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Polarization choices in exciton-biexciton system of GaAs quantum wells
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We study the induced absorption due to biexciton formation in absorption bleaching pump-probe signals and
the quantum beats between exciton and biexciton in the four-wave-mixing signals. The origin is confirmed by
the polarization dependence of the signals in both experiments. The definite discrimination between exciton-
biexciton quantum beats and the others by the polarization choices is demonstrated clearly. We also show the
well-width dependence of the biexciton binding energy that is determined by the period of the quantum beats
in the range of well width 45–150 Å of GaAs/AlxGa12xAs (x50.3–1.0! multiple quantum wells.
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I. INTRODUCTION

Excitons essentially dominate the linear and nonlinear
tical properties of GaAs quantum wells~QW’s! near the
band edge, but stabilize easily into biexcitons in the reson
excitation.1,2 In the range probed by ultrafast spectrosco
using femtosecond pulse lasers, the intense excitation co
tion is easily achieved. As a result, it is much more likely
observe themodifiedexciton dynamics by the biexcitoni
contributions.3–5 In fact, recent studies of the exciton dynam
ics have shown that nonlinear interaction in QW’s could n
be described by a simple assembly of two-level systems
cause the exciton-exciton interaction6 and exciton-biexciton
interaction7 should be taken into account.

Biexcitons have been studied in various semiconduc
materials and in heterostructures. In bulk crystals, for
ample, Si and CuCl, the creation of biexcitons is clea
demonstrated. Theoretical work8 predicts a significant en
hancement of the biexciton binding energy in quasi-tw
dimensional systems. For GaAs QW’s, several experime
works related to biexcitons1–4,6,7,9–19have been published
and established the existence of biexcitons. Most of th
experimental studies indicate that the biexciton binding
ergy is 1–2 meV, which is about one order of magnitu
larger than that in bulk GaAs and confirms the theoreti
prediction in a sense, but its well-width dependence ne
continued investigation.

The binding energy of quantum-well biexcitons in th
measurement by Milleret al.9 agrees with the calculation b
Kleinman8 for the well thickness below;150 Å. But the
observed binding energies for thicker QW’s do not ag
with the theoretical result and recent experimental stud
also indicate a larger binding energy. An explanation for
discrepancy between theory and experiment has not b
given yet. Recently, Birkedalet al.20 performed a systemati
experimental study of the well-width dependence of biex
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In most of the previous works the biexciton binding ener
is deduced from the energy separation of the doublet st
ture in the photoluminescence~PL! spectrum or the period o
the quantum beat on the basis of a superlinear power de
dence of the lower-energy peak in the PL spectrum.

On the other hand, Osborneet al.21 warn strongly that the
lower-energy peak of the doublet structure in the lo
temperature PL tends to be easily assigned to the biexc
origin. They observed strikingly similar features to the bie
citonic PL in the cw PL spectra of GaAs/Al0.33Ga0.67As mul-
tiple quantum wells~MQW’s!, such as a tailed component i
the lower energy of the doublet structure, a superlin
growth of the peak against laser intensity, a binding ene
of 1–2 meV, and a well-width dependence. The origin of t
lower-energy PL component is attributed not to biexcito
but to positively charged excitons that are excitons bound
holes in the QW originating from the background concent
tion of acceptors in AlxGa12xAs barriers. They also empha
size that the superlinear power dependence in the PL spe
is not necessarily indicative of biexciton formation, as a
gued in previous works,2,3,9because the positive-charged e
citon shows the same power dependence as that of biexc
Therefore, we require a definite discrimination between bi
citons and, for example, charged excitons or excitons bo
to some localized states.

In the present work we observe the quantum beats
tween exciton and biexciton states and the induced abs
tion due to biexciton formation, respectively, in the fou
wave-mixing ~FWM! and pump-probe nonlinea
transmission-reflection measurements in GaAs MQW’s. T
pump-probe technique is used for the confirmation of
biexciton formation and the polarization selection rule. T
definite discrimination between biexcitons and other excito
by the FWM measurement is demonstrated on the basi
the polarization selection rule. Finally, we show the we
1654 © 1997 The American Physical Society
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TABLE I. GaAs/AlxGa12xAs QW samples investigated in the present work.

Sample Lw ~Å! Lb ~Å! N x hh-e ~eV! lh-e ~eV! Eb
x ~meV!

1 150 150 20 1.0 1.5370 1.5454 9.6
2 100 100 30 1.0 1.5671 1.5843 11.6
3 68 198 25 0.3 1.5804 1.6050 11.0
4 a 45 40 120 0.51 1.6554 1.6887 13.9

aThe GaAs substrate was removed.
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width dependence of the biexciton binding energy, de
mined by a period of quantum beats between the exciton
biexciton in the range of well width 45–150 Å of GaA
Al xGa12xAs (x50.3–1.0! MQW’s.

II. EXPERIMENT

A. Sample and experimental setup

The samples investigated in the present work are f
GaAs/AlxGa12xAs (x50.3–1.0! crystals with a well width
of 150, 100, 68, and 45 Å, respectively. Each sample w
grown on a~001! GaAs substrate by molecular-beam e
taxy. The substrate of the sample with the 45 Å well wid
was removed by selective etching for various transmiss
type spectroscopies. The optical properties of the ot
samples are measurable in the reflection geometry du
very high reflectivity. The properties of the samples a
listed in Table I, whereLw , Lb , x, N, hh-e, lh-e, andEb

x are
the well width, the barrier width, the Al concentration
barrier layer, the number of pairs of well and barrier laye
the heavy-hole~hh! and light-hole~lh! exciton transition en-
ergies, and the hh exciton binding energy, respectively.
hh and lh exciton transition energies were determined fr
the photoluminescence excitation and absorption spe
The exciton binding energy of each sample was calcula
by the accurate theory.22

We performed the pump-probe nonlinear transmissi
reflection experiments and the FWM experiments in a tw
pulse self-diffraction configuration. Depending on t
sample, the reflection and/or transmission geometries w
employed. A self-mode-locked titanium-doped:sapphire la
with a pulse repetition rate 76 MHz was used as a li
source. The laser light with a typical pulse width at h
maximum~FWHM! of 150 fs was divided into two beams
pump and probe, and the pump pulse passed through a
ping motor-driven optical delay line. The pump and pro
beams with wave vectork1 andk2 were superimposed on th
sample surface at an angle 6°. The relative time delay
tween both pulses was defined as positive~negative! in the
time region where the pump pulse arrived earlier~later! than
the probe pulse at the sample, and the time origin was as
tained by the measurement of second-harmonic genera
from a 0.1-mm-thick potassium dihydrogen phosphate cr
tal at the sample position. A half-wave plate inserted into
pump beam path and a quarter-wave plate inserted into
beam paths were properly rotated to convert the linear po
ization to either left or right circular polarization with a po
larization extinction ratio better than 300:1 without changi
the pulse intensities. The pump and probe beams w
chopped with the different frequencies and the transmi
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~reflected! probe signal in the direction ofk2 or the self-
diffracted FWM signal in the direction of 2k22k1 that
modulated with the sum frequency was detected to be t
integrated by a lock-in amplifier. The estimated exciton de
sity was;53109 cm22 in our experiments. The sample wa
held at 10 K in a helium-flow cryostat. The probe intens
was reduced to typically one-tenth of the pump intensity
the pump-probe nonlinear transmission-reflection meas
ments and was adjusted to the pump pulse intensity in
FWM measurements.

B. Choice of light polarizations

The quantum confinement lifts the degeneracy betw
the hh and lh in the valence band at theG point (k5 0!. The
lowest-energy lh subband located 8.4-33 meV above the
subband in our samples is not resonant with the photoe
tation. For simplicity we restrict the discussion to the
exciton. The lift of degeneracy provides a quantization a
of the exciton transition so that only transitions wi
DJz561 are dipole allowed for the propagating pulses n
mal to the plane of the QW and thus the eigenpolarizati
are circular, denoted bys6 . The hh exciton is modeled in
the frame of a two-level system with an angular moment
J of 3/2 and 1/2 for the lower and upper levels, respective
which belong to the valence and conduction bands. The e
tron and hole that are created by resonant photoexcita
couple as an exciton by Coulomb interaction within 200
and we can also consider the system in the exciton pictur
shown in Fig. 1.

Figures 1~a!, 1~b!, and 1~c! show the linkage diagrams fo
hh exciton and hh biexciton states in the GaA
Al xGa12xAs QW by the optical excitation in the specifi

FIG. 1. Linkage diagram of the exciton-biexciton system
GaAs/AlxGa12xAs QW’s. All diagrams are depicted in a helicit
basis for~a! same- and opposite-circular polarizations,~b! parallel
polarizations, and~c! cross-linear polarizations. The positive~1!
and negative (2) signs represent the relative phases between
probability amplitudes of the transitions.
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light polarizations of the pump and probe pulses. Figure 1~a!
is for the same-circular and opposite-circular polarizatio
Fig. 1~b! for parallel linear polarizations, and Fig. 1~c! for
cross-linear polarizations.

In Fig. 1~a!, the excitation bys1 ands2 polarized lights
can generate the exciton statesuX1& and uX2&, with angular
momenta of11 and21, respectively, from the zero angula
momentum vacuum ground stateuO&. Such a three-state
atom analogy in the GaAs QW is frequently used in t
analysis of optical phenomena of excitons.6,17 The optical
transition to the lowest-energy biexciton stateuXX& can be
achieved only by the excitation bys1 and s2 polarized
lights form uX2& and uX1&, respectively, according to th
selection rule because the uppermost state has zero an
momentum. In the figure, a two-hh exciton state is indica
by a dashed line and the energy separation between
two-hh exciton state anduXX& corresponds to the biexcito
binding energy.

Figures 1~b! and 1~c! represent the linkage diagrams
helicity basis with parallel linear (x,x) @or (y,y)# and cross-
linear (x,y) @or (y,x)# polarized lights that are combination
of circular polarizations. Because of the symmetry betwe
uX1& anduX2&, the magnitudes of the transition probabilitie
are equal for the two pathsuO&↔uX1& and uO&↔uX2&, but
the value is different, positive or negative. The positi
(1) and negative (2) signs in Figs. 1~b! and 1~c! indicate
the relative phases between the probability amplitudes of
transitions. In (x,x) @or (y,y)# polarizations, all transitions
obtain a positive sign and then the closed loop introdu
constructive interference and open the paths to theuXX&
state. In (x,y) @or (y,x)# polarizations, the loop produce
destructive interference and cannot generate biexcitons.

The three-state system is classified into three kinds
systems depending on the energy between the ground
and the other states: ladder,L, and V systems. The cohe
ence of excitation into the two separate branches lead
several interesting effects in such a three-state system
atomic systems, population trapping, quantum beats,
quantum jumps were observed in the three-state syste23

The phenomena of quantum beats are also observed in
excitonic system in solid.

III. RESULTS AND DISCUSSION

A. Pump-probe experiment

Figure 2~a! shows the polarization-dependent transm
sion signals at 10 K in the 45-Å QW sample. The ratio b
tween the pump and probe intensities is 1:0.22. The s
polarized excitons with low kinetic energy can be genera
in the uX1& state by thes1 pump pulse according to th
selection rule as shown in Fig. 1~a! and have a well-defined
angular momentum because of the large hh-lh splitting~33
meV!. In Fig 2, (s1 ,s6), (x,x), and (x,y) indicate the light
polarization combinations of the pump and probe pulses
ing the same definitions as in Fig. 1. The observed transm
sion decay in the (s1 ,s1) polarizations indicates the reduc
tion of spin-polarized excitons inuX1& by the phase-space
filling effect, while the transmission growth in th
(s1 ,s2) polarizations indicates the accumulation of the o
posite spin excitons inuX2&. These signals represent the d
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namical process of the exciton spin relaxation,4,24 which
gives a new linkage betweenuX1& anduX2& states in Fig. 1.

The excitation by linearly polarized light generates t
excitons in theuX1& anduX2& states with the same probabil
ties because of the symmetry betweenuX1& and uX2&. Be-
cause the rates of the spin flip fromuX1& to uX2& states and
vice versa are equivalent, the signals in the (x,y) and
(x,x) polarizations show spin-independent relaxation due
exciton recombination~a few nanoseconds! that is much
longer compared to the spin relaxation time (;40 ps at 10
K!.

According to the symmetry of the excitonic system a
the selection rules, the transient behaviors of excitons in
uX1& and uX2& states should be symmetrical with respect
the signal level in linear polarizations and the (x,x) signal
should be identical to the (x,y) signal if the upper transitions
from exciton states to the biexciton state in Fig. 1 do n
occur. But the measured signals are not symmetrical bec
the (s1 ,s2) signal shows a negative differential transm
sion ~the induced absorption! in the initial picoseconds. The
signal in the (x,x) polarizations similarly indicates induce
absorption, deduced from the difference between the (x,y)
and (x,x) signals. Note that the induced absorption occurs
only (s1 ,s2) and (x,x) polarizations according to the
aforementioned selection rules. If the difference between
(x,y) and (x,x) signals adds to the (s1 ,s2) signal, the
(s1 ,s2) signal changes to the time evolution~indicated by
the dotted line! and the transient behaviors in the (s1 ,s1)
and (s1 ,s2) polarizations become symmetrical precise
with respect to the signal level in the (x,y) polarizations. In
fact, as shown in the inset, the time evolution indicates

FIG. 2. Time evolution of the differential transmission signals
10 K in the 45-Å QW’s. ~a! Spin-dependent component with
decay time of;40 ps and the induced absorption due to biexcit
formation ~the pump-probe ratio is 1:0.22!. The inset shows the
time evolution of the signals at the lower probe intensity~the pump-
probe ratio is 1:0.01!. ~b! Probe-intensity dependence of the i
duced absorption that corresponds to (x,x)2(x,y). The pump-
probe ratio is 1:0.03 (a), 1:0.22 (b), and 1:0.43 (c).
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absence of induced absorption and symmetrical features
the probe intensities around1100 of the pump intensity. The
absence of population flow to the optically inactive excit
states with the angular momentum of62 by the individual
particle spin-flip of electron or hole is also ensured by
symmetrical properties of the (s1 ,s6) signals. The initial
dip of the signal indicated by the dotted line represents
the (x,x) signal rises with a small time delay due to biexc
ton formation, while the (x,y) signal rises immediately.

Smith et al.3 observed the induced absorption in t
pump-probe measurements of a 250-Å GaAs QW and
cussed the biexcitonic contributions to the time-resolv
pump-probe signals. They claim that the induced absorp
due to biexciton formation was observed not in (x,x) polar-
izations but in (x,y) polarizations regardless of the biexcito
formation by the optical transition, but not by the collisio
Additionally, their results do not indicate the symmetric
transient behaviors, and the symmetries of the system
selection rule are broken. We consider that their results
affected by the biexciton formation due to the collision b
tween excitons.

Increasing the probe intensity, the induced absorption
creases as shown in Fig. 2~b!. The induced absorption repre
sents the instantaneous biexciton formation by the absorp
of the probe pulse and the dissociation of biexcitons with
time constant of;20 ps. Simultaneously, spin-polarized e
citons that are generated initially in theuX1& state by the
s1 polarized pump pulse flip their spins by the exchan
interaction and go into theuX2& state with the time constan
of ;40 ps.24 The biexciton dissociation time is not sensitiv
to the probe intensity in the observed intensity range 1:0.0
1:0.5. The similar induced absorption and symmetrical pr
erties of the signals were observed in the other samples in
reflection geometric pump-probe experiments.

As a result of the pump-probe experiments, we could
serve the biexciton formation and clearly show the polari
tion selection rule of the exciton-biexciton system. The d
tailed results related to the spin relaxation and biexcito
contributions at low temperatures will be reported elsewhe

B. Four-wave-mixing experiment

Figure 3~a! shows the FWM signals in the 150-Å QW’
for four specific polarization combinations between t
pump and probe pulses. The excitation energy is fixed
1.532 eV, which is detuned by 5 meV to the lower-ener
side from the hh exciton resonance. The strong oscillat
behavior is seen in the (x,x) and (s1,s2) polarizations,
while no oscillatory behavior is observed in the (s1,s1)
polarizations and the weak modulation in the (x,y) polariza-
tions. All the FWM signals are normalized to their maximu
value. We could obtain the oscillatory signals over the en
sample and the origin of the oscillation is assumed to
intrinsic, such as biexcitons. If the origin of the oscillation
extrinsic, such as bound excitons, one may or may not
serve the oscillatory signals depending on the illumina
position in the sample. The photoluminescence~PL! spec-
trum at 10 K in the inset of Fig. 3~a! shows a free hh exciton
peak~dashed line! at 1.537 eV, with no measurable Stok
shift, and a tailed lower-energy component~dotted line! that
reveals superlinear growth against the excitation intens
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while the exciton PL component reveals linear growth. T
tailed lower-energy component is fitted well by the inver
Boltzmann function, which is used frequently for biexcito
distribution.1 But the superlinear growth is not necessar
indicative of biexciton formation according to the elabora
work by Osborneet al.21 If the origin of the beat is the
charged-exciton–bound~or free! -exciton beat, the beat ap
pears in (s1,s1), but not in (s1,s2), because the sys
tem becomes the assembly of two-level systems.

We consider here the excitonic contribution and the bi
citonic contribution to the FWM signal due to the singl
photon absorption from the pump and probe pulses. Acco
ing to the transition selection rules shown in Fig. 1, t
FWM signals in the (s1,s1) and (s1,s2) polarizations
originate from the excitonic and the biexcitonic componen
respectively, and the signal (x,x) includes both contribu-
tions. Therefore, the clear oscillatory signals in the (x,x) and
(s1,s2) polarizations are considered as the excito
biexciton quantum beats. The signal in the (x,y) polariza-
tions should not generate any signal according to the tra
tion selection rule except for two-photon absorption; in fa
the signal is more than one order of magnitude weaker t

FIG. 3. ~a! Semilog plot of the FWM signals in four specifi
polarizations of the pump and probe pulses at 10 K in 150-Å QW
The excitation energy is;1.532 eV. All the signals are normalize
to their maximum value. The upper inset shows the PL spectrum
10 K. The lower inset shows the power spectrum of the differe
signal (x,x)2(s1 ,s1). The two peaks correspond to the freque
cies of the exciton-biexciton quantum beats (;0.43 THz! and hh-lh
quantum beats (;2.05 THz!, respectively.~b! FWM signals in the
excitation energy of 1.538 eV show the hh-lh quantum beats.
inset shows the semilog plot of the difference (x,x)2(s1 ,s1) that
still represents the exciton-biexciton quantum beats.
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those in the (x,y) and (s1,s1) polarizations. Numerous
measurements have reported anomalous FWM signals in
(x,y) polarizations and various models have been propo
so far, but none of them consistently described the feat
The treatment of the (x,y) polarizations has not been esta
lished yet and is beyond the scope of this paper becaus
its lack of influence on our discussion.

The beat period is approximately 2.3 ps and the Fou
transformation of (s1,s2) shows a peak at 1.8 meV tha
coincides well with the peak separation of 1.7 meV in the
spectrum. Leoet al.25 observed the beating between free a
bound excitons with a period of 2.8 ps (;1.5 meV! in 170-Å
GaAs MQW’s. The value 1.8 meV may be easily recogniz
as the binding energy of excitons bound to impurities
QW’s. But the beating between free and bound excitons
pears in (x,x) and (s1,s1), but not in (s1,s2) polar-
izations. The biexciton formation is also confirmed at t
same pump intensity as the induced absorption in the pu
probe measurement. The power dependence of the be
amplitude also supports that this beating is the quantum b
between the biexciton and exciton since the beating am
tude of the free-exciton–bound-exciton beats decreases
idly with increasing laser power due to the bound excit
saturation effect.

As a result, the exciton-biexciton quantum beats and
beating between free excitons and bound excitons can
distinguished by the polarization dependence of the FW
signals. The experimental distinction between the polar
tion interference and the quantum beats are demonstr
using the time-resolved FWM by Kochet al.26 and the spec-
trally resolved time-integrated FWM by Lyssenkoet al.27

These methods are very useful and can be applied to m
general cases, although they are more complicated than
method using the polarization dependence of time-integra
FWM signals demonstrated here.

Another oscillatory time dependence with a different p
riod was also observed at the excitation energy of 1.538
@Fig. 3~b!#. The beating was observed in all polarizatio
combinations. The beating period is 490 fs, which cor
sponds to 8.5 meV. The energy 8.5 meV agrees very w
with the splitting energy 8.4 meV between the hh and
exciton transitions in the PL excitation spectrum. Theref
this rapid beating is considered as the well-known quan
beats between the hh and lh excitons.28 The quantum beats
occur when two states are excited simultaneously and c
nects through the common state in the V system. The la
has a spectral bandwidth of 12 meV~FWHM! and can excite
the hh and lh excitons simultaneously. All characteristic f
tures of the hh-lh quantum beats, such as the appearan
all polarizations, a 90° phase shift between the (x,x) and
(x,y) signals, and the beating in the negative delay,
clearly observed.

Surprisingly, the biexcitonic contribution is still extracte
from the signals in Fig. 3~b! by having the difference be
tween the (x,x) and (s1,s1) signals. The inset of Fig
3~b! shows the difference (x,x)2(s1,s1), which indi-
cates the biexcitonic contribution because the sig
(s1,s1) originates from the excitonic component and t
(x,x) originates from the excitonic and biexcitonic comp
nents. The beating period precisely coincides with that
Fig. 3~a!. Increasing the excitation energy to the lh excit
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transition, the beating increasingly consists of only the hh
quantum beats. The weak influence of the hh-lh quant
beats is also found in the signals of Fig. 3~a!, which appears
as a small second peak around 2 THz in the power spect
@inset of Fig. 3~a!#.

Figure 4 shows the beating FWM signals in the (x,x)
polarizations for the QW’s with a well width of 100, 68, an
45 Å. All the signals are normalized to their maximum valu
The similar polarization dependence of the exciton-biexci
quantum beats in the 150-Å QW’s are also observed in e
sample. The biexciton binding energies can be deduced f
the beating period of the difference (x,x)2(s1,s1) and
are 2.4, 2.8, and 3.5 meV in the samples with a well width
100, 68, and 45 Å, respectively.

The observed well-width dependence of the biexcit
binding energy can be compared with the previous wor
Figure 5 shows the observed biexciton binding energ
(Eb

xx) in the type-I QW’s with different well widths, as
shown in Fig. 5~see the quoted references about the det
of each work!. Although Eb

xx should be plotted versus th
strength of quantum confinement, this figure gives a meas
of the magnitude ofEb

xx versus the well width. The open

FIG. 4. FWM signals in (x,x) polarizations in the hh exciton
resonant excitation in the samples with a well thickness of 100
~solid line!, 68 Å ~dotted line!, and 45 Å~dashed line!.

FIG. 5. hh biexciton binding energy in the type-I GaAs QW
versus the well thickness. The open and solid marks are the ex
mental values. The upper and lower solid lines are the theore
results for the donor at the center of the well (D0X) and biexciton
(XX) binding by Kleinman. See the quoted references about
details of each work.
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marks ~diamond, circles, triangle, inverted triangles, a
square! are the experimental results by the cw PL measu
ment and the line-shape analysis. The solid marks are
values determined by the quantum beats in the FWM exp
ments. The lower solid line (XX) indicates the theoretica
prediction for Eb

xx by Kleinman8 using the six-paramete
variational wave function. The upper solid line (D0X) is also
the calculated result8 for the binding energy of exciton boun
to a donor at the center of the well.

The values obtained in our present work are also plot
by the error bars in Fig. 5. The binding energies in the 15
100-, and 68-Å QW’s are found to be adequate values co
pared with previous works where the binding energy is d
duced by the FWM technique, and the value 3.5 meV
45-Å QW’s is the largest, to the authors’ knowledge, r
ported so far. Most experimental values, including our
sults, indicate the larger binding energies that match
D0X rather than forXX, and the prediction for biexcitons by
Kleinman seems to give the lower limit ofEb

xx. The expla-
nation for the discrepancy between theory and experim
has not been given yet. Recently, Birkedalet al.20 performed
the systematic experimental study of the well-width depe
dence ofEb

xx for a range of well thickness 80–160 Å an
conclude that the ratio of the biexciton and exciton bindi
energiesEb

xx/Eb
x is independent of the well width having

value of approximately 0.23.

FIG. 6. RatioEb
xx/Eb

x between the biexciton and exciton bindin
energies versus the well thicknessLw .
p

h

h

t

y

Y

u

-
he
ri-

d
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-
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-
-
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nt

-

The ratioEb
xx/Eb

x obtained in our experiments is shown i
Fig. 6. In Fig. 6 the results by Birkedalet al.are indicated by
open triangles. The solid triangles indicate the ratio betwe
the observedEb

xx by Birkedal et al. and our calculatedEb
x

The exciton binding energyEb
x , which in listed in Table I, is

calculated by the accurate theory22 including valence-band
mixing, nonparabolicity of the bulk conduction band, Co
lomb coupling between excitons belonging to different su
bands, and the difference in dielectric constants between
and barrier materials. The hh-lh splitting energies calcula
by that theory coincide well with the observed values in o
samples and we suppose that the exciton binding energyEb

x

can be estimated correctly by the theoretical calculation. T
ratio Eb

xx/Eb
x is much larger than that by Kleinman8

(;0.13! and gradually increases with decreasing well wid
As a result, our experimental results also imply that the c
rent theoretical prediction underestimates the biexciton bi
ing energy, but we doubt the well-width independence of
ratio Eb

xx/Eb
x by our measurements in a broader range of

well width ~45–150 Å! than that of Birkedalet al.

IV. CONCLUSION

In summary, we clearly demonstrated the useful and c
venient distinction between exciton-biexciton quantum be
and other beats using the polarization dependence of
time-integrated FWM signals. The biexciton creation shou
be confirmed by the polarization dependence of the beat
nals instead of the power dependence of the emission s
trum. The quantum beats between the exciton and biexc
in the FWM signals are observed and the well-width depe
dence of the biexciton binding energy is shown in the ran
of the well width 45–150 Å. We observed a larger bindin
energy in the 45-Å QW sample than that reported so far a
confirmed the biexciton formation using the polarization d
pendence in the FWM and pump-probe signals. Recen
biexcitons with a binding energy of 3 meV in th
~GaAs!12/~AlAs! 12 type-IIsuperlattices were also observed;

29

a unified theoretical picture is earnestly desired.
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