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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 A of GaAs/f6a;_,As (x=0.3-1.0 multiple quantum wells.
[S0163-182607)00104-5

[. INTRODUCTION ton binding energy for a range of well thickness 80—-160 A.
In most of the previous works the biexciton binding energy
Excitons essentially dominate the linear and nonlinear opis deduced from the energy separation of the doublet struc-
tical properties of GaAs quantum wellQW'’s) near the ture in the photoluminescen¢BL) spectrum or the period of
band edge, but stabilize easily into biexcitons in the resonarthe quantum beat on the basis of a superlinear power depen-
excitation>? In the range probed by ultrafast spectroscopydence of the lower-energy peak in the PL spectrum.
using femtosecond pulse lasers, the intense excitation condi- On the other hand, Osboree al** warn strongly that the
tion is easily achieved. As a result, it is much more likely tolower-energy peak of the doublet structure in the low-
observe themodified exciton dynamics by the biexcitonic temperature PL tends to be easily assigned to the biexciton
contributions>~® In fact, recent studies of the exciton dynam- origin. They observed strikingly similar features to the biex-
ics have shown that nonlinear interaction in QW’s could notcitonic PL in the cw PL spectra of GaAs/f{Gag g7AS mul-
be described by a simple assembly of two-level systems bdiple quantum well§MQW'’s), such as a tailed component in
cause the exciton-exciton interactfoand exciton-biexciton the lower energy of the doublet structure, a superlinear
interactiod should be taken into account. growth of the peak against laser intensity, a binding energy
Biexcitons have been studied in various semiconductoof 1-2 meV, and a well-width dependence. The origin of the
materials and in heterostructures. In bulk crystals, for exlower-energy PL component is attributed not to biexcitons
ample, Si and CuCl, the creation of biexcitons is clearlybut to positively charged excitons that are excitons bound to
demonstrated. Theoretical wérlpredicts a significant en- holes in the QW originating from the background concentra-
hancement of the biexciton binding energy in quasi-two-tion of acceptors in AJGa;_,As barriers. They also empha-
dimensional systems. For GaAs QW'’s, several experimentaize that the superlinear power dependence in the PL spectra
works related to biexcitons*5"°"1°have been published is not necessarily indicative of biexciton formation, as ar-
and established the existence of biexcitons. Most of thesgued in previous worké>°because the positive-charged ex-
experimental studies indicate that the biexciton binding en<iton shows the same power dependence as that of biexciton.
ergy is 1-2 meV, which is about one order of magnitudeTherefore, we require a definite discrimination between biex-
larger than that in bulk GaAs and confirms the theoreticakitons and, for example, charged excitons or excitons bound
prediction in a sense, but its well-width dependence need® some localized states.
continued investigation. In the present work we observe the quantum beats be-
The binding energy of quantum-well biexcitons in the tween exciton and biexciton states and the induced absorp-
measurement by Milleet al® agrees with the calculation by tion due to biexciton formation, respectively, in the four-
Kleinmar? for the well thickness below-150 A. But the wave-mixing (FWM) and pump-probe nonlinear
observed binding energies for thicker QW’'s do not agredransmission-reflection measurements in GaAs MQW's. The
with the theoretical result and recent experimental studiepump-probe technique is used for the confirmation of the
also indicate a larger binding energy. An explanation for thebiexciton formation and the polarization selection rule. The
discrepancy between theory and experiment has not beeafefinite discrimination between biexcitons and other excitons
given yet. Recently, Birkedadt al?° performed a systematic by the FWM measurement is demonstrated on the basis of
experimental study of the well-width dependence of biexci-the polarization selection rule. Finally, we show the well-
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TABLE |I. GaAs/Al,Ga; _,As QW samples investigated in the present work.

Sample L, A) L, (A) N X hhe (eV) lh-e (eV) Ef (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
48 45 40 120 0.51 1.6554 1.6887 13.9

&The GaAs substrate was removed.

width dependence of the biexciton binding energy, deterfreflected probe signal in the direction df, or the self-
mined by a period of quantum beats between the exciton angliffracted FWM signal in the direction of K3—k; that
biexciton in the range of well width 45-150 A of GaAs/ modulated with the sum frequency was detected to be time
Al Ga; _4As (x=0.3-1.0 MQW's. integrated by a lock-in amplifier. The estimated exciton den-
sity was~5x 10° cm ™2 in our experiments. The sample was
held at 10 K in a helium-flow cryostat. The probe intensity
was reduced to typically one-tenth of the pump intensity in
A. Sample and experimental setup the pump-probe nonlinear transmission-reflection measure-
ments and was adjusted to the pump pulse intensity in the
FWM measurements.

Il. EXPERIMENT

The samples investigated in the present work are fou
GaAs/Al,Ga; _,As (x=0.3-1.0 crystals with a well width
of 150, 100, 68, and 45 A, respectively. Each sample was
grown on a(001) GaAs substrate by molecular-beam epi- B. Choice of light polarizations

taxy. The su(lj)s;rate |Of t_he san;]ple \?’ith th? 45 A wel .Width The quantum confinement lifts the degeneracy between
was removed by selective etching for various transmissiong. . v and Ih in the valence band at fheoint (k= 0). The

type Spectroscopies. The. optical properties of the OtheIrowest-energy Ih subband located 8.4-33 meV above the hh
samplreshare flme[eettlrat_)llﬁ in the reflectltf)rlhgeometr?/ due Qibband in our samples is not resonant with the photoexci-
very high refieclivity. -ihe properties ot the Samples ar€,iqon  For simplicity we restrict the discussion to the hh

listed in Ta_ble L Wheré‘w_’ Lo » X N, hh, Ih-e, andEj are exciton. The lift of degeneracy provides a quantization axis
the well width, the barrier width, the Al concentration of ¢ the exciton transition so that only transitions with
barrier layer, the number of pairs of well and barrier layers,y j — +1 gre di : g
; : . == pole allowed for the propagating pulses nor
the heavy-holdhh) and light-hole(lh) exciton transition en- 14 15 the plane of the QW and thus the eigenpolarizations
ergies, and the hh exciton binding energy, respectively. Thg e circyiar, denoted by . The hh exciton is modeled in

hh and Ih exc'iton transition energies were determined frompe frame of a two-level system with an angular momentum
the pho'_[oluml_neecence excitation and absorption spectra. of 3/2 and 1/2 for the lower and upper levels, respectively,
The exciton binding energy of each sample was calculategi pejong to the valence and conduction bands. The elec-
by the accurate theors. . .. __tron and hole that are created by resonant photoexcitation
We performed the pump-probe nonlinear transmissiong, hje as an exciton by Coulomb interaction within 200 fs

reflection experiments and the FWM experiments in a WO 4'\we can also consider the system in the exciton picture as

pulse self-diffraction configuration. Depending on the g0 in Fig. 1.

sample, the reflection and/or transmission geometries were Figures 1a), 1(b), and c) show the linkage diagrams for
employed. A self-mode-locked titanium-doped:sapphire Iaseﬁh exciton ’and ’ hh biexciton states in the GaAs/

with a pulse repetition rate 76 MHz was used as a IightA| Ga_.As OW by the optical excitation in the specific
source. The laser light with a typical pulse width at half 3 -xAs QW by P P

maximum (FWHM) of 150 fs was divided into two beams,

pump and probe, and the pump pulse passed through a step- () (b)
ping motor-driven optical delay line. The pump and probe | w0 e
beams with wave vectdq; andk, were superimposed on the
sample surface at an angle 6°. The relative time delay be-
tween both pulses was defined as positimegative in the x4
time region where the pump pulse arrived ear({later than

the probe pulse at the sample, and the time origin was ascer-
tained by the measurement of second-harmonic generation
from a 0.1-mm-thick potassium dihydrogen phosphate crys-
tal at the sample position. A half-wave plate inserted into the

pump beam path and a quarter-wave plate inserted into both £, 1. Linkage diagram of the exciton-biexciton system in
beam paths were properly rotated to convert the linear polarsaas/al, Ga, ,As QW's. All diagrams are depicted in a helicity
ization to either left or right circular polarization with a po- pasis for(a) same- and opposite-circular polarizatiofis), parallel
larization extinction ratio better than 300:1 without changingpolarizations, andc) cross-linear polarizations. The positive-)

the pulse intensities. The pump and probe beams werand negative €) signs represent the relative phases between the
chopped with the different frequencies and the transmittegrobability amplitudes of the transitions.

[0)
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light polarizations of the pump and probe pulses. Figys 1
is for the same-circular and opposite-circular polarizations, @ (o+,o+) 7]
Fig. 1(b) for parallel linear polarizations, and Fig(c} for | ®%) (X»Y\) o
cross-linear polarizations.

In Fig. 1(a), the excitation byr, ando_ polarized lights
can generate the exciton stat¥s ) and|X_), with angular
momenta of+1 and— 1, respectively, from the zero angular
momentum vacuum ground staj®). Such a three-state
atom analogy in the GaAs QW is frequently used in the
analysis of optical phenomena of excité<. The optical - O ly ¥
transition to the lowest-energy biexciton std¥X) can be '(')' = ; = '1'0' = '1'5' = '2'0' = '2'5' = '3'0' =
achieved only by the excitation by, and o_ polarized
lights form |X_) and |X.), respectively, according to the
selection rule because the uppermost state has zero angular
momentum. In the figure, a two-hh exciton state is indicated
by a dashed line and the energy separation between the
two-hh exciton state anfXX) corresponds to the biexciton
binding energy.

Figures 1b) and Xc) represent the linkage diagrams in
helicity basis with parallel linearx(x) [or (y,y)] and cross-
linear (x,y) [or (y,x)] polarized lights that are combinations
of circular polarizations. Because of the symmetry between FIG. 2. Time evolution of the differential transmission signals at
|X,) and|X_), the magnitudes of the transition probabilities 10 K in the 45-A QW's.(a) Spin-dependent component with a
are equal for the two path®©)«|X, ) and|O)«|X_), but decay time of~40 ps and the induced absorption due to biexciton
the value is different, positive or negative. The positiveformation (the pump-probe ratio is 1:0.22The inset shows the
(+) and negative €) signs in Figs. tb) and Xc) indicate time evoll_Jtio_n of the signals at th_e Iowgr probe intensihe pump-
the relative phases between the probability amplitudes of thBrobe ratio is 1:0.01 (b) Probe-intensity dependence of the in-
transitions. In &,x) [or (y,y)] polarizations, all transitions duced absorption that corresponds tax) = (x,y). The pump-
obtain a positive sign and then the closed loop introduce8"°P€ "atio is 1:0.03), 1:0.22 ), and 1:0.43 ¢).
constructive interference and open the paths to |X¥x)
state. In &,y) [or (y,x)] polarizations, the loop produces namical process of the exciton spin relaxattdfi, which
destructive interference and cannot generate biexcitons.  gives a new linkage betweéK . ) and|X_) states in Fig. 1.

The three-state system is classified into three kinds of The excitation by linearly polarized light generates the
systems depending on the energy between the ground stegacitons in thg¢X. ) and|X_) states with the same probabili-
and the other states: laddeY, and V systems. The coher- ties because of the symmetry betwgdn ) and|X_). Be-
ence of excitation into the two separate branches leads teause the rates of the spin flip frox., ) to |X_) states and
several interesting effects in such a three-state system. lice versa are equivalent, the signals in theyj and
atomic systems, population trapping, quantum beats, angk,x) polarizations show spin-independent relaxation due to
quantum jumps were observed in the three-state sy&tem.exciton recombinationa few nanosecongisghat is much
The phenomena of quantum beats are also observed in thenger compared to the spin relaxation time 40 ps at 10
excitonic system in solid. K).

According to the symmetry of the excitonic system and
the selection rules, the transient behaviors of excitons in the
Il. RESULTS AND DISCUSSION |X,) and|X_) states should be symmetrical with respect to
the signal level in linear polarizations and theX) signal
should be identical to thex(y) signal if the upper transitions

Figure 4a) shows the polarization-dependent transmis-from exciton states to the biexciton state in Fig. 1 do not
sion signals at 10 K in the 45-A QW sample. The ratio be-occur. But the measured signals are not symmetrical because
tween the pump and probe intensities is 1:0.22. The spinthe (o ,0_) signal shows a negative differential transmis-
polarized excitons with low kinetic energy can be generatedion (the induced absorptigrin the initial picoseconds. The
in the |X,) state by thes, pump pulse according to the signal in the &,x) polarizations similarly indicates induced
selection rule as shown in Fig(aé) and have a well-defined absorption, deduced from the difference between thg)(
angular momentum because of the large hh-lh splitt@® and (x,x) signals. Note that the induced absorption occurs in
meV). In Fig 2, (01 ,04), (x,X), and ,y) indicate the light only (o, ,0_) and ,x) polarizations according to the
polarization combinations of the pump and probe pulses usaforementioned selection rules. If the difference between the
ing the same definitions as in Fig. 1. The observed transmigx,y) and (x,x) signals adds to theo(, ,o_) signal, the
sion decay in thed, ,o ) polarizations indicates the reduc- (o, ,0_) signal changes to the time evolutiéndicated by
tion of spin-polarized excitons ifX, ) by the phase-space- the dotted ling and the transient behaviors in the (,o,)
filing effect, while the transmission growth in the and (o, ,0_) polarizations become symmetrical precisely
(o ,0_) polarizations indicates the accumulation of the op-with respect to the signal level in the,f) polarizations. In
posite spin excitons ifX_). These signals represent the dy- fact, as shown in the inset, the time evolution indicates the

A. Pump-probe experiment
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absence of induced absorption and symmetrical features for (a) [T e
the probe intensities aroungs of the pump intensity. The I N T
absence of population flow to the optically inactive exciton "
states with the angular momentum ©f2 by the individual
particle spin-flip of electron or hole is also ensured by the
symmetrical properties of thes{(, ,o..) signals. The initial

dip of the signal indicated by the dotted line represents that
the (x,x) signal rises with a small time delay due to biexci-
ton formation, while the X,y) signal rises immediately.

Smith et al® observed the induced absorption in the
pump-probe measurements of a 250-A GaAs QW and dis-
cussed the biexcitonic contributions to the time-resolved 5
pump-probe signals. They claim that the induced absorption t (ps)
due to biexciton formation was observed not i3x) polar-
izations but in &,y) polarizations regardless of the biexciton by [ ey
formation by the optical transition, but not by the collision.
Additionally, their results do not indicate the symmetrical
transient behaviors, and the symmetries of the system and
selection rule are broken. We consider that their results are
affected by the biexciton formation due to the collision be-
tween excitons.

Increasing the probe intensity, the induced absorption in-
creases as shown in Figi2. The induced absorption repre-
sents the instantaneous biexciton formation by the absorption
of the probe pulse and the dissociation of biexcitons with the o
time constant of-20 ps. Simultaneously, spin-polarized ex-
citons that are generated initially in tHX, ) state by the
o, polarized pump pulse flip their spins by the exchange _ ) ) -
interaction and go into thEX_) state with the time constant ~ FIG- 3. (@ Semilog plot of the FWM signals in four specific
of ~40 ps®* The biexciton dissociation time is not sensitive Polarizations of the pump and probe pulses at 10 K in 150-A QW's.

to the probe intensity in the observed intensity range 1:0.03TT h;ehe_xmtatlc_m energly IS #‘h%z ev. Al thte ilgnalihareptormaltlzed .
1:0.5. The similar induced absorption and symmetrical prop-0 €Il maximum vaiue. The Upper INSet Shows the F- Spectrum a
. - - . 10 K. The lower inset shows the power spectrum of the difference
erties of the signals were observed in the other samples in the
. : : signal X,x)— (o, ,0,). The two peaks correspond to the frequen-
reflection geometric pump-probe experiments.

A It of th b . i Id bcies of the exciton-biexciton quantum beatsq.43 TH2 and hh-lh
S aresuit ol the pump-probe experiments, we couid o quantum beats~2.05 TH2, respectively(b) FWM signals in the

Serve the k_)iexciton formation.and (.:Iealfly show the polarizag,itation energy of 1.538 eV show the hh-lh quantum beats. The
tion selection rule of the exciton-biexciton system. The de-set shows the semilog plot of the differencex) — (o, .o, ) that
tailed results related to the spin relaxation and biexcitoniGj| represents the exciton-biexciton quantum beats.
contributions at low temperatures will be reported elsewhere.
while the exciton PL component reveals linear growth. The
tailed lower-energy component is fitted well by the inverse
Boltzmann function, which is used frequently for biexciton
Figure 3a) shows the FWM signals in the 150-A4 QW’s distribution But the superlinear growth is not necessarily
for four specific polarization combinations between theindicative of biexciton formation according to the elaborate
pump and probe pulses. The excitation energy is fixed awvork by Osborneet al?! If the origin of the beat is the
1.532 eV, which is detuned by 5 meV to the lower-energycharged-exciton—boun(br freg -exciton beat, the beat ap-
side from the hh exciton resonance. The strong oscillatorpears in ¢+,o+), but not in (c+,0—), because the sys-
behavior is seen in thex(x) and (c+,0—) polarizations, tem becomes the assembly of two-level systems.
while no oscillatory behavior is observed in the<,o+) We consider here the excitonic contribution and the biex-
polarizations and the weak modulation in they() polariza-  citonic contribution to the FWM signal due to the single-
tions. All the FWM signals are normalized to their maximum photon absorption from the pump and probe pulses. Accord-
value. We could obtain the oscillatory signals over the entirdng to the transition selection rules shown in Fig. 1, the
sample and the origin of the oscillation is assumed to bd"WM signals in the §+,0+) and (c+,0—) polarizations
intrinsic, such as biexcitons. If the origin of the oscillation is originate from the excitonic and the biexcitonic components,
extrinsic, such as bound excitons, one may or may not obrespectively, and the signak,) includes both contribu-
serve the oscillatory signals depending on the illuminatedions. Therefore, the clear oscillatory signals in tkexj and
position in the sample. The photoluminescerifé) spec- (o+,0—) polarizations are considered as the exciton-
trum at 10 K in the inset of Fig.(@) shows a free hh exciton biexciton quantum beats. The signal in they) polariza-
peak(dashed lingat 1.537 eV, with no measurable Stokestions should not generate any signal according to the transi-
shift, and a tailed lower-energy componédobtted ling that  tion selection rule except for two-photon absorption; in fact,
reveals superlinear growth against the excitation intensitythe signal is more than one order of magnitude weaker than

I(a.u.)

= o A W I -
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B. Four-wave-mixing experiment
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those in the X,y) and (c+,0+) polarizations. Numerous
measurements have reported anomalous FWM signals in the L
(x,y) polarizations and various models have been proposed F
so far, but none of them consistently described the feature.
The treatment of thex,y) polarizations has not been estab-
lished yet and is beyond the scope of this paper because of
its lack of influence on our discussion.

The beat period is approximately 2.3 ps and the Fourier W
transformation of ¢+,0—) shows a peak at 1.8 meV that 2 0 2 t(4s) 6
coincides well with the peak separation of 1.7 meV in the PL P
spectrum. Let al?® observed the beating between free and
bound excitons with a period of 2.8 ps-(L.5 me\j in 170-A
GaAs MQW'’s. The value 1.8 meV may be easily recognizeJ(
as the binding energy of excitons bound to impurities in
QW’s. But the beating between free and bound excitons ap- » o ) )
pears in ,x) and (+,0+), but not in +,0—) polar- transition, the beating mcrea_smgly consists of only the hh-lh
izations. The biexciton formation is also confirmed at theduantum beats. The weak influence of the hh-lh quantum
same pump intensity as the induced absorption in the pumg2eats is also found in the signals of Figa3 which appears
probe measurement. The power dependence of the beatid§ @ Small second peak around 2 THz in the power spectrum
amplitude also supports that this beating is the quantum beat®1set of Fig. 3a)]. _ _ .
between the biexciton and exciton since the beating ampli- Figure 4 shows the beating FWM signals in thex)
tude of the free-exciton—bound-exciton beats decreases rapolarizations for the QW’s with a well width of 100, 68, and
idly with increasing laser power due to the bound exciton45 A. All the signals are normalized to their maximum value.
saturation effect. The similar polarization dependence of the exciton-biexciton

As a result, the exciton-biexciton quantum beats and théuantum beats in the 15.0":& QW's are also observed in each
beating between free excitons and bound excitons can bR@MPple. The biexciton binding energies can be deduced from
distinguished by the polarization dependence of the Fwnihe beating period of the difference,k) — (o +,0+) and
signals. The experimental distinction between the polariza@'® 2-4, 2.8, and 3.5 meV in the samples with a well width of
tion interference and the quantum beats are demonstratdd0; 68, and 45 A, respectively. o
using the time-resolved FWM by Kot al?® and the spec- The observed well-width depend_ence of th(_a biexciton
trally resolved time-integrated FWM by Lyssenlat al?’  binding energy can be compared with the previous works.
These methods are very useful and can be applied to mofdgure 5 shows the observed biexciton binding energies
general cases, although they are more complicated than ti&s) in the type-l QW’s with different well widths, as
method using the polarization dependence of time-integrateghown in Fig. 5(see the quoted references about the details
FWM signals demonstrated here. of each work. Although E}* should be plotted versus the

Another oscillatory time dependence with a different pe-strength of quantum confinement, this figure gives a measure
riod was also observed at the excitation energy of 1.538 eWf the magnitude ofE}* versus the well width. The open
[Fig. 3(b)]. The beating was observed in all polarization
combinations. The beating period is 490 fs, which corre-
sponds to 8.5 meV. The energy 8.5 meV agrees very well 4
with the splitting energy 8.4 meV between the hh and |h
exciton transitions in the PL excitation spectrum. Therefore
this rapid beating is considered as the well-known quantum 3

log Igwm

8§ 10

FIG. 4. FWM signals in X,X) polarizations in the hh exciton
esonant excitation in the samples with a well thickness of 100 A
solid line), 68 A (dotted ling, and 45 A(dashed ling

Ref. 2
Ref. 9
Ref. 10
Ref. 12
Ref. 13
Ref. 1

T

=S

. ef.
beats between the hh and |h excitéfghe quantum beats v Ret
occur when two states are excited simultaneously and con- N% Ret 12
nects through the common state in the V system. The laser ol Ref.17

Ref. 18
Ref. 19
Ref. 20
present work

%

has a spectral bandwidth of 12 mé®WHM) and can excite
the hh and Ih excitons simultaneously. All characteristic fea-
tures of the hh-lh quantum beats, such as the appearance in 1
all polarizations, a 90° phase shift between thex] and
(x,y) signals, and the beating in the negative delay, are
clearly observed.

XX rahdmpoenOeOIP>OO

E,"™ (meV)
[\=)

XX

Surprisingly, the biexcitonic contribution is still extracted 0 1(')0 2(')0 3(')0 4(')0 5(',0
from the signals in Fig. @) by having the difference be- L, ( A)
tween the x,x) and (o+,0+) signals. The inset of Fig.
3(b) shows the differencex(x) —(o+,0+), which indi- FIG. 5. hh biexciton binding energy in the type-1 GaAs QW's

cates the biexcitonic contribution because the signalersus the well thickness. The open and solid marks are the experi-
(o+,0+) originates from the excitonic component and themental values. The upper and lower solid lines are the theoretical
(x,x) originates from the excitonic and biexcitonic compo- results for the donor at the center of the weli%K) and biexciton
nents. The beating period precisely coincides with that inXX) binding by Kleinman. See the quoted references about the
Fig. 3@. Increasing the excitation energy to the lh excitondetails of each work.
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Crrrr A I ——— The ratioEf/Ef obtained in our experiments is shown in
0.28F A, A Birkedaletal. Fig. 6. In Fig. 6 the results by Birkedat al. are indicated by
“e oouf @ ® 3 open triangles. The solid triangles indicate the ratio between
£ s Ag 4 ] the observedEr* by Birkedal et al. and our calculated;;
' 0.20F A PN . The exciton binding energly , which in listed in Table I, is
0.16F 3 calculated by the accurate the®fyncluding valence-band

-26-----;3'6 ---- 150 ----- 1'%6 ----- 2-(')‘0 mixing, noqparabolicity of t_he bulk conc_iuction _band, Cou-
L) lomb coupling between excitons belonging to different sub-
v bands, and the difference in dielectric constants between well
and barrier materials. The hh-lh splitting energies calculated
FIG. 6. RatioE"/Ej, between the biexciton and exciton binding py that theory coincide well with the observed values in our
energies versus the well thicknesg. samples and we suppose that the exciton binding engfgy
can be estimated correctly by the theoretical calculation. The
marks (diamond, circles, triangle, inverted triangles, andratio EX/Ef is much larger than that by Kleinmén
squarg are the experimental results by the cw PL measure{~0.13 and gradually increases with decreasing well width.
ment and the line-shape analysis. The solid marks are th&s a result, our experimental results also imply that the cur-
values determined by the quantum beats in the FWM experirent theoretical prediction underestimates the biexciton bind-
ments. The lower solid lineXX) indicates the theoretical ing energy, but we doubt the well-width independence of the
prediction for E}* by Kleinmarf using the six-parameter ratio EyYE}, by our measurements in a broader range of the
variational wave function. The upper solid linB{X) is also  well width (45—150 A than that of Birkedakt al.
the calculated resdlfor the binding energy of exciton bound
to a donor at the center of the well.
The values obtained in our present work are also plotted

by the error bars in Fig. 5. The binding energies in the 150-, |5 summary, we clearly demonstrated the useful and con-
100-, and 68-A QW's are found to be adequate values comyenient distinction between exciton-biexciton quantum beats
pared with previous works where the binding energy is deang other beats using the polarization dependence of the
duced by the FWM technique, and the value 3.5 meV injme-integrated FWM signals. The biexciton creation should
45-A QW's is the largest, to the authors’ knowledge, re-pe confirmed by the polarization dependence of the beat sig-
ported so far. Most experimental values, including our rémjas instead of the power dependence of the emission spec-
sults, indicate the larger binding energies that match fofrym. The quantum beats between the exciton and biexciton
DX rather than foiXX, and the prediction for biexcitons by jn the FWM signals are observed and the well-width depen-
Kleinman seems to give the lower limit &gx. The expla-  dence of the biexciton binding energy is shown in the range
nation for the discrepancy between theory and experimensf the well width 45-150 A. We observed a larger binding
has not been given yet. Recently, Birkedtial > performed  energy in the 45-A QW sample than that reported so far and
the systematic experimental study of the well-width depenconfirmed the biexciton formation using the polarization de-
dence ofEjx for a range of well thickness 80-160 A and pendence in the FWM and pump-probe signals. Recently,
conclude that the ratio of the biexciton and exciton bindingbiexcitons with a binding energy of 3 meV in the
energiesEy"/E} is independent of the well width having a (GaAs./(AlAs) 1, type-Il superlattices were also obsen/d:;
value of approximately 0.23. a unified theoretical picture is earnestly desired.

IV. CONCLUSION
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