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Biexcitons in semiconductor quantum wires
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We report on spectrally resolved four-wave mixing experiments on InxGa12xAs/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 confinement.@S0163-1829~98!52328-4#
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Biexcitonic features in low-dimensional semiconduc
structures have been investigated experimentally and t
retically in a number of works in recent years.1 In two-
dimensional~2D! systems, biexcitons first have been o
served in 1982 by Milleret al.2 Since then their existenc
has been confirmed by photoluminescence studies3 and,
more recently, in nonlinear spectroscopy, e.g., in four-wa
mixing ~FWM! experiments.4–7

The FWM technique is well suited to study biexciton
Previous studies on 2D structures have shown characte
beats between excitonic and biexcitonic states in the ti
integrated FWM signal.5,6 The heavy-hole~hh! as well as the
light-hole ~lh! biexciton have been observed in spectra
resolved~SR! FWM experiments.4,7 Excitonic and biexci-
tonic contributions to the FWM signal can be separated b
proper choice of polarizations of the exciting beams.8,9

In 2D structures the biexciton binding energy was fou
to be greatly enhanced compared to bulk semiconductor
GaAs/AlxGa12xAs quantum wells~QW’s! biexciton binding
energies as high as 3.5 meV have been reported10 that have
to be compared to a value of 0.13 meV observed in b
GaAs.11 This enhancement has been attributed to confi
ment effects, but lately the importance of polariton effe
has also been pointed out.12 Recently, Birkedalet al.system-
atically investigated the QW width dependence of the bi
citon binding energy and found that the ratio of the biexcit
and exciton binding energies is independent of the w
width as long as the width of the QW is smaller than t
exciton and biexciton diameters.7

In zero-dimensional~0D! quantum dot structures biexc
tons have been reported in a number of mate
systems.13–15 The binding energy was found to be enhanc
by more than an order of magnitude over the correspond
bulk values and increased with decreasing dot diamete
agreement with theoretical predictions.

To the best of our knowledge, biexcitons in on
dimensional~1D! structures have not been observed exp
mentally to this point. However, the existence of biexcito
in 1D quantum wire structures has been addressed in a
theoretical works. In an early study biexciton bindin
energies were calculated variationally for cylindric
GaAs/AlxGa12xAs quantum wires~QWR’s!.16 More re-
cently, Madarasz and co-workers also used variational ca
PRB 580163-1829/98/58~4!/1750~4!/$15.00
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lations to determine biexciton binding energies in rectangu
GaAs/AlxGa12xAs QWR’s.17 It has also been suggested th
due to strong polariton effects bound biexciton states sho
not exist at all in ideal 1D structures.12 However, these ef-
fects are expected to play a minor role in real QWR’s due
exciton localization.

In this Rapid Communication we present the results
polarization dependent two-beam FWM experiments t
show clear evidence for the existence of biexcitons in fr
standing InxGa12xAs/GaAs quantum wires with lateral size
between 24 nm and 85 nm. In previous studies it has b
shown that the quasi-1D confinement changes the excit
properties in this type of QWR’s. For lateral sizes comp
rable to the excitonic diameter an increase of the hh exc
binding energy (Eb

X) was observed.18 It was also found that
the lateral confinement strongly enhances the exciton-exc
scattering in these structures.19 Here we show that the pres
ence of biexcitons causes pronounced beats in the deca
the FWM signal for collinearly polarized incident fields an
that the hh biexciton can be clearly resolved in SR-FW
when the incident fields have perpendicular polarizatio
We find that the binding energy of the hh biexciton (Eb

biX) in
the QWR’s does not only depend on the lateral size but a
on the vertical confinement. In QWR’s with a small vertic
confinement potential the biexciton binding energy does
vary significantly with the lateral size of the QWR’s. How
ever, for larger vertical confinement we observe an incre
of Eb

biX with decreasing wire width.
We have investigated two sets of InxGa12xAs/GaAs

QWR samples. The first set of quantum wires~sample A!
was fabricated from a multiple quantum well structure co
sisting of 20 quantum wells. The quantum wells had an
content of x50.135 and a width of 3 nm and they wer
separated by 60 nm wide GaAs barriers. The second
~sample B! was based on a 5 nmwide single quantum well
with an In content ofx50.115 embedded between 50 n
wide GaAs barriers. The vertical confinement in this set
samples is about 25 meV larger than in sample A due to
larger quantum well width. A detailed description of the fa
rication of the wires has been given elsewhere.18 The width
of the quantum wires was obtained from high-resoluti
scanning electron micrographs. For comparison, each se
R1750 © 1998 The American Physical Society
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samples also contained a 2D reference sample. For the
periments the samples were held in a temperature contro
He gasflow cryostat at a temperature of 5 K.

The experiments were performed using spectrally
solved, degenerate FWM in the two pulse self-diffracti
transmission geometry. In this configuration two pulses
equal intensity with wave vectorsk1 andk2 are focused onto
the same spot on the sample with a variable delayt and the
FWM signal is detected in the direction (2k2-k1) as a func-
tion of photon energyE and delayt. The linear polarization
of the exciting beams could be altered by inserting al/2
plate and cocircular polarization was achieved by insertin
l/4 plate in the path of the two collinearly polarized beam
As an excitation source we used a fs Ti:Sapphire la
pumped by an Ar ion laser. The laser pulses had a lengt
75 fs and a spectral width of 30 meV~FWHM!. The photon
energy of the exciting light was tuned well below the
exciton absorption maximum to avoid the excitation
higher states. The carrier density is estimated to be lo
than 131010 cm22 in the 2D reference sample. The FWM
signal was spectrally resolved by a 25 cm monochroma
and detected by a liquid nitrogen cooled Si charge coup
devices camera giving a resolution of 0.1 meV.

In Fig. 1 we show the FWM signal excited by collinear
polarized~COP! pulses from a 51 nm wide QWR of samp
A as a function of the delay time at different detection en
gies. At the center of the hh exciton absorption line (DE
50) the signal decays mono-exponentially with a dec
constant of 4 ps. On the low-energy side (DE,0), however,

FIG. 1. FWM signal from a 51 nm wide, 3 nm hig
In0.135Ga0.865As/GaAs quantum wire as a function of delay time f
various detunings and collinearly polarized incident fields.DE50
corresponds to the center of the hh exciton absorption line.
clarity the curves are shifted with respect to each other. The ver
lines indicate the minima in the oscillations.
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pronounced beats are observed with a period of 2 ps co
sponding to an energy splitting of the involved transitions
2.1 meV. These oscillations were observed for all QWR’s
sample A as well as for the corresponding 2D reference
their frequency did not vary significantly with the later
width of the wires. It should be noted that the beats start w
a minimum att50. This is in contrast to excitonic quantum
beats such as hh-lh beats that start with a maximum for C
excitation.20 However, a start of the oscillations with a min
mum has been suggested to be typical of biexcitonic bea6

To confirm that the observed oscillations are due to
presence of biexcitons we also performed FWM experime
with cocircular polarization~CIP! of the exciting pulses. In
this configuration the creation of biexcitons is strongly su
pressed by selection rules because the biexciton as a si
state can only be created by an optical excitation contain
both s1 and s2 components.9 In Fig. 2 we compare the
decay of the FWM signal of a 45 nm wide QWR for collin
ear and cocircular excitation at a detuning ofDE5
21 meV. It is evident that no beats are observed for co
cular excitation, demonstrating that the oscillations are
deed of biexcitonic origin.

An example for the spectral shape of the FWM sign
obtained from the QWR’s of sample A is given in Fig. 3~a!
for a 29 nm wide QWR. The spectra were taken at a delay
1 ps. For collinear polarization the FWM spectrum peaks
the center of the absorption line. However, the line is asy
metric and shows a shoulder on the low-energy side of
spectrum. For CIP excitation, on the other hand, the sp
trum of the FWM signal is almost symmetric around t
center of the absorption line and it does not display a
additional features. This supports the biexcitonic origin
the low-energy shoulder that is observed in the COP cas

We also performed spectrally resolved FWM with cros
polarized~CRP! exciting fields, i.e., the polarizations of th
incident beams were linear but perpendicular to each ot
In this configuration the FWM spectra of the QWR samp
and the 2D reference consist of two distinct lines, as sho
by the full line in Fig. 3~a!. For CRP excitation the excitonic
screening that was found to be the dominant contribution
the excitonic FWM signal vanishes and thus the FWM sig
is dominated by biexcitonic contributions.8 We therefore as-
sign the low-energy peak in the CRP spectrum, that is c

or
al

FIG. 2. FWM signal from a 45 nm wide, 3 nm high QWR as
function of delay time for a detuning ofDE521 meV for col-
linearly polarized~full line! and cocircularly polarized~dotted line!
fields.
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tered 2.1 meV below the excitonic peak in the CIP spectru
to the biexciton. The energy separation of 2.1 meV agr
very well with the frequency of the biexciton beats. F
wires in this set the second emission line in the CRP sp
trum ~at E'1.469 eV! peaks at a higher energy than th
emission in the CIP configuration and is therefore likely n
due to excitonic contributions. Previously it has been
signed to unbound two-exciton states.21

Figure 3~b! shows the FWM spectra of different QWR
of sample B and the corresponding 2D reference for cro
linear and collinear polarizations at a delay of 500 fs. T
COP spectra are again dominated by the excitonic contr
tion, resulting in an almost symmetrical line shape. In
CRP spectra a pronounced shoulder can be observed o
low-energy side of the exciton line. The energy separation
this shoulder from the exciton line increases significan
when the lateral size of the QWR’s is reduced. Howev
excitonic and biexcitonic contributions cannot be resolved
separate peaks due to a smaller relative intensity of the b
citonic contribution.22

Using a line-shape analysis we obtained the biexci
binding energy in the different wire structures from the e
ergy difference between the low-energy peak of the C
spectrum~due to biexcitons! and the peak of the CIP spec
trum ~due to excitons!. For sample A we also calculated th

FIG. 3. Spectrally resolved FWM signals:~a! from a 29 nm
wide, 3 nm high QWR at a delay of 1 ps for crosslinear~full line!,
collinear ~dotted line!, and cocircular~dash-dotted line! polariza-
tions,~b! from 5 nm high QWR’s with different lateral sizes and th
corresponding 2D reference at a delay of 0.5 ps for crosslinear~full
line! and collinear~dotted line! polarizations. In~b! the energyDE
is taken with respect to the center of the exciton absorption l
The curves are shifted for clarity and the arrows indicate the sp
tral position of the biexciton.
,
s

c-

t
-

s-
e
u-
e
the
f

y
r,
s
x-

n
-
P

biexciton binding energy from the period of the biexcito
beats in the decay of the FWM signal. For this sample b
methods give values for the biexciton binding energy
Eb

biX'2.1 meV, independent of the wire width.23 For sample
B, on the other hand, we find that the biexciton bindi
energy increases from;2.1 meV for the 2D reference
sample to;2.9 meV for a 24 nm wide QWR sample. Th
results forEb

biX for the different structures are summarized
Fig. 4.24

The biexciton binding energy is determined by the co
plicated balance of attractive and repulsive interactions
tween the carriers forming the exciton complex. Both t
electron-electron and the hole-hole interactions as well as
electron-hole interactions are enhanced by confinement
case of strong confinement the attractive interactions do
nate resulting in a net increase of the biexciton binding
ergy. This increase is observed in Fig. 4 for the wires
sample B that are fabricated from a quantum well with
comparatively deep quantum well confinement.

In order to explain the wire width independence of t
biexciton binding energy in sample A we propose the follo
ing model: The wires of sample A are fabricated from qua
tum wells in which the electronic states are only weak
confined. In this case the penetration of the carrier wa
functions into the surrounding barriers has to be taken i
account. For the present 3 nm wide In0.135Ga0.865As/GaAs
quantum well we find that the hole wave function is still we
confined, while the electron wave function already sign
cantly penetrates into the GaAs barriers. This leads to a m
match of the electron and hole wave functions in the C
lomb interaction matrix elements. Therefore the repuls
interaction matrix elements in the biexciton increase m
strongly with decreasing wire width than the attractive on
In conjunction with the rearrangement of the carriers in
biexciton this may lead to the observed almost constant b
ing energy.

In conclusion, we have used spectrally resolved fs fo

e.
c-

FIG. 4. Heavy-hole biexciton binding energy as a function
wire width. Dots and diamonds show the biexciton binding ene
for sample A obtained from the spectra and the biexciton be
respectively. Squares show the values for sample B. The open
bols correspond to the 2D reference samples.
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wave mixing to study two sets of InxGa12xAs/GaAs quan-
tum wires with different lateral and vertical sizes. In th
decay of the FWM signal produced by collinearly polariz
incident fields we observed strong beats. For perpendicul
polarized incident fields an additional feature in the spectr
of the FWM signal could be resolved below the heavy-h
exciton signal. Both effects were interpreted as biexcito
contributions to the FWM signal. For samples with a lar
vertical confinement the biexciton binding energy increa
from ;2.1 meV for the 2D reference sample to up
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;2.9 meV in the narrowest quantum wires. However, t
biexciton binding energy in QWR’s fabricated from a ve
narrow quantum well does not show a significant wire wid
dependence. These results show the strong influence o
quantum wire confinement on the biexciton binding ener
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