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Effect of confinement on energy-dependent dephasing in heterostructures
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To study the effects of confinement by quantum-well potential discontinuities on excitonic dephasing, we
performed a spectrally and temporally resolved study of band-edge four wave mixing emission from a series of
In12xGaxAs quantum wells. Our measurements reveal an array of dynamics as we move from the three-
dimensional to the two-dimensional limit. Spectral resolution allows us to resolve a slowly dephasing excitonic
contribution in bulk In1-xGaxAs. In measurements on quantum-well samples of intermediate width, we find no
change of the dephasing time as the quantum-well width becomes smaller than the bulk Bohr diameter. This
indicates that the dominant dephasing mechanism in this regime is scattering by alloy disorder and interface
roughness. For quantum-well widths below 200 Å we observe a substantial increase of the dephasing time.
Spectral resolution allows us to associate the slow dephasing in this regime with localized excitons.
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I. INTRODUCTION

Ultrafast dynamics in semiconductors have been stud
with great vigor ever since the development of ultrafast la
sources in the early 1980s. The effects of quantum confi
ment on these dynamics pose important questions both
entifically, for the understanding of fundamental conden
matter interactions, and technologically, for the developm
of electro-optic devices. The physics which underlies the
swers to these questions, however, is not well understoo
is known that most of the many body interactions import
in ultrafast dynamics, such as screening, Pauli blocking,
the carrier-phonon interaction, are different in two dime
sions than in three. However, real structures exist in a reg
intermediate between the absolute two- and thr
dimensional limits, and in this regime very little theoretic
or experimental work has been done. The ultrafast dynam
of real semiconductors generally result from a complex
terplay among many different physical processes. Becaus
this complexity, it is very difficult to model exactly how
confinement will affect the ultrafast properties of a particu
structure. Previous work has measured the effects of con
ment in semiconductor heterostructures on linear opt
properties.1 Studies of carrier thermalization2 in such hetero-
structures have found that confinement substantially
creases the effectiveness of Pauli blocking nonlinearitie
the band edge, while reducing the effectiveness of
electron-phonon interaction for nonthermal electron popu
tions. A study of the effect of confinement on spin dynam
was also reported recently.3

Polarization relaxation, or dephasing, takes place via
same types of collisions which are important in carrier th
malization. These include carrier-carrier scattering, carr
phonon scattering, and carrier-impurity scattering. Polar
tion relaxation, however, reflects elastic collisions, whi
only cause a change of phase, as well as inelastic o
550163-1829/97/55~23!/15768~8!/$10.00
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which also result in a redistribution of energy. At the ba
edge, where photocarriers cannot lose excess kinetic ene
elastic scattering dominates. Studies of the excitonic dep
ing as a function of dimensionality are thus necessary
complement energy and spin relaxation measurements.

Previous measurements of dephasing in confined syst
have shown that the dephasing time tends to increase
result of confinement. This has been shown for confinem
in a quantum well~QW!, as well as for confinement by
magnetic field.4 This study, however, explored only the tw
extreme cases of material confinement: narrow quan
wells and bulk. From these two limits alone it is not cle
what mechanism dominates the increase of dephasing tim
narrow QWs. Bulk materials and narrow quantum we
clearly represent drastically different scattering regimes.
the strong confinement regime exciton localization plays
important role.5 Exciton localization is due to lateral confine
ment by well-width fluctuations, and has been shown to
sult in a substantial suppression of dephasing.6 Previous
work, however, does not allow separation of the effect
localization from that of confinement by the QW. In th
context it is important to realize that transverse confinem
by the QW potential and lateral confinement~localization!
do not necessarily take place at identical QW widths. At
bulk limit, interpretation of existing experimental data
complicated by the fact that continuum states as well as
citonic states are simultaneously excited by any ultrash
pulse. The emission is thus composed of contributions fr
different species, for the strongly confined, as well as
intermediate and bulk regimes. Therefore spectral resolu
of the excitonic emission is vital for understanding t
mechanisms which bring about dephasing. In addition,
previous work has explored the evolution from two to thr
dimensions as a function of QW width.

In order to address these issues, we have performe
spectrally and temporally resolved study of band-edge f
15 768 © 1997 The American Physical Society
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wave mixing ~FWM! emission from a series o
In12xGaxAs QWs. The well widths of our samples rang
from 6000 to 100 Å, and thus cover a wide range compa
to the bulk exciton Bohr radius~290 Å!.

In Sec. II of the paper we review the application of tra
sient FWM to the study of dephasing in semiconductors.
discuss the limitations of the basic four wave mixing tec
nique, and how confinement in increasingly narrowing QW
is expected to affect scattering and dephasing, thereby d
onstrating how the use of spectral resolution and the r
choice of samples can help in elucidating the complica
interplay of various physical effects. Section III briefly d
scribes the experimental setup. The experimental results
then presented and discussed in Sec. IV, while conclus
are drawn in Sec. V.

II. DEPHASING MECHANISMS AND MEASURING
THE EFFECTS OF CONFINEMENT

A. Transient four wave mixing in semiconductors

Transient FWM measurements are performed using
noncollinear pulses which are time delayed from one
other. The two pulses, propagating with wave vectorsk1 and
k2, generate a third-order polarization and result in emiss
into the momentum conserving directions 2k12k2 and
2k22k1 ~Fig. 1!. In the simplest form of the experiment,
slow detector is used to collect the diffracted photons, a
the resulting FWM signal is measured as a function of
delay between the two excitation pulses. In this configu
tion, positive delay is defined for emission in directio
2k12k2 (2k22k1) as the case when the pulse with wa
vectork2 (k1) is exciting the sample first.

In the past ten years, transient FWM has been exploite
gain access to information about coherent dynamics in v
ous optically excited media. In the case where the laser
cites a system of uncoupled two-level dipoles,7 the FWM
signal is emitted at positive delays only. Its intensity deca
exponentially as a function of time delay with a characte
tic time T2/2 for a homogeneously broadened system,
T2/4 for an inhomogeneously broadened one, whereT2 is the
dephasing time of the ensemble. A number of studies, h
ever, have shown that a simple exponential decay is the
ception rather than the rule in semiconductors. This is
primarily to the fact that a semiconductor cannot be
scribed as an ensemble of independent two-level system
many cases, several different resonances are excited b
pump beam~for example, both light and heavy hole exc

FIG. 1. Schematic FWM geometry. The directions to which t
coherent emission occurs are shown in bold.
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tons!, leading to the appearance of quantum beats in
emitted FWM signal.8 Even in the case where a single exc
tonic level is excited, Coulomb correlations substantia
modify the FWM signal, leading to a nonexponential dec
and emission at negative time delays.9,10 These effects sub
stantially complicate the interpretation of FWM signals
terms of dephasing dynamics. In order to extract more ac
rate information than is available in a simple FWM expe
ment, we have made spectrally resolved measurements o
FWM emission as a function of time delay between puls
In the case where several resonances are emitting sim
neously, spectral resolution allows for interpretation of no
exponential decays. In addition, FWM line shapes can
used to understand interactions in the system, such as C
lomb coupling among states.11,12

B. Scattering, dephasing, and the effects of confinement

Many scattering processes can influence dephasing
namics. Early work13 demonstrated a strong temperature d
pendence in excitonic FWM decay times, indicating the i
portance of exciton-phonon scattering. At low~10 K!
temperatures, however, the phonon population is quite sm
and exciton-phonon scattering is rather slow. Other stro
dephasing mechanisms are exciton-electron and exciton-
scattering. These can be minimized by using low-density
citation and by tuning the excitation so that very little ener
is available to excite free carrier states above the exci
This is feasible mainly for narrow QW samples, where t
excitons are strongly bound. In the case of wide QW a
bulk samples, which do not show excitonic resonances wh
are clearly separated from the continuum, exciton-elect
and exciton-hole scattering may be important at all densit
For high-density excitation, where the excitonic resonan
are nearly saturated, production of unbound electrons
holes again becomes important even in narrow QWs. W
the presence of free carriers is minimized, exciton-exci
interaction has been shown to strongly affect FW
emission.9–11,13Schultheiset al.have shown that at low tem
peratures and for low excitation densities, exciton-exci
scattering can dominate the dephasing process in QWs.13 Fi-
nally, scattering by charged impurities should also be c
sidered as a dephasing mechanism for the low-tempera
low-density case.

We now focus on the effects of confinement on deph
ing. It has been shown that when excitons are reduced
spatial extent, dephasing times tend to lengthen. In one s
of dephasing times in 100 Å In12xGaxAs QWs and
In12xGaAs bulk,

4 the dephasing time was six times longer
the QWs. Studies of both bulk and QWs showed that wh
excitons are reduced in spatial extent by the application o
magnetic field, their dephasing times also tend to increa4

This increase in dephasing time with decreasing spatial
tent of the exciton has several possible origins. The first
suppression of scattering by impurities and alloy disorder.
excitons are reduced in size, they become less likely to
counter and thus scatter from these imperfections. How
increase in dephasing time should scale with exciton dia
eter, however, is not clear. Another possible explanation
the increase in dephasing time would be a decrease
exciton-exciton scattering. Finally, the effect of scattering
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FIG. 2. Band-edge absorption spectra for~a!
100 Å, ~b! 200 Å, ~c! 500 Å, and ~d! 6000
Å samples.
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free carriers cannot be ruled out as an explanation for
short dephasing times measured in the three-dimensi
~3D! limit.

For the low-temperature case, in the low-density lim
one would expect any dimensionality dependence of
dephasing time to be dominated by changes in the exc
interaction with material defects. There are two oppos
contributions to this effect. As discussed above, the decre
in exciton cross section with confinement would be expec
to increase the excitonic dephasing time, for the case
fixed impurity concentration. However, as one goes to v
narrow quantum wells, where the well width is substantia
smaller than the exciton diameter, the importance of sca
ing from defects at the interfaces will increase. Although
the infinite barrier case, the excitonic wave function ha
node at the interfaces, and thus excitons should not dire
‘‘contact’’ the interfaces, charged impurities at the interfa
will affect the excitons over long distances. Furthermore,
finite barriers, the electron and hole wave functions do le
somewhat into the barrier layers, and this leakage is kno
to increase with decreasing well width. Thus scattering d
to interface roughness should increase with increasing c
finement in a QW potential. On the other hand, interfa
roughness can actually result in asmaller scattering cross
section: it is known to result in an inhomogeneously bro
ened absorption line with a mobility edge at its center.6 Lo-
calized excitons, below the mobility edge, can become d
calized by thermal activation. As the temperature
decreased, the lowest-energy excitons become virtually
mune to activation, resulting in a significant increase of th
dephasing time. Depending on details of sample qua
then, confinement could either increase or reduce excito
dephasing times.

The limited experimental data in the literature4 do not
allow a detailed analysis of confinement effects in r
samples in terms of the scattering mechanisms discu
above. In the following we address the above issues by
senting, for the first time, a detailed study on a series
In12xGaxAs QW samples, ranging in well width from 100 t
6000 Å. The use of In12xGaxAs material has the advantag
~over GaAs QWs! that the 2D limit is reached at a larger QW
e
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width ~due to the larger Bohr radius of the exciton and t
larger confinement potential!, decreasing the significance o
exciton localization. In fact, the transition from 3D to 2D
around 600 Å~one Bohr diameter!, is well separated from
the localization regime for typical experimental condition
This is because at liquid He temperature the fluctuations
the ground state energy of a 200 Å QW, due to monola
fluctuations, become comparable tokBT. Therefore we ex-
pect localization effects to set in at well widths belo
'200 Å, well below the transition from 3D to 2D in
In12xGaxAs ~note that the change of ground state energy d
to a monolayer change of the QW widthL scales asL23). In
the ternary In12xGaxAs material, alloy fluctuations may als
contribute to both scattering and exciton localization. Ho
ever, we do not expect this relatively well width-independe
property to change the sharp onset of localization by mo
layer fluctuations. Importantly, spectrally resolving th
FWM signal allows us to separate the different contributio
within the inhomogeneously broadened absorption line as
ciated with localization. Furthermore, it also enables us
separate the different contributions from continuum sta
and excitonic states, which are simultaneously excited
wide QWs and in bulk material.

III. EXPERIMENTAL TECHNIQUE

Spectrally resolved FWM experiments were performed
In0.47Ga0.53As heterostructures with well widths of 100, 20
500, and 6000 Å. The excitonic binding energy in the
samples ranges approximately from 2.5 meV~bulk! to 10
meV ~100 Å well!. All the samples contain a total of 600
Å of In0.47Ga0.53As, with In0.47Al0.53As barriers of 70 Å.
The semi-insulating InP substrates were removed by se
tive etching to eliminate the background two-photon abso
tion contribution to the signal.14 All measurements reporte
here were carried out at liquid He temperature. Absorpt
spectra of the samples at 4 K are shown in Fig. 2. Note tha
the excitonic linewidths~or the rise of the band edge, in th
case of the bulk sample! are very similar, about 8 meV ful
width at half maximum~FWHM!, for all samples. Thus
judging from linear data alone one would expect that
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FIG. 3. FWM signal from the 100 Å sample
~a! power spectra as a function of time delay f
N51011 cm22; ~b! power spectra as a function o
time delay forN5109 cm22; ~c! spectrally inte-
grated FWM as a function of time delay fo
N51011 cm22; ~d! spectrally integrated FWM as
a function of time delay forN5109 cm22.
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excitonic interactions are also similar among all samples
Samples were excited with 120 fs pulses of approxima

30 nm full width half maximum bandwidth. These were s
lected with interference filters from the continuum genera
by a NaCl laser, amplifier, and continuum generat
system.15 The excitation was tuned just below the lowe
exciton level of each sample, in order to minimize the c
ation of free electron-hole pairs. The measurements w
performed over densities ranging from 1015 to 1017 cm23

(109 to 1011 cm22). The two exciting beams were colinear
polarized and of approximately equal intensity. The signa
the background-free, FWM direction was sent to a spectro
eter and In12xGaxAs optical multichannel analyzer~OMA!
and measured as a function of time delay between pul
For each sample, measurements were also performed w
spectrally integrating detector. However, due to the low r
etition rate~1 kHz! of the system, averaging of the OMA
signal gave a considerably better signal to noise ratio t
did the combination of an integrating detector and a lock
amplifier, allowing for measurements at considerably low
densities. Thus data shown here are all obtained from
spectrally resolved measurements, which can of course
ly
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integrated to obtain the total emitted intensity as a funct
of time delay. We will discuss data from each of the samp
in turn, starting with the narrowest quantum well, which h
in many respects the simplest response.

IV. EXPERIMENTAL RESULTS

A. Two-dimensional regime

The 100 Å QW has its 1s heavy hole exciton peaked a
870 meV. This sample was excited with 15 meV~FWHM!
pulses centered around 880 meV. The results of spectr
resolved FWM are shown in Fig. 3~a! and Fig. 3~b! for both
high- (1011 cm22) and low- (109 cm22) density excitation.
Figures 3~c! and 3~d! show the spectrally integrated signa
which gives exponential decays with a time constant of 3
fs for low-density excitation, and 190 fs for the high-dens
case. If we were to interpret the spectrally integrated sig
only, assuming that the excitonic line in this case is inhom
geneously broadened, then the two-level system result
this sample would correspond to dephasing timesT2 of 750
fs and 1.3 ps for the high and low densities, respectively. T



e
lo
w
e
V

in
e
w
a
tr
th

ity
ar
tio
a

l f
a
to
n
l-
it
e
he
te
ng
b

w
th
a
y

a
in

nes
the

at
de-
was
low
ed

ame
ay

ter
ell
est

a a-

a-
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assumption of inhomogeneous broadening in this cas
quite reasonable, due to well-width inhomogeneity and al
fluctuations, as discussed above. If we take 1.3 ps as a lo
limit for the dephasing time, we obtain an upper limit for th
excitonic homogeneous linewidth of approximately 3 me
The absorption spectrum for this sample~Fig. 2!, however,
shows a linewidth of approximately 8 meV~FWHM!, thus
indicating that the sample is, in fact, quite substantially
homogeneously broadened. It is likely, in fact, that if w
were able to make FWM measurements at lower densities
would obtain even longer dephasing times. Further inform
tion is revealed by a closer examination of the FWM spec
for the high- and low-density cases. Figure 4 shows
FWM spectra at high and low densities forDt50, overlaid
with the pump spectrum. Note that with increasing dens
the emission both broadens considerably and shifts tow
the pump spectrum and the peak of the exciton absorp
line ~Fig. 2!. Such an increase in breadth of the emission
high densities has been seen before in GaAs,11 and has been
attributed to the fact that at 1011 cm22 the exciton is nearly
saturated, and thus the excitation generates a substantia
carrier population. This would sharply decrease the deph
ing time and shift the signal from pure excitonic emission
exciton plus free carrier emission. This interpretation co
flicts, however, with the symmetrical FWM line shape. A
ternatively, the shift and broadening of the response w
increasing density may be due to the fact that the low
lying excitons are localized. At low excitation densities t
emission may then be dominated by these localized sta
which have longer dephasing times and therefore a stro
integrated emission. The latter interpretation is supported
the fact that the emission spectrum at low density is narro
than the linear absorption line. Surprisingly, we find that
FWM line shape at high-density excitation is well fit by
Lorentzian of'10 meV FWHM. Conversely, at low densit
a Lorentzian shape results in a poor fit, while a Gaussian
'5 meV FWHM gives a much better fit. This means that~a!
even the narrow emission line is inhomogeneous and~b! at
high densities collision-induced dephasing affects all loc
ized and delocalized excitons in the same way, resulting

FIG. 4. FWM spectra measured with the 100 Å sample
N5109 cm22 ~dotted! andN51011 cm22 ~dashed! overlaid with
the pump spectrum~solid!.
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homogeneous emission line. This behavior further underli
the importance of disorder effects in the interpretation of
data from the 100 Å sample.

B. Intermediate regime

The intermediate dimensionality samples~200 and 500 Å!
show behavior similar to that in the narrowest well, in th
they have dephasing times which increase strongly with
creasing density. In these samples background scattering
a problem, and it was not possible to go to densities be
1010 cm22. Figures 5 and 6 show the spectrally resolv
signals for each sample. We obtain a dephasing timeT2 for
the 200 Å sample of 530 fs at 1010 cm22, considerably
shorter than that measured in the 100 Å sample at the s
density. The shorter dephasing time in the 200 Å QW m
be due to~a! reduced confinement or~b! reduced localization
due to well-width fluctuations. As explained above, the lat
is expected to result in increased dephasing times for w
widths below 200 Å, but at the same time should manif

t FIG. 5. FWM power spectra as a function of time delay me
sured with the 200 Å sample at a densityN51010 cm22.

FIG. 6. FWM power spectra as a function of time delay me
sured with the 500 Å sample at a densityN51010 cm22.
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FIG. 7. FWM signal from the 6000
Å sample:~a! power spectra as a function of tim
delay forN5331016 cm23; ~b! power spectra as
a function of time delay forN5131015 cm23;
~c! spectrally integrated FWM as a function o
time delay forN5331016 cm23; ~d! spectrally
integrated FWM as a function of time delay fo
N5131015 cm23.
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itself as an increasing exciton linewidth. Surprisingly, t
linear absorption spectra for these two samples~in fact all
our samples! show similar linewidths. Moreover, well-width
fluctuations cannot account for the'8 meV linewidths of all
but the 100 Å sample. This suggests that a completely
ferent mechanism determines the relatively well-wid
independent exciton broadening in our samples. A chief c
didate is alloy disorder.

Alloy broadening scales as the square root of the ratio
the unit cell volume to the exciton volume. Therefore in t
2D limit it is expected to increase as both the QW width a
the Bohr radius decrease.16 Conversely, it is expected to b
independent of the well width for wide QWs. However, t
well-width dependence in the 2d limit will be substantially
reduced by leakage of the electron and hole wave funct
into the barrier layers in the narrow QWs. To demonstr
that alloy fluctuations can in fact account for the experim
tal linewidths, we estimate the broadening in the 2D limit16

assuming a random alloy within the volume of the excito
The calculated linewidth for the 200 Å sample is'6 meV,
in good agreement with our data.

It is not clear if alloy disorder can, in turn, lead to loca
ization. The answer to this question obviously depends
the length scale of the disorder. In this context it is wo
noting that the linewidths seen in the absorption spectra
f-
-
n-

f

d

s
e
-

.

n

p-

resent averaging over a very large spot size~these measure
ments are done using incandescent light bulbs!, unlike our
FWM measurements. In order to answer these questions
data from the 500 Å QW and bulk samples have to
analyzed.

The spectrally resolved signal in the 500 Å sample
shown in Fig. 6. We attribute the highly asymmetrical lin
shape to the presence of several very closely spaced r
nances near the band edge of this sample. The heavy
and light hole 1s excitons are just barely resolvable from on
another in the linear absorption. Although we do not reso
separate peaks from these two resonances in the FWM s
trum, we do observe a wide, non-Gaussian, emission s
trum which does not coincide with the excitation spectru
The FWM power spectra for the 500 Å sample also show
small shoulder around zero delay. We interpret this as a
decaying emission from the continuum states.

Apart from the above mentioned differences, the FW
emission from the 200 and 500 Å samples shows a rem
able similarity. The dephasing rates and emission linewid
are comparable, and both are very different from those wh
characterize the 100 Å sample. In spite of the fact that c
finement is expected to occur in this regime, as the w
width becomes narrower than the bulk Bohr diameter, we
not observe any significant change of the dephasing ti
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FIG. 8. Spectra measured with the 600
Å sample: absorption spectrum~dotted!, pump
spectrum ~solid!, FWM at Dt50 and
N51015 cm23 ~dashed!, and FWM atDt5300
fs and the same density~dash-dot!.
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This is even more surprising considering the decreasing
citation of continuum states as the well width is decrea
from 500 to 200 Å. These results can only be explained
assuming a dominant role for scattering by alloy fluctuatio
and interface roughness. Thus in this regime we obse
emission from delocalized excitons, which are scattered
disorder. In turn, this implies that the significant increase
dephasing time in the 100 Å QW sample is due to locali
tion by monolayer well-width fluctuations.

C. Three-dimensional regime

The FWM signals from the bulk sample taken at high a
low density are shown in Fig. 7. In this sample we see
qualitative change in the FWM spectrum as we decrease
carrier density. At high densities~above 1017 cm23) the
emission is very broad and decays quickly, within 100 fs.
the density is lowered, however, a narrow peak emer
which has a much longer decay time. The broad emissio
centered nearDt50, while the narrow emission appears
be somewhat time delayed, peaking at approxima
Dt5150 fs. Figure 8 shows the narrow~late time! and broad
~early time! signals superimposed on the linear absorpt
spectrum. The narrow line does not correspond to any
ture observed in the linear absorption spectrum. If the sam
is excited somewhat above the band edge, then only
broad response is seen. We interpret this in terms of
types of emission. The broad, instantaneous emission de
from the continuum of unbound states near the band e
The long-lived, narrow line is due to the 1s excitonic bound
state, which is not resolved from the continuum in line
x-
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absorption. Remarkably, the decay time of the narrow l
('200 fs! is similar to that found for the 100 Å QW
('325 fs!. The resolution of a narrow excitonic feature fro
a broadband continuum by the difference in dephasing t
is the first such measurement to our knowledge. It explain
a very satisfying way the presence of apparently reson
signals in ac Stark effect and carrier thermalization data
this sample,2 despite the absence of any clear exciton in
linear absorption spectra.

In view of the known sensitivity of excitonic dephasing
scattering by free carriers, it is surprising to find a rath
slow excitonic dephasing simultaneous with a clearly
solved free carrier contribution. This, and the fact that
narrow emission line is redshifted relative to the broad ex
ton absorption peak, suggest that the long-living compon
is associated with excitons which are localized by alloy d
order. On the other hand, our data show that the fast dep
ing in bulk material, which was observed in spectrally int
grated measurements,4 can in fact be attributed to coheren
emission by continuumandbound states rather than to exc
tonic emission only.

V. CONCLUSIONS

Table I summarizes the spectral features which we
serve in the FWM emission from the four samples, and
typical decay times of the main spectral components, at h
and low excitation densities. An array of dynamics is r
vealed as we move from the three-dimensional to the tw
dimensional limit. Rather than obtaining phase relaxat
times which evolve smoothly with confinement, we find th
onents
by the
TABLE I. Summary of the spectral line shapes and of the decay times of the main spectral comp
observed in the FWM emission from the four samples. The accuracy of the high-density data is limited
pulse duration in all but the 100 Å sample.

High density Low density
Sample t ~fs! Line shape t ~fs! Line shape

100 Å 190 Lorentzian 325 Gaussian
200 Å 66 Lorentzian 132 Gaussian
500 Å 66 Asymmetric 132 Instantaneous shoulder
6000 Å 66 Asymmetric 200 Long-lived component
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for each confinement regime~bulk, intermediate, quasi 2D!
unique features in the FWM signal emerge, reflecting diff
ent properties of the exciton.

Spectral resolution allows us to resolve a slowly deph
ing excitonic contribution in bulk In12xGaxAs. It also allows
association of the initial fast dephasing with emission
continuum states. In measurements on QW samples of in
mediate width, we find no change of the dephasing time
the QW width becomes smaller than the bulk Bohr diame
This is despite the increasing confinement and a decrea
contribution of free carriers~to both emission and scatter
ing!. This indicates that the dominant dephasing mechan
in this regime is scattering by alloy disorder and interfa
roughness. For a QW width of 100 Å, fluctuations in th
ground state energy, due to interface roughness, bec
larger than the thermal activation energykBT. At this point
the dephasing time increases substantially, and the FW
spectrum shows clear signatures of localization.

We conclude that scattering and localization due to int
face roughness strongly affect excitonic dephasing in QW
We attribute the different exciton dephasing times for bu
r-

as-

by
ter-
as
er.
sing
-
ism
ce
e
ome

M

er-
s.
lk

and narrow QWs, reported in the literature, to the fa
dephasing of continuum emission and to exciton localizati
respectively. The main effect of confinement by the QW p
tential is therefore a change in the character and role of m
terial defects. This is in contrast with confinement by a ma
netic field,4 which, in the presence offixedmaterial defects,
results in a continuous increase of the dephasing time.

Our work also shows the power of nonlinear spectro
copy, in this case allowing discrimination between a lon
lived bound state and a continuum, not possible with line
spectroscopy.
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