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Resonant Rayleigh scattering by excitonic states laterally confined in the interface roughness
of GaAs/AlxGa12xAs single quantum wells

N. Garro, L. Pugh, R. T. Phillips, V. Drouot, M. Y. Simmons, B. Kardynal, and D. A. Ritchie
Cavendish Laboratory, Madingley Road, Cambridge CB3 0HE, United Kingdom

~Received 31 January 1997!

A systematic study of resonant Rayleigh scattering~RRS! in semiconductor single quantum wells~QW’s! is
reported. The QW’s were grown under different conditions leading to different interface roughness. High
spatial and spectral resolution photoluminescence~PL! and PL-excitation~PLE! measurements revealed that
the electronic configuration of the wells is very sensitive to the growth conditions. RRS and multichannel PLE,
which can be related to the absorption, were measured simultaneously in order to study the redshift of the RRS
with respect to the absorption. The dependence of this shift on the full width half maxima of the transitions
studied showed remarkable differences depending on the interface roughness profile. RRS intensity was found
to be very sensitive to the inhomogeneous broadening of the transitions. The temperature dependence of RRS
from 1.4 to 40 K is also reported. The decrease in the intensity and in the redshift between RRS and PLE found
in the experiment when temperature is raised can be explained in terms of thermal detrapping of laterally
confined excitons.@S0163-1829~97!05420-9#
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I. INTRODUCTION

In 1982, Hegartyet al.1 reported for the first time a reso
nant enhancement of the Rayleigh scattering at the he
hole ~hh! exciton transitions of GaAs/AlxGa12xAs multiple
quantum well structures. Spatial fluctuations in the w
width that cause spatial fluctuations in the refractive ind
were identified as the origin of the elastic scattering of lig
in the whole solid angle~Rayleigh scattering!. Hegartyet al.
presented a macroscopic theoretical treatment of the pro
that gave relative values for the homogeneous broade
(G) usually obscured by the inhomogeneous broaden
(L) in this kind of system.1,2 Thus resonant Rayleigh sca
tering ~RRS! appeared as a powerful technique for the stu
of the dynamics of excitons in quantum wells~QW’s! ca-
pable of use at very low excitation intensities where ot
methods such as hole burning or photon echoes present p
lems. Despite these advantages, the use of RRS was ine
cably abandoned for almost a decade. The experime
progress in time resolution in the early 1990s allowed
development of time-resolved light-scattering spectr
copies3 and, in particular, time-resolved RRS. According
the theoretical predictions of Stolz and coworkers3–5 the
RRS signal, even for complex inhomogeneously broade
systems, decays with the intrinsic coherence time of the
citonic statesT2, related toG by G5\/T2.

Despite the relevance of the results obtained with RRS
the study of QW systems, almost no attention was paid to
RRS process itself. It was only recently that the fi
experimental6,7 and theoretical8–10 attempts were made at
microscopic description of the process. Discussion has b
centered on the nature of the intermediate excitonic st
participating in the scattering. As a consequence of wa
vector conservation, confined excitonic states give the m
contribution to the scattering efficiency8 in systems with
small disorder such as crystalline solids. In semiconduc
QW’s excitons are confined~or localized! by two-
550163-1829/97/55~20!/13752~9!/$10.00
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dimensional~2D! growth islands formed at the well inter
faces during the growth process. Formally all the excito
states may be localized, however, for practical purpos
those with sufficiently large localization length may be co
sidered ‘‘propagating’’ or delocalized states. Confined sta
correspond to slightly lower energies than propagating st
and thus correspond to the low-energy side of the absorp
peak. The redshift of the RRS with respect to the photolu
nescence excitation~PLE! found for the hh transition in QW
systems1,6,7 was then taken to be a consequence of the p
ence of localized states and therefore as a general featu
real QW structures.6

The optical response of semiconductor QW’s is ve
much dependent on the growth conditions through the q
ity of the interfaces. Well width fluctuations are unavoidab
and lead to inhomogeneous broadening of the optical tra
tions. However, recent investigation in grow
techniques11,12 have proved that the control of the grow
temperature and the time the growth is interrupted at
interface can lead to bigger and more separated growth
lands. Spatially resolved PL measurements on those kind
samples have resulted in very sharp peaks~linewidths down
to '40 meV, see Gammonet al.13! that show the single-
exciton character of the transitions.13–15

In this paper we present a systematic study of RRS
semiconductor single QW’s with the aim of throwing ligh
on the nature of this process. We analyze carefully the s
tering process with the help of a microscopic picture in ord
to determine the localized or extended nature of the excito
states participating in the scattering. High-resolution R
measurements at the hh exciton transitions in different si
QW’s ~from 40 to 200 Å! were undertaken in order to ad
dress the RRS dependence on the inhomogeneous broa
ing of the transition. Experimental evidence about the ch
acter of the intermediate states, either confined
propagating, was gathered by investigating two samples w
very different excitation pictures due to differences in t
13 752 © 1997 The American Physical Society
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55 13 753RESONANT RAYLEIGH SCATTERING BY EXCITONIC . . .
typical length scale of their interface roughness. If confin
states give the main contribution to RRS, one should exp
a high dependence of the scattering efficiency on tempera
as a consequence of the temperature dependence of stat
times through scattering by acoustic phonons. The temp
ture dependence of the RRS is regarded for temperat
from 1.4 to 40 K, for QW’s of several widths and also f
bulk GaAs.

This paper is organized as follows. A theoretical descr
tion of the Rayleigh scattering process is given in Sec. II.
Sec. III the two samples studied in this work are describ
emphasizing that the differences in the growth conditio
have caused important differences in their exciton spec
Details about the experimental setup are given in the en
that section. The redshift of the RRS with respect to
absorption spectrum is analyzed for both types of sample
for several well widths, and also for the bulk in Sec. IV.
Sec. V RRS intensity and line shape are analyzed in term
the homogeneous and inhomogeneous broadening of
transition. Section VI deals with the variation of the RR
profile with temperature. And, finally, Sec. VII summariz
the main conclusions of the work.

II. THEORETICAL BACKGROUND

In a RRS process the incoming light is elastically d
persed in the whole solid angle and the resonance oc
when the excitation energy is equal to the energy of a
excited state of the system. This process is microscopic
analyzed in this section. A diagrammatic picture of the p
cess is very useful in understanding the nature of the proc
Some lower-order Feynman diagrams contributing to R
are depicted in Fig. 1. The first diagram in Fig. 1 represe
the absorption of a photon (v l ,k l) by the solid with the
creation of an exciton in the statem; in the second step th
exciton is destroyed with the emission of a phot
(vs5v l ,ks). In the following diagrams the photoexcited e
citon interacts elastically~only wave vector is transferred i
the scattering! with one or more static defects of the soli
This interaction is represented by the full vertex. The con
bution of the excitonic propagators~double lines in Fig. 1! to
the scattering amplitude is proportional to

(
m

1

Em2\v l1 iGm/2
ei ~ks2kl !rm, ~1!

FIG. 1. Feynman diagrams contributing to the Rayleigh scat
ing amplitude. Dotted lines represent incoming and dispersed p
tons, double lines correspond to intermediate excitonic states,
the dashed lines represent impurities of the perfect lattice.
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whereEm , Gm , and rm are the energy, the homogeneo
broadening, and the position vector of the statem. Equation
~1! explains why the scattering is resonant when\v l'Em .

The microscopic picture also helps to clarify the select
rules of the process and especially the controversial issu
the character of intermediate states.6–8 Let us analyze first
the lowest-order diagram of Fig. 1. If the intermediate sta
are ideal propagating states, then the wave-vector conse
tion principle fixes the scattering direction (ks5k l) and only
forward scattering is possible. For confined states, on
other hand, the wave-vectors are not good quantum num
and their conservation is relaxed. In lowest-order pertur
tion theory only confined excitonic states contribute to RR
In higher-order terms, the participation of static defects
moves any constraint on the character of the intermed
states and both confined and propagating states contribu
the scattering efficiency. In QW systems, where fluctuatio
in the well width have led to lateral confinement of the e
citon center of mass wave functions, RRS comes ma
from the first diagram in Fig. 1, i.e., from confined interm
diate states.

It is helpful to make the description given in the previo
paragraph more quantitative with regard to the degree
confinement of the lateral wave function that this model
RRS demands. In real QW systems all excitonic states
formally localized due to fluctuations in the well width an
even those considered to be propagating states have a
diffusion length16 because the finite exciton lifetime. To de
termine the level of confinement required in the lowest-or
RRS process one has to analyze carefully the wave-ve
change that occurred in the process. Figure 2 shows the
tering geometry corresponding to incidence near to Bre
ster’s angle (uB'75°) and collection in anf /3 cone around
the growth axis (z). The high refractive index of GaAs im
plies only a small angle (' from 12° to 20°) between the
incident and the scattered wave vectors. Energy conserva
implies

r-
o-
nd

FIG. 2. Plane section of the phase sphere for a RRS proces
Brewster’s angle scattering geometry.k l , kr , andks are the inci-
dent, reflected, and scattered photons, respectively. The shaded
corresponds to the collection cone.



nc
th
ne
ing
e
to
un

lle

rs
ge
s
0
er

o
a-
o
d

ev

s
ve

o

tu
w
r
st
th
wo
to

tic
h
n

gle
ide
ia-
ch
um
less,
ce
ar-
ess

the
ant
t all
al-

are
red-
it
-
e

a
L
-

he
b-
i-
e

ns

rea
e

-
s of

ed

a

13 754 55N. GARROet al.
uksu5uk l u5n
2p

l
, ~2!

wheren is the refractive index andl the wavelength of the
incident light. Confinement of the center of mass wave fu
tion in the plane of the well relaxes the conservation of
wave vector in that plane. The same effect for the confi
ment in the growth direction permits final states contribut
to scattering in the collection cone to satisfy overall cons
vation of uku required by energy conservation. In order
scatter into the collection cone, the in-plane wave-vector
certainty has to be relaxed to at least the extent of

Dkxy'
2p

l
sinuB . ~3!

Therefore any exciton localized on a length scale sma
than

Dl xy<
l

sinuB
~4!

will contribute to the RRS process described by the fi
diagram of Fig. 1. Excitons localized on a length scale lar
than this are those we consider to be propagating state
the purposes of RRS. For an incident wavelength of 800
Dl xy<0.83 mm. The confinement required for Brewst
angle scattering geometry is not very severe.

III. SAMPLE DESCRIPTION AND EXPERIMENTAL
SETUP

A. Samples growth

The two samples investigated in this work were grown
GaAs @001#-oriented substrates in two different MBE m
chines; one of the samples, the one that will be referred t
sampleA from now on, was grown in a Varian Gen II an
the other one, sampleB, in a Vacuum Generator V80H MBE
machine. Both samples consist of GaAs single QW’s of s
eral widths ~from 20 to 300 Å! separated by 150-Å
Al 0.33Ga0.66As barriers. SampleA was indium mounted on a
molybdenum block for growth and sampleB held in an
indium-mounting free block. Nominally, growth condition
were comparable in terms of growth rates and arsenic o
pressure, however, sampleA was grown continuously at a
substrate temperature of 650 °C whereas sampleB was
grown at a lower substrate temperature of 570 °C and, m
importantly, the growth was interrupted for 2 min and 5 s at
each heterointerface. In both cases substrate tempera
were measured using an optical pyrometer. For the gro
interrupts used in sampleB the arsenic flux was kept on fo
the first minute, closed for 5 s and then turned on for the la
minute. Scanning tunneling microscope studies of grow
interrupted GaAs surfaces have revealed large t
dimensional islands of typical size larger than the exci
Bohr radius15 (aB).

B. Optical characterization

Both samples were characterized using standard op
techniques: PL and PLE spectra were recorded for the
exciton at the different wells. The PLE spectrum is conve
-
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tionally obtained by integrating the luminescence at a sin
wavelength, which is usually chosen at the low-energy s
of the PL peak. Under ideal conditions, when the nonrad
tive recombination is negligible and the relaxation is mu
faster than the radiative recombination, the PLE spectr
can be assumed to be equivalent to absorption. Neverthe
due to the lateral confinement of excitons in the interfa
roughness, conventional single-channel PLE is extraordin
ily dependent on the final state and on the relaxation proc
and therefore cannot be related to the absorption.17 This
problem can be reduced by extending the integration to
whole luminescence peak so that all the most import
emission channels are being considered. Assuming tha
the absorbed light is reemitted, which is valid for good qu
ity QW systems, then thismultichannelPLE is proportional
to the absorption spectrum. Remarkable differences
found between the two samples. Both samples show a
shift of the PL peak with respect to absorption, but while
increases considerably in sampleA as the wells become nar
rower ~the measured splittings go from 0.02 meV for th
300-Å QW to 5.2 meV in the 40-Å well! in sampleB this
shift is always very small~it is only 0.15 meV for the 56-Å
QW!. In sampleA the redshift between the two spectr
~Stokes’ shift! is comparable to the broadening of the P
peak, whereas in sampleB it is much smaller than the mea
sured full width at half maximum~FWHM!—there is a dif-
ference of one order of magnitude. The variation with t
well width of the Stokes shift between the PL and the a
sorption is shown in Fig. 3. Also the FWHM exhibit dissim
larities: in sampleA the absorption peaks are wider than th
PL ones, as is usually found; in sampleB, on the other hand,
both spectra show similar linewidths for all the transitio
studied.

The unusual behavior of sampleB was studied further by
the use of a sampling method that restricted the probed a
to squares< 1 mm2. This method consists of covering th
sample with a thin film of Al~100 nm!, which is opaque to
typical GaAs/AlxGa12xAs transition wavelengths. Electron
beam lithography is used to produce a series of aperture
diameter varying from 5 down to 0.5mm. Figure 4 shows the
PL spectrum of the hh exciton for the 28-Å QW measur

FIG. 3. Stokes shift between PL and multichannel PLE as
function of the well width in the two samples studied.
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through an aperture of 0.6-mm diameter. The PL profile is
formed by a large number of very sharp peaks~undecon-
volved FWHM of 60–100meV! irregularly separated in en
ergy. By standard macroscopic PL techniques it is only p
sible to obtain laser spots down to 50mm diameter. With the
use of the aluminum masking we found that for areas sma
than 1mm2 the inhomogeneities are spectrally resolved. T
resolution of these measurements was limited by the s
trometer and was 30meV. Single-channel standard PLE wa
also performed on sampleB. Figure 5 shows PLE spectr
corresponding to the hh exciton transition of the 28-Å Q

FIG. 4. PL spectrum for the 28-Å QW in sampleB measured
through an aperture of 0.6mm of diameter. The laser power em
ployed in the experiment was of 300mW/mm2 and the temperature
was of 4.2 K~this temperature was measured at the He excha
area of the cryostat!.

FIG. 5. Single-channel PLE spectra for the 28-Å QW in sam
B measured through a 0.6-mm-diam aperture. The detector was s
at three different energies: 1.66334 eV~a!, 1.66407 eV~b!, and
1.66448 eV~c!.
s-

er
e
c-

through a 1-mm-diam aperture. The spectrometer was se
different positions of the low-energy side of the emissi
~the detection energies are shown by arrows!. The PLE spec-
trum is extremely dependent on the detection energy du
the isolation of the different growth islands. PLE shows on
those excited states that couple to the detected quantum
transition, and cannot be simply proportional to absorpti
as has been pointed out earlier in this section.

The use of near-field spectroscopies allows the dir
measurement of the homogeneous broadening of the ex
states of the system as indicated by the Lorentzian shap
the sharp peaks of the spectra in Figs. 4 and 5. The emis
peaks from these spectra have widths of 60meV approxi-
mately for the lowest-energy excited state and homo
neously increase with energy for further excited states. T
FWHM for excited states go from 60 to 120meV. The error
in these is mainly determined by the spectrometer resolu
and it was estimated by using the spectral lines of a Ne la
Subtracting the Ne line broadening from the measured em
sion linewidths we obtainedG;20 meV for the lowest-
energy state, and values going from 20 to 80meV for higher
excited states.

C. Electronic pictures

The dissimilarities found in the emission and absorpt
spectra of the two samples have their origin in two differe
electronic configurations as a result of different interfa
roughness profiles. In sampleA the typical length scale o
the growth islands is, generally, smaller than the exci
aB . Small islands, i.e., those much smaller thanaB , can
scatter excitonic states leading to modification of their en
gies and wave functions but they remain propagat
states.18 There are, however, a few islands large enough
confine the exciton center of mass in the plane of the well
sampleA, therefore, the excitonic state in a given region c
be of either propagating or confined character. In the
process, localized and extended excitons are optically
ated. Propagating excitons decay into confined states, w
are at lower energies, during the thermalization step. Th
the emission spectrum of this sample only shows the c
fined states. This explains why the absorption peaks are
tered at higher energies and, also, why they are broader
the PL ones. In sampleB, on the other hand, 2D islands a
large (>aB) thanks to the interruption of the growth at th
interfaces. The lateral barriers of these islands are la
enough to avoid tunneling through them during the lifetim
of the confined states, as can be deduced from the PLE s
tra of Fig. 5. With such a potential profile, sampleB can be
seen as an array of quantum boxes of different depths
shapes. The excitonic states in these wells are a solutio
isolated quantum box potentials and have confined chara
if they are bound solutions of the potential or propagat
character in the case of the continuum. The small val
found for the Stokes shift between PL and PLE~Fig. 3! as
well as the similar FWHM found for the transitions in bo
spectra indicate that, in contrast to what happens in sam
A, in sampleB almost all the states participate in the em
sion. The experimental results seem to suggest that the re
ation from higher- to lower-energy confined states in the
terface islands occurs more slowly than the radiat
recombination.
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In good agreement with the electronic picture propos
for sampleB are the near-field spectra of Figs. 4 and 5. In
PL spectrum of Fig. 4, the energy levels of the excito
confined in 2D islands depend on the island depth and rad
then the large number of sharp peaks correspond to the l
diversity of lateral sizes. The existence of sharp transiti
throughout the inhomogeneously broadened line proves
during the lifetime of the excitons these are confined in
2D islands, which can be then seen as naturally formed qu
tum dots.13 In a single-channel experiment, where the det
tion is restricted to one energy corresponding to a spec
dot, we expect to see excitation transitions in this dot o
for laser energies below the continuum edge. The high s
sitivity found in sampleB’s PLE spectra with respect to th
detection energy confirms that slightly different detection
ergies correspond to different islands and the PLE spect
obtained corresponds to a single dot that is optically isola
from the rest, in the sense that exciton relaxation between
dots does not occur.

As pointed out before, we expect that the total confin
ment of excitons found in sampleB decelerates somehow th
relaxation rate of higher- into lower-energy states. Rel
ation processes between excited states separated by a
meV usually involve inelastic scattering by longitudin
acoustic~LA ! phonons. The inelastic scattering~or relax-
ation! rate (t r

21) and the spontaneous emission rate (t0
21)

give rise to the radiative broadening (G rad) of the transition.
G rad can be associated to the lifetime of the stateT1 by
G rad5\/T1. Elastic scattering processes contribute to
dephasing of the state and thus to its homogeneous broa
ing. This second contribution is known as collision broade
ing (Gcoll) and, as with the radiative broadening,Gcoll can be
defined in terms of the dephasing timeT28 (Gcoll5\/T28). In a
two-level system the homogeneous broadening can be w
ten in terms of these two components as

G5G rad12Gcoll . ~5!

In 0D semiconductor structures, because of the total qua
zation of the energy, elastic scattering is forbidden19 and the
homogeneous broadening is entirely radiative. The linewi
measured by near-field PL for the lowest-energy excited s
gives a very good approximation of the radiative recombi
tion time of the state. Notice that the emission of phonon
forbidden for this state and, at low temperatures, the abs
tion of phonons is highly improbable. Typical broadenin
measured in sampleB were approximately 20meV, which
correspond to lifetimesT1't0'30 ps. Higher excited-stat
broadenings measured by PLE monotonically increase w
increasing energy. However, these states still show v
small linewidths. Considering that the radiative recombin
tion times of higher excited states are approximately equa
that for the first excited state, then relaxation times dedu
from the experimental results are comparable witht0
(t r>10 ps!. According to Bockelmann’s calculations o
quantum dot exciton radiative recombination times, the
pected increase int0 with increasing energy is attenuated
the confinement potential increases.20 For the typical values
of the lateral potential of sampleB’s dots (;4 meV! t0 will
increase below 5% for the excited state separated 10 m
from the lowest-energy state. It has been proved then t
d
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although there is relaxation from higher- to lower-ener
confined states~otherwise the intensity of the lowest-energ
transition would have been very low!, the relaxation time
does not dominate the dynamics of 0D excitons and hig
excited states also recombine radiatively. Our conclusi
are coincident with previous results, which found that in 0
semiconductor systems the relaxation by LA phonons
creases strongly when the separation between energy le
is bigger than a certain value.21,22

D. Experimental apparatus

The experimental setup employed to measure the RR
the two samples just described was the standard for a m
channel experiment: a titanium-doped sapphire laser
used as excitation source, the scattered light was dispe
by a 0.85-m focal length double monochromator and
corded by a charge-coupled device camera. Nevertheless
considerations have to be taken into account:~i! in order to
minimize the nonresonant elastic scattering at the surfac
the sample, the laser beam was incident at Brewster’s a
@uB5arctan(n2 /n1)'75°# and detection was normal to th
sample surface;~ii ! due to the fact that the high coherence
the laser light could cause interference fringes via multi
reflection at the cryostat windows, interference modulat
was prevented by focusing the laser beam onto a diffuse
reduce its spatial coherence before illuminating the sam
With the spectrometer fixed at the wavelength correspond
to the transition maximum, the laser was tuned across
exciton transition. The multichannel detection allowed t
simultaneous measurement of the RRS and the PL spe
The RRS and PL signals were carefully separated. By in
grating the elastically scattered light for each excitation
ergy the RRS spectrum was obtained, and doing the s
with the reemitted light for the whole hh transition it wa
possible to obtain the absorption spectrum, as pointed ou
the beginning of this section.

IV. RRS VERSUS ABSORPTION

Important information about the origin of the RRS pr
cess can be obtained by comparing the RRS and the abs
tion spectrum6 of a given transition. Figures 6~a! and 6~b!

show RRS and PLE spectra for the 150-Å QW hh exciton
samplesA andB, respectively, in terms of the laser detunin
While a measurable shift to lower energies of RRS with
spect to absorption is found in sampleA, its value is
150650 meV, in sampleB this redshift has decreased to 2
meV, which is within the experimental error. Due to its sim
larities with the Stokes shift found between the emission a
the absorption spectra in QW transitions, the red shift of
RRS with respect to the absorption has also been denote
‘‘Stokes shift’’ in the literature. From now on we will refe
to it asS to avoid confusion, i.e.,S5E~PLE peak!-E~RRS
peak!. The study of the magnitude ofS was extended to
different wells in both samples. As in the case of the PL-P
spectra, it is found that while in sampleA finite S is detect-
able and increases as the well width decreases, sampB
shows an almost negligible shift. This behavior is reported
Figs. 6~c! and 6~d!. These two figures show the RRS and t
PLE spectra corresponding to the hh exciton transition of
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55 13 757RESONANT RAYLEIGH SCATTERING BY EXCITONIC . . .
60-Å QW’s in samplesA andB, respectively. In this case
S has increased to 0.92 meV in sampleA while it is still
lower than 0.2 meV in sampleB.

To understand the origin of these different behaviors i
convenient to go back to the origin of the RRS process its
Despite the analogy between PL and RRS, these two
cesses have completely different natures. PL is an incohe
process, which involves the relaxation of the real exci
population. RRS, on the other hand, comes from the cohe
scattering of light as a consequence of the relaxation
wave-vector conservation in real solids, and for low exci
tion densities derives from exciton states and not from r
exciton populations8 ~the Feynman diagrams of Fig. 1 in
volve virtual excitations of an initially unexcited system!.
Besides, while in PL it is the relaxation step that depopula
the propagating states before the emission, in RRS only
calized states can participate in the process~as a first ap-
proximation; see Sec. II!.

The measuredS for the hh transitions of sampleA can be
explained in terms of the propagating and confined chara
of the ground state for different areas on the plane of the w
for the single QW’s of this sample. The peak of the RR
occurred at the lower-energy side of the absorption spect
because confined exciton states give the main contributio
the scattering. The lack ofS in sampleB, on the other hand
cannot be interpreted as a sign of the lack of confined sta
On the contrary, the dominant confined character of
states of sampleB is responsible for the very low values o
S in this sample.S does not depend on the confinement b
on the electronic picture of the system. In Fig. 7 the m
suredS for the different transitions in the two samples
represented in terms of the FWHM of the emission, wh
must be proportional to the confinement energies of later
bound states since here we do not eliminate the inhomo
neous broadening.S in both samples increases linearly wi
the emission linewidth. However, the rate of the increa
with FWHM is very different from one sample to the othe
Linear regression gives slopes of 0.85 and 0.11 for sam
A and B, respectively, both very far from the 0.42 slop

FIG. 6. RRS and absorption intensity profiles for the 150-Å
exciton transitions in sampleA ~a! and sampleB ~b! and for the
60-Å hh transitions in samplesA ~c! andB ~d!. The x axis corre-
sponds to the laser detuning (\v2E0).
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reported recently by Gurioliet al.7, which they found to be
sample independent.

A resonant enhancement of the elastic scattering was a
observed for the bulk exciton transition of GaAs. Two fea
tures are remarkable in this case: the RRS signal is wea
than the one found at 2D transitions; and, more important
S is zero within the experimental error. The presence
defects in the perfect lattice breaks the periodicity of th
potential and thus the conservation of wave vector is n
required any longer. This is the mechanism responsible
RRS in bulk material and corresponds to diagrams includi
interaction with static defects in the diagrammatic picture
Fig. 1. The participation of static defects eliminates any co
straint on the character of the intermediate states in this ca
which is whyS'0. Because RRS by bulk excitonic states
a higher-order process and also because the density of im
rities in the bulk is low in good samples, it is weaker tha
that measured on single QW’s.

V. LINE-SHAPE ANALYSIS OF RRS

The presence or lack of an energy shift between RRS a
PLE has been a recurrent topic in the scarce literature
resonant elastic scattering in 2D semiconductor systems1–7

However, no attention has been paid to the RRS intens
itself. Accepting that RRS in QW heterostructures is main
produced by confined exciton states, a larger scattering
hancement would be expected in narrow wells where t
confinement due to one monolayer fluctuations in the w
width is stronger. In Fig. 8 the RRS scattering profiles for th
hh exciton transitions of four wells in sampleA are repre-
sented in terms of the energy detuning of the excitation e
ergy with respect to the maximum of the RRS peak. Th
remarkable fast decay of the intensity maximum as the w
width decreases is in contradiction with the initial assum
tions. The same behavior is observed for sampleB.

The understanding of the experimental results of Fig.
requires a careful analysis of the scattering process. In
calculations of the scattering efficiency of Belitskyet al.8 the
distribution of confined states was modeled by a complete

FIG. 7.S as a function of the FWHM of the PL peaks in the two
different samples. The excitation power and the temperature w
kept fixed at 10mW/mm2 and 8.5 K, respectively.
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random spatial distribution and the differences in the c
fined energy due to the variation in the lateral size of
growth islands was reproduced by imposing Gaussian fl
tuations in the state energy. The RRS efficiency then
pends strongly on the ratio between the homogeneous
the inhomogeneous broadeningG/L of the excitonic transi-
tions ~in that modelG is the imaginary part of the stat
energy andL the Gaussian distribution width!. As G/L de-
creases, the RRS peak becomes less intense and broa23

Transitions occurring in narrower wells present a bigg
FWHM, or equivalently a biggerL, due to the stronger con
finement potentials. Then, although in narrow wells the
tential islands are deeper and the confinement is stronger
scattering centers are distributed among a wider range
energies, causing weaker enhancement of the RRS.

Another factor that could affect the RRS intensity profil
of Fig. 8 is the angular dependence of the RRS proc
According to Eq.~3! the in-plane transferred wave vector c
be determined by the angle between the incident excita
beam andz. For incidence near to Brewster’s angle and lig
wavelength in the red,Dkxy is very small~it corresponds to
Dl xy;1mm!. The Fourier transform of the confined excito
wave functionF(kxy) should have a peak atkxy correspond-
ing to confinement lengths of the order ofaB (;100 Å!.
This means that only the tail at lowkxy of F(kxy) is being
probed in the experiment. As the well width decreases
potential from one-monolayer fluctuations increases andaB
decreases, thus the peak ofF(kxy) moves towards large
kxy , i.e., it moves away from the probed area, and the int
sity of the measured signal drops.

For narrower wells~higherL) not only does the maxi-
mum of intensity decay for smaller well width~see the spec
tra corresponding to 100- and 80-Å QW’s in Fig. 8! but also
the broadening increases considerably. The compariso
the FWHM of the RRS, the PL, and the PLE spectra revea
that the RRS linewidth changes at the same rate as the
broadening. And thus, while in sampleA absorption peaks
were wider than RRS transitions, especially for narr
wells, in sampleB both widths are similar, which confirm

FIG. 8. RRS for different well width transitions as a function
the excitation detuning (\v2E0). The excitation power was fixed
at 10mW/mm2 andT58.5 K.
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that the main contribution to RRS in QW systems com
from confined excitonic states.

VI. TEMPERATURE DEPENDENCE OF RRS

Since confined excitons dominate the RRS in QW hete
structures, as shown in previous sections, we expect the
profile to be sensitive to changes in the temperature.
temperature dependence of the RRS spectrum was stu
for several excitonic transitions in both samples. The m
surements were made over a wide range of temperatu
from 1.4 to 40 K. For temperatures over 4.2 K a continuous-
flow liquid-He cryostat was used. Temperatures from 1.4
4.2 K were achieved in a He bath cryostat. The sample t
perature was measured by a four-point resistance meas
ment of a rhodium-iron sensor placed at the sample holde
the sample space of the cryostat. Figure 9 shows the ev
tion of the RRS spectrum at the hh exciton transition o
200-Å QW when temperature varies from 8 to 20 K at
constant injection power. As the temperature is raised, a
from the shift to lower energies of the transition due to t
diminution of the well and barrier band gaps,24 the maximum
of the peak decays as well as the total intensity of the proc
~see inset of Fig. 9!.

Increasing the temperature can modify the homogene
and the inhomogeneous broadenings of the excitonic tra
tions. The temperature dependence of the homogene
broadening of excitons confined in interface roughness
islands has been recently studied by Gammon
co-workers.13 It was found that up to 15 K the linewidth
remains constant. Above this value it increases with a c
stant rate of 5 approximatelymeV K21. The scattering with
phonons increases for higher temperatures and so doe
relaxation ratet r

21 contributing to the increase of the homo
geneous broadening@Eq. ~5!#. The inhomogeneous broaden
ing also increases linearly with the temperature. The te

FIG. 9. RRS spectra for 200-Å QW for different temperature
From right to left the peaks were measured at 8.3, 9.8, 13.2, 1
17.1, and 19.9 K. The inset shows the temperature dependen
the RRS total intensity.
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perature coefficient varies from one author to another~values
from 3.5 to 10meV K21 can be found in the literature25! but
in any case are comparable to the homogeneous broade
one. As temperature is raised the ratioG/L increases
slightly. According to the Belitskyet al. model this effect
contributes to an enhancement of the scattering efficien
which is not seen in the experiment. Nevertheless the
crease ofG/L is very small, much smaller than the one th
occurred with the variation of the well width, and no larg
effects can be expected from the variations inG/L due to
changes in the temperature.

As temperature is raised, the increase in phonon m
occupancy makes it possible for other processes such a
sorption of phonons to start to compete with the Rayle
channel causing a decay in its efficiency. When the abs
tion of one or several phonons connects two real excito
states the process is resonant and the photon emitted w
the second exciton recombines contributes to the lumin
cence spectrum. If the final excitonic state has a propaga
character the whole process can be seen as a thermal de
ping of excitons, which has already been studied by mean
other techniques.26 Because the probability of thermal de
trapping is proportional to the population of phonons, d
scribed by the Bose-Einstein distributionnB5
@exp(\vp /kBT)21#21, it increases with the temperature. A
the temperature is raised the thermalization dominates
the RRS signal becomes weaker. Absorption of LA phon
is also the cause of the faster relaxation rate and the bro
linewidths of the states. We point to the enhancement of
inelastic channels as the cause of the decay in the RRS
tensity observed in the experiment~Fig. 9!.

Thermal detrapping of excitons is also observed in
temperature evolution ofS. Figure 10 shows the evolution o
S with the temperature measured in the 150-, 100-, and 8
QW’s of sampleA. At low temperatures (T<10 K! S re-
mains constant or even increases slightly~see the evolution
of the 100-Å QW!. Above approximately 10 K,S of the
transitions studied starts to decrease linearly. In terms of
detrapping picture presented above, as temperature sta

FIG. 10. Temperature dependence ofS measured at the hh ex
citon transition corresponding to different well widths. The expe
mental errors of the points are of 60meV for the 150-Å QW and of
100meV for the 100- and 80-Å wells.
ing

y,
-
t

e
ab-
h
p-
ic
en
s-
ng
rap-
of

-

nd
s
er
e
in-

e

Å

e
to

increase the shallower confined states can be promote
delocalized states by the absorption of a phonon, and th
fore these states do not contribute to the elastic scattering
this first stageS may increase. Above a certain temperatu
all the localized states are accessible to thermal disorder
S starts to decrease.

Figure 11 reports the evolution of the RRS spectrum
the bulk exciton in GaAs with the temperature in the interv
going from 8.3 to 19.9 K. At 8.3 K the RRS spectrum sho
two peaks, the more intense corresponds to the fundame
exciton (E051.5153 eV! and the other one corresponds
the exciton bound to a neutral impurity (E851.5143 eV!. In
their evolution with the temperature, free and bound exci
states behave completely differently: while the intensity
theE8 peak depends strongly on the temperature,E0 remains
constant as temperature increases. The free exciton prob
ity of occupation does not change dramatically with the te
perature in the range of temperatures of the experiment~up
to 20 K!, the bound exciton state, on the other hand, can
easily depopulated, i.e., ionized, as temperature increase~10
K [0.862 meV; exciton bound energy!.

VII. CONCLUSIONS

The optical investigations of two different samples pr
sented in this paper have shown that the presence of a St
shift of the emitted signal with respect to the absorption
not a general feature of 2D systems. In contrast to the es
lished idea of a Stokes shift increasing with the lateral c
finement, we have given experimental evidence of the se
tivity of the Stokes shift to the interface roughness poten
profile, which can be modified by the growth conditions. T
same was observed for the energy shift between RRS and
absorption.

From the analysis of the intensity and line shape of
RRS spectra from exciton transitions in wells of differe
width, it has been concluded that the increase of confinem
effects as the well width decreases and the concomitan
crease of the inhomogeneous broadening of the transit
attenuates the enhancement of the elastic scattering
makes the RRS peaks broader as a consequence of the s

-
FIG. 11. Temperature evolution of the RRS spectra at the b

exciton energy transitions.
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in energy of the scattering centers.
Although the participation of propagating exciton states

not forbidden by the selection rules in QW systems, the m
contribution to the RRS efficiency comes from states of c
fined character. The relaxation rate of these states is
sensitive to changes in the temperature. As temperature
creases the inelastic channels involving absorption of th
mally created phonons start to compete with the elastic s
tering. This effect makes the RRS peaks become less inte
Thermally activated depopulation of confined states is a
responsible for the decrease ofS when the temperature in
creases.

The temperature evolution of the RRS for the bulk Ga
exciton was very different from that found for 2D transition
The constant intensity of the RRS peak as temperature
raised proved that the nature of the process is different in
W
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case: the intermediate states have propagating characte
the scattering involves static defects in the crystal. The s
tering efficiency in this case was proportional to the conc
tration of impurities, which does not depend on the tempe
ture.
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