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Size dependence of exciton-exciton scattering in semiconductor quantum wires
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The exciton dephasing kinetics due to exciton-exciton scattering is studied in In0.135Ga0.865As/GaAs quan-
tum wires both experimentally and theoretically as a function of the wire width. By degenerate four-wave
mixing studies, we observe a strong increase of the exciton-density-dependent dephasing rate for decreasing
wire widths between 85 nm and 29 nm. This surprising result is explained quantitatively within a multisubband
model in terms of the increase of the exchange part of the exciton-exciton interaction with increasing confine-
ment.@S0163-1829~98!01419-2#
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It is generally assumed that the relaxation and depha
kinetics of excited carriers slows down with increasing qu
tum confinement due to the reduction of phase space for
scattering processes. Benisty, Sotomayor-Torre`s, and
Weisbuch1 argued, e.g., that in quantum dots the capture
relaxation kinetics of the carriers by phonon emission
comes so slow that it would prevent the realization of e
cient quantum-dot lasers. Similarly, in strongly confin
quantum wires~QWW’s! enhanced carrier mobilities2 are
expected, when the energy splitting between the subba
exceeds the LO-phonon energy. However, little is kno
about the effects of increasing confinement on Coulom
scattering kinetics, except that it may partly overcome
bottlenecks by phonon relaxation.3 The Coulomb interaction
increases, as can be observed in larger exciton binding e
gies in QWW’s.4–8 However, the phase space is reduce
thus it remains an open question which effect will domina

We will demonstrate experimentally and theoretically f
the example of the dephasing of coherent excitons (X’s!, by
scattering with incoherentX’s in QWW’s, that there is no
monotonic decrease of the scattering rates for increasing
finement. On the contrary, our results show that the dep
ing rates due to Coulomb scattering increase strongly w
decreasing wire widthLx .

While for low excitation intensities theX relaxation ki-
netics is governed by phonon and disorder scattering,9 X-X
scattering dominates in an intermediate excitation regi
Up to now, there is no systematic experimental investigat
for the changes of theX scattering in QWW’s compared t
systems of higher dimensionality. Oestreichet al.10 found
hints of a reduced scattering in 60-nm-wide GaA
Al0.30Ga0.70As QWW’s by using time-resolved photolum
nescence spectroscopy, which they attributed to the redu
phase space of one-dimensionalX’s. In contrast, Mayer
et al.11 found an enhanced scattering in 60-nm-wide QWW
by degenerate four-wave mixing studies. In both studies,
degree of confinement has not been varied, which did
allow a detailed study of the influence of the wire confin
570163-1829/98/57~19!/12364~5!/$15.00
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ment on the relaxation kinetics. Theoretically, to the best
our knowledge, no detailed model forX-X scattering kinetics
in QWW’s has been developed.

We have investigated the dephasing of coherentX’s due
to scattering with incoherentX’s. We find a strong enhance
ment of theX-X scattering in wires with widths below 50
nm, which is in excellent agreement with the presented
croscopic theory of theX dephasing kinetics. The compar
son of the measurements with this theory reveals that
increased scattering rates are due to an increase of the
change part of theX-X interaction with decreasing QWW
width.

The present experiments have been performed on f
standing InxGa12xAs/GaAs QWW’s with a widthLx ranging
from 85 nm down to 29 nm. These structures were fabrica
by electron-beam lithography and reactive dry etching fr
a multiple quantum well, consisting of 20 In0.135Ga0.865As
wells each with a thickness of 3 nm.12 The lateral size of the
QWW’s was determined directly by high-resolution sca
ning electron micrographs. For comparison, we also inve
gated a quasi-two-dimensional reference.

Figure 1 shows photoluminescence~PL! and photolumi-
nescence excitation~PLE! spectra of QWW’s with varying
width. For simplicity, only the spectral region around th
ground-state heavy holeX is shown. When going from 85
nm- to 43-nm-wide QWW’s, both PL and PLE lines of theX
ground state are slightly redshifted due to strain release
troduced by the lateral patterning. For small QWW’s, a blu
shift is observed due to the lateral quantization of theX wave
function. The PL as well as PLE lines are only weak
broadened as the wire width is decreased, indicating a h
sample quality. The full width at half maximum of the P
line increases from 2.8 meV for the 85-nm-wide QWW’s,
3.7 meV for the 29-nm-wide ones. The Stokes shift betwe
the maxima of the PL and PLE lines, which is due toX
localization effects, is nearly wire width independent, with
value of about 1.2 meV. In this type of QWW’s, we hav
previously found a pronounced increase of theX binding
12 364 © 1998 The American Physical Society
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57 12 365SIZE DEPENDENCE OF EXCITON-EXCITON . . .
energy12 for wire widths below about 50 nm due to the e
hancement of the direct Coulomb interaction by the late
quantization of theX wave function.

The X-X scattering in these QWW’s has been stud
experimentally, using the technique of degenerate, tim
integrated four-wave mixing~DFWM!. We used a standar
two-pulse self-diffraction configuration,13 where two colin-
early polarized pulses~k 1,k 2) are focused upon the samp
with a variable time delayt between them. The evolution o
the signal in the direction 2k 22k 1 with the delay timet
allows a direct measure of the phase coherence timeT2 ,14

which is connected with the homogeneous linewidth byG
52\/T2.

To measure the homogeneous linewidth of the heavy-h
~hh! ground stateX and to avoid the excitation of energet
cally higher-lying states, the pulses of a 70-fs titaniu
sapphire laser were spectrally compressed to a width
about 6 meV, using a grating and a slit. The energy of
laser was tuned to a value slightly below the hh-X resonance
for each wire width individually. The time-integrated inte
sity of the DFWM pulses was 0.8 kW/cm22, resulting in an
X density below 33109 cm22. All measurements were car
ried out at a temperature of 5 K.

From the decay of the DFWM signal, the phas
coherence timeT2 has been determined as a function of t
density of an incoherentX population, which has been ex
cited by a prepulse of variable intensity hitting the sample
ps before the DFWM pulses, as shown schematically in F
2. The X density generated by this pulse was determin
from absorption spectra of the prepulse.15

Figure 3 shows the evolution of the DFWM signal vers
delay timet for two different wire sizes, namely, for 85-nm
wide, quasi-two-dimensional wires~upper part! and for 29-
nm-wide QWW’s ~lower part!. From top to bottom the in-
tensity of the prepulse has been increased. The estimatX

FIG. 1. Photoluminescence~dotted lines! and photolumines-
cence excitation spectra~solid lines! of three typical QWW’s.
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density ranges between 2.93109 cm22 and 2.3
31010 cm22, respectively, for the 85-nm-wide QWW’s an
between 1.03109 and 4.73109 cm22 for the 29-nm-wide
ones, as denoted in Fig. 3. From the semilogarithmic rep
sentation of the DFWM signal, the exponential decay of
coherent polarization with the delay timet is seen. The ori-
gin of the superimposed quantum beats will be discus
elsewhere. With increasing intensity of the prepulse,
dephasing of theX’s becomes faster due to the influence
X-X scattering. In addition, the dephasing rate clearly
creases with decreasing wire width, even for comparable
X densities.

From the slope of the decay curvestS , we determine the
phase relaxation time byT254tS , assuming that the transi
tions are mainly inhomogeneously broadened.14 Figure 4
shows the homogeneous linewidths for 85-nm- and 29-n
wide wires as functions of theX densitynX . In both cases,G
depends linearly on theX density, as observed previously fo
quantum wells.16,17 The X density dependence of the hom
geneous linewidth is thus given by

G~nX!5G01gXXnX . ~1!

FIG. 2. Schematics of the four-wave mixing experiment. T
prepulse generates an incoherentX population of varying density.
The DFWM signal is detected in the direction 2k22k1.

FIG. 3. Normalized DFWM signal for two QWW’s with latera
sizes of 85 nm~upper part! and 29 nm~lower part!, respectively.
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12 366 57W. BRAUN et al.
HereG0 denotes the contribution which is not determined
X-X scattering.G0 increases with decreasing wire widt
which most probably is caused by residual scattering ofX’s
at wire-width fluctuations.

On the other hand, the slopegXX of G(nX) depends
strongly on the wire widthLx . In the smallest wires,G(nX)
increases significantly more strongly withnX than in wide
structures.gXX gives the strength of theX-X scattering. This
result therefore demonstrates a strongly enhancedX-X scat-
tering in small QWW’s.

Both findings, the linear dependence ofG on theX den-
sity and the wire-width dependence ofgXX , are in very good
agreement with results of detailed numerical calculations
shown in the upper part of Fig. 4. For these calculations
have developed a microscopic model of theX kinetics in
QWW’s with widthsLx larger than the exciton Bohr radiu
aB . l5aB /Lx,1 is used as an expansion parameter in t
model. In this limit, mainly the center-of-mass motion of t
X’s is quantized by the lateral confinement, while the relat
motion is less affected. TheX wave function can therefore b
written as

cN,K~re ,rh!5A 2

LxLy

exp~ iKRy!sinS NpRx

Lx
D c1s

2D~r !,

~2!

where R and r5re2rh describe theX center-of-mass and
relative coordinates, respectively.K is the center-of-mass
momentum of theX along the wire axisy, and N is the
quantum number of the lateralX center-of-mass subband

FIG. 4. Dependence of the homogeneous linewidthG on theX
density for 85-nm- and 29-nm-wide QWW’s. The dotted lines g
linear fits to the data. The upper part of the figure presents
theoretical results.
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with a spacing between first and second subband of abou
meV to 4 meV for the considered wires.c1s

2D describes the
relative two-dimensional electron-hole motion. The Ham
tonian of the interactingX’s with n5N,K in the boson ap-
proximation is given by

H5(
n

enbn
†bn1 1

4 (
n1 ,n2 ,n3 ,n4

Wn1 ,n2 ,n3 ,n4
bn1

† bn2

† bn3
bn4

2(
n

~pnbnE1H.c.!, ~3!

with the optical matrix element pn

5*d2r e pv,ccN,K(re ,re)dK,0 . Here pv,c is the valence-
conduction-band dipole matrix element. The first term giv
the freeX energies in the QWW. The second term describ
the CoulombicX-X interaction, and the last term describ
the coupling of theX’s with the coherent light field. The
matrix elements for the scattering ofX’s with identical spin
structure~e.g.,e↑, h↓) are given by18

Wn1 ,n2 ,n3 ,n4
5E d2r e1E d2r e2E d2r h1E d2r h2

3cn1
~re1 ,rh1!cn2

~re2 ,rh2!@V~re12re2!

1V~rh12rh2!2V~re12rh2!2V~re22rh1!#

3@cn3
~re1 ,rh1!cn4

~re2 ,rh2!

1cn3
~re2 ,rh2!cn4

~re1 ,rh1!

2cn3
~re2 ,rh1!cn4

~re1 ,rh2!

2cn3
~re1 ,rh2!cn4

~re2 ,rh1!#, ~4!

whereV(r )5 e2/e0r . Neglecting the dependence on the m
mentum transfer, one can show by a careful analysis that
direct Coulomb interactions@the first two terms in the las
bracket of Eq.~4!# are of orderl2, while the exchange in-
teractions~last two terms! are of orderl, thus yielding the
leading contributions. In the following, the direct interactio
contributions and, as a consequence, interactions betw
X’s of different spin structures, are neglected. The excha
interaction yields in leading order

Wn1 ,n2 ,n3 ,n4
5CX

aB

Lx

ERdK11K2 ,K31K4
aN1 ,N2 ,N3 ,N4

, ~5!

where ER is the X Rydberg.CX is a six-dimensional ex-
change integral, which has been evaluated numerically.
matrix elementsa describe the selection rules for the sca
tering between the various one-dimensional subbands:

aN1 ,N2 ,N3 ,N4
5 1

8 ~dN12N2 ,N32N4
1dN12N2 ,2N31N4

1dN11N2 ,N31N4
2dN12N2 ,N31N4

2dN12N2 ,2N32N4
2dN11N2 ,N32N4

2dN11N2 ,2N31N4
!. ~6!

e
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The phase relaxation timeT2 can be derived, e.g., by dia
grammatic perturbation theory. For the dephasing ofX’s of
subbandN51, one obtains

1

T2
52

CX
2l2

8p
S ER

kBT
D 2

(
N1 ,N2 ,N3

E
2`

1`

dKE
2`

1`

dK8

3aN51,N1 ,N2 ,N3

2 @gN2 ,KgN3 ,K8~11gN1 ,K1K8!

2~11gN2 ,K!~11gN3 ,K8!gN1 ,K1K8#

3dG~eN2 ,K1eN3 ,K82eN1 ,K1K82eN51,0!, ~7!

wheregN(K) are theX distribution functions. The incoher
entX’s generated by the prepulse are assumed to be in qu
equilibrium with a temperatureT. The common chemica
potential of the thermalX’s is obtained from the excitedX
density.

In our theory, the influence of disorder on the DFW
signal of the QWW’s is not included on a microscopic lev
Several approaches for this influence have been report19

which already show a high degree of complexity in t
Hartree-Fock approximation. Instead, we use a phenom
logical approach in which we calculate the dephasing ti
T2 by using the inhomogeneously broadened linewidth
served in the absorption spectra.

Nevertheless, in the present InxGa12xAs/GaAs QWW’s a
significant part of theX’s is localized at low temperatures, a
can be seen from the redshift of the luminescence line
comparison to the excitation spectra~see Fig. 1!. Fischer
et al.20 showed that theX-X interaction rates for localized
X’s are about one order of magnitude smaller than the in
action rates for freeX’s. This reduction of the scattering rat
can be attributed to the reduced spatial extension of the
calizedX wave function, giving theseX’s a decreased sca
tering cross section. Thus, in a first approximation, the c
tribution of localizedX’s to the homogeneous linewidth ca
be neglected, and it is mainly the freeX scattering that de-
termines the density dependence ofG, as assumed in ou
theory. The best fit to the experimental data has been
tained, assuming that only about one-sixth of the genera
X’s move freely with a temperature close to the bath te
perature.

Equation~7! immediately provides the linear dependen
of G on theX density, because the leading term of the pro
ucts of distribution functions in the integral kernel is give
by (11g)(11g)g'g. The inverse dephasing time is pro
portional to the square of the exchange interaction ma
elements, and therefore in lowest order proportional tol2.
Thus,gXX is inversely proportional to the square of the wi
width Lx , which explains the observed increase ofG with
decreasingLx .21

The experimental results forgXX , as determined from
linear fits ofG versusnX , are shown together with the the
si-
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oretical results in Fig. 5. Experiment and theory are in exc
lent agreement for the dependence on the wire widthLx . For
the two-dimensional reference we find a value
0.18310210 meV cm2, which compares well with result o
gXX50.12310210 meV cm2 published earlier.16 For wires
with sizes larger than about 50 nm, we obtain values forgXX

comparable to that of the two-dimensional Ref. 22. For wi
with widths below 50 nm, however,gXX increases drasti-
cally. In the case of 43-nm-wide QWW’s,gXX is
0.31310210 meV cm2, and for 29-nm-wide wiresgXX is al-
ready 0.68310210 meV cm2. This means that theX-X scat-
tering is more than three times as efficient in these sm
QWW’s, in comparison to the two-dimensional reference

In summary, we have investigated theX-X scattering pro-
cess in InxGa12xAs/GaAs QWW’s as a function of the lat
eral size. The parametergXX , which is a measure of theX-X
scattering strength, increases strongly with decreasing w
width, as determined by DFWM experiments. A microscop
model for theX-X scattering has been developed, which is
good agreement with the experimental findings.

The financial support by the Deutsche Forschungsgem
schaft and by the Volkswagen Foundation is gratefully
knowledged.

FIG. 5. Wire width dependence of the line broadening para
etergXX . The triangle gives the value of the quasi-two-dimensio
reference. The upper part of the figure shows the theoretical res
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