepancy is due to the interaction betwe
the excitons from neighboring quantum wells, as a resul
which wells approach the three-dimensional limit and the
fore the magnitude of the blueshift decreases. It follows fr
the linear dependence ofDE on the quasiparticle density tha
the characteristic time of the exponential decrease ofDE
should equal the lifetimeT1,exc of excitons~see Figs. 3 and
4!. Therefore we have found that the exciton lifetime
T1,exc5(410614) ps and remains constant right up to de
sities of 1011 cm22. The fact thatT1,exc is constant indicates
that the range of the quasiparticle densities employed in
experiment is much smaller than the Mott density. This j
tifies using the low-density limit for describing the expe
mental results.

In the case of the nonresonant excitation the maxim
blueshift is reached after all free electron-hole pairs h
formed excitons. There are two reasons for the increasing
exciton blueshift. First, the blueshift is proportional to t
exciton density~see above!, so the higher the exciton densit
the bigger blueshift. Second, as it was experimentally sho
in Ref. 10 free electron-hole pairs can lead to an additio
redshift of exciton resonance. Unfortunately, we have
detected the dependence of the blueshift on the densit
free carriers with sufficient precision in our experiment. T
simultaneous influence of both free and bound quasiparti
on the energy shift of excitons needs a more detailed th
retical and more accurate experimental investigations.
.

.
um

A.

y

,

tt
n
f
-

-

ur
-

e
he

n
al
t
of

es
o-

VI. CONCLUSIONS

In conclusion, we investigate the temporal and dens
dependence of the exciton bleaching in GaAs/AlxGa12xAs
MQW. We distinguish the different contributions of excito
parameters to the exciton absorption using a moment an
sis. We find that the ROS takes part in the exciton bleach
only during the first 110–130 ps and is mainly caused by
influence of free electron-hole pairs. We experimenta
evaluate the OS saturation densities, which are found to
Ns,exc5131012 cm22, when only excitons affect the OS
and Ns,pl52,531011 cm22, when only free electron-hole
pairs are in the sample. We confirm the prediction
Schmitt-Rink et al. that cold free electron-hole pairs mor
effectively reduce the OS than other excitons do. From
temporal evolution of the magnitude of the OS we found
free electron-hole pair lifetimeT1,eh5(6568) ps.

The broadening of the exciton resonance is observed
ing 500–600 ps and becomes the only source of the exc
bleaching after all free carriers disappeared from the in
acting system having formed excitons. The lifetime of ex
tons is found to beT1,exc5(410614) ps. We have ex-
plained the measured blueshift of excitons by the excit
exciton interaction and shown that the extra density of f
charged carriers may lead to a compensating redshift.
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