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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 i.e., a reduction in the probability of finding exciton states
close in energy and space, and a finite spatial correlation

Almost 20 years ago Hegarst al® reported strong reso- length of the disorder potential, as was predicted in Ref. 18
nant light scattering from quantum welQW) excitons. It and observed using near-field photoluminescence spectros-
was recognized as resonant Rayleigh scattefRBS, in  copy of a thin GaAs SQWP These correlations in the level
which static disorder leads to coherent scattering of light inStatistics can also lead to temporal oscillations in the RRS
directions other than specular ones. In quantum wells Sucqynaml_csl, and observations on MQWshave been inter-
disorder has its origin in alloy disordeor in the formation ~ Preted in this way. _ o
of monolayer islands at the QW interfacett. results in a To. |sqlate the eﬁecp of thg m—p_lane. level statistics from
disorder potential for the spatial motion of the QW excitonsPolaritonic effects, we investigate in this work the RRS dy-
in the QW plane, in which they can be localized and act ag!@mics on a series of SQWs designed for the systematic
resonant scatterers. The investigation of RRS from QW exYariation of disorder potential properties. In SQWs the effect
citons can thus give insight in the disorder properties of the?f radiative coupling is reduced to a minimum compared to
underlying material and a growing number of publications inth€ Previously used MQW structures.
the past few years show the intense research activity in this

- 14 4-15
field. o _ _ _ Il. SAMPLE DESIGN
Recent publications point out two main mechanisms that . _ _ .
influence the dynamics of the resonantly scattered HejHe To discuss the design of the investigated SQW samples,

On one hand a strong influence of the radiative couplingve first introduce the relevant quantity determining the RRS
between the different layers of a multiple quantum welldynamics, which is the effective disorder poteni¥gR) for
(MQW), i.e., a pure polaritonic effect, was reportédead-  the exciton center-of-masg.m) motion, whereR denotes

ing to strong initial oscillations in the RRS dynamics of the exciton c.m. coordinaté.To describe quantities indepen-
MQW's, as opposed to what was observed in single quanturdent of the specific realization, we consider the statistical
wells (SQW). Such radiative coupling effects are especiallyproperties ofV(R), which is formed as an average over the
strong in Bragg arranged MQW structures, where the RR®xciton relative wave function, covering many crystal unit
dynamics is found to be dominated by the polaritoniccells, each randomly occupied in the,8la, _,As case by
modest’ On the other hand, the exciton states in a disordereeither an Al or a Ga atom. It can therefore be modeled by a
potential show correlations in the energy level statistics dué€saussian distributed potential, characterized by its amplitude
to an interplay ofboth quantum-mechanical level-repulsion, variances, and a spatial correlation functidr:
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(V(R)V(R’))za\z,fc(R—R’). (1) . TABLE |. Properties of the investigated SQW's: Wafers 1-5:
different undoped100 GaAs substrate wafers. MBE 1,2: different
MBE growth machines.

The brackets denote the ensemble average, which we assume

to be equal to the spatial average oRerFor simplicity, fo ~ Sét L, (nm) Gl (s Water MBE
is often considered isotropic and containing only a singley 14.9 0 1 1
correlation lengthg. In literature, Gaussian and exponential 5 11.2 2 1 1
fc have been used*’ The RRS dynamics in such a poten- , 8.3 10 1 1
tial is characterized by the ratio,/E., whereE. is the A 12'9 1 5 1
kinetic energy corresponding to the correlation Iengmith A 9 7 5 5 1
the exciton translational masM, and is given byE, '
—121(2M ). B 30 120 3 1
In the epitaxial growth of QW structures, two obvious B 20 120 3 L
possibilities to affect the properties of the disorder potentiaf3 15 120 3 L
are present. First, one can increase the variancef the B 12 120 3 1
disorder potential by decreasing the width of the QW, B 9 120 3 1
where g, scales roughly Iikd_’3 when interface roughness c 20 0 4 2
is dominating and the wave function penetration into the 12 0 4 2
barrier is negligible. Second, a temporal interruption of theC 9 0 4 2
epitaxial growth process at the QW interfaces leads to thé& 25 0 5 2
formation of large monolayer islands on the surfac&he C 15 0 S 2

lateral extent of the islands increases with increasing growth
interruption(Gl) time, and consequently, extending the cor-
relation lengthé of the created disorder potential. We used
both methods to modify the disorder potential in the sample
studied. They are GaAs/MNGa, gAs SQW'’s and were grown

by molecular-beam epitaxyMBE) on undoped GaAs sub- lll. THEORETICAL MODELING
strates. First, a 100-nm GaAs buffer layer was grown, fol-
lowed by a 30-nm AJ.,Ga, gAs barrier layer and the GaAs

QW material of different thicknesses. Afterwards a Gl was

applied, invoking the formation of large monolayer islands, g5 of 4 calculation of the full polarization dynamics in

on'the GaAs surface. This particular growth process can leaisorder realizations with statistical properties given by Eqg.
to island sizes up to several hundred nanomézpending 1.

on the GI time. The GaAs islands were overgrown with a
1-nm AlAs layer to maximize the impact of the island for-
mation on the exciton disorder potential. The AlAs layer is
followed by a 30-nm A .Ga, gAs barrier layer. Several QWs For an ensemble of undamped two-level systems with a
of different thicknesses are stacked in one sample. The Gl iBomogeneous spatial distribution of oscillator strength, and
applied only on the top interface of the well in order to createwith energies and oscillator strengths uncorrelated to their
a disorder potential with only one long correlation length. All spatial positions, the RRS dynamics after short pulse excita-
other disorder, including barrier alloy disorder, segregatiortion att=0 is determined by the normalized RRS intensity
of Al into the QW, and the island formation of the lower spectrump(w) to be

Aly Ga gAs/GaAs interface, is expected to have a correla-

tion length below the exciton Bohr radiag . Thus it affects lrrg 1) el —[p(1)|?, (2

the c.m. disorder potential that is averaged over the exciton

relative wave function similar to a white-noise disorder. ~ ot ~

Hence, the total disorder potential has a bimodal strutture p(t)ZJ e“p(w)do, p(0)=1,

consisting of one part with the exciton Bohr radius as corre-

lation length, and another part of larger correlation lengthwith p(t) being the Fourier transform qf(w). Using this

due to the island formation during the GI. The experimen-dependency, the expected uncorrelated RRS dynamics for a
tally realized disorder potential is therefore more complexgiven measured RRS spectrum can be calculated and com-
than theoretical approaches using only one correlatiopared with the measurements. Deviations between the two
length. Two sets of SQWs were grown in this way: Set A ofgive evidence for level correlations in the system. However,
increasing Gl time(5—120 $ with decreasing well width exciton states show a microscopic polarization decay due to
(16-5.4 nm and set B with a constant, long Gl tini220 9 radiative decay and phonon scattering, in contrast to the as-
and different well width€7—-30 nm. Additionally, we inves-  sumption of undamped two-level systems. If the RRS spec-
tigated a set C of SQW's of different thicknes$6s20 nnm)  trum is much broader than the homogeneous broadening, this
with Aly/Gay sAs barriers, without the AlAs layer and the decay is much slower than the initial RRS dynamics given
Gl. It is expected to exhibit only a short disorder correlationby Eq. (2), and does not significantly influence the initial

length. Details on the distribution of the SQW's onto physi-
§ally different samples are given in Table I.

Before discussing the experimental results, we consider
theoretical models to describe the RRS dynamics. The dy-
namics of uncorrelated exciton states are compared with the

A. RRS dynamics of uncorrelated level ensembles
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dynamics. However, effects of level correlation, especiallyavailable final exciton states in real space at lower energies.
level repulsion, can have an energy range comparable to thEhese effects could be taken into account by solving the
homogeneous broadening, so that care has to be taken @xciton motion in the disorder exactly, and calculating the
analyzing the contributions of level statistics and micro-polarization dynamics in the disorder eigenstateshis is,
scopic dephasing. however, beyond the scope of this paper. The effect of the
A specific, analytically treatable example of an uncorre-single damping constany is an exponential decay of the
lated level ensemble is used in the Gaussian random lev&RS intensity, which is also observed in the experiments
model that was already applied in Refs. 12,13,22. It considpresented later, justifying the usage of a singje
ers an ensemble of two-level systems with a Gaussian distrk,s(t)e' R is the incoming excitation pulse, a plane wave
bution of eigenfrequencies of varianceo centered ato, of short pulse duration, and is the dipole matrix element of
and equal oscillator strength of all systems, so that we getthe excitonic transition. The disorder potent\a} for the
exciton c¢.m. motion results from the variations of the band
1 1 (0—wg)? energies for electron and hole by the random distribution of
plw)= Nyt BRI (3 Ga and Al atoms in the QW region, averaged over the
electron-hole relative motion in theslexciton?*
Interaction of the two-level systems with the environmentis  As discussed before, the microscopic disorder of an
introduced in terms of simple damping factors for the diag-MBE-grown GaAs SQW consists of an alloy disorder part
onal and the off-diagonal elements of the density matrix ofwith a correlation length below the exciton Bohr radius, and
each two-level system. The density decay ratg % the the part due to interface monolayer islands, with a correla-
diagonal dampingfor example, due to radiative degaand tion length typically between 5 nm and 500 nm, depending
the polarization decay rate is the off-diagonal damping. It on the growth interruption time at the interfaces. The poten-
is given by the pure dephasing rate (for example, by tial correlation should thus contain several length scales. For
phonon scatteringandy, according toy=y,+ y,. The spa-  a qualitative understanding, we first consider a single corre-
tial distribution of dipoles is assumed to be homogeneousation length of Gaussian type, as widely applied in
within the optically accessible wave-vector range. The twoditerature8=2°
level systems are excited byd&pulse at zero time, creating

a secondary emission dynamics given by R?2
— fc(R)=exp — —|. 7
I =1pe 27(1—e 2%t~ o), (4) (R p( 262) "
- 2:2
Inre= e~ 2N (1—e~ 7). (5  The polarization equation is solved numerically on an equi-
distant grid in real space, using periodic boundary condi-
B. Microscopic theory tions.M was chosen to be 0.8%, andy=10 peV. Typical

i ) ) _ simulation areas are &m?, using 128 128 grid points. The
To treat the RRS dynamics ofslexcitons in SQW's mi-  prg intensity

croscopically, we use the model proposed in Ref. 18, in

which only the dynamics of the center-of-mass exciton mo-

tion is calculated, while the relative electron-hole motion is | e K, 1)
assumed to be unaffected by the disorder. This is accurate for RRS. ™
in-plane disorder potentials much smaller than the exciton

binding energy, as it is the case for the investigated samples averaged over 5000 disorder realizations. The excitation is
Additionally, polaritonic effects are neglected, which shouldat normal incidencek,=0), and the RRS intensity is evalu-
be a good approximation for SQW’s with a disorder biggerated atkk~2mwum~1. The resulting spectra of absorption and
than the radiative decay rate of the free excitefhy ~ RRS are shown in Fig. 1 for different correlation lengths
~0.05 ps’. Within these approximations, the time- and fixedo,=1 meV. With increasingr,/E., the spectra
dependent exciton polarization in real spd®ER,t) obeys pass from a slightly asymmetric shape with a high-energy

2

)

f e 'Rp(R,t)dR

the equation tail and reduced spectral width to a symmetric Gaussian
) shape of a width given by, . The reduction of the linewidth

Bi(wgtiy+ia)+V(R)— ﬁ_A P(R,1) for small o, /E. is due to averaging over the disorder by the
X t 2M —R ' finite extension of the exciton statég., also called mo-

KR tional narrowing. In the following, we define for a non-

= mEod(1)eer, ®  Gaussian line shape by its full width at half maximum of
wheret w, is the exciton energy without disorderkat 0, M o+/8In 2. Since the exciton motion is two dimensional, the
is the c.m. exciton mass, andis a phenomenological damp- number of averaged independent potential sites can be esti-
ing constant representing radiative decay and phonon scatténated to bex(l,c/£)?<E./o,, so that the resulting widths
ing. Using only one damping constant for the polarization inof the RRS spectrac and of the absorptions,,s are
real space is an approximation, since the radiative coupling VE./o. This scaling(dashed line in bottom of Fig.)ls
depends on the in-plane momentum of the polarization, andeproduced by the calculation fot,/E.<1, as expected. In
the phonon scattering at low temperatures depends on thbe whole range oé,/E., we find the interpolation
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FIG. 1. Calculated spectra of the absorptitop) and RRS in-
tensity (middle) versus the photon energy relative fim, for dif-
ferent ratioso, /E.. as indicated, for a single Gaussian correlation of
the disorder potentiallEq. (7)], and for o,=1 meV and y
=10 ueV. Bottom: Resulting width of the absorption relative to
the potential variance 4,/ o, (circles, and width of the RRS in-
tensity relative tar ., o/ ops(squarey versuso, /E.. The dashed
line indicates the scaling behaviafE./o,. The solid line is an
interpolation according to Ed9).

)3/2}1/3

.
and o=~ 0.850 .
Only the initial dynamics of the RRS is affected by the

5E,

Oy

O abs

Oy

9

level statistics, while after a long time all exciton states have
random relative phases, so that the RRS is decaying like the

microscopic polarization of the excitons states, whicly is

our model. In order to concentrate on the effects of IeveLl-he monolayer potentiaV

statistics, we show the RRS dynamics for 0, and normal-
ize the calculated RRS to its long-time intensity level. It was
shown that the RRS dynamics on the dimensionless tim
scaleot is determined by the ratio, /E;. Since the uncor-
related RRS dynamics is determined dywhich is directly
accessible in the experiment, we display the RRS dynamic
versus the time scalet instead ofo,t. The calculated RRS
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FIG. 2. Calculated RRS intensity versus reduced tueafter
excitation, for different values oé,/E. as indicated, and/=0.
The RRS intensity is normalized at long times. The thick solid
curve is the uncorrelated RRS dynamics of E).

dynamics for different correlation lengths and fixed o,

=1 meV are given in Fig. 2 foy=0. For o, /E.<1, the
quantum-mechanical level-repulsion effect dominates the
level statistics, which leads to an initial reduction of the RRS
intensity, slowly recovering to the uncorrelated response due
to the small energy range of strong level repulsipdror
oy/E:>1, the long-range spatial potential correlation leads
to an initially increased RRS intensity due to the super-
radiance of excitons within one correlation length, which de-
cays to the long-time value with a strongly damped oscilla-
tion.

Having discussed the case of a single correlation length,
we now turn to a disorder potential more adapted to model
the situation of MBE-grown sample¥=V,+ Vg, the sum
of a monolayer potentia¥/,,;, and a short-range correlated
potentialVg,. V¢, represents the short-range atomistic disor-
der, averaged by the exciton relative wave function. We
therefore represent it by averaging of a spatially uncorrelated
Gaussian potential over an exponential weight function
exp(—|R—R’|/&), where the correlation lengty, is simi-
lar to the exciton Bohr radius; we usg=10 nm. The re-
sulting potentialV, has the spatial correlatiofy,, and the
varianceo;:

(VeRIV(R")) =05 fR'=R)

2 IR|+|R+AR|
fe(AR):W—ng exp( e

sr

(10

)dR.

mi considers two monolayers of

equal surface coverage, separated by the enefgy The
spatial distribution of the monolayers is created using a
ﬂooding model of a Gaussian correlated random poteantial

S Omi
Vi(R)= 2 sl (R)],
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FIG. 4. Calculated time-resolved RRS intensity, for differépt

-3 -2 -1 0 1 2 as indicatedgs,=0.3 meV, andy=0. The RRS intensity is nor-
relative photon energy (meV) malized at long times. The dashed curves are the uncorrelated RRS
dynamics deduced from the calculated RRS spectrum usin(REq.
FIG. 3. Calculated spectra of the RRS intensity for a monolayer
splitting of 1 meV andy=10 ueV. Top: Fixedos=0.3 meV and

different correlation length§,,,, of the monolayer potential as indi- .
cated. Bottom: Fixed,,=50 nm and different short-range poten- creases agy, goes from 100 r_]m to 200 nm_' opposite to what
tial varianceo, as indicated. would be expected from a single correlation lenftig. 2).

This is a direct consequence of the two disorder contribu-
tions: If the monolayer islands are large enough that excitons

R’ R get localized inside without being influenced by the mono-
(w(R)w(R))=exp — % (12) layer island borders, the energy levels qf th.e two monolayers
20 are uncorrelated and the RRS dynamics is an uncorrelated

sum of the response of two systems of fixed monolayer
We have chosen a fixed monolayer splittimgy=1 meV in  height with only the short-range potential.
the following simulations, which is realistic for a GaAs  The dependence of the RRS on the short-range disorder
quantum well of about 13 nm widthWe first study the o for a fixed monolayer correlation lengt, =50 nm is
influence of the monolayer correlation length for a fixed  shown in the spectra in the bottom of Fig. 3 and the RRS
o05=0.3 meV. The simulated RRS spectra are shown at theynamics in Fig. 5. For smalr,,, the monolayer splitting
top of Fig. 3. The monolayer splitting begins to appear in theresults in two distinct resonances in the spectra, and the RRS
RRS spectra foé, =30 nm, and is fully developed at 100 dynamics shows a long-lasting oscillation, with an amplitude
nm. At 200 nm, both monolayer peaks are nearly equallyincreased by the level correlation. Increasing, the RRS
strong, indicating a full localization of the excitons within dynamics goes gradually to a response dominated by the
one monolayer island by;. short-range potential, in agreement with the vanishing mono-

The corresponding RRS dynamics are given in Fig. 4layer splitting in the RRS spectra.

(solid curve$, together with the uncorrelated dynamics The RRS dynamics of GI QWs showing a pronounced
(dashed curvgsdeduced from the calculated RRS spectra.monolayer splitting in the case of excitation of only one
The dependence of the dynamics g is similar to the  monolayer peak was investigated in Ref. 25. The spatially
results of the single correlation lengthig. 2), going from a  nonuniform distribution of the oscillator strength of such a
level-repulsion-dominated slow rise for smgjl, to an initial  partly excited exciton resonance leads to an instantaneous
increase of the RRS by the spatial potential correlation fopart of the RRS dynamics. In this case, the uncorrelated dy-
large &,,. Additionally, oscillations corresponding to the namics is not given by Eq2) since the condition of spatially
monolayer splitting energy are superimposed, which ardhvomogeneously distributed resonances is not fulfilled.
strongly damped with time. The comparison with the uncor- To conclude this section of RRS simulations, we stress
related dynamics shows that the oscillations due to théhat as long as the monolayer splitting is not visible in the
monolayer splitting are significantly enhanced by the levelRRS spectrum, the RRS dynamics is similar to one with a
statistics. Note also that the initial RRS enhancement desingle effective correlation length. Once monolayer splitting
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time (ps) Cq(Ak,t) for t=10 ps. The curves are vertically displaced for clar-

ity. (b) Time correlationC,(At,t) for t=10 ps. The solid lines are
the results of the Gaussian uncorrelated mée. (14)] whereo
has been fitted to the data.

FIG. 5. As Fig. 4, but for differentrg, as indicated, and,,
=50 nm.

. . . o ) B. Speckle correlation and analysis
is observed, the splitting determines the oscillation period of

the RRS dynamics, with an oscillation amplitude increased 1he coherent nature of RRS leads to the formation of
by the level correlation. speckles in the directional and temporal domain. While the

directional extent is given by the spot size, the tem-
poral extent is inversely proportional to the inhomogeneous
broadening.

The average directional extent of a speckle can be quan-

In this section we describe the experiment and present ariified by the directional correlatio€4(Ak,t) of the direc-

discuss the experimental results for the RRS dynamics.  tionally and time-resolved secondary emission intensity
I(k,t):

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental details I(k,t)I(k+AKk,t)
Cq(Akt)= -1,

1(K,t) - 1(k+AK,1)

(12)

The samples were placed in a helium cryostat and kept at
a temperature of 5 K. The fundamentdhl-el 1s exciton
resonance was resonantly excifegolarized in the Brewster where the average is taken over the direction identified by
angle direction by optical laser pulses from a mode-lockedhe in-plane wave vectds of the emitted light. For spot sizes
Ti:sapphire laser of 500 fs to 2 ps duration. The secondarynuch larger than the largest relevant correlation length of the
emission(SE) normal to the sample in the directional range system, this is equivalent to an ensemble average over sta-
of 0.15 NA was imaged by a sequence of five lenses into distically independent disorder realizations. In Figa)6éthe
monochromator and its intensity was detected time, energyneasuredC4(AKk,t) are displayed for three different SQW's.
and directionally resolved by a synchroscan streak camer&heir full width at half maximum(FWHM) in Ak, which
The energy resolution of the Czerny-Turner—type monochroguantifies the directional speckle size, isf1B mm 2, inde-
mator was adjusted by an aperture on the collimation mirropendent of the timé, and in good agreement with the theo-
to about 2 meV. This is small enough to isolate the signal ofetically expected value of 10 mm given by the Gaussian
the resonantly excited SQW from the one of the substrate agpot size of 38Qum FWHM and the wavelength of
other QW'’s, but also large enough to not reduce the temporat 800 nm when taking into account the directional resolution
resolution of the streak camera of 2.5 ps. Using the secondf the detection of 8 mmt. The spot size was experimen-
dimension of the streak camera, the RRS dynamics can helly determined using a direct imaging of the emission from
directionally resolved in one dimension, resulting in the parthe sample surface.
allel detection of about 100 independent RRS intensities The temporal extent of a speckle is quantified by the tem-
(speckles Repeated measurements of displaced oneporal correlation functiorC(t,At):
dimensional cuts of the two-dimensional directional RRS al-
lowed for the detection of several thousand speckles, a pre-

requisite to obtain small statistical errors of the deduced

speckle averages.

C(t,A
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FIG. 7. Parameters of the Gaussian uncorrelated model ex- |G 8 SE signal of the 15-nm SQW in set B for three different
tracted from the experimental data versus QW wiblih(squares:  gjzes of the speckle ensemble. The curves are vertically displaced

set A, circles: set B, triangles: se).CJop: o taken from the RRS  for clarity. The inset shows the standard deviatignof the inten-
spectrum(filled symbolg, and extracted from the temporal speckle sity fluctuations, the solid line represents the relation
correlationC,(At,t) (open symbols Bottom: y, (open symbols =(yNgg )~ L.
and y, (closed symbols
where the statistical evaluation is made over the time range
In Fig. 6(b) C,(t,At) is displayed for the same SQW'’s as in 10—i0 ps and over different speckle ensembles. The inten-
(@ andt=10 ps. Its width inAt decreases with growing sity I () for an infinitely large ensemble size was approxi-
inhomogeneous broadening. The Gaussian uncorrelatadated by the largest available average rof3000. The
model predicts forort>1: speckle fluctuations reduce with increasing ensemble size, as
can be seen in the standard deviatignshown in the inset
Ci(t,At)=exf — o?At?—2y,(2t+At)]. (14)  of Fig. 8. The full line in the inset represents the/MLg n
law for a Gaussian distribution of the fluctuations and a fully
The resulting curvessolid lines in Fig. 6 are in agreement  conerent emission. The experimental dataderis in agree-
with the experiment. For each SQW, we evaluate the purghent with the theoretical expectation, and thus the amplitude
dephasingy, from the dependence of the measu@dnt,  of the statistical fluctuations can be estimated using this re-
and o from the dependence oht. The density decay rate lationship.
2.% is 'gaken from the decay (_)f the secondary emission. inten- Using time-resolved speckle analyéthe average RRS
sity using Eq'(4)' The resulting ve}lugs ar=5 K are dis- intensity | rrg(t) is deduced from the total SE intensity
played in Fig. 7. In the range not limited by the time resolu— = — = . i .
I(t)=1grdt)+1p.(t), which also includes the incoherent

tion of the detection, the deduced valuesrdfopen symbols <
are in agreement with the corresponding ones derived froffnotoluminescence(PL).  The coherence degree(t)

the RRS spectréfilled symbolg. The radiative decay rate is = Irrs/| is given byc(t) = yNetCy(t,0), whereNgs models

decreasing with increasing inhomogeneous broadening, dBe finite temporal and directional resolution of the experi-

expected by the decreasing extension of the exciton disordéfent and represents the number of independent statistical

eigenstates_ The pure dephasing rates, which are due to ph((:pntributions within the experimental reSOlUti&ﬁ'ﬁG It can

non scattering, are 5—10 7§ much smaller than the radia- be calculated from the statistical propertied €fk)* and it

tive rates, and are nearly independent of QW width. is in the rangeN;=1.2—1.8 for the experiments shown in
Before we further analyze the RRS dynamics, we want téhis work. Sample results for this analysis shown in Fig. 9

discuss the influence of the finite speckle ensemble on thare indicated by symbols. In order to reduce the error of

experimental data. In Fig. 8 we showof a 15-nm SQW |rrgt) created by the statistical error oft), one can ex-

with 120-s Gl for different speckle ensemble sizeslt is  ploit the fact that the incoheremt (t) does not show tem-
evident that for speckle ensembles witk:300, the tempo- poral speckle fluctuations, and thus should have a smooth
ral speckle fluctuations significantly modify the observed dy-tjme dependence. We therefore fit the dedutgdwith a
namics. To give a quantitative measure for the fluctuationsgynamics given by an exponential rise and an exponential
we derived the standard deviationg of F=1(n)/1(), decay, and use the resuls 5(t) to calculate the average
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FIG. 9. Time-resolved secondary emission from the 15-nm y=30ns"
SQW of set B, and its analysis. SE intensltft) (dashed ling 6=0.54ps’
coherence degre(t) (circleg, coherent intensity grs (triangles,
incoherent intensity p; (squarey its fit 1 g (solid line), and the L L e
deducedl . (solid line). The inset shows the comparison be- 0 . 0 !
=7 RRS fit ’ P relative photon energy (meV)
tween | grs (solid ling) and the prediction for uncorrelated levels M PRI EPEPEPPIN EPEPEPEPE BRI PR SR
statistics(dotted after Eq.(2). 0 10 20 30 40 50 60

time (ps)

RRS intensityl grs sift) =1 (t) — Ip_ (). The results of this , - ,
fitting procedure are shown as solid lines in Fig. 9. In theﬂm'(:tli(;r'1 ]ii?T.'leDeC(é)?/ corrected RRS intensltyzs, o{t) (solid) as a
) i ] ) , pared with the dynamics deduced from the SE
following analysis we use the deduced RRS intenisifys it spectrum for uncorrelated level statistics using @i (dotted. The
different SQW’s(set Q of thicknesses as labeled were grown with-
out Gl. The insets show the corresponding SE spectra with a reso-
C. RRS dynamics lution of 16 weV. The statistical erros- of the data is 3.8%, and is

The RRS dynamics is determined by two mechanisiis: visualized ¢ o) at the data of the 9-nm SQW. The influence of the
"_choice of differenty for decay correction is exemplified for the

the energy-level statistics, determining the interference be:
.. S . 15- d12- SQW.
tween the emission from individual states dfi¢l the polar- nm an nm SQ

ization decay of the individual states due to MICroSCopIC, . oc A distribution of decay rates leads to a gradual de-

scattering processes. .In a simple view, the latter proces, ease of the decay rate with time, which is also found as
should lead to a superimposed monotonic decay of the RRgiscssed later.

intensity, eventually showing a distribution of time constants, T, compare the impact of the level statistics on the RRS
and thus a slowing down with time. However, since in gén-gynamics with the theoretical predictions, we compensate for
eral the microscopic dephasing depends on the individuahe average polarization decayin the corrected RRS inten-
state and its environment, the dephasing rate and the locajty I rrs.cdt) = rrsi(t)€Xp(2t) shown in Figs. 10-12 for
level statistics are correlated, which could lead to a nOﬂtl’iViathe investigated three sets of SQW'S. The measured SE spec-
influence on the RRS dynamics. Up to now, this effect hasra are shown in an inset for each SQW. The valueydé

been neglected in simulations of the RRS dynamics. Instea¢hosen so that the RRS reaches a constant level at interme-
a single polarization decay rate was used, as we also diate times, and increases towards later times due to the dis-
adapted in Eq(6). The validity of this approximation is sup- tribution of decay rates. Even though the resultings de-
ported by the observed exponential decay gf{t) for in-  fined by this requirement to better than 5% accuracy, the
termediate timegtypically, t=20-50 ps) over more than resulting RRS dynamics acquires some arbitrariness by the
one order of magnitude of intensity. We take this decay tospecific choice ofy, which affects the intermediate time dy-
determine the total polarization decay rateusing Eg.(5), = namics. To exemplify this, the RRS dynamics of the 15-nm
since the dynamics due to level statistics is constant at longemd 12-nm SQW of set C is given for three different choices
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FI_G' 1L Sa_me as Fig. 1_0' _but for the SQW set A, with Gl FIG. 12. Same as Fig. 10, but for set B of SQW'’s with a Gl of
duration and thicknesses as indicated. The SE spectra have a Sp§éy g ang thicknesses as indicated. The SE spectra have a spectral

tral resolution of 121ueV. The statistical erour of the data is  aso)ytion of 16ueV. The statistical errop of the data is 1.5%,
3.8%, and is visualized* o) around the data of the 8.3-nm SQW. 4 is visualized £ o) around the data of the 9-nm SQW.

of y (see Fig. 10 One should keep this in mind for the while in an intermediate time range a rather good agreement
subsequent analysis. Effects of the level statistics on thes found, i.e., the RRS dynamics becomes exponential. The
measured RRS dynamics in the form of pronounced oscillainset of Fig. 9 illustrates the initial reduction for the 15-nm
tions, which in similar measurements on MQW samples hadsQW of set B, where the measured RRS intensity is directly
been assigned to level statistics efféétsre absent in the compared with the predicted uncorrelated dynamics, skip-
present SQW case. To extract the remaining effects of levegding intentionally the PL fit procedure and the decay com-
statistics, we compare the measured dynamics with the dypensation. The effect of level statistics is also visible in this
namics of an uncorrelated level ensemble having a RR8irect comparison, and is not an artifact of the analysis. A
spectrum that is equal to the measured ¢see Eq.(2)], finite width of p(y) leads to a slowing down of the decay
convoluted with the experimental time resolutigdotted  with time, i.e., to a positive curvature of the corrected RRS
lines). Deviations between measurement and prediction artensity with time. This is actually observed at longer times
then due to the presence of correlations in the level statistic§>50 ps), showing that a distribution towards smaller decay
or due to a distribution of polarization decay rate€y) rates is present in the investigated samples. Its influence on
within the exciton states. the initial dynamics would be relevant if a significant part of
The measured RRS intensity is lower than the expecte@(y) would be present at rates larger than the inhomoge-
uncorrelated dynamics at early times for nearly all SQW’s,neous broadeningyt> o). At the low lattice temperatures at
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which the experiments were conducted, the polarization de-
cay is due to radiative coupling and phonon emission. The FIG. 14. Left: Comparison of the measured RRS dynamics of
radiative rate is always less than,~0.05 ps * of the free  the 12-nm SQW of set C and 14.9-nm SQW of seigfay shaded
excitort® due to the localization of the exciton states. It is 'egions with the one calculated for a single disorder correlation
thus much less tham in most of the investigated samples. !ength of o, /E.=0.66 ando as labeled, convoluted with the ex-
The phonon emission rate within the rather smallPerimental time resolutl'on. Right: Measured Q_an solid ling
(=1 meV) inhomogeneous broadening of the investigatedmd RRS(gray dashed Iln)espgctra, compar.ed with the' calculated
transitions is calculated to be weaker than the radiativéPeClrd Without long-range disordédotted lines and with long-
>8 - . . range disordefsolid line) of varianceo as indicated.

rate”® These expectations are in agreement with the mea-
sured average values ¢f andy,, displayed in Fig. 7. In the
following, we therefore do not consider the influence ofconsidered samples, the dynamics is thus described by the
p(y) on the measured initial dynamics. prediction of Eq.(6) with a disorder of a correlation length

The initial deviations between measured and uncorrelateghorter than the exciton Bohr radius.
dynamics is varying between the samples. We now discuss For some samples, e.g., the 12-nm SQW of set C, this
interpretations of these deviations based on the simulationsomparison does not result in an agreement for any value of
in the preceding section. oy/E.; the measured dynamics is significantly slower than

We first consider the samples in which we expect thethe calculated one. This also holds true when comparing with
disorder potential to exhibit only a short correlation length,the model including monolayer islandsee Figs. 4 and)5
i.e., set C and a part of set A with short Gl times. We com-The deviation can instead be explained assuming the pres-
pare their response with the theory of only one correlatiorence of an additional disorder potentig) with a correlation
length[Eq. (7)] using the parametaer determined from the length &, larger than the light wavelength, so that the RRS
SE spectra given in Figs. 10 and 11. The calculated dynamidsom uncorrelated regions of,, are interfering with each
(see Fig. 3 convoluted with the experimental time resolu- other with random phase#n the spatial averagdor emis-
tion, is displayed in Fig. 13, together with the measured dysion wave vectors differing by more thaf,* from the
namics of the 15-nm and 9-nm SQW's of set C. Agreemengpecular direction. The presence of such a long-range com-
between experiment and calculation is found f@y/E.  ponent of the disorder potential was also suggested by the
=0.24, 0.66 in the 15-nm case, and f®j/E,=0.66,2.6 in  observation of initial forward scatterirfg,and by the strong
the 9- nm case. For larger values ®f/E., the calculation scattering angle dependence of the RRS in multiple quantum
deviates significantly from the experiment in both caseswells® Recently, also a direct observation of a long-range
These results are consistent with the valuesrpfE. esti-  disorder in GaAs QW's was reportédV, does not change
mated using the structural parameters of the samples: Thée RRS dynamics except for the wave-vector region around
relationship between and o, depends on the disorder cor- the specular direction. It increases, however, the spectral
relation length¢, as shown in Fig. 2. A lower limit fo€ is  width of the RRS, since the RRS spectrum is given by the
given by the exciton Bohr radiusg, for which E.  convolution of the spectrum without long-range disorder
=1.4 meV usingé=10 nm~ag and M=0.25m,. In the  with the distribution oV,,. We assume the distribution ¥,
considered samples, the disorder correlation length is exo be Gaussian with varianes, . Having this additional free
pected to be short, so thBt~1.4 meV. Using the measured parameter, we determine and o, /E. from the measured
values ofo, we estimater/E. to be 0.080.36) for the 9-nm  RRS dynamics. The long-range disorder width is then
(15-nm SQW. With Eq. (9) the corresponding value of fixed by the RRS spectrum deduced from the SE by spectral
o,/E; is 0.36 (0.95, in quantitative agreement with the speckle analysi& Results of this procedure are shown in
value range determined from the measured dynamics. For tHeg. 14 for the 12-nm SQW of set C and the 14.9-nm SQW
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of set A. Agreement between calculation and experiment is Fset B, SQW 12nm
reached, determining the variance of the long-range disorder [
o, to the values given in the figure, which are quantitatively
comparable with results of a direct spatial measurement on
similar structure$® The deduced inhomogeneous broaden-
ings due to long-range and short-range disordgrand o,

are in this example of similar magnitude. The value of
oy/E.=0.66 is consistent with the values of 0.4 and 0.34,
deduced fronor andE.=1.4 meV.

The microscopic origin of the long-range disorder is not =
understood. However, it shows the following systematic be- 0 1_0 20 30 1 0 1
havior: (i) Its relevance decreases with decreasing well time (ps) relative energy (meV)
width, i.e., its strength seems independent of well width, i _
while the shorter-range disorder potential strength increases FIG. 15. Left: Comparison of the me&.lsur?d RRS dynamics of
with decreasing well widthii) It is varying between SQW's 1€ 12-nm SQW of set Bgray shaded regiowith the one calcu-
grown on different substratdsee Table)l A possible origin ~ '2ted for a monolayer disorder with parameters as gitdntted

could thus be the presence of strain fluctuations by impuritie]E”e)’ and convoluted with the experimental time resolut{solid
or dislocations. ine). Right: Measured SE intensity spectgray solid ling, com-

We now turn to the samples grown with a long growth pared with the calculated RRS spectra without long-range disorder

interruption (set B. Their SE spectra are influenced by the (dotted _Iing) and with long-range disordésolid line) of variance
islands of long correlation length on the growth-interrupted”"" as indicated.

GaAs surface. In general, it leads to an increased inhomoge- . . i .
neous broadeningsee Fig. 7 compared to similar structures 10 Summarize the experimental results, we find that in the
without growth interruption due to the reduced spatial averinvestigated series of samples, signatures of correlated level
aging of the spatial disorder by the exciton. Additionally, for Statistics are found in all SQW’s, and explained within the
well widths below 15 nm, the development of a monolayermOde| of excitons in a disorder potential. No strong initial
splitting starts to be appreciable. This is expected, since thescillations, which are predicted for potential correlation
lateral localization length of an exciton due to a monolayerf€ngths between about 30 nm and 200 nm, are found. In-
island is decreasing with decreasing well width by the in-Stéad, the presence of a long-range part of the disorder with
creasing change of the exciton quantization energy at & correlation length in the micrometer range is suggested,
monolayer step® This effect can be also seen in Fig. 3, which is increasing the RRS spectral width, while not alter-
where with increasing correlation length at fixed monolayednd the RRS dynamics for large scattering wave vectors.

guantization energy the monolayer splitting develops. For the

9 nm SQW, the_ mhomoge_neous broadening is too large fqr V. CONCLUSION

the corresponding dynamics to be resolved with our experi-

mental time resolution. Therefore, we have chosen the 12-nm In conclusion, we want to emphasize the following points.
SQW for the comparison with theory. Its SE spectrum shows

a pronounced asymmetry to the high-energy side compared (i) A large speckle average is important to overcome arti-
to other non growth-interrupted wells of similar thickness.facts due to the statistical nature of the coherent SE over the
The RRS dynamics is compared in Fig. 15 with the calcu-direction. The relative statistical error is found to be
lated dynamics using the monolayer disorflégs.(11) and  1/(/Nex n), giving a lower limit for the ensemble size
(10)]. Agreement of both RRS dynamics and spectra iseeded to avoid random features in experimental results.
reached usingrs,=0.18 meV, o, =0.6 meV, §,=56 nm, (i) In the investigated series of single quantum wells,
ando,=0.23 ps L. o, is comparable to the one observed in effects of correlations in the exciton level statistics are found
the 12 nm SQW of set C, and also similar to the long ranges deviations from the dynamics of an ensemble of uncorre-
potential measured in a 11 nm SQ¥WTrhe value ofs,, can lated levels. They manifest as a reduction of the RRS inten-
be compared with the estimated change of the exciton trarsity at early times, and depend systematically on the struc-
sition energy within one monolayer step. Using the excitorntural parameters.

transition energieg, of the samples in set B of different (iii) A RRS dynamics slower than that expected from the
thicknessL,, we can estimateo,,~0.28 nmJE,/dL,, RRS spectra is found in some samples, and attributed to a
which results for the 12-nm SQW in 1.3 meV, a factor of 2 part of the disorder potential with a long correlation length in
larger than deduced from the RRS dynamics, and also tothe micrometer range.

large to explain the SE spectrum. This mismatch is due to the (iv) Using a disorder potential containing both monolayer
fact that if only the top interface is growth interrupted, the steps of long correlation length and a Gaussian potential of
noninterrupted interface shows a correlation to the monoshort correlation length to simulate SQW’s grown with
layer formation on the top interface, leading to an effectivegrowth interruption, the transition from the level-repulsion-
thickness variation smaller than an integer monolayer, as idlominated response to the oscillations with the monolayer-
was observed in Ref. 3. The monolayer island gizgs also  splitting frequency was investigated.

in agreement with the analysis of emission spectra of a series Further development of the theory in the direction of
of growth-interrupted samplés. more realistic disorder correlation functions and including

6,=0.23ps”
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T

intensity (norm.)

PR T T A SN TR T T N T 1

W convoluted [ R
(N T PO PUUT PN o et AP B

085207-11



G. KOCHERSCHEIDTet al. PHYSICAL REVIEW B 68, 085207 (2003

the radiative coupling is desirable. On the experimental side ACKNOWLEDGMENTS
the characterization of the disorder potential with indepen- Financial support by the DFG-Schwerpunktprogramm

dent methods such as cross-sectional scanning tunnelir]% kofi . blei » and by th
microscopy? or selective etchin is needed for a quantita- Ruantenkohaenz in Halbleitern” and by the European

tive comparison with the theoretical predictions, togethefJnion through Grant No. MCFI-1999-00728 for V. S. is ac-
with the design of samples spanning a larger range of disoknowledged. The authors want to thank E. Runge for fruitful
der correlation lengths. discussions.

1J. Hegarty, M.D. Sturge, C. Weisbuch, A.C. Gossard, and W!°V. Savona, S. Haacke, and B. Deveaud, Phys. Rev. 841t183

Wiegmann, Phys. Rev. Let9, 930(1982. (2000.
2C.A. Warwick, W.Y. Jan, A. Ourmazd, and T.D. Harris, Appl. 20F Intonti, V. Emiliani, C. Lienau, T. Elsaesser, V. Savona, E.
Phys. Lett.56, 2666(1990. Runge, R. Zimmermann, R. &el, and K.H. Ploog, Phys. Rev.
3K. Leosson, J.R. Jensen, W. Langbein, and J.M. Hvam, Phys. Lett. 87, 076801(2002).
Rev. B61, 10 322(2000. 21K, Brunner, G. Abstreiter, G. Bum, G. Trakle, and G. Weimann,
4H. Stolz, D. Schwarze, W. von der Osten, and G. Weimann, Phys. Appl. Phys. Lett.64, 3320(1994).
Rev. B47, 9669(1993. 22\W. Langbein, J.M. Hvam, and R. Zimmermann, Phys. Rev. Lett.
SH. Wang, J. Shah, T. Damen, and L. Pfeiffer, Phys. Rev. [7dit. 82, 1040(1999.
3065 (1995. 2G. Kocherscheidt, W. Langbein, G. Mannarini, and R. Zimmer-
6R. Zimmermann, Nuovo Cimento Soc. Ital. Fis., 1D, 1801 mann, Phys. Rev. B6, 161314R) (2002.
(1995. 24R. Zimmermann, F. GroRe, and E. Runge, Pure & Appl. Chem.
’D.S. Citrin, Phys. Rev. B54, 14 572(1996. 69, 1179(1997).
8N. Garro, L. Pugh, R.T. Phillips, V. Drouot, M.Y. Simmons, B. 25\, Langbein, K. Leosson, J.R. Jensen, J.M. Hvam, and R. Zim-
Kardynal, and D.A. Ritchie, Phys. Rev. 85, 13 752(1997. mermann, Phys. Rev. B1, R10 555(2000.
9M. Gurioli, F. Bogani, S. Ceccherini, and M. Colocci, Phys. Rev. 26, Runge and R. Zimmermann, Phys. Rew6B 4786 (2000.
Lett. 78, 3205(1997). 2'Nys can be derived from the second momeptand the third
105, Haacke, R. Taylor, R. Zimmermann, I. Bar-Joseph, and B. momentS of the distribution via the relatiohl 4= 4Q3%/S?.
Deveaud, Phys. Rev. Leff8, 2228(1997. 28R. Zimmermann, E. Runge, and V. SavonaQnantum Coher-
1IM. Worner and J. Shah, Phys. Rev. Leii, 4208(1998. ence, Correlation and Decoherence in Semiconductor Nano-
2y, Langbein and J.M. Hvam, Phys. Status SolidilX8 13 structures edited by T. TakagaharéElsevier Science, Oxford,
(2000. 2002.
Bw. Langbein and J.M. Hvam, Phys. Rev.68, 1692 (2000. 2W. Langbein, E. Runge, V. Savona, and R. Zimmermann, Phys.

E. Runge and R. Zimmermann, Advances in Solid-State Phys-  Rev. Lett.89, 157401(2002.
ics, edited by B. Kramer(Vieweg, Braunschweig, 1999\Vol. 30y, Yayon, A. Esser, M. Rappaport, V. Umansky, H. Shtrikman,

39, pp. 423-432. and |. Bar-Joseph, Phys. Rev. Le3®, 157402(2002.
15p. Birkedal and J. Shah, Phys. Rev. L@, 2372(1998. 31H. Castella and J.W. Wilkins, Phys. Rev.98, 16 186(1998.
186G, Malpuech, A. Kavokin, W. Langbein, and J.M. Hvam, Phys. *2A.J. Heinrich, M. Wenderoth, K.J. Engel, T.C.G. Reusch, K. Sau-
Rev. Lett.85, 650(2000. thoff, R.G. Ulbrich, E.R. Weber, and K. Uchida, Phys. Rev. B
173.P. Prineas, J. Shah, B. Grote, C. Ell, G. Khitrova, H.M. Gibbs, 59, 10 296(1999.
and S.W. Koch, Phys. Rev. Le@5, 3041(2000. 33G. Bernatz, S. Nau, R. Rettig, H.rkech, and W. Stolz, J. Appl.
18y Savona and R. Zimmermann, Phys. Rev6® 4928(1999. Phys.86, 6752(1999.

085207-12



