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Biexcitons in semiconductor quantum wires
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We report on spectrally resolved four-wave mixing experiments g@dn ,As/GaAs quantum wires for a
wide range of lateral sizes. Due to the polarization dependence of the four-wave mixing signal, beats in the
decay of the signal and an additional emission line in the four-wave mixing spectrum can be clearly attributed
to biexcitons. We find that the biexciton binding energy depends on both the vertical and lateral dimensions of
the wires. For quantum wires with a large vertical confinement we observe an enhancement of the binding
energy of about 40% as compared to a two-dimensional reference sample whereas the biexciton binding energy
is found to be wire width independent in wires with shallow vertical confinenj&@163-182608)52328-4

Biexcitonic features in low-dimensional semiconductorlations to determine biexciton binding energies in rectangular
structures have been investigated experimentally and the@GaAs/ALGa _,As QWR’s!’ It has also been suggested that
retically in a number of works in recent yedrsn two-  due to strong polariton effects bound biexciton states should
dimensional(2D) systems, biexcitons first have been ob-not exist at all in ideal 1D structuré.However, these ef-
served in 1982 by Milleret al? Since then their existence fects are expected to play a minor role in real QWR'’s due to
has been confirmed by photoluminescence stdda®l, exciton localization.
more recently, in nonlinear spectroscopy, e.g., in four-wave In this Rapid Communication we present the results of
mixing (FWM) experiment$” polarization dependent two-beam FWM experiments that

The FWM technique is well suited to study biexcitons. show clear evidence for the existence of biexcitons in free-
Previous studies on 2D structures have shown characteristgqanding InGa,_,As/GaAs quantum wires with lateral sizes
beats between e>§citonic and biexcitonic states in the timepenyeen 24 nm and 85 nm. In previous studies it has been
integrated FWM S'ghéﬁ’-ﬁ The heavy-holéhh) as well as the  ghqwn that the quasi-1D confinement changes the excitonic
light-hole (In) biexciton ha_lve bee7n obseryed In SF_’ec'[ra"yproperties in this type of QWR’s. For lateral sizes compa-
res_olved(S_E) FWM e);]pelrzlcwvelvlnté Efc'tont')c and blexgl-b rable to the excitonic diameter an increase of the hh exciton
tonic contributions to the signal can be separated by %inding energy Ei,() was observed It was also found that

proper choice of polarizations of the exciting bedins. ) : .
dthe lateral confinement strongly enhances the exciton-exciton

In 2D structures the biexciton binding energy was foun o 0N
to be greatly enhanced compared to bulk semiconductors. [FCattering in these structuresHere we show that the pres-

GaAs/ALGa,_As quantum well§QW's) biexciton binding ence of bie.xcitons causes pronounged peqts in the decay of
energies as high as 3.5 meV have been repHttbat have the FWM signal for collinearly polarized incident fields and
to be compared to a value of 0.13 meV observed in pulkhat the hh biexciton can be clearly resolved in SR-FWM
GaAs!! This enhancement has been attributed to confinewhen the incident fields have perpendicular polarizations.
ment effects, but lately the importance of polariton effectsWe find that the binding energy of the hh biexcitdj(*) in

has also been pointed otftRecently, Birkedakt al. system-  the QWR’s does not only depend on the lateral size but also
atically investigated the QW width dependence of the biex-on the vertical confinement. In QWR'’s with a small vertical
citon binding energy and found that the ratio of the biexcitonconfinement potential the biexciton binding energy does not
and exciton binding energies is independent of the welhary significantly with the lateral size of the QWR’s. How-
width as long as the width of the QW is smaller than theever, for larger vertical confinement we observe an increase
exciton and biexciton diametefs. of E™ with decreasing wire width.

In zero-dimensiona(OD) quantum dot structures biexci- We have investigated two sets of,Bg _,As/GaAs
tons have been reported in a number of materialQWR samples. The first set of quantum witgample A
systems=~'°The binding energy was found to be enhancedwas fabricated from a multiple quantum well structure con-
by more than an order of magnitude over the correspondingisting of 20 quantum wells. The quantum wells had an In
bulk values and increased with decreasing dot diameter inontent ofx=0.135 and a width of 3 nm and they were
agreement with theoretical predictions. separated by 60 nm wide GaAs barriers. The second set

To the best of our knowledge, biexcitons in one- (sample B was basedma 5 nmwide single quantum well
dimensional(1D) structures have not been observed experiwith an In content ofx=0.115 embedded between 50 nm
mentally to this point. However, the existence of biexcitonswide GaAs barriers. The vertical confinement in this set of
in 1D quantum wire structures has been addressed in a fesamples is about 25 meV larger than in sample A due to the
theoretical works. In an early study biexciton binding larger quantum well width. A detailed description of the fab-
energies were calculated variationally for cylindrical rication of the wires has been given elsewh&@he width
GaAs/AlLGa _,As quantum wires(QWR’s).Y® More re- of the quantum wires was obtained from high-resolution
cently, Madarasz and co-workers also used variational calciscanning electron micrographs. For comparison, each set of
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§ : ' FIG. 2. FWM signal from a 45 nm wide, 3 nm high QWR as a

i : . 1.3 meV 3 function of delay time for a detuning cAE=—1 meV for col-
! ' 3 linearly polarized(full line) and cocircularly polarizedotted ling
:' i fields.
i : E pronounced beats are observed with a period of 2 ps corre-
. : 1.8 meV 4 sponding to an energy splitting of the involved transitions of
! 1 2.1 meV. These oscillations were observed for all QWR’s of
E . . sample A as well as for the corresponding 2D reference and
2

4 ' 6 ' 8 ' 10 their frequency did not vary significantly with the lateral
width of the wires. It should be noted that the beats start with
a minimum atr=0. This is in contrast to excitonic quantum
FIG. 1. FWM signal from a 51 nm wide, 3 nm high bea}s guczr} as hh-lh beats that start Wit_h a.maxim'um for'C_OP
INo 1365 seAS/GaAs quantum wire as a function of delay time for €Xcitation” However, a start of the oscillations with a mini-
various detunings and collinearly polarized incident fiel#E=0 ~ Mum has been suggested to be typical of biexcitonic Heats.
corresponds to the center of the hh exciton absorption line. For To confirm that the observed oscillations are due to the
clarity the curves are shifted with respect to each other. The verticgpresence of biexcitons we also performed FWM experiments
lines indicate the minima in the oscillations. with cocircular polarizatio{CIP) of the exciting pulses. In
this configuration the creation of biexcitons is strongly sup-
samples also contained a 2D reference sample. For the egressed by selection rules because the biexciton as a singlet
periments the samples were held in a temperature controllestate can only be created by an optical excitation containing
He gasflow cryostat at a temperature of 5 K. both o, and o_ componentg. In Fig. 2 we compare the
The experiments were performed using spectrally redecay of the FWM signal of a 45 nm wide QWR for collin-
solved, degenerate FWM in the two pulse self-diffractingear and cocircular excitation at a detuning AfE=
transmission geometry. In this configuration two pulses of—1 meV. It is evident that no beats are observed for cocir-
equal intensity with wave vectoks andk; are focused onto  cular excitation, demonstrating that the oscillations are in-
the same spot on the sample with a variable deland the  deed of biexcitonic origin.
FWM signal is detected in the directionKzk;) as a func- An example for the spectral shape of the FWM signal
tion of photon energ§ and delayr. The linear polarization obtained from the QWR'’s of sample A is given in FigaB
of the exciting beams could be altered by inserting/2  for a 29 nm wide QWR. The spectra were taken at a delay of
plate and cocircular polarization was achieved by inserting @ ps. For collinear polarization the FWM spectrum peaks at
A/4 plate in the path of the two collinearly polarized beams.the center of the absorption line. However, the line is asym-
As an excitation source we used a fs Ti:Sapphire lasefmnetric and shows a shoulder on the low-energy side of the
pumped by an Ar ion laser. The laser pulses had a length &fpectrum. For CIP excitation, on the other hand, the spec-
75 fs and a spectral width of 30 me¥WHM). The photon  trum of the FWM signal is almost symmetric around the
energy of the exciting light was tuned well below the hhcenter of the absorption line and it does not display any
exciton absorption maximum to avoid the excitation ofadditional features. This supports the biexcitonic origin of
higher states. The carrier density is estimated to be lowethe low-energy shoulder that is observed in the COP case.
than 1x 10" cm™2 in the 2D reference sample. The FWM  We also performed spectrally resolved FWM with cross-
signal was spectrally resolved by a 25 cm monochromatopolarized(CRP) exciting fields, i.e., the polarizations of the
and detected by a liquid nitrogen cooled Si charge couplethcident beams were linear but perpendicular to each other.
devices camera giving a resolution of 0.1 meV. In this configuration the FWM spectra of the QWR samples
In Fig. 1 we show the FWM signal excited by collinearly and the 2D reference consist of two distinct lines, as shown
polarized(COP pulses from a 51 nm wide QWR of sample by the full line in Fig. 3a). For CRP excitation the excitonic
A as a function of the delay time at different detection ener-screening that was found to be the dominant contribution to
gies. At the center of the hh exciton absorption linkE(  the excitonic FWM signal vanishes and thus the FWM signal
=0) the signal decays mono-exponentially with a decayis dominated by biexcitonic contributioAd\Ve therefore as-
constant of 4 ps. On the low-energy side§<<0), however, sign the low-energy peak in the CRP spectrum, that is cen-

Delay (ps)
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5 FIG. 4. Heavy-hole biexciton binding energy as a function of
; wire width. Dots and diamonds show the biexciton binding energy
E for sample A obtained from the spectra and the biexciton beats,

respectively. Squares show the values for sample B. The open sym-
bols correspond to the 2D reference samples.

biexciton binding energy from the period of the biexciton
beats in the decay of the FWM signal. For this sample both
methods give values for the biexciton binding energy of
wide, 3 nm high QWR at a delay of 1 ps for crosslinéatl line), ~ Ep~2.1 meV, independent of the wire widthFor sample
collinear (dotted ling, and cocircular(dash-dotted linepolariza- B, on the other hand, we find that the biexciton binding
tions, (b) from 5 nm high QWR’s with different lateral sizes and the energy increases from-2.1 meV for the 2D reference
corresponding 2D reference at a delay of 0.5 ps for crosslifiehir ~ sample to~2.9 meV for a 24 nm wide QWR sample. The
line) and collinear(dotted ling polarizations. In(b) the energyAE  results forED'® for the different structures are summarized in
is taken with respect to the center of the exciton absorption linegjg, 424
The curves are shiftgd fgr clarity and the arrows indicate the spec- The biexciton binding energy is determined by the com-
tral position of the biexciton. plicated balance of attractive and repulsive interactions be-
tween the carriers forming the exciton complex. Both the
tered 2.1 meV below the excitonic peak in the CIP spectrumelectron-electron and the hole-hole interactions as well as the
to the biexciton. The energy separation of 2.1 meV agreeslectron-hole interactions are enhanced by confinement. In
very well with the frequency of the biexciton beats. Forcase of strong confinement the attractive interactions domi-
wires in this set the second emission line in the CRP spemate resulting in a net increase of the biexciton binding en-
trum (at E~1.469 eV} peaks at a higher energy than the ergy. This increase is observed in Fig. 4 for the wires of
emission in the CIP configuration and is therefore likely notsample B that are fabricated from a quantum well with a
due to excitonic contributions. Previously it has been ascomparatively deep quantum well confinement.
signed to unbound two-exciton stafés. In order to explain the wire width independence of the
Figure 3b) shows the FWM spectra of different QWR'’s biexciton binding energy in sample A we propose the follow-
of sample B and the corresponding 2D reference for crossng model: The wires of sample A are fabricated from quan-
linear and collinear polarizations at a delay of 500 fs. Thetum wells in which the electronic states are only weakly
COP spectra are again dominated by the excitonic contribuzonfined. In this case the penetration of the carrier wave
tion, resulting in an almost symmetrical line shape. In thefunctions into the surrounding barriers has to be taken into
CRP spectra a pronounced shoulder can be observed on thecount. For the present 3 nm wide, |gGa, gesAS/GaAs
low-energy side of the exciton line. The energy separation ofuantum well we find that the hole wave function is still well
this shoulder from the exciton line increases significantlyconfined, while the electron wave function already signifi-
when the lateral size of the QWR'’s is reduced. Howevercantly penetrates into the GaAs barriers. This leads to a mis-
excitonic and biexcitonic contributions cannot be resolved asnatch of the electron and hole wave functions in the Cou-
separate peaks due to a smaller relative intensity of the biexemb interaction matrix elements. Therefore the repulsive
citonic contributior?? interaction matrix elements in the biexciton increase more
Using a line-shape analysis we obtained the biexcitorstrongly with decreasing wire width than the attractive ones.
binding energy in the different wire structures from the en-In conjunction with the rearrangement of the carriers in the
ergy difference between the low-energy peak of the CRmiexciton this may lead to the observed almost constant bind-
spectrum(due to biexcitonsand the peak of the CIP spec- ing energy.
trum (due to excitons For sample A we also calculated the  In conclusion, we have used spectrally resolved fs four-

FIG. 3. Spectrally resolved FWM signal&a) from a 29 nm
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wave mixing to study two sets of JGa _,As/GaAs quan- ~2.9 meV in the narrowest quantum wires. However, the
tum wires with different lateral and vertical sizes. In the biexciton binding energy in QWR's fabricated from a very
decay of the FWM signal produced by collinearly polarizednarrow quantum well does not show a S|gn|f|c§mt wire width
incident fields we observed strong beats. For perpendicularif€éPendence. These results show the strong influence of the
polarized incident fields an additional feature in the spectrunflu@ntum wire confinement on the biexciton binding energy.
of the FWM signal could be resolved below the heavy-hole We gratefully acknowledge financial support by the Deut-
exciton signal. Both effects were interpreted as biexcitonissche Forschungsgemeinschaft and the State of Bavaria. We
contributions to the FWM signal. For samples with a largeare grateful to J. P. Reithmaier, F. Stdva R. Werner, and
vertical confinement the biexciton binding energy increasesl. Emmerling for the epitaxial growth and the quantum wire
from ~2.1 meV for the 2D reference sample to up to patterning.
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