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Resonant Rayleigh scattering dynamics of excitons in single quantum wells
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The resonant Rayleigh scattering dynamics of excitons in single GaAs quantum wells is investigated. The
deviation of the measured intensity from the ideal ensemble average is analyzed as a function of the speckle
ensemble size. The influence of the amplitude and correlation length of the exciton disorder potential is traced
using a series of samples with varying inhomogeneous broadening and interface island sizes. The experimental
data are compared with theoretical predictions using exciton states of spatially uncorrelated energies, as well as
full calculations of the exciton polarization dynamics using a more realistic disorder potential including the
formation of monolayer islands. Deviations from the dynamics of uncorrelated states are found at early times
after excitation. They are reproduced by the calculations possessing a state correlation due to quantum me-
chanical level repulsion and a finite correlation length for the disorder potential. Additionally, the presence of
a long-range disorder potential in the micrometer range is suggested. Changing the disorder potential by
varying the island size influences the observed dynamics systematically according to the different disorder
correlation lengths.
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I. INTRODUCTION

Almost 20 years ago Hegartyet al.1 reported strong reso
nant light scattering from quantum well~QW! excitons. It
was recognized as resonant Rayleigh scattering~RRS!, in
which static disorder leads to coherent scattering of ligh
directions other than specular ones. In quantum wells s
disorder has its origin in alloy disorder2 or in the formation
of monolayer islands at the QW interfaces.3 It results in a
disorder potential for the spatial motion of the QW excito
in the QW plane, in which they can be localized and act
resonant scatterers. The investigation of RRS from QW
citons can thus give insight in the disorder properties of
underlying material and a growing number of publications
the past few years show the intense research activity in
field.4–15

Recent publications point out two main mechanisms t
influence the dynamics of the resonantly scattered light.16–19

On one hand a strong influence of the radiative coupl
between the different layers of a multiple quantum w
~MQW!, i.e., a pure polaritonic effect, was reported,16 lead-
ing to strong initial oscillations in the RRS dynamics
MQW’s, as opposed to what was observed in single quan
wells ~SQW!. Such radiative coupling effects are especia
strong in Bragg arranged MQW structures, where the R
dynamics is found to be dominated by the polariton
modes.17 On the other hand, the exciton states in a disorde
potential show correlations in the energy level statistics
to an interplay ofboth quantum-mechanical level-repulsio
0163-1829/2003/68~8!/085207~12!/$20.00 68 0852
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i.e., a reduction in the probability of finding exciton stat
close in energy and space, and a finite spatial correla
length of the disorder potential, as was predicted in Ref.
and observed using near-field photoluminescence spec
copy of a thin GaAs SQW.20 These correlations in the leve
statistics can also lead to temporal oscillations in the R
dynamics,18 and observations on MQWs19 have been inter-
preted in this way.

To isolate the effect of the in-plane level statistics fro
polaritonic effects, we investigate in this work the RRS d
namics on a series of SQWs designed for the system
variation of disorder potential properties. In SQWs the eff
of radiative coupling is reduced to a minimum compared
the previously used MQW structures.

II. SAMPLE DESIGN

To discuss the design of the investigated SQW samp
we first introduce the relevant quantity determining the R
dynamics, which is the effective disorder potentialV(R) for
the exciton center-of-mass~c.m! motion, whereR denotes
the exciton c.m. coordinate.18 To describe quantities indepen
dent of the specific realization, we consider the statisti
properties ofV(R), which is formed as an average over th
exciton relative wave function, covering many crystal u
cells, each randomly occupied in the AlxGa12xAs case by
either an Al or a Ga atom. It can therefore be modeled b
Gaussian distributed potential, characterized by its amplit
variancesv and a spatial correlation functionf C:
©2003 The American Physical Society07-1



su

gl
ia
n-

s
tia

s
th
th
th

w
r

ed
le

-
o
s
a
ds
le

a
r-
is

s
I

at
l

io
r
la

ito
er
r
re
gt
n

le
tio
o

e
on

si-

ider
dy-
the

in
q.

h a
nd
eir
ita-
ity

for a
om-
two
er,
e to
as-

ec-
this
en
al

5:
t

G. KOCHERSCHEIDTet al. PHYSICAL REVIEW B 68, 085207 ~2003!
^V~R!V~R8!&5sv
2f C~R2R8!. ~1!

The brackets denote the ensemble average, which we as
to be equal to the spatial average overR. For simplicity, f C
is often considered isotropic and containing only a sin
correlation lengthj. In literature, Gaussian and exponent
f C have been used.18,20 The RRS dynamics in such a pote
tial is characterized by the ratiosv /Ec , where Ec is the
kinetic energy corresponding to the correlation lengthj with
the exciton translational massM, and is given by Ec
[\2/(2Mj2).

In the epitaxial growth of QW structures, two obviou
possibilities to affect the properties of the disorder poten
are present. First, one can increase the variancesv of the
disorder potential by decreasing the widthLz of the QW,
wheresv scales roughly likeLz

23 when interface roughnes
is dominating and the wave function penetration into
barrier is negligible. Second, a temporal interruption of
epitaxial growth process at the QW interfaces leads to
formation of large monolayer islands on the surface.21 The
lateral extent of the islands increases with increasing gro
interruption~GI! time, and consequently, extending the co
relation lengthj of the created disorder potential. We us
both methods to modify the disorder potential in the samp
studied. They are GaAs/Al0.2Ga0.8As SQW’s and were grown
by molecular-beam epitaxy~MBE! on undoped GaAs sub
strates. First, a 100-nm GaAs buffer layer was grown, f
lowed by a 30-nm Al0.2Ga0.8As barrier layer and the GaA
QW material of different thicknesses. Afterwards a GI w
applied, invoking the formation of large monolayer islan
on the GaAs surface. This particular growth process can
to island sizes up to several hundred nanometers3 depending
on the GI time. The GaAs islands were overgrown with
1-nm AlAs layer to maximize the impact of the island fo
mation on the exciton disorder potential. The AlAs layer
followed by a 30-nm Al0.2Ga0.8As barrier layer. Several QW
of different thicknesses are stacked in one sample. The G
applied only on the top interface of the well in order to cre
a disorder potential with only one long correlation length. A
other disorder, including barrier alloy disorder, segregat
of Al into the QW, and the island formation of the lowe
Al0.2Ga0.8As/GaAs interface, is expected to have a corre
tion length below the exciton Bohr radiusaB . Thus it affects
the c.m. disorder potential that is averaged over the exc
relative wave function similar to a white-noise disord
Hence, the total disorder potential has a bimodal structu2

consisting of one part with the exciton Bohr radius as cor
lation length, and another part of larger correlation len
due to the island formation during the GI. The experime
tally realized disorder potential is therefore more comp
than theoretical approaches using only one correla
length. Two sets of SQWs were grown in this way: Set A
increasing GI time~5–120 s! with decreasing well width
~16–5.4 nm! and set B with a constant, long GI time~120 s!
and different well widths~7–30 nm!. Additionally, we inves-
tigated a set C of SQW’s of different thicknesses~9-20 nm!
with Al0.7Ga0.3As barriers, without the AlAs layer and th
GI. It is expected to exhibit only a short disorder correlati
08520
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length. Details on the distribution of the SQW’s onto phy
cally different samples are given in Table I.

III. THEORETICAL MODELING

Before discussing the experimental results, we cons
theoretical models to describe the RRS dynamics. The
namics of uncorrelated exciton states are compared with
results of a calculation of the full polarization dynamics
disorder realizations with statistical properties given by E
~1!.

A. RRS dynamics of uncorrelated level ensembles

For an ensemble of undamped two-level systems wit
homogeneous spatial distribution of oscillator strength, a
with energies and oscillator strengths uncorrelated to th
spatial positions, the RRS dynamics after short pulse exc
tion at t50 is determined by the normalized RRS intens
spectrump(v) to be

I RRS~ t !}12u p̃~ t !u2, ~2!

p̃~ t !5E eivtp~v!dv, p̃~0!51,

with p̃(t) being the Fourier transform ofp(v). Using this
dependency, the expected uncorrelated RRS dynamics
given measured RRS spectrum can be calculated and c
pared with the measurements. Deviations between the
give evidence for level correlations in the system. Howev
exciton states show a microscopic polarization decay du
radiative decay and phonon scattering, in contrast to the
sumption of undamped two-level systems. If the RRS sp
trum is much broader than the homogeneous broadening,
decay is much slower than the initial RRS dynamics giv
by Eq. ~2!, and does not significantly influence the initi

TABLE I. Properties of the investigated SQW’s: Wafers 1–
different undoped~100! GaAs substrate wafers. MBE 1,2: differen
MBE growth machines.

Set Lz ~nm! GI ~s! Wafer MBE

A 14.9 0 1 1
A 11.2 2 1 1
A 8.3 10 1 1
A 12.9 1 2 1
A 9.7 5 2 1
B 30 120 3 1
B 20 120 3 1
B 15 120 3 1
B 12 120 3 1
B 9 120 3 1
C 20 0 4 2
C 12 0 4 2
C 9 0 4 2
C 25 0 5 2
C 15 0 5 2
7-2
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dynamics. However, effects of level correlation, especia
level repulsion, can have an energy range comparable to
homogeneous broadening, so that care has to be take
analyzing the contributions of level statistics and mic
scopic dephasing.

A specific, analytically treatable example of an uncor
lated level ensemble is used in the Gaussian random l
model that was already applied in Refs. 12,13,22. It con
ers an ensemble of two-level systems with a Gaussian di
bution of eigenfrequenciesv of variances centered atv0,
and equal oscillator strength of all systems, so that we g

p~v!5
1

sA2p
expS 2

1

2

~v2v0!2

s2 D . ~3!

Interaction of the two-level systems with the environmen
introduced in terms of simple damping factors for the dia
onal and the off-diagonal elements of the density matrix
each two-level system. The density decay rate 2g r is the
diagonal damping~for example, due to radiative decay!, and
the polarization decay rateg is the off-diagonal damping. I
is given by the pure dephasing rategp ~for example, by
phonon scattering! andg r according tog5gp1g r . The spa-
tial distribution of dipoles is assumed to be homogene
within the optically accessible wave-vector range. The tw
level systems are excited by ad pulse at zero time, creatin
a secondary emission dynamics given by

Ī 5I 0e22gr t~12e22gpt2s2t2!, ~4!

Ī RRS5I 0e22gt~12e2s2t2!. ~5!

B. Microscopic theory

To treat the RRS dynamics of 1s excitons in SQW’s mi-
croscopically, we use the model proposed in Ref. 18,
which only the dynamics of the center-of-mass exciton m
tion is calculated, while the relative electron-hole motion
assumed to be unaffected by the disorder. This is accurat
in-plane disorder potentials much smaller than the exc
binding energy, as it is the case for the investigated samp
Additionally, polaritonic effects are neglected, which shou
be a good approximation for SQW’s with a disorder bigg
than the radiative decay rate of the free excitong r0
'0.05 ps21. Within these approximations, the time
dependent exciton polarization in real spaceP(R,t) obeys
the equation

S \~vx1 ig1 i ] t!1V~R!2
\2

2M
nRD P~R,t !

5mE0d~ t !eik0R, ~6!

where\vx is the exciton energy without disorder atk50, M
is the c.m. exciton mass, andg is a phenomenological damp
ing constant representing radiative decay and phonon sca
ing. Using only one damping constant for the polarization
real space is an approximation, since the radiative coup
depends on the in-plane momentum of the polarization,
the phonon scattering at low temperatures depends on
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available final exciton states in real space at lower energ
These effects could be taken into account by solving
exciton motion in the disorder exactly, and calculating t
polarization dynamics in the disorder eigenstates.23 This is,
however, beyond the scope of this paper. The effect of
single damping constantg is an exponential decay of th
RRS intensity, which is also observed in the experime
presented later, justifying the usage of a singleg.
E0d(t)eik0R is the incoming excitation pulse, a plane wa
of short pulse duration, andm is the dipole matrix element o
the excitonic transition. The disorder potentialVR for the
exciton c.m. motion results from the variations of the ba
energies for electron and hole by the random distribution
Ga and Al atoms in the QW region, averaged over
electron-hole relative motion in the 1s exciton.24

As discussed before, the microscopic disorder of
MBE-grown GaAs SQW consists of an alloy disorder p
with a correlation length below the exciton Bohr radius, a
the part due to interface monolayer islands, with a corre
tion length typically between 5 nm and 500 nm, depend
on the growth interruption time at the interfaces. The pot
tial correlation should thus contain several length scales.
a qualitative understanding, we first consider a single co
lation length of Gaussian type, as widely applied
literature:18–20

f C~R!5expS 2
R2

2j2D . ~7!

The polarization equation is solved numerically on an eq
distant grid in real space, using periodic boundary con
tions.M was chosen to be 0.25me , andg510 meV. Typical
simulation areas are 1mm2, using 1283128 grid points. The
RRS intensity

I RRS~k,t !}U E e2 ikRP~R,t !dRU2

~8!

is averaged over 5000 disorder realizations. The excitatio
at normal incidence (k050), and the RRS intensity is evalu
ated atk'2pmm21. The resulting spectra of absorption an
RRS are shown in Fig. 1 for different correlation lengthsj
and fixedsv51 meV. With increasingsv /Ec , the spectra
pass from a slightly asymmetric shape with a high-ene
tail and reduced spectral width to a symmetric Gauss
shape of a width given bysv . The reduction of the linewidth
for small sv /Ec is due to averaging over the disorder by t
finite extension of the exciton statesl loc , also called mo-
tional narrowing. In the following, we defines for a non-
Gaussian line shape by its full width at half maximum
sA8 ln 2. Since the exciton motion is two dimensional, t
number of averaged independent potential sites can be
mated to be}( l loc /j)2}Ec /sv , so that the resulting widths
of the RRS spectras and of the absorptionsabs are
}AEc /sv. This scaling~dashed line in bottom of Fig. 1! is
reproduced by the calculation forsv /Ec!1, as expected. In
the whole range ofsv /Ec , we find the interpolation
7-3
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sabs

sv
'F11S 5Ec

sv
D 3/2G21/3

~9!

ands'0.85sabs.
Only the initial dynamics of the RRS is affected by th

level statistics, while after a long time all exciton states ha
random relative phases, so that the RRS is decaying like
microscopic polarization of the excitons states, which isg in
our model. In order to concentrate on the effects of le
statistics, we show the RRS dynamics forg50, and normal-
ize the calculated RRS to its long-time intensity level. It w
shown that the RRS dynamics on the dimensionless t
scalesvt is determined by the ratiosv /Ec . Since the uncor-
related RRS dynamics is determined bys, which is directly
accessible in the experiment, we display the RRS dynam
versus the time scalest instead ofsvt. The calculated RRS

FIG. 1. Calculated spectra of the absorption~top! and RRS in-
tensity ~middle! versus the photon energy relative to\vx for dif-
ferent ratiossv /Ec as indicated, for a single Gaussian correlation
the disorder potential@Eq. ~7!#, and for sv51 meV and g
510 meV. Bottom: Resulting width of the absorption relative
the potential variancesabs/sv ~circles!, and width of the RRS in-
tensity relative tosabs, s/sabs~squares!, versussv /Ec . The dashed
line indicates the scaling behaviorAEc /sv. The solid line is an
interpolation according to Eq.~9!.
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dynamics for different correlation lengthsj and fixed sv

51 meV are given in Fig. 2 forg50. For sv /Ec,1, the
quantum-mechanical level-repulsion effect dominates
level statistics, which leads to an initial reduction of the RR
intensity, slowly recovering to the uncorrelated response
to the small energy range of strong level repulsion.18 For
sv /Ec@1, the long-range spatial potential correlation lea
to an initially increased RRS intensity due to the sup
radiance of excitons within one correlation length, which d
cays to the long-time value with a strongly damped osci
tion.

Having discussed the case of a single correlation len
we now turn to a disorder potential more adapted to mo
the situation of MBE-grown samples,V5Vml1Vsr, the sum
of a monolayer potentialVml , and a short-range correlate
potentialVsr. Vsr represents the short-range atomistic dis
der, averaged by the exciton relative wave function. W
therefore represent it by averaging of a spatially uncorrela
Gaussian potential over an exponential weight funct
exp(2uR2R8u/jsr), where the correlation lengthjsr is simi-
lar to the exciton Bohr radius; we usejsr510 nm. The re-
sulting potentialVsr has the spatial correlationf e, and the
variancessr:

^Vsr~R!Vsr~R8!&5ssr
2 f e~R82R! ~10!

f e~DR!5
2

pjsr
2E expS 2

uRu1uR1DRu
jsr

DdR.

The monolayer potentialVml considers two monolayers o
equal surface coverage, separated by the energysml . The
spatial distribution of the monolayers is created using
flooding model of a Gaussian correlated random potentiav.

Vml~R!5
sml

2
sgn@v~R!#,

f

FIG. 2. Calculated RRS intensity versus reduced timest after
excitation, for different values ofsv /Ec as indicated, andg50.
The RRS intensity is normalized at long times. The thick so
curve is the uncorrelated RRS dynamics of Eq.~5!.
7-4
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^v~R!v~R8!&5expS 2
uR82Ru2

2jml
2 D . ~11!

We have chosen a fixed monolayer splittingsml51 meV in
the following simulations, which is realistic for a GaA
quantum well of about 13 nm width.3 We first study the
influence of the monolayer correlation lengthjml for a fixed
ssr50.3 meV. The simulated RRS spectra are shown at
top of Fig. 3. The monolayer splitting begins to appear in
RRS spectra forjml530 nm, and is fully developed at 10
nm. At 200 nm, both monolayer peaks are nearly equ
strong, indicating a full localization of the excitons with
one monolayer island byVsr.

The corresponding RRS dynamics are given in Fig
~solid curves!, together with the uncorrelated dynami
~dashed curves! deduced from the calculated RRS spect
The dependence of the dynamics onjml is similar to the
results of the single correlation length~Fig. 2!, going from a
level-repulsion-dominated slow rise for smalljml to an initial
increase of the RRS by the spatial potential correlation
large jml . Additionally, oscillations corresponding to th
monolayer splitting energy are superimposed, which
strongly damped with time. The comparison with the unc
related dynamics shows that the oscillations due to
monolayer splitting are significantly enhanced by the le
statistics. Note also that the initial RRS enhancement

FIG. 3. Calculated spectra of the RRS intensity for a monola
splitting of 1 meV andg510 meV. Top: Fixedssr50.3 meV and
different correlation lengthsjml of the monolayer potential as indi
cated. Bottom: Fixedjml550 nm and different short-range pote
tial variancessr as indicated.
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creases asjml goes from 100 nm to 200 nm, opposite to wh
would be expected from a single correlation length~Fig. 2!.
This is a direct consequence of the two disorder contri
tions: If the monolayer islands are large enough that excit
get localized inside without being influenced by the mon
layer island borders, the energy levels of the two monolay
are uncorrelated and the RRS dynamics is an uncorrel
sum of the response of two systems of fixed monola
height with only the short-range potential.

The dependence of the RRS on the short-range diso
ssr for a fixed monolayer correlation lengthjml550 nm is
shown in the spectra in the bottom of Fig. 3 and the R
dynamics in Fig. 5. For smallssr, the monolayer splitting
results in two distinct resonances in the spectra, and the R
dynamics shows a long-lasting oscillation, with an amplitu
increased by the level correlation. Increasingssr, the RRS
dynamics goes gradually to a response dominated by
short-range potential, in agreement with the vanishing mo
layer splitting in the RRS spectra.

The RRS dynamics of GI QWs showing a pronounc
monolayer splitting in the case of excitation of only on
monolayer peak was investigated in Ref. 25. The spati
nonuniform distribution of the oscillator strength of such
partly excited exciton resonance leads to an instantane
part of the RRS dynamics. In this case, the uncorrelated
namics is not given by Eq.~2! since the condition of spatially
homogeneously distributed resonances is not fulfilled.

To conclude this section of RRS simulations, we stre
that as long as the monolayer splitting is not visible in t
RRS spectrum, the RRS dynamics is similar to one with
single effective correlation length. Once monolayer splitti

r

FIG. 4. Calculated time-resolved RRS intensity, for differentjml

as indicated,ssr50.3 meV, andg50. The RRS intensity is nor-
malized at long times. The dashed curves are the uncorrelated
dynamics deduced from the calculated RRS spectrum using Eq~2!.
7-5
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is observed, the splitting determines the oscillation period
the RRS dynamics, with an oscillation amplitude increas
by the level correlation.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In this section we describe the experiment and present
discuss the experimental results for the RRS dynamics.

A. Experimental details

The samples were placed in a helium cryostat and kep
a temperature of 5 K. The fundamentalhh1-e1 1s exciton
resonance was resonantly excitedp-polarized in the Brewste
angle direction by optical laser pulses from a mode-lock
Ti:sapphire laser of 500 fs to 2 ps duration. The second
emission~SE! normal to the sample in the directional ran
of 0.15 NA was imaged by a sequence of five lenses int
monochromator and its intensity was detected time, ene
and directionally resolved by a synchroscan streak cam
The energy resolution of the Czerny-Turner–type monoch
mator was adjusted by an aperture on the collimation mi
to about 2 meV. This is small enough to isolate the signa
the resonantly excited SQW from the one of the substrat
other QW’s, but also large enough to not reduce the temp
resolution of the streak camera of 2.5 ps. Using the sec
dimension of the streak camera, the RRS dynamics can
directionally resolved in one dimension, resulting in the p
allel detection of about 100 independent RRS intensi
~speckles!. Repeated measurements of displaced o
dimensional cuts of the two-dimensional directional RRS
lowed for the detection of several thousand speckles, a
requisite to obtain small statistical errors of the deduc
speckle averages.

FIG. 5. As Fig. 4, but for differentssr as indicated, andjml

550 nm.
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B. Speckle correlation and analysis

The coherent nature of RRS leads to the formation
speckles in the directional and temporal domain. While
directional extent is given by the spot size, the te
poral extent is inversely proportional to the inhomogeneo
broadening.

The average directional extent of a speckle can be qu
tified by the directional correlationCd(Dk,t) of the direc-
tionally and time-resolved secondary emission intens
I (k,t):

Cd~Dk,t ![
I ~k,t !I ~k1Dk,t !

I ~k,t ! • I ~k1Dk,t !
21, ~12!

where the average is taken over the direction identified
the in-plane wave vectork of the emitted light. For spot size
much larger than the largest relevant correlation length of
system, this is equivalent to an ensemble average over
tistically independent disorder realizations. In Fig. 6~a! the
measuredCd(Dk,t) are displayed for three different SQW’s
Their full width at half maximum~FWHM! in Dk, which
quantifies the directional speckle size, is 1361 mm21, inde-
pendent of the timet, and in good agreement with the the
retically expected value of 10 mm21 given by the Gaussian
spot size of 380mm FWHM and the wavelength ofl
5800 nm when taking into account the directional resolut
of the detection of 8 mm21. The spot size was experimen
tally determined using a direct imaging of the emission fro
the sample surface.

The temporal extent of a speckle is quantified by the te
poral correlation functionCt(t,Dt):

Ct~ t,Dt ![
I ~k,t !I ~k,t1Dt !

I ~k,t ! • I ~k,t1Dt !
21. ~13!

FIG. 6. Correlation functions in time and angular direction f
different SQW’s of set B, as labeled.~a! Angular correlation
Cd(Dk,t) for t510 ps. The curves are vertically displaced for cla
ity. ~b! Time correlationCt(Dt,t) for t510 ps. The solid lines are
the results of the Gaussian uncorrelated model@Eq. ~14!# wheres
has been fitted to the data.
7-6
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In Fig. 6~b! Ct(t,Dt) is displayed for the same SQW’s as
~a! and t510 ps. Its width inDt decreases with growing
inhomogeneous broadening. The Gaussian uncorrel
model predicts forst@1:

Ct~ t,Dt !5exp@2s2Dt222gp~2t1Dt !#. ~14!

The resulting curves~solid lines in Fig. 6! are in agreemen
with the experiment. For each SQW, we evaluate the p
dephasinggp from the dependence of the measuredCt on t,
and s from the dependence onDt. The density decay rate
2g r is taken from the decay of the secondary emission int
sity using Eq.~4!. The resulting values atT55 K are dis-
played in Fig. 7. In the range not limited by the time reso
tion of the detection, the deduced values ofs ~open symbols!
are in agreement with the corresponding ones derived f
the RRS spectra~filled symbols!. The radiative decay rate i
decreasing with increasing inhomogeneous broadening
expected by the decreasing extension of the exciton diso
eigenstates. The pure dephasing rates, which are due to
non scattering, are 5 –10 ns21, much smaller than the radia
tive rates, and are nearly independent of QW width.

Before we further analyze the RRS dynamics, we wan
discuss the influence of the finite speckle ensemble on
experimental data. In Fig. 8 we showĪ of a 15-nm SQW
with 120-s GI for different speckle ensemble sizesn. It is
evident that for speckle ensembles withn,300, the tempo-
ral speckle fluctuations significantly modify the observed d
namics. To give a quantitative measure for the fluctuatio
we derived the standard deviationsF of F5 Ī (n)/ Ī (`),

FIG. 7. Parameters of the Gaussian uncorrelated model
tracted from the experimental data versus QW widthLz ~squares:
set A, circles: set B, triangles: set C!. Top: s taken from the RRS
spectrum~filled symbols!, and extracted from the temporal speck
correlationCt(Dt,t) ~open symbols!. Bottom: g r ~open symbols!
andgp ~closed symbols!.
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where the statistical evaluation is made over the time ra
10–40 ps and over different speckle ensembles. The in
sity Ī (`) for an infinitely large ensemble size was appro
mated by the largest available average ofn53000. The
speckle fluctuations reduce with increasing ensemble size
can be seen in the standard deviationsF shown in the inset
of Fig. 8. The full line in the inset represents the 1/ANeff n
law for a Gaussian distribution of the fluctuations and a fu
coherent emission. The experimental data forsF is in agree-
ment with the theoretical expectation, and thus the amplit
of the statistical fluctuations can be estimated using this
lationship.

Using time-resolved speckle analysis,22 the average RRS
intensity Ī RRS(t) is deduced from the total SE intensit
Ī (t)5 Ī RRS(t)1 Ī PL(t), which also includes the incoheren
photoluminescence~PL!. The coherence degreec(t)
5 Ī RRS/ Ī is given byc(t)5ANeffCt(t,0), whereNeff models
the finite temporal and directional resolution of the expe
ment and represents the number of independent statis
contributions within the experimental resolution.12,26 It can
be calculated from the statistical properties ofI (t,k)27 and it
is in the rangeNeff51.2–1.8 for the experiments shown
this work. Sample results for this analysis shown in Fig
are indicated by symbols. In order to reduce the error
Ī RRS(t) created by the statistical error ofc(t), one can ex-
ploit the fact that the incoherentĪ PL(t) does not show tem-
poral speckle fluctuations, and thus should have a smo
time dependence. We therefore fit the deducedĪ PL with a
dynamics given by an exponential rise and an exponen
decay, and use the resultI PL,fit(t) to calculate the averag

x- FIG. 8. SE signal of the 15-nm SQW in set B for three differe
sizes of the speckle ensemble. The curves are vertically displa
for clarity. The inset shows the standard deviationsF of the inten-
sity fluctuations, the solid line represents the relationsF

5(ANeff n)21.
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RRS intensityI RRS,fit(t)5 Ī (t)2I PL,fit(t). The results of this
fitting procedure are shown as solid lines in Fig. 9. In t
following analysis we use the deduced RRS intensityI RRS,fit.

C. RRS dynamics

The RRS dynamics is determined by two mechanisms~i!
the energy-level statistics, determining the interference
tween the emission from individual states and~ii ! the polar-
ization decay of the individual states due to microsco
scattering processes. In a simple view, the latter proc
should lead to a superimposed monotonic decay of the R
intensity, eventually showing a distribution of time constan
and thus a slowing down with time. However, since in ge
eral the microscopic dephasing depends on the individ
state and its environment, the dephasing rate and the l
level statistics are correlated, which could lead to a nontriv
influence on the RRS dynamics. Up to now, this effect h
been neglected in simulations of the RRS dynamics. Inst
a single polarization decay rateg was used, as we als
adapted in Eq.~6!. The validity of this approximation is sup
ported by the observed exponential decay ofI RRS(t) for in-
termediate times~typically, t520–50 ps) over more tha
one order of magnitude of intensity. We take this decay
determine the total polarization decay rateg using Eq.~5!,
since the dynamics due to level statistics is constant at lon

FIG. 9. Time-resolved secondary emission from the 15-

SQW of set B, and its analysis. SE intensityĪ (t) ~dashed line!,

coherence degreec(t) ~circles!, coherent intensityĪ RRS ~triangles!,

incoherent intensityĪ PL ~squares!, its fit I PL,fit ~solid line!, and the
deducedI RRS,fit ~solid line!. The inset shows the comparison b

tween Ī RRS ~solid line! and the prediction for uncorrelated leve
statistics~dotted! after Eq.~2!.
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times. A distribution of decay rates leads to a gradual
crease of the decay rate with time, which is also found
discussed later.

To compare the impact of the level statistics on the R
dynamics with the theoretical predictions, we compensate
the average polarization decayg in the corrected RRS inten
sity I RRS,cd(t)5I RRS,fit(t)exp(2gt) shown in Figs. 10–12 for
the investigated three sets of SQW’s. The measured SE s
tra are shown in an inset for each SQW. The value ofg is
chosen so that the RRS reaches a constant level at inte
diate times, and increases towards later times due to the
tribution of decay rates. Even though the resultingg is de-
fined by this requirement to better than 5% accuracy,
resulting RRS dynamics acquires some arbitrariness by
specific choice ofg, which affects the intermediate time dy
namics. To exemplify this, the RRS dynamics of the 15-n
and 12-nm SQW of set C is given for three different choic

FIG. 10. Decay corrected RRS intensityĪ RRS, dc(t) ~solid! as a
function time, compared with the dynamics deduced from the
spectrum for uncorrelated level statistics using Eq.~2! ~dotted!. The
different SQW’s~set C! of thicknesses as labeled were grown wit
out GI. The insets show the corresponding SE spectra with a r
lution of 16 meV. The statistical errorsF of the data is 3.8%, and is
visualized (6sF) at the data of the 9-nm SQW. The influence of t
choice of differentg for decay correction is exemplified for th
15-nm and 12-nm SQW.
7-8
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RESONANT RAYLEIGH SCATTERING DYNAMICS OF . . . PHYSICAL REVIEW B 68, 085207 ~2003!
of g ~see Fig. 10!. One should keep this in mind for th
subsequent analysis. Effects of the level statistics on
measured RRS dynamics in the form of pronounced osc
tions, which in similar measurements on MQW samples h
been assigned to level statistics effects,19 are absent in the
present SQW case. To extract the remaining effects of le
statistics, we compare the measured dynamics with the
namics of an uncorrelated level ensemble having a R
spectrum that is equal to the measured one@see Eq.~2!#,
convoluted with the experimental time resolution~dotted
lines!. Deviations between measurement and prediction
then due to the presence of correlations in the level statis
or due to a distribution of polarization decay ratesp(g)
within the exciton states.

The measured RRS intensity is lower than the expec
uncorrelated dynamics at early times for nearly all SQW

FIG. 11. Same as Fig. 10, but for the SQW set A, with
duration and thicknesses as indicated. The SE spectra have a
tral resolution of 121meV. The statistical errorsF of the data is
3.8%, and is visualized (6sF) around the data of the 8.3-nm SQW
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while in an intermediate time range a rather good agreem
is found, i.e., the RRS dynamics becomes exponential.
inset of Fig. 9 illustrates the initial reduction for the 15-n
SQW of set B, where the measured RRS intensity is dire
compared with the predicted uncorrelated dynamics, sk
ping intentionally the PL fit procedure and the decay co
pensation. The effect of level statistics is also visible in t
direct comparison, and is not an artifact of the analysis
finite width of p(g) leads to a slowing down of the deca
with time, i.e., to a positive curvature of the corrected RR
intensity with time. This is actually observed at longer tim
(.50 ps), showing that a distribution towards smaller dec
rates is present in the investigated samples. Its influence
the initial dynamics would be relevant if a significant part
p(g) would be present at rates larger than the inhomo
neous broadening (g.s). At the low lattice temperatures a

ec-
FIG. 12. Same as Fig. 10, but for set B of SQW’s with a GI

120 s and thicknesses as indicated. The SE spectra have a sp
resolution of 16meV. The statistical errorsF of the data is 1.5%,
and is visualized (6sF) around the data of the 9-nm SQW.
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which the experiments were conducted, the polarization
cay is due to radiative coupling and phonon emission. T
radiative rate is always less thang r0'0.05 ps21 of the free
exciton28 due to the localization of the exciton states. It
thus much less thans in most of the investigated sample
The phonon emission rate within the rather sm
(&1 meV) inhomogeneous broadening of the investiga
transitions is calculated to be weaker than the radia
rate.28 These expectations are in agreement with the m
sured average values ofg r andgp displayed in Fig. 7. In the
following, we therefore do not consider the influence
p(g) on the measured initial dynamics.

The initial deviations between measured and uncorrela
dynamics is varying between the samples. We now disc
interpretations of these deviations based on the simulat
in the preceding section.

We first consider the samples in which we expect
disorder potential to exhibit only a short correlation leng
i.e., set C and a part of set A with short GI times. We co
pare their response with the theory of only one correlat
length @Eq. ~7!# using the parameters determined from the
SE spectra given in Figs. 10 and 11. The calculated dynam
~see Fig. 3!, convoluted with the experimental time resol
tion, is displayed in Fig. 13, together with the measured
namics of the 15-nm and 9-nm SQW’s of set C. Agreem
between experiment and calculation is found forsv /Ec
50.24, 0.66 in the 15-nm case, and forsv /Ec50.66,2.6 in
the 9- nm case. For larger values ofsv /Ec , the calculation
deviates significantly from the experiment in both cas
These results are consistent with the values ofsv /Ec esti-
mated using the structural parameters of the samples:
relationship betweens andsv depends on the disorder co
relation lengthj, as shown in Fig. 2. A lower limit forj is
given by the exciton Bohr radiusaB , for which Ec
51.4 meV usingj510 nm'aB and M50.25me. In the
considered samples, the disorder correlation length is
pected to be short, so thatEc'1.4 meV. Using the measure
values ofs, we estimates/Ec to be 0.08~0.36! for the 9-nm
~15-nm! SQW. With Eq. ~9! the corresponding value o
sv /Ec is 0.36 ~0.95!, in quantitative agreement with th
value range determined from the measured dynamics. Fo

FIG. 13. Comparison of the measured RRS dynamics of
15-nm and 9-nm SQW of set C~gray shaded region! with the ones
calculated for a single disorder correlation length of differe
sv /Ec , convoluted with the experimental time resolution.
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considered samples, the dynamics is thus described by
prediction of Eq.~6! with a disorder of a correlation lengt
shorter than the exciton Bohr radius.

For some samples, e.g., the 12-nm SQW of set C,
comparison does not result in an agreement for any valu
sv /Ec ; the measured dynamics is significantly slower th
the calculated one. This also holds true when comparing w
the model including monolayer islands~see Figs. 4 and 5!.
The deviation can instead be explained assuming the p
ence of an additional disorder potentialVlr with a correlation
length j lr larger than the light wavelength, so that the RR
from uncorrelated regions ofVlr are interfering with each
other with random phases~in the spatial average! for emis-
sion wave vectors differing by more thanj lr

21 from the
specular direction. The presence of such a long-range c
ponent of the disorder potential was also suggested by
observation of initial forward scattering,29 and by the strong
scattering angle dependence of the RRS in multiple quan
wells.16 Recently, also a direct observation of a long-ran
disorder in GaAs QW’s was reported.30 Vlr does not change
the RRS dynamics except for the wave-vector region aro
the specular direction. It increases, however, the spec
width of the RRS, since the RRS spectrum is given by
convolution of the spectrum without long-range disord
with the distribution ofVlr . We assume the distribution ofVlr
to be Gaussian with variances lr . Having this additional free
parameter, we determines and sv /Ec from the measured
RRS dynamics. The long-range disorder widths lr is then
fixed by the RRS spectrum deduced from the SE by spec
speckle analysis.23 Results of this procedure are shown
Fig. 14 for the 12-nm SQW of set C and the 14.9-nm SQ

e

t

FIG. 14. Left: Comparison of the measured RRS dynamics
the 12-nm SQW of set C and 14.9-nm SQW of set A~gray shaded
regions! with the one calculated for a single disorder correlati
length of sv /Ec50.66 ands as labeled, convoluted with the ex
perimental time resolution. Right: Measured SE~gray solid line!
and RRS~gray dashed line! spectra, compared with the calculate
spectra without long-range disorder~dotted lines! and with long-
range disorder~solid line! of variances lr as indicated.
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RESONANT RAYLEIGH SCATTERING DYNAMICS OF . . . PHYSICAL REVIEW B 68, 085207 ~2003!
of set A. Agreement between calculation and experimen
reached, determining the variance of the long-range diso
s lr to the values given in the figure, which are quantitative
comparable with results of a direct spatial measuremen
similar structures.30 The deduced inhomogeneous broade
ings due to long-range and short-range disorder,s lr and s,
are in this example of similar magnitude. The value
sv /Ec50.66 is consistent with the values of 0.4 and 0.3
deduced froms andEc51.4 meV.

The microscopic origin of the long-range disorder is n
understood. However, it shows the following systematic
havior: ~i! Its relevance decreases with decreasing w
width, i.e., its strength seems independent of well wid
while the shorter-range disorder potential strength increa
with decreasing well width.~ii ! It is varying between SQW’s
grown on different substrates~see Table I!. A possible origin
could thus be the presence of strain fluctuations by impuri
or dislocations.

We now turn to the samples grown with a long grow
interruption~set B!. Their SE spectra are influenced by th
islands of long correlation length on the growth-interrupt
GaAs surface. In general, it leads to an increased inhom
neous broadening~see Fig. 7! compared to similar structure
without growth interruption due to the reduced spatial av
aging of the spatial disorder by the exciton. Additionally, f
well widths below 15 nm, the development of a monolay
splitting starts to be appreciable. This is expected, since
lateral localization length of an exciton due to a monola
island is decreasing with decreasing well width by the
creasing change of the exciton quantization energy a
monolayer step.31 This effect can be also seen in Fig.
where with increasing correlation length at fixed monola
quantization energy the monolayer splitting develops. For
9 nm SQW, the inhomogeneous broadening is too large
the corresponding dynamics to be resolved with our exp
mental time resolution. Therefore, we have chosen the 12
SQW for the comparison with theory. Its SE spectrum sho
a pronounced asymmetry to the high-energy side comp
to other non growth-interrupted wells of similar thicknes
The RRS dynamics is compared in Fig. 15 with the cal
lated dynamics using the monolayer disorder@Eqs.~11! and
~10!#. Agreement of both RRS dynamics and spectra
reached usingssr50.18 meV,sml50.6 meV, jml556 nm,
ands lr50.23 ps21. s lr is comparable to the one observed
the 12 nm SQW of set C, and also similar to the long ran
potential measured in a 11 nm SQW.30 The value ofsml can
be compared with the estimated change of the exciton t
sition energy within one monolayer step. Using the exci
transition energiesEx of the samples in set B of differen
thickness Lz , we can estimatesml'0.28 nm•]Ex /]Lz ,
which results for the 12-nm SQW in 1.3 meV, a factor of
larger than deduced from the RRS dynamics, and also
large to explain the SE spectrum. This mismatch is due to
fact that if only the top interface is growth interrupted, t
noninterrupted interface shows a correlation to the mo
layer formation on the top interface, leading to an effect
thickness variation smaller than an integer monolayer, a
was observed in Ref. 3. The monolayer island sizejml is also
in agreement with the analysis of emission spectra of a se
of growth-interrupted samples.3
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To summarize the experimental results, we find that in
investigated series of samples, signatures of correlated l
statistics are found in all SQW’s, and explained within t
model of excitons in a disorder potential. No strong init
oscillations, which are predicted for potential correlati
lengths between about 30 nm and 200 nm, are found.
stead, the presence of a long-range part of the disorder
a correlation length in the micrometer range is sugges
which is increasing the RRS spectral width, while not alt
ing the RRS dynamics for large scattering wave vectors.

V. CONCLUSION

In conclusion, we want to emphasize the following poin

~i! A large speckle average is important to overcome a
facts due to the statistical nature of the coherent SE over
direction. The relative statistical error is found to b
1/(ANeff n), giving a lower limit for the ensemble siz
needed to avoid random features in experimental results

~ii ! In the investigated series of single quantum we
effects of correlations in the exciton level statistics are fou
as deviations from the dynamics of an ensemble of unco
lated levels. They manifest as a reduction of the RRS int
sity at early times, and depend systematically on the str
tural parameters.

~iii ! A RRS dynamics slower than that expected from t
RRS spectra is found in some samples, and attributed
part of the disorder potential with a long correlation length
the micrometer range.

~iv! Using a disorder potential containing both monolay
steps of long correlation length and a Gaussian potentia
short correlation length to simulate SQW’s grown wi
growth interruption, the transition from the level-repulsio
dominated response to the oscillations with the monolay
splitting frequency was investigated.

Further development of the theory in the direction
more realistic disorder correlation functions and includi

FIG. 15. Left: Comparison of the measured RRS dynamics
the 12-nm SQW of set B~gray shaded region! with the one calcu-
lated for a monolayer disorder with parameters as given~dotted
line!, and convoluted with the experimental time resolution~solid
line!. Right: Measured SE intensity spectra~gray solid line!, com-
pared with the calculated RRS spectra without long-range diso
~dotted line! and with long-range disorder~solid line! of variance
s lr , as indicated.
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the radiative coupling is desirable. On the experimental s
the characterization of the disorder potential with indep
dent methods such as cross-sectional scanning tunn
microscopy32 or selective etching33 is needed for a quantita
tive comparison with the theoretical predictions, togeth
with the design of samples spanning a larger range of di
der correlation lengths.
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