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Enhanced exciton-phonon scattering in InxGa12xAs/GaAs quantum wires
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We have investigated the dephasing of excitons due to scattering by acoustic phonons in quantum wires by
means of temperature-dependent time-integrated four-wave mixing. Free-standing In0.135Ga0.865As/GaAs quan-
tum wires with lateral sizes between 29 and 85 nm have been studied. By measuring the phase relaxation time
of the excitonic resonance at low carrier densities, we have determined the homogeneous linewidth. From the
temperature dependence of the homogeneous linewidth at temperatures between 5 and 30 K, we have evaluated
the temperature coefficientgac, which is a measure for the exciton-acoustic phonon scattering strength.gac

is found to increase with decreasing wire width. It is shown that this dependence on the wire width is consistent
with a microscopic theory of exciton-acoustic phonon coupling.@S0163-1829~97!07243-3#
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Low-dimensional semiconductor heterostructures such
quantum wires and quantum dots have attracted great int
due to their promising application potential in electron
and optoelectronics.1–3 Still many aspects of their dynamica
properties, including exciton dynamics, remain open. In
trinsic semiconductor systems, exciton-phonon scatte
gives the dominant temperature-dependent contribution
the exciton lifetime and linewidth at nonzero temperatu
and low carrier densities.4 There has been considerable inte
est in recent years in the effects of confinement and of
duced dimensionality on carrier and exciton scattering ra

To date, experimental studies of the exciton linewidths
confined geometries have concentrated mainly on the hig
temperature regime (>80 K) in quantum wells.5–7 Less
work has been done on the regime at lower temperatu
where the homogeneous linewidth can be written asGh
5Gh(T50 K)1gacT. The coefficientgac is related to the
scattering rate of excitons by acoustic phonons. Furt
most work to date on exciton linewidths has involved ph
toluminescence or reflectance studies, which then require
determination of the homogeneous linewidth from the inh
mogeneously broadened lines.

A well-known technique to measure homogeneous li
widths directly is the investigation of the phase relaxat
time T2 in four-wave mixing experiments.8,9 With this tech-
nique, experiments have been made on quantum w
mainly in the GaAs/AlxGa12xAs material system.8–11 On
quantum wires, there are only few experimental resu
Mayer et al.12 studied exciton-acoustic phonon scattering
150-nm-wide GaAs/AlxGa12xAs quantum wires. To date
however, there are no systematic studies on the wire w
dependence of this scattering process. Moreover, phas
laxation processes in quantum wires of other material s
tems have not been investigated up to now.

In the present work, we report on such a systema
study of the wire width dependence of the exciton lin
560163-1829/97/56~19!/12096~4!/$10.00
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width due to acoustic phonon scattering. Free-stand
In0.135Ga0.865As/GaAs quantum wires with lateral sizes b
tween 29 and 85 nm were investigated. For the smal
wires, the extension of the exciton wave function~double
Bohr radius 2aB'26 nm! becomes comparable to the wir
width and pronounced confinement effects are expecte
occur. In the present structures, the Coulomb correlation
fects are already significantly enhanced due to the o
dimensional confinement as shown, e.g., by the increas
the exciton binding energy.13 We have used time-integrate
degenerate four-wave mixing to determine the homogene
linewidth of the excitonic resonance at varying temperatu
between 5 and 30 K. In this temperature regime, the hom
geneous linewidth is found to depend linearly on the te
perature for all quantum wires, thus allowing us to determ
the temperature coefficientgac. This coefficient is found to
have a value of 10.4meV/K for the 85-nm-wide, quasi-two-
dimensional quantum wires and to increase by 15% for
smallest quantum wires investigated here. This rise is c
sistent with theoretical calculations for the wire width depe
dence of the exciton-phonon scattering process.

The quantum wires were fabricated starting from
In0.135Ga0.865As/GaAs multiple quantum well consisting o
20 InxGa12xAs wells with a width of 3 nm and an In-conten
x of 13.5%. The quantum wells are separated by 60-nm-w
GaAs barriers. The wire structures were defined by hi
resolution electron-beam lithography and etched by
electron-cyclotron-resonance-enhanced reactive ion etc
process using Cl2 /Ar as etching gases.14 By this method,
high-quality quantum wires with a wide range of lateral siz
were obtained. The etch depth was 1.4mm, in order to assure
that all 20 In0.135Ga0.865As quantum wells are etche
through. The wire width was determined directly from sca
ning electron micrographs. For comparison, we also inve
gated a quasi-two-dimensional reference.
12 096 © 1997 The American Physical Society
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To study the scattering of excitons by acoustic phono
we have measured the temperature dependence of the h
geneous linewidth. We have used the method of tim
integrated, degenerate four-wave mixing in the two-pu
self-diffraction configuration.9 In this technique, a short lase
pulse is split up in two pulses with wave vectorsk1 andk2 ,
which are both focused upon the sample. The second pul
delayed for a variable time by an optical delay line. The fi
pulse induces a macroscopic coherent polarization of
photoexcited excitons. With the coherent part of this pol
ization left after the delay time, the second pulse builds u
grating and a part of it is diffracted by this grating into th
direction 2k22k1 . The intensity of the diffracted light scale
with the coherent polarization left from the first pulse af
the delay time. The coherence is destroyed by pha
breaking mechanisms such as scattering of the exciton
phonons. Therefore, the decay of the four-wave-mixing s
nal gives a direct measure for the phase relaxation timeT2 .15

The phase relaxation time is connected with the homo
neous linewidthGh by Gh52\/T2 .9

For an excitation source, we used a fs titanium-sapp
laser, pumped by an Ar-ion laser. The titanium-sapphire
ser yields pulses of 65 fs length with a spectral width
about 35 meV. The photon energy of the laser was tune
the middle of the absorption line of the heavy-hole excit
for each wire width individually. To avoid the excitation o
higher states, we compressed the pulses to a spectral wid
2.3 meV, using a grating and a slit. The spectral linewidth
the laser was somewhat smaller than the width of the abs
tion line of the heavy-hole exciton, assuring that only t
ground state of the heavy-hole exciton was excited. In
way it was possible to measure the homogeneous linew
of the excitonic resonance. The time-averaged excita
power was about 15 W/cm2, leading to a carrier density o
43109 cm22 for the two-dimensional reference. The samp
was held in a variable-temperature He gas-flow cryostat.
diffracted laser light was detected by a photomultiplier us
standard lock-in technique.

Figure 1 shows the evolution of the four-wave-mixin
signal with delay time for two different structures, name

FIG. 1. Evolution of the four-wave-mixing signal with the dela
time for 85 and 29 nm wide quantum wires for varying tempe
tures.
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for 85- and 29-nm-wide quantum wires. The temperat
varies from 5 K~upper curves! to 30 K ~lower curves! and is
indicated at each trace. For clarity, the curves for differ
temperatures are shifted vertically against each other. F
the semilogarithmic representation of the decay curves,
can see that for longer delay times the signal decreases
ponentially. Superimposed on this exponential decay is a
riodic modulation, which we ascribe to polarization interfe
ences between the donor-bound and the free exciton.16 As a
result of wire width fluctuations on the order of a few n
nometers, the luminescence of the quantum wires is ma
inhomogeneously broadened. From the decay timet of the
four-wave-mixing signal we, therefore, obtain the dephas
time T2 by T2543t.15

At low temperatures, the dephasing arises due to sca
ing of the excitons by impurities, compositional fluctuation
interface roughness, or wire width fluctuations. As can
seen in Fig. 1, the dephasing times of the 29-nm-wide w
at the lowest temperatures are shortened by almost a fact
2 as compared to the 85-nm-wide ones. With increasing t
perature the dephasing times of the 85- and the 29-nm-w
quantum wires become considerably shorter, which is a c
sequence of the growing influence of the scattering of
excitons by acoustic phonons.

This can be seen more systematically in Fig. 2, where
temperature dependence of the homogeneous linewidt
shown for three typical structures, the two-dimensional r
erence, the 85 and the 29-nm-wide quantum wires. As
pected theoretically, the homogeneous linewidth depends
early on temperature for all structures studied he
Therefore, we use linear fits to estimate the homogene
linewidths at zero temperatureGh(T50 K) and the tempera-
ture coefficientsgac.

Figure 2 shows that the temperature coefficientgac for the
85-nm-wide wires is comparable to that of the tw
dimensional reference, while the coefficient for the 29-n
wide wires is considerably greater. As mentioned above,
dephasing times for the 29 nm wires at low temperature
shortened by almost a factor of 2 compared to the 85-n

- FIG. 2. Temperature dependence of the homogeneous linew
for three typical structures. The dotted lines are linear fits.
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12 098 56BRIEF REPORTS
wide quantum wires. The systematic dependence ofGh(T
50 K) on the wire width is shown in Fig. 3~a!. The solid
square denotes the value of the two-dimensional referenc
Gh(T50 K) rises from 0.078 meV for the two-dimension
reference up to 0.152 meV for the 64-nm-wide quant
wires. Below a wire width of about 50 nm it stays near
constant.

We suppose that the rise of the homogeneous linewidt
zero temperature with decreasing wire width is associa
with the enhanced influence of the scattering of the excit
by wire width fluctuations. Because the surface to volu
ratio increases with decreasing wire width, this scatter
mechanism will be of growing influence for smaller wire
On the other hand,Gh(T50 K) is nearly constant for wire
widths smaller than about 50 nm. This is also the width
which quantization effects due to the lateral confinemen
the exciton wave function become important; for examp
the exciton binding energy starts to rise here.13 For such wire
widths, the localization of the excitons begins to play
important role. This may limit a further growth ofGh(T
50 K).17

The coefficientgac is a measure for the scattering of th
excitons by acoustic phonons. For the two-dimensional
erence we determinegac to be 10.7meV/K. There have been
many investigations of exciton-acoustic phonon scatterin
GaAs/AlxGa12xAs quantum wells.5,9–11,18,19Most previous

FIG. 3. Wire width dependence of the homogeneous linewi
at zero temperatureGh(T50 K) ~a! and of the temperature coeffi
cient gac ~b!. The solid squares denote the values of the tw
dimensional reference. The dotted line in~b! shows the result of a
theoretical calculation of the wire width dependence ofgac as de-
scribed in the text.
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publications report smaller values, around 2 or 3meV/K,
than those obtained here for the temperature coeffici
However, these investigations address quantum wells w
than 10 nm, and it is expected that the scattering rate
creases with decreasing quantum well thickness.11 Ruf et al.6

reported agac of 6.5meV/K for a quantum well with a width
comparable to the width of the quantum well studied he
Furthermore, we investigate InxGa12xAs/GaAs quantum
wells. The strain and the alloy fluctuations in the structu
might cause a significant increase ofgac.

We find that the temperature coefficientgac also depends
systematically on the wire width and, therefore, gives imp
tant information on the effects of confinement for th
exciton-acoustic phonon scattering. Figure 3~b! displays the
dependence ofgac on the wire width. The two-dimensiona
reference, which has a value of 10.7meV/K, is denoted by
the solid square. For our wide wires, the temperature coe
cient is similar to the two-dimensional reference. In the 8
nm-wide wiresgac is 10.4 meV/K. This reduction ofgac
might be due to the partial strain release in large, quasi-t
dimensional wires.

However, below about 50 nm,gac is seen to increase
monotonically and reaches a value of nearly 12meV/K for
29-nm-wide wires. This is an increase of about 15% as co
pared to the large wires, which is well outside of the expe
mental error.

In order to understand this wire width dependence,
consider the contribution to the homogeneous linewi
given by exciton-acoustic phonon scattering. The homo
neous exciton linewidth in the wires is obtained in perturb
tion theory in a manner similar to that given previously f
bulk4 and for quantum wells.20 For wire widths for which kT
is less than or of the order of the energy of the highest
erally confined state, we obtain a simple expression for
exciton linewidth:

Gphon5
1

\~2p!2 (
l
E

2`

`

dqxE
2`

`

dqzN~q8!uV~0,l!~q8!u2.

Here the wire axis is in they direction,V(0,l)(q) is the ma-
trix element for exciton scattering from the lowest to thelth
laterally confined state, andq8 is such that DEl

2\2qy8
2/2M5\nsq8, wherens is the velocity of sound,M

is equal tome1mh , andDEl is the lateral subband spacin
to thelth state. From an examination of the dependence
Gphon on the wire widthLx , we find thatGphon}gacT}Lx

21.
The Lx dependence of the temperature coefficientgac arises
from the effects of lateral confinement on the exciton wa
function. The dotted line in Fig. 3~b! is aLx

21 fit to the data.
This curve fits the data well, indicating that the acoustic ph
non scattering gives a good explanation of the observed w
width dependence.

In summary, we have measured the temperature de
dence of the homogeneous linewidth of the excitonic re
nance in In0.135Ga0.865As/GaAs quantum wires with widely
varying lateral sizes by means of time-integrated degene
four-wave mixing. We have seen that the homogeneous l
width at zero temperature is rising due to the enhanced s
tering of the excitons by the wire width fluctuations. The ri
saturates for wire widths smaller than 50 nm most likely d
to the localization of the exciton wave function. The tem
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perature coefficientgac, which is a measure for the scatte
ing of the excitons by acoustic phonons, increases monot
cally with decreasing wire width. We show that th
dependence is consistent with the results of microscopic
oretical calculations for exciton-phonon scattering in qu
tum wires.
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