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

W. Langbein
Lehrstuhl fu Experimentelle Physik Ellb, Universit®ortmund, 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.

The enhancement of the Coulomb interaction betweemecay. However, a direct measurement of the biexciton scat-
electrons and holes in semiconductor nanostructures leads tering in quasi-two-dimensional systems is still missing.
pronounced excitonic effects. This gives a strong influence Here we study a homogeneously broadened quasi-two-
on the optical nonlinearity not only from excitons but also dimensional exciton-biexciton system in a
from biexcitons. The binding energy of the biexcitons hasGaAs/Al Ga ;As single quantum well of 25 nm thickness
been investigated in great det&if while only little is known  grown by molecular-beam epitaxy. The sample is placed in a
about the scattering processes of biexcitofisompared to  helium cryostat at a temperature between 5 and 80K. The
that of excitons. In four-wave mixing(FWM) spectroscopy, absorption spectrum determined from photoluminescence
commonly used to measure scattering processes, the disord@1) at 20K assuming a thermal distributidiFig. 1(a)]
present in nanostructures strongly modifies the FWMshows a ground-state heavy-hole exciton peakHt) with a
responsé,especially the biexcitonic signdk’and the analy-  jinewidth of yx=75xeV. All linewidths y given in this pa-
sis of the biexciton scattering is intricateln a homoge- per are half-width at half maximum and are related to the
neo_usly broadengd system instead, the dg_phasmg rates ﬁglarization decay tim&, by y=#4/T,. We determine the
exciton gnd b!exc!ton to gro_u'nd—state transitions gnd also Yfinewidths in the exciton-biexciton system by spectrally-
the exmton-blexcn_on transition can be dete_rmln_ed. Th'sresolved, time-integrated FWM in reflection geometry, using
gIves the opportunity to analyz_e not only the p|ex0|ton S(.:at'excitation pulses in the directioks andk, with 7, tempo-
tering processes but also their correlation with the exciton . . .

' S X . .ral separation. The pulses from a mode-locked Ti:sapphire
scattering processes, providing insight into the microscopic hi ted and trallv shaped to a dura-
dynamics of the involved scattering events. A prominent ex-2S€r are chirp compensated and spectrally shaped to a dura

on of about 500fs. The pulse spectra were adjusted to over-

ample of a strong correlation of such scattering events is ) ) . o
slow dephasing of intraband coherences created by interban@P® ONly with the I hh exciton and exciton-biexciton tran-

transitions of fast dephasing, like heavy-hole—light-holeSition. The emitted FWM signal in thekg-k; direction is
beat$?>23or Bloch oscillationd? selected spatially by pinholes and detected spectrally re-
In bulk CuCl, the biexciton acoustic-phonon scatteringsolved by a combination of a spectrometer and an optical
and the radiative decay was determined by two-photon apmultichannel analyzer with a resolution of 0.08 meV. The
sorption and time-resolved photoluminesceh&&The mea-  excited exciton densities were 1x8.0%/cn?.
sured radiative lifetime of about 50 ps is in agreement with a  Polarization selection rules in FWM can be used to dis-
bipolariton model suggested by Ivanevall® The acoustic- criminate transitions from the ground state of the crygal
phonon scattering was assigned to phonon absorption. @ one of the optically active exciton stat&sor transitions
CdSe the induced exciton-biexciton transition was investifrom X to a biexciton statébound XX or unboundXX*).
gated by FWM'1’ showing a dephasing time of 20 ps and anThe selection rules are derived from a five-level optical
acoustic-phonon scattering with an activation energy giverBloch equation modé#?3indicated in Fig. 1d). Due to the
by the biexciton binding energy. In quasi-two-dimensionaldominant homogeneous broadening, the FWM signal is a
GaAs structures, the giant oscillator strength model givedree polarization decay, which was confirmed by real-time
comparable radiative decay rates for excitons andesolved experiments. Using colinearly polarizgdand k,
biexcitons'®!° while the bipolariton modé??! predicts a pulses (1), the FWM signal at the enerdgy of the|0§-x
fast decay of biexcitons into interface polaritons. An initial transition (X) is due to excitation-induced dephasifit®
fast transient in the secondary emission of GaAs multiplgEID), local field$® (LF), and phase-space fillingSB. This
quantum wells(QW's) (Ref. 19 was attributed to this fast gives rise to a complicated delay-time dependence of the
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FIG. 1. Optical properties of the 25-nm GaAs SQWJ. Optical TR EF R — TP - .
density deduced from the photoluminescence at 20dX.Four- 1.520 1.521 1.522 1.523
wave mixing spectra at;,=1 ps and different polarization configu- photon energy (eV)

rations, as indicated. Thel ) data are multiplied by 20. The
exciton density was about 1@n?. (c),(d) Four-wave mixing FIG. 2. (a),(b) Temperature dependency of the four-wave mix-

traces detected 4t) the exciton(X) and (d) the exciton-biexciton ing signal for (| —) configuration(a) Delay-time traces detected at
(XX) transition, for different polarization configurations as indi- the exciton-biexciton transitiorfb) Spectra forr,,=1 ps.(c) Four-
cated. A sketch of the five-level system for a linearly polarizedwave mixing spectrum at,,=1ps, and 5K lattice temperature,
exciton basis is shown in the inset @. together with a fit using Eqd).

signal[see Fig. Ic)], which cannot be easily analyzed. In- This fit is used to extract the linewidth of the exciton-
stead, the signal resonant' to theXX transition energy piaxciton transitionyyyx, and an example foT=5K is

Exx (XX) has only one origin, namely, PSF fof,>0 and  ghown in Fig. 2c). The biexciton binding energy taken as
two-photon coherencelPC) for 7,,<<0. For (1) polariza-  he difference betweeiyy andEy is 1.1 meV. The energy
tion, a strong EID-induced FWM signal resonantBt is g . and the linewidthyyys is found to be similar to those
disturbing the signal resonant By . It can be suppressed ot the excitonE, and yy. This is expected since the local-
using cross linearly polarized; andk; pulses (—). FOr j 4tion of the excitons due to inhomogeneous broadening is
this polarization configuration, only the LF and theXX*  pegjigible in the investigated sample, and the exciton-exciton
contrlbu_tlons _resonant_ &y are left, which are not signifi-  ~ontinuum edge is at twice the exciton enef§pue to the
cantly disturbing the signal resonanti&gy. Consequently,  continuum of scattering states, few-level models are not well
the signal decay & is given for7;,<<0 by the linewidth  gyjited to describe the nonlinear response in this spectral
Yxxg Of the [0)-XX transition due to TPE, while for 71, region® and more advanced theoretical approaches are
>0 it is given by the linewidthyy of the [0)-X transition.  needed®-32However, in the polarization configuration used,
The experimental FWM tracd§ig. 2a)] show the expected the |evel model is applicable to extract the linewidths of the
exponential decay in both delay directions. For large delaygransitions between the bound states in the system.

| 712/ =10 ps, the decay gets slightly faster, possibly a sign of - The linewidthsyx, yxxg, andyxx taken from the FWM
residual inhomogeneous broaderfifiyy'®or memory effects traces and FWM spectra are extrapolated to zero exciton
in the exciton-exciton scattering as discussed in Ref. 29. Th@ensity and displayed in Fig. 3. Additionally, data from
FWM spectra[Fig. 2(b)] consist of the two contributions | grentzian line-shape fits to the excitonic PL are shown,
resonant tExx andExx«, that are shifting with temperature \yhich are in agreement with the FWM data. The exciton
due to the band-gap shift of GaAs. These spectra can bghewidth y, can be fitted with the expected dependence for
fitted by the coherent superposition of two Lorentzian emis'exciton-phonon scatterinty:

sion lines with amplitudesAyy xx+, transition energies
Exx’xx*, and IineWidthS’}/xx'xx*:

b
Y=yt ATt B olkeT) —1 @

AXX AXX*

’2
- + -
ﬁw_EXX+IYXX ﬁw—Exx*"'Wxx*

(1)  with the acoustic- and optical-phonon coefficientand b,
and the zero-density and zero-temperature extrapolated line-

l(Aw)x
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PRARERE L one of the exciton. The deformation potential, that is the
05 :-a) "% o dominating interaction between excitons and acoustic
oal Xy from PL 6." phonons, is for biexcitons twice the one of excitons, since
F O Yo they consist of two electron-hole pairs. This would explain
o [ A v, ‘ . . . .
2 o3k “ . Ao ] the observed ratio. However, the dispersions of exciton and
E Ab 0 __.! ] biexciton are different due to their different masses, which is
j ook ad ° m ] also expected to influence the scattering efficiency.
F a4 0° T ] The relation between the linewidth of the exciton-
o1k ,o‘o'l*-l'x"!' ] biexciton transitionyyy and the line-widths of excitoryy
! o ] and biexcitonyyx4 contains information about the correla-
Y S A S R T tion of the scattering events causirg and yxxg. If yx and
0.8 - ¥xxg are due to normal distributions of elastic Markovian
x 'b) ] scattering events with the correlati® one finds’
5 [ " ]
® 04f .
% - W R L 1
S [ Wiy . ] Yxx=YxF Yxxg— 2RV ¥x¥xxg |IRI=1. (3
¥ L
| IS ST W T Y W WO N TR TN TR M WO TR S '
0 20 40 80 80

HereR=0 represents uncorrelated scattering, for whigk
is the sum ofyy and yxxq. Using this relation, we have

FIG. 3. (a) Temperature dependency of the linewidths of the calculatedr from the experlme!’ltal dafdig. 3(b)]. For IO,W,
exciton yy (squares, crossgsiexciton yyq (circles, and exciton temperaturesyyxq and yx are virtually uncorrelated. This is
to biexcitonyyy (triangles transition. The dotted lines are fitsjq ~ €XPected for the radiative deéﬁysmpe the photon modes
and yxxq Using Eq.(2). (b) Temperature dependency of the dephas-ffhat con_JpIe to the transitions are dlffgrent_ in energy. leh
ing correlationR calculated from Eq(3). increasing temperature the correlation increases, which
shows that phonon scattering of excitons and biexcitons are
_ ) ) correlated. Reported data opy and yyxy in inhomoge-
width vy,. For the optical phonqn scattarmg, we uskd neously broadened JGa _,As QW's (Ref. 11 are in agree-
=10meV ancE o=36meV from literaturé;’ since the tem-  ment with this result. It allows the conclusion that the pho-
perature range does not allow for an accurate determinatioRon modes involved in the scattering of exciton and
of the LO-phonon coupling:y, is found to beyox=49  pjexciton are in a significant part equal. For phonon absorp-
+5 peV. The radiative decay rate of excitons close to zongjon processes, momentum and energy conservation selects
center in a 20-nm GaAs SQW with a cap layer thicknessjifferent phonon modes for the different dispersions of exci-
between QW and surface of multiples #2, which is ap-  ton and biexciton. Energy conservation is slightly relaxed by
plicable for the SQW investigated here, is calculated in Refthe radiative broadening, which is comparable to the differ-
35 to bey,¢=60 neV. We thus assume thagx is due to  ences in the dispersions at the smallest interacting phonon
radiative decay and that other scattering processes are negéinergy of about 10@eV for the exciton and 20@eV for
g|b|e in thIS I|m|t The aCOUStiC—phonon Coefﬁcient iS found the biexciton_ At the |argest interacting phonon energy of
to beay=2.1+0.3 ueV/K, comparable to values reported aphout 1 meV given by the width of the SQW, the dispersion
in literature®>** energy differences are well above this broadening. We thus

The same fit to the biexciton dephasingyxy With b expect mainly different phonon modes to be absorbed from
=20meV yields yoxxg=55+*5 ueV and axxg=4.4  exciton and biexciton. For elastic phonon scattering, the se-
*=0.5 ueV/K. In view of the absence of additional scattering |ection rules are relaxed, so that a phonon mode can interact
processes for the exciton, we assume that also for the biexyith both resonances. We thus take the correlation of the
citon yoxx represents its radiative broadening. The radiativeacoustic phonon scattering of excitons and biexcitons as a
decay of quasi-two-dimensional biexcitons in the giant oscilint that elastic processes play an important role in the scat-

lator strength model depends on the size of the biexcitormering. However, a more detailed microscopic description of
AXX.18 In the limit of no biexciton binding, the biexciton is the phonon dephasing is necessary.

temperature (K)

large compared to the light wavelengthin the material In conclusion, the linewidths of quasi-two-dimensional
(=250 nm), and the radiative decay rate is twice the one ofexcitons and biexcitons have been measured and attributed to
the exciton. In the limit of a small biexciton 2\ yxx<<\), radiative decay and phonon scattering. The determined radia-

the radiative rate scales likey; . The investigated sample is tive rates of exciton and biexciton are similar, and both are in
in the transition region (2Ayx~X\), Where a radiative rate agreement with recent calculatioits:® A fast biexcitonic
close to the one of the exciton was calculaféd agreement  decay into interface polaritons predicted by Ivanov, Haug,
with our experimental finding. In contrast, the bipolariton and KeldysR! is not observed. Using the linewidth of the
model for the decay of quasi-two-dimensional biexcitonsexciton-biexciton transition, correlations between the scatter-
predicts a fast decayykxq~0.3 meV) of the biexciton into  ing of exciton and biexciton are disclosed. It is found that the
interface polaritond? which is not in agreement with the radiative decay of exciton and biexciton is uncorrelated, as
observed biexciton linewidth. expected due to the different involved photon energies. The
The acoustic-phonon coefficiealy, is about twice the phonon scattering of exciton and biexciton instead show a
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strong correlation, indicating the importance of elastic pho- The authors want to thank C. B/@msen(lll-V Nanolab)

non scattering. These results are significant for many theder growing the high-quality GaAs sample and P. Borri for
retical approaches describing the nonlinear optical respondeelpful discussions. IlI-V Nanolab is a joint laboratory be-
of semiconductors close to the band edge, in which approxitween the Research Center COM and the Niels Bohr Insti-
mations for the relative dephasing rates are (Séd. tute, Copenhagen University.
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