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Dephasing in the quasi-two-dimensional exciton-biexciton system

W. Langbein
Lehrstuhl für Experimentelle Physik EIIb, Universita¨t Dortmund, Otto-Hahn Strasse 4, D-44221 Dortmund, Germany

J. M. Hvam
Research Center COM, Technical University of Denmark, Building 349, DK-2800 Lyngby, Denmark

~Received 4 August 1999!

The polarization decay in the exciton-biexciton system of a homogeneously broadened single quantum well
is studied by transient four-wave mixing. All three decay rates in the exciton-biexciton three-level system are
deduced. The relation between the rates unravels correlations between scattering processes of excitons and
biexcitons. Density and temperature dependences show that the involved processes are mainly radiative decay
and phonon scattering. The radiative decay rate of the biexcitons is found to be comparable to the one of the
excitons, and the involved spontaneous photon emissions from excitons and biexcitons are mutually uncorre-
lated. In contrast, the biexciton phonon scattering is twice as fast and correlated to exciton-phonon scattering,
indicating the interaction with similar phonon modes.
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The enhancement of the Coulomb interaction betw
electrons and holes in semiconductor nanostructures lea
pronounced excitonic effects. This gives a strong influe
on the optical nonlinearity not only from excitons but al
from biexcitons. The binding energy of the biexcitons h
been investigated in great detail,1–3 while only little is known
about the scattering processes of biexcitons4–6 compared to
that of excitons.7 In four-wave mixing~FWM! spectroscopy,
commonly used to measure scattering processes, the dis
present in nanostructures strongly modifies the FW
response,8 especially the biexcitonic signal,9,10 and the analy-
sis of the biexciton scattering is intricate.11 In a homoge-
neously broadened system instead, the dephasing rate
exciton and biexciton to ground-state transitions and also
the exciton-biexciton transition can be determined. T
gives the opportunity to analyze not only the biexciton sc
tering processes but also their correlation with the exci
scattering processes, providing insight into the microsco
dynamics of the involved scattering events. A prominent
ample of a strong correlation of such scattering events
slow dephasing of intraband coherences created by interb
transitions of fast dephasing, like heavy-hole–light-ho
beats12,13 or Bloch oscillations.14

In bulk CuCl, the biexciton acoustic-phonon scatteri
and the radiative decay was determined by two-photon
sorption and time-resolved photoluminescence.6,15 The mea-
sured radiative lifetime of about 50 ps is in agreement wit
bipolariton model suggested by Ivanovet al.16 The acoustic-
phonon scattering was assigned to phonon absorption
CdSe the induced exciton-biexciton transition was inve
gated by FWM,5,17 showing a dephasing time of 20 ps and
acoustic-phonon scattering with an activation energy gi
by the biexciton binding energy. In quasi-two-dimension
GaAs structures, the giant oscillator strength model gi
comparable radiative decay rates for excitons a
biexcitons,18,19 while the bipolariton model20,21 predicts a
fast decay of biexcitons into interface polaritons. An init
fast transient in the secondary emission of GaAs multi
quantum wells~QW’s! ~Ref. 19! was attributed to this fas
PRB 610163-1829/2000/61~3!/1692~4!/$15.00
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decay. However, a direct measurement of the biexciton s
tering in quasi-two-dimensional systems is still missing.

Here we study a homogeneously broadened quasi-t
dimensional exciton-biexciton system in
GaAs/Al0.3Ga0.7As single quantum well of 25 nm thicknes
grown by molecular-beam epitaxy. The sample is placed
helium cryostat at a temperature between 5 and 80 K.
absorption spectrum determined from photoluminesce
~PL! at 20 K assuming a thermal distribution@Fig. 1~a!#
shows a ground-state heavy-hole exciton peak (1s hh! with a
linewidth of gX575meV. All linewidths g given in this pa-
per are half-width at half maximum and are related to
polarization decay timeT2 by g5\/T2. We determine the
linewidths in the exciton-biexciton system by spectral
resolved, time-integrated FWM in reflection geometry, us
excitation pulses in the directionsk1 andk2 with t12 tempo-
ral separation. The pulses from a mode-locked Ti:sapp
laser are chirp compensated and spectrally shaped to a d
tion of about 500 fs. The pulse spectra were adjusted to o
lap only with the 1s hh exciton and exciton-biexciton tran
sition. The emitted FWM signal in the 2k2-k1 direction is
selected spatially by pinholes and detected spectrally
solved by a combination of a spectrometer and an opt
multichannel analyzer with a resolution of 0.08 meV. T
excited exciton densities were 1–53109/cm2.

Polarization selection rules in FWM can be used to d
criminate transitions from the ground state of the crystalu0&
to one of the optically active exciton statesX, or transitions
from X to a biexciton state~boundXX or unboundXX* ).
The selection rules are derived from a five-level optic
Bloch equation model22,23 indicated in Fig. 1~d!. Due to the
dominant homogeneous broadening, the FWM signal i
free polarization decay, which was confirmed by real-tim
resolved experiments. Using colinearly polarizedk1 and k2
pulses (↑↑), the FWM signal at the energyEX of the u0&-X
transition ~X! is due to excitation-induced dephasing24,25

~EID!, local fields26 ~LF!, and phase-space filling~PSF!. This
gives rise to a complicated delay-time dependence of
1692 ©2000 The American Physical Society



-

d

ay
o

Th

e

is

n-

s

l-
g is
ton

ell
tral
are
d,
he

iton
m
n,

on
for

line-

-

i-
ed

ix-
t

,

PRB 61 1693BRIEF REPORTS
signal @see Fig. 1~c!#, which cannot be easily analyzed. In
stead, the signal resonant to theX-XX transition energy
EXX (XX) has only one origin, namely, PSF fort12.0 and
two-photon coherence~TPC! for t12,0. For (↑↑) polariza-
tion, a strong EID-induced FWM signal resonant atEX is
disturbing the signal resonant atEXX . It can be suppresse
using cross linearly polarizedk1 and k2 pulses (↑→). For
this polarization configuration, only the LF and theX-XX*
contributions resonant atEX are left, which are not signifi-
cantly disturbing the signal resonant atEXX . Consequently,
the signal decay atEXX is given fort12,0 by the linewidth
gXXg of the u0&-XX transition due to TPC27, while for t12
.0 it is given by the linewidthgX of the u0&-X transition.
The experimental FWM traces@Fig. 2~a!# show the expected
exponential decay in both delay directions. For large del
ut12u*10 ps, the decay gets slightly faster, possibly a sign
residual inhomogeneous broadening9,28,10or memory effects
in the exciton-exciton scattering as discussed in Ref. 29.
FWM spectra@Fig. 2~b!# consist of the two contributions
resonant toEXX andEXX* , that are shifting with temperatur
due to the band-gap shift of GaAs. These spectra can
fitted by the coherent superposition of two Lorentzian em
sion lines with amplitudesAXX,XX* , transition energies
EXX,XX* , and linewidthsgXX,XX* :

I ~\v!}U AXX

\v2EXX1 igXX
1

AXX*

\v2EXX* 1 igXX*
U2

. ~1!

FIG. 1. Optical properties of the 25-nm GaAs SQW.~a! Optical
density deduced from the photoluminescence at 20 K.~b! Four-
wave mixing spectra att1251 ps and different polarization configu
rations, as indicated. The (↑→) data are multiplied by 20. The
exciton density was about 109/cm2. ~c!,~d! Four-wave mixing
traces detected at~c! the exciton~X! and ~d! the exciton-biexciton
(XX) transition, for different polarization configurations as ind
cated. A sketch of the five-level system for a linearly polariz
exciton basis is shown in the inset of~d!.
s
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e
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-

This fit is used to extract the linewidth of the excito
biexciton transitiongXX , and an example forT55 K is
shown in Fig. 2~c!. The biexciton binding energy taken a
the difference betweenEXX andEX is 1.1 meV. The energy
EXX* and the linewidthgXX* is found to be similar to those
of the excitonEX andgX . This is expected since the loca
ization of the excitons due to inhomogeneous broadenin
negligible in the investigated sample, and the exciton-exci
continuum edge is at twice the exciton energy.28 Due to the
continuum of scattering states, few-level models are not w
suited to describe the nonlinear response in this spec
region,30 and more advanced theoretical approaches
needed.30–32However, in the polarization configuration use
the level model is applicable to extract the linewidths of t
transitions between the bound states in the system.

The linewidthsgX , gXXg , andgXX taken from the FWM
traces and FWM spectra are extrapolated to zero exc
density and displayed in Fig. 3. Additionally, data fro
Lorentzian line-shape fits to the excitonic PL are show
which are in agreement with the FWM data. The excit
linewidth gX can be fitted with the expected dependence
exciton-phonon scattering:33

g5g01aT1
b

exp~ELO /kBT!21
~2!

with the acoustic- and optical-phonon coefficienta and b,
and the zero-density and zero-temperature extrapolated

FIG. 2. ~a!,~b! Temperature dependency of the four-wave m
ing signal for (↑→) configuration.~a! Delay-time traces detected a
the exciton-biexciton transition.~b! Spectra fort1251 ps.~c! Four-
wave mixing spectrum att1251 ps, and 5 K lattice temperature
together with a fit using Eq.~1!.
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1694 PRB 61BRIEF REPORTS
width g0. For the optical phonon scattering, we usedb
510 meV andELO536 meV from literature,34 since the tem-
perature range does not allow for an accurate determina
of the LO-phonon coupling.g0 is found to beg0,X549
65 meV. The radiative decay rate of excitons close to zo
center in a 20-nm GaAs SQW with a cap layer thickne
between QW and surface of multiples ofl/2, which is ap-
plicable for the SQW investigated here, is calculated in R
35 to beg rad560 meV. We thus assume thatg0,X is due to
radiative decay and that other scattering processes are n
gible in this limit. The acoustic-phonon coefficient is foun
to be aX52.160.3 meV/K, comparable to values reporte
in literature.36,34

The same fit to the biexciton dephasinggXXg with b
520 meV yields g0,XXg55565 meV and aXXg54.4
60.5 meV/K. In view of the absence of additional scatterin
processes for the exciton, we assume that also for the b
citon g0,XX represents its radiative broadening. The radiat
decay of quasi-two-dimensional biexcitons in the giant os
lator strength model depends on the size of the biexc
LXX .18 In the limit of no biexciton binding, the biexciton i
large compared to the light wavelengthl in the material
('250 nm!, and the radiative decay rate is twice the one
the exciton. In the limit of a small biexciton (2pLXX!l),
the radiative rate scales likeLXX

22 . The investigated sample i
in the transition region (2pLXX'l), where a radiative rate
close to the one of the exciton was calculated19 in agreement
with our experimental finding. In contrast, the bipolarito
model for the decay of quasi-two-dimensional biexcito
predicts a fast decay (gXXg'0.3 meV! of the biexciton into
interface polaritons,19 which is not in agreement with th
observed biexciton linewidth.

The acoustic-phonon coefficientaXXg is about twice the

FIG. 3. ~a! Temperature dependency of the linewidths of t
excitongX ~squares, crosses!, biexcitongXXg ~circles!, and exciton
to biexcitongXX ~triangles! transition. The dotted lines are fits togX

andgXXg using Eq.~2!. ~b! Temperature dependency of the deph
ing correlationR calculated from Eq.~3!.
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one of the exciton. The deformation potential, that is t
dominating interaction between excitons and acou
phonons, is for biexcitons twice the one of excitons, sin
they consist of two electron-hole pairs. This would expla
the observed ratio. However, the dispersions of exciton
biexciton are different due to their different masses, which
also expected to influence the scattering efficiency.

The relation between the linewidth of the excito
biexciton transitiongXX and the line-widths of excitongX
and biexcitongXXg contains information about the correla
tion of the scattering events causinggX andgXXg . If gX and
gXXg are due to normal distributions of elastic Markovia
scattering events with the correlationR, one finds37

gXX5gX1gXXg22RAgXgXXg, uRu<1. ~3!

HereR50 represents uncorrelated scattering, for whichgXX
is the sum ofgX and gXXg . Using this relation, we have
calculatedR from the experimental data@Fig. 3~b!#. For low
temperatures,gXXg andgX are virtually uncorrelated. This is
expected for the radiative decay38 since the photon mode
that couple to the transitions are different in energy. W
increasing temperature the correlation increases, wh
shows that phonon scattering of excitons and biexcitons
correlated. Reported data ongX and gXX in inhomoge-
neously broadened InxGa12xAs QW’s ~Ref. 11! are in agree-
ment with this result. It allows the conclusion that the ph
non modes involved in the scattering of exciton a
biexciton are in a significant part equal. For phonon abso
tion processes, momentum and energy conservation se
different phonon modes for the different dispersions of ex
ton and biexciton. Energy conservation is slightly relaxed
the radiative broadening, which is comparable to the diff
ences in the dispersions at the smallest interacting pho
energy of about 100meV for the exciton and 200meV for
the biexciton. At the largest interacting phonon energy
about 1 meV given by the width of the SQW, the dispersi
energy differences are well above this broadening. We t
expect mainly different phonon modes to be absorbed fr
exciton and biexciton. For elastic phonon scattering, the
lection rules are relaxed, so that a phonon mode can inte
with both resonances. We thus take the correlation of
acoustic phonon scattering of excitons and biexcitons a
hint that elastic processes play an important role in the s
tering. However, a more detailed microscopic description
the phonon dephasing is necessary.

In conclusion, the linewidths of quasi-two-dimension
excitons and biexcitons have been measured and attribute
radiative decay and phonon scattering. The determined ra
tive rates of exciton and biexciton are similar, and both are
agreement with recent calculations.35,19 A fast biexcitonic
decay into interface polaritons predicted by Ivanov, Ha
and Keldysh21 is not observed. Using the linewidth of th
exciton-biexciton transition, correlations between the scat
ing of exciton and biexciton are disclosed. It is found that t
radiative decay of exciton and biexciton is uncorrelated,
expected due to the different involved photon energies. T
phonon scattering of exciton and biexciton instead show
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strong correlation, indicating the importance of elastic ph
non scattering. These results are significant for many th
retical approaches describing the nonlinear optical respo
of semiconductors close to the band edge, in which appr
mations for the relative dephasing rates are used.39,32
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