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Near-field autocorrelation spectroscopy of disordered semiconductor quantum wells
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Spatially resolved photoluminescence spectra of thin GaAs quantum wells are measured by near-field spec-
troscopy, and two-energy autocorrelation functions of the spectra are derived. We demonstrate distinctly dif-
ferent autocorrelation functions for a 3-nm-thick quantum well grown on a~311!A surface and for quantum
wells grown on~100! substrates. The autocorrelation spectra of the~311!A GaAs quantum well are quantita-
tively described by a statistical disorder model with a single correlation length of 17 nm for the exciton
center-of-mass motion. A shoulder in the autocorrelation spectrum at energies between 1 and 3 meV is iden-
tified as a signature of excitonic level repulsion in the disorder potential. In contrast, the characteristic feature
in the autocorrelation spectra of the~100! quantum wells is an additional positive correlation peak at energies
between 3 and 4 meV. This peak reflects the energy correlations between ground and excited exciton states in
individual monolayer islands with a narrow size distribution. The results indicate that the disorder potential in
these high-quality~100! GaAs quantum wells contains both contributions from monolayer islands and nano-
roughness on a length scale of the exciton Bohr radius.

DOI: 10.1103/PhysRevB.69.085302 PACS number~s!: 78.67.De, 78.55.Cr, 07.79.Fc
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I. INTRODUCTION

Recently, there has been considerable experimental1–7 and
theoretical interest8,9 in studying the effects of excitonic leve
repulsion in disordered semiconductor nanostructures,
narrow quantum wells and wires. In such systems, interf
roughness and alloy fluctuations on a nanometer scale lea
spatial variations in the effective excitonic center-of-ma
potential that tend to localize the excitonic wave functio
This localization gives rise to inhomogeneously broade
macroscopic photoluminescence~PL! spectra. In experi-
ments with high spatial and spectral resolution, however,
inhomogeneously broadened spectra break up into na
emission spikes from single localized excitons. Despite
random nature of the disorder potential, the exciton emiss
energies are correlated in such local spectra. Wheneve
wave functions of nearly isoenergetic exciton states are
tially overlapping, quantum mechanical level repulsion10 is
expected to occur. As a result, energy differences betw
the emission spikes in the local spectra that are smaller
the energy splitting associated with level repulsion beco
unlikely.

In disordered semiconductors, the exciton emission e
gies are well described as eigenenergies of a static Sc¨-
dinger equation.11,12It was predicted a few years ago that t
ensemble-averaged autocorrelation function of near-field
spectra is sensitive to level repulsion.8 Experimentally, such
correlation functions have first been reported for a disorde
GaAs quantum well~QW!.13 A small dip at energy differ-
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ences of 100meV in the autocorrelation function was con
sidered to be consistent with the observation of level rep
sion. PL autocorrelation functions of near-field spectra fro
CdSe/ZnSe layers2 showed a clear positive correlation fe
ture. Its energy position is consistent with the splitting b
tween ground and excited states in the same local pote
minimum. Hence, the peak was assigned to quantiza
within rather uniform islands.

In Ref. 1, we quantitatively compared experimental ne
field PL autocorrelation spectra from a~311!A GaAs QW to
a theoretical analysis assuming a statistical disorder pote
with a correlation length of 17 nm. Based on the excelle
agreement between experiment and model, a shoulder in
autocorrelation function at energies between 1 and 3 m
was identified as evidence for level repulsion.

This interpretation was recently questioned on the basi
measurements with~100! GaAs QWs.3 Near-field autocorre-
lation spectra from such samples showed a peak aroun
meV. The experimental results and data modified by ene
filter functions were compared to one-dimensional mo
simulations. It was concluded that the 3-meV peak in
autocorrelation is not related to level repulsion predicted
a statistical disorder potential with a single correlati
length. Recently, autocorrelation spectra from disorde
quantum wires5 have been interpreted as being consist
with the predicted level repulsion scenario.

Many of the experimental results obtained on the differ
samples contain features that are not yet well described
the currently available models for statistical disorder pot
©2004 The American Physical Society02-1
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tials with single correlation lengths.8,9 This fact raises the
question as to what extent near-field autocorrelation spe
can provide quantitative information about these potenti
This problem can be addressed by comparing autocorrela
spectra from samples where independent information on
disorder is available. For instance, atomically almost
monolayer islands exist in high-quality single GaAs quant
wells grown with growth-interruption on~100! substrates.
The island dimensions can reach more than 100 nm, m
larger the exciton Bohr radius.14,15 In addition, nanorough-
ness exists on a length scale smaller than the exciton d
eter and a bimodal roughness model16 is the simplest mode
that can account for this behavior.

In this paper, near-field autocorrelation spectra fro
~311!A GaAs and~100! GaAs quantum wells are compare
We demonstrate a distinctly different behavior of such t
types of samples: For~311!A GaAs quantum well, the auto
correlation spectra are well described by a statistical diso
model with a single correlation length. For~100! GaAs quan-
tum wells, we observe an additional pronounced posit
correlation peak at energies around 3–4 meV. This pea
not reproduced by statistical models assuming a single
relation length. We assign this peak to correlations betw
excitonic eigenstates in single monolayer islands of sim
shape and size.

II. EXPERIMENT

We investigate two different QW samples. One is a Ga
AlGaAs quantum well grown by molecular beam epita
~MBE! on a GaAs~311!A substrate.17 It consists of a single
3-nm-thick GaAs QW layer clad between two 50-nm-thi

FIG. 1. ~a! Schematic experimental setup.~b! Averaged PL spec-
trum (T520 K) of the 3-nm~311!A GaAs QW.~c! and~d! Repre-
sentative near-field PL spectra of that sample recorded at 5 K at two
different spatial positions.~e! and~f! Near-field PL spectra recorde
at 20 K at the same positions of~c! and ~d!, respectively~Ref. 1!.
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Al0.5Ga0.5As barrier layers and capped with 20 nm of GaA
@Fig. 1~a!#. The other sample consists of 12 single QW laye
of different thickness grown on a~100! GaAs substrate. The
QW layers are separated by AlAs/GaAs short period sup
lattice barriers, each formed by nine AlAs and GaAs lay
with a total thickness of 23.8 nm. Here, we investigate
top four QWs with thicknesses of 3.3, 4.0, 4.5 and 5.1 n
The layers are buried at distances of 40, 67.1, 94.9,
123.2 nm below the surface. Growth interruptions of 10 s
each interface lead to a large correlation length of the Q
disorder potential and to the formation of interface quant
dots. The growth interruptions are kept short in order
avoid a monolayer splitting of the macroscopic PL spec
and to minimize incorporation of impurities at the interface

A low-temperature near-field scanning optic
microscope18 is used in an illumination/collection geometr
with a combined spatial and spectral resolution of 150
and 100meV @Fig. 1~a!#. In this geometry, the sample i
excited with light from a HeNe laser~1.96 eV!, transmitted
through a chemically etched, uncoated near-field fi
probe.19 Photoluminescence from the sample is collec
through the same probe, dispersed in af 550 cm monochro-
mator and detected with a cooled charge-coupled dev
Near-field PL spectra are recorded by scanning the fi
probe across the sample surface. At each tip position, spe
are integrated for approximately 0.5 s.

III. RESULTS

The spatially averaged PL spectrum of the~311!A GaAs
QW atT520 K shows a 15-meV broad emission band@Fig.
1~b!#. The spectrum is obtained by averaging over 432 in
vidual spectra recorded by scanning a 1.233.6-mm2 area
with steps of 100 nm. Such sets of near-field spectra
taken at temperatures between 5 and 30 K at steps of 5 K
for different excitation powers between 100 nW and 4mW
coupled into the near-field fiber probe. In contrast to t
averaged emission, the individual near-field spectra break
into a series of spectrally sharp and intense emission lin
Representative near-field PL spectra recorded at a fixed
tial position are displayed in Figs. 1~c!–1~f! for temperatures
of 5 and 20 K. In this range of powers, the shape of the
spectra is not affected by variations of the excitation inte
sity and the emission intensity of the sharp spikes va
linearly with excitation power.1 This shows that the spec
trally sharp emission spikes originate from single localiz
excitons within the QW disorder potential. The spatial exte
sion of the individual spikes is limited by our spatial resol
tion of 150 nm.20 We have carefully studied intensity
dependent near-field spectra. The intensity of the individ
emission lines depends linearly on the excitation density
we do not observe the appearance of new emission line
higher excitation densities.1 This rules out that these emis
sion lines arise from biexcitonic transitions21 and makes con-
tributions from charged excitons22 unlikely. We therefore be-
lieve that such transitions have only a minor effect on
autocorrelation spectra discussed below.

Similar sets of near-field PL spectra were recorded for
set of ~100! quantum wells~lattice temperatureT512 K).
2-2



el

V
ia
f
-
ye

a
g
is
n

de
bu
th

er
ou

e

c
n

fie

n

po
n

ory:
ga-

about

ent
vel
g in

3.
ta
e
the
lysis

of

of
ak,
k at

t

d-

r

ak
en
eV.

NEAR-FIELD AUTOCORRELATION SPECTROSCOPY OF . . . PHYSICAL REVIEW B 69, 085302 ~2004!
Here, for each QW and excitation intensity, 900 near-fi
spectra are recorded by scanning a 939-mm2 area with steps
of 300 nm. The spatially averaged PL spectra@Figs. 2~a! and
2~b!# for the 4.0- to 5.1-nm-thick QWs show a 5–9-me
broad emission line, which is well described by a Gauss
shape.11 Slight deviations from a Gaussian shape are seen
the thinnest QW~3.3 nm!. We note that the far-field PL spec
tra of these samples show no indication for a monola
splitting of the PL line. In Figs. 2~c!–2~f!, representative
near-field PL spectra are shown which were recorded with
excitation intensity of 110 nW, corresponding to an avera
excitation density well below one exciton per monolayer
land. For excitation powers between 1 and 500 nW, we fi
a linear intensity dependence and an excitation-indepen
shape of the emission spectra, indicating negligible contri
tions from biexcitons and charged excitons. In general,
near-field spectra of these samples show a larger numb
sharp spikes and a more intense, spectrally broad backgr
emission20,23 than those taken on the~311!A GaAs QW.

We now present near-field autocorrelation spectra of th
samples. Two-energyautocorrelation functions

Rc~DE!5R~DE!2R0~DE! ~1!

are calculated as outlined in Ref. 1 by taking the differen
between the ensemble-average over the autoconvolutio
individual near-field spectra,

R~DE!5 K E dE8I n~E8!I n~E82DE!L , ~2!

and the autoconvolution of the ensemble-averaged near-
spectra,

R0~DE!5E dE8^I n~E8!&^I n~E82DE!&. ~3!

Here, I n(E) represents thenth local optical spectrum take
on the sample under investigation, and^•••& denotes the
ensemble average over many individual measurement s

Figure 3 shows experimental autocorrelation functio

FIG. 2. PL spectra of the~100! GaAs quantum wells atT
512 K. ~a! Averaged PL spectrum of the 3.3- and 4.0-nm QWs.~b!
Averaged PL spectrum of the 4.5- and 5.1-nm QWs.~c!–~f! Repre-
sentative near-field PL spectra recorded at an excitation powe
110 nW of the 5.1-~c!, 4.0- ~d!, 4.5- ~e!, and 3.3-nm~f! QWs,
respectively.
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Rc(DE) measured with the 3-nm-thick~311!A GaAs QW at
three different temperatures.Rc(DE) is normalized to unity
at DE50. The main features ofRc(DE) are ~i! a sharp
self-correlation peak aroundDE50, ~ii ! a clear shoulder vis-
ible at energies between 1 and 3 meV, and~iii ! for higher
energies, a behavior that is expected from classical the
Rc(DE).3 meV decreases monotonically, becomes ne
tive, and reaches a minimum atDE.10 meV. Then it in-
creases again and approaches zero around 25 meV, i.e.,
twice the linewidth of the averaged PL spectrum. ForT
,20 K, the autocorrelation functions are almost independ
of temperature. In particular, the energy range of the le
repulsion signature around 1–3 meV and the zero crossin
Rc(DE) remain unaffected@Fig. 3 ~inset!#. There is no peak
in Rc(DE) around 3 meV, as erroneously claimed in Ref.
At 25 K ~not shown!, the level repulsion signature in the da
is clearly less pronounced. At 30 K, the linewidth of th
individual sharp spikes increases and their contribution to
total spectrum decreases, preventing a meaningful ana
of Rc(DE).

The autocorrelation functions derived from the spectra
the ~100! GaAs QWs~Fig. 4! are strikingly different. For all
QWs, a very sharp self-correlation peak with a width
about 0.2 meV is observed. Outside the self-correlation pe
Rc first decreases and then shows a clear correlation pea
energies around 3 and 4 meV. At higher energies,Rc reaches
a minimum with a negative value ofRc at energies between
4 meV~5.1 nm! and 6.5 meV~3.3 nm!. Zero is approached a
energies between 10 meV~5.1 nm! and 15 meV~3.3 nm!.
The energy position of the additional correlation peak re

of

FIG. 3. Autocorrelation functionRc(DE) at T520 K, shown
for the experimental data on the~311!A GaAs QW ~circles!, the
numerical simulation~solid line!, the classical limit~dotted line!
and the numerical simulation without the self-correlation pe
~dashed line!. Level repulsion is evident from the deviation betwe
the experimental data and classical limit at energies below 3 m
The arrow denotes thed-function part ~self-correlation! of the
dashed curve. Insets: autocorrelation functions atT55 and 10 K,
respectively.
2-3
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CHRISTOPH LIENAUet al. PHYSICAL REVIEW B 69, 085302 ~2004!
shifts with increasing well thickness from 3.6 meV~3.3 nm!
to 2.8 meV~5.1 nm!. For excitation powers<500 nW, these
autocorrelation functions are insensitive to the excitation
tensity, as is shown for the 3.3-nm QW in Fig. 5.

IV. DISCUSSION

A quantitative analysis of the near-field autocorrelati
spectra requires a careful line shape analysis. We com
these data to a statistical analysis of excitonic spectra in
ordered nanostructures. The spectrally sharp emission sp
in the near-field originate from single excitons which a
localized within the quantum well disorder potential caus
by interface roughness and alloy fluctuations. We assu
that the disorder-induced energy fluctuations are not la
than the exciton binding energy and that the relat
electron-hole motion is undistorted by the disorder.11 The
excitonic center-of-mass~COM! wave function then obeys

FIG. 4. Autocorrelation functionRc(DE) of four different
growth-interrupted~100! GaAs QWs atT512 K. The QW thick-
nesses are 3.3, 4.0, 4.5, and 5.1 nm. For clarity, the curves are
shifted by 0.05 in the vertical direction. The correlation peak arou
3–4 meV is a signature of the correlation between ground
excited state PL of excitons localized in the same island.

FIG. 5. Excitation-intensity-dependent autocorrelation functio
Rc(DE) of the 3.3-nm-thick~100! GaAs QW atT512 K. The
spectra are recorded at excitation powers of 42, 110, and 370
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two-dimensional Schro¨dinger equation with an effective dis
order potentialV(R). The latter is given by the convolution
of the 1s-exciton wave function with the local quantum we
band edge fluctuations, i.e., the exciton relative motion av
ages over potential fluctuations on a length scale determ
by an exciton Bohr radius of 7–10 nm. In our simulation
we model the effective potentialV(R)}*exp(2uR2R8u/
j)U(R8)dR8 as the convolution of a spatially uncorrelate
white noise functionU(R) with an exponential function
exp(2uRu/j). The average potential amplitude iss2

5^@V(0)#2&. The spatial correlation lengthj of the potential
is taken as an adjustable parameter. A minimum value foj
is given by the exciton Bohr radius. As pointed out befor9

the ensemble-averaged properties of the Schro¨dinger equa-
tion do not depend independently onj ands but only on the
ratio s/Ec , whereEc5\2/(2Mj2) is a natural energy uni
for the COM confinement (M is the exciton mass!.9

In the numerical simulations, eigenvaluesea and eigen-
vectorsca of the two-dimensional Schro¨dinger equation are
calculated for 1000 random realizations of the disorder
tential V(R). The simulations are performed using period
boundary conditions on a grid of 32332 points with a step
size ofj/4. For each excitonic COM eigenstatea the optical
matrix element is calculated asMa5*ca(R)dR. The local
absorptionspectrum for a single spotn is taken as

Dn~E!5
1

A (
a

Ma,n
2 d~E2ea,n!, ~4!

whereA is the spot area.1

Autocorrelation functionsRc(DE) are simulated from the
calculatedabsorptionspectra using Eqs.~1! and ~2! by per-
forming ensemble averages over the different realization
the disorder potential. The parameterss andj of the disor-
der potential are obtained by fitting the computedRc(DE) to
the experimental data. To account for the finite linewidth
the experimental spectra,Rc is convoluted with a Lorentzian
of width 2G.

We first discuss the results for the~311!A QW. Figure 3
compares the computed and the experimental functi
Rc(DE). The main panel shows the experimental result at
K and the corresponding full simulation including Loren
convolution. We achieve good agreement for the parame
given in Table I, i.e. for a correlation length ofj517 nm, for
s55.1 meV, andG50.22 meV. The value ofG mainly de-
fines the width of the self-correlation peak aroundDE50
and is in good agreement with an average linewidth ofG
50.1960.03 meV of the individual localized exciton spike
in the near-field spectra. The simulations reproduce

ach
d
d

s

.

TABLE I. The parameters used in the simulation for the 3-n
311~A! GaAs QW and the experimental values of the homogene
linewidth Gexpt.

s ~meV! G ~meV! Gexpt ~meV!

5 K 5.1 0.15 0.1860.02
10 K 5.3 0.18 0.2060.03
20 K 5.3 0.22 0.1960.03
2-4
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NEAR-FIELD AUTOCORRELATION SPECTROSCOPY OF . . . PHYSICAL REVIEW B 69, 085302 ~2004!
shoulder inRc(DE) between 1 and 3 meV, which we iden
tify as the signature of the quantum mechanical level rep
sion in this sample. Also for larger energiesDE.3 meV,
the simulation reproduces the experimental line shape. In
energy range, the line shape is entirely given by the ene
correlation function of the disorder potential. The agreem
between the experimental data and the quantum-mecha
result is equally satisfying for the data taken atT55 K and
T510 K on the same sample region~insets in Fig. 3!. For
these fits,s andG had to be slightly adjusted~Table I!.

To interpret these results, it is helpful to compare them
two additional simulations,~i! a calculation of the classica
correlation function and~ii ! a calculation neglecting the sel
correlation. In the ‘‘classical’’ limit, i.e., for an exciton ki
netic energy that is negligibly small compared to the disor
potential energy~the limit \→0), the eigenvalues of the
Schrödinger equation are simply given by the local values
V(R). In this limit, Rc

(class)(DE) still takes on finite values
In potentials with finite correlation lengths, it is more like
to find similar values ofV(R) in the immediate vicinity and
henceRc

(class)(DE) is positive at small energy values. Th
positive correlation is compensated for by negative value
Rc

(class)(DE) at large energy differences, and the integ
*Rc

(class)(DE)dE vanishes. For a given form of the potentia
an analytical expression forRc

(class)(DE) can be derived,
which is included in Fig. 3. At all temperatures, this classi
autocorrelation is in good agreement with the experiment
energiesDE.3 meV. The effect of the finite exciton kineti
energy is a level splitting of exciton states with spatia
overlapping wave functions. Due to this level repulsion, e
ergy splittings with small values ofDE are less likely than
predicted by the classical autocorrelation function. Thus
level repulsion effect shows up inRc(DE)2Rc

(class)(DE) as
a distinct negative dip. This level repulsion dip is clea
seen in both experimental and theoretical data for ener
DE,3 meV~Fig. 6!. This energyanticorrelationis compen-
sated for by the spectrally narrow positive self-correlat
peak aroundDE50. It arises from the self-convolution o
the individually sharp emission spikes in the near-field
spectra. Its width is roughly twice the linewidth of the sha

FIG. 6. Difference betweenRc(DE) at T520 K and the classi-
cal autocorrelationRc

(class)(DE) for the ~311!A GaAs sample@Fig.
3#. The experimental data are shown by circles and the nume
result by a solid line. The level repulsion effect gives rise tonega-
tive values ofRc(DE)2Rc

(class)(DE).
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PL spikes. The slight increase in width with temperature
flects the broadening of the exciton peaks due to the sca
ing with acoustic phonons.14 We consider the satisfactor
agreement between experimental and theoretical results
rect evidence of quantum mechanical level repulsion in d
ordered semiconductor nanostructures.

In Figs. 3 and 6, we have compared theoretical correla
functions calculated from absorption spectra to data ta
from PL experiments. This seems valid only if the effecti
temperature of the exciton gas is larger than the energy s
ration between neighboring localized states. In previo
experiments20 on the quantum wire region of the sam
sample, we estimated an effective exciton temperature o
least 30–40 K to explain the strong PL emission from de
calized exciton states at higher energies. Theoretical stu
of exciton kinetics in QWs with interface roughnesses
similar magnitudes also indicate that at low temperatures
exciton distribution differs significantly from a Boltzman
distribution in equilibrium with the lattice temperature. Th
is in agreement with conclusions drawn from recent tim
resolved photoluminescence experiments.24 Thus, the com-
parison of correlation functions from absorption and PL d
is at least qualitatively justified. For a full quantitative anal
sis, a theoretical description including exciton relaxation p
cesses is needed.25,26 Additionally, autocorrelation functions
measured using recently established nonlinear opt
techniques15,27 shall provide further insight. We expect tha
population effects in PL-based autocorrelation functions w
mainly change the valuess for the strength of the disorde
potential. This is suggested by the slight adjustment os
~Table I! necessary to reproduce the temperature depen
measurements.

The correlation lengthj affects primarily the small energy
part of Rc . This is seen in Fig. 7, comparing simulate
Rc(DE) curves for different values ofj, while keepings
55.3 meV andg50.22 meV constant. For large values
j, s/Ec→0 and Rc approaches the classical correlatio
functionRc

(class)(DE). For small values ofj, the level repul-
sion anticorrelation becomes more pronounced. Since the

al
FIG. 7. Simulated autocorrelation functionsRc(DE) as a func-

tion of correlation lengthj for fixed values ofs55.3 nm andG
50.15 meV. The dotted lines show the classical correlation fu
tion. The curves are vertically shifted by 0.15.
2-5
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CHRISTOPH LIENAUet al. PHYSICAL REVIEW B 69, 085302 ~2004!
fective disorder potentialV(R) is given as a convolution
between the microscopic disorder potential and the exc
wave function for relative electron-hole motion, the min
mum value ofj that can be realized in semiconductor nan
structures is given by the exciton Bohr radius. Thus
‘‘white noise’’ limit, s/Ec→0 cannot be fully reached. Fig
ure 7 shows thatRc depends quite sensitively onj and that a
quantitative comparison between experimental and ca
lated correlation functions allows to extract the value of
correlation length with reasonable accuracy. In the case
the ~311!A GaAs QW, we estimatej51723

18 nm.
This interpretation of the level repulsion dip in the aut

correlation function was recently questioned.3 In Ref. 3,
near-field autocorrelation spectra on~100! GaAs QWs re-
corded under similar experimental conditions are discus
The experimental autocorrelation functions are similar
shape to those calculated for a one-dimensional diso
model without monolayer islands. When multiplying the e
perimental and simulated spectra by filter functions of
form

f ~E!}exp~E/E0!, ~5!

with a filter parameterE0, however, a different behavior wa
found for experimental and theoretical autocorrelation fu
tions. Based on these findings, the authors concluded th
3-meV peak in their autocorrelation functions is not cons
tent with level repulsion.

The authors of Ref. 3 motivated the use of such fil
functions by their expectation that the level repulsion eff
should be more pronounced for the spatially more exten
high-energy levels in the optical spectra. Recent o
dimensional simulations of energy-resolved autocorrela
functions demonstrate that this hypothesis
oversimplified.28 At low energies, the localization length de
creases and the energy splitting between overlapping s
can be large. At higher energies, the density of states
creases but the states are spatially more extended and
the splitting is reduced.20 Also, the damping of the exciton
resonances from spatially extended states due to pho
emission is strong. Therefore, individual exciton resonan
from spatially extended states are generally not observed
the emission from these states mostly appears a b
continuum,20 representing a superposition of many differe
exciton resonances. This makes it difficult to observe le
repulsion at higher energies. As a result, the use of fi
function is not appropriate for deciding on level repulsion

This conclusion is further supported by applying filt
functions to the experimental and theoretical data in Fig
As previously observed,3 the filter function strongly deforms
the autocorrelation curves. In the case of the~311!A GaAs
QW studied in this work, their influence on experimen
data and simulation results is qualitatively similar. Figure
shows theoretical simulations fors55.3 meV, j517 nm,
andG50.15 meV. The data are compared to simulations
the classical correlation functionsRc

(class)(DE) ~dotted
lines!.29 For comparison with experiment~Fig. 9!, an energy
range of 20 meV around the center of the absorption sp
trum is analyzed. Two features are most pronounced:~i! the
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shoulder in the experimental data, i.e., the signature of le
repulsion in our data, is smeared out if the filter parameterE0
becomes similar to or smaller than the energy range o
which the level repulsion signature extends. The shoul
around 1–3 meV vanishes for both positiveand negative
values ofE0. For small negative values ofE0 the strong
self-correlation peak persists and there is no feature that
be directly assigned to level repulsion. This shows that us
such filter functions clearly doesnot enhance the level repul
sion feature.~ii ! The energetic extent of the ‘‘classical’’ cor
relation function decreases with decreasing filter parame

FIG. 8. Simulated autocorrelation functionsRc(DE) for j
517 nm, s55.3 nm andG50.15 meV. Rc(DE) are shown for
different filter functionsf (E)5exp(E/E0) multiplied by the indi-
vidual near-field PL spectra. The curves are vertically shifted
clarity by 0.1 and the filter parameterE0 is indicated. The autocor-
relation of the raw data is included by a dashed line. It correspo
to E0→`. The dotted lines show the classical correlation functio
for the different values ofE0.

FIG. 9. Experimental autocorrelation spectraRc(DE) for the
3-nm ~311!A GaAs QW (T520 K), for different filter functions
f (E)5exp(E/E0) multiplied by the individual spectra. The analys
is limited to energy region from 1.701 to 1.720 meV, around the
center energy of 1.71 eV. The curves are vertically shifted for c
ity by 0.1 and the filter parameterE0 is indicated. The autocorrela
tion of the raw data limited to the above given energy region
included as a dashed line. It corresponds toE0→`.
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This is due to the pronounced spectral reshaping of the
tical spectrum foruE0u,s. The filter function f (E) intro-
duces a high energy (E0,0) @respectively low energy (E0
.0)] cutoff of the filtered spectra. Therefore, the ener
range of nonzero spectral intensity and the energetic ex
of the ‘‘classical’’ correlation function decreases sharply w
uE0u→0. This is evident in Fig. 8. A quantitative compariso
betweenRc(DE) andRc

(class)(DE) as given in Figs. 3, 6, and
7, seems, however, difficult when filter functions are appli
The shape of both functions and also the difference betw
them depends strongly on the energy range of the spectra
is analyzed. This is due to the strong reshaping of the or
nal spectra by the filter functions and prevents, in our op
ion, a physically sound interpretation of these data.

For the experimental spectra, an additional difficulty o
curs when filter functions with parametersuE0u,4 meV are
applied. The filter functions vary by several orders of ma
nitude within the spectral range~approximately 50 meV!
covered by the CCD detector and used to calculate the
relation functions. This largely enhances any noise~e.g.,
CCD dark counts! on the experimental spectra. To minimiz
such unwanted effects we analyzed only a range of 19 m
around the PL center energy~1.71 eV!. Even without filter
functions (E0→`), this slightly decreased the level repu
sion signature~Fig. 9!. With the filter functions, the leve
repulsion signature vanishes for all parametersuE0u
,4.0 meV. The only effect that can clearly be resolved
the narrowing of the energetic range of the classical corr
tion function. For negative values ofE0, we note a weak
peak around 2.5 meV, which is not present in the unfilte
data atT520 K. A slight indication of such a peak may als
be found in the unfilteredRc(DE) at T55 K. While the
variation of the filtered experimental autocorrelation functi
is in qualitative agreement with that seen in the theoret
data, a quantitative comparison seems difficult. The ex
shape of the experimental filteredRc curves depends quit
significantly on the energy range of data that is analyzed.
therefore conclude that the use of filter function gives
new reliable information about level repulsion. With an
without filter functions, the experimental data for the 3-n
~311!A GaAs QW are in excellent agreement with a disord
model that is based on a single correlation lengthj
.17 nm.

We now discuss the autocorrelation functions recorded
the ~100! GaAs QWs. It is important to recall that the sha
of such functions is distinctly different from what is foun
for the ~311!A QWs. In the~100! results, the main characte
istic is an additional positive correlation peak at energiesEp
between 2.8 and 3.6 meV. The peak energy is much sm
than the monolayer splitting in these samples. This pea
superimposed on a negative correlation feature at higher
ergies. A dip or shoulder at small energies, related to
level repulsion, however, cannot be resolved. Outside
self-correlation peak,Rc(DE) decreases monotonically fo
energies smaller thanEp . Such a behavior is clearly no
described by statistical disorder models based on a si
characteristic lengthj, because these lead to many minim
with varying shapes and sizes withj describing only average
properties. A similar, though less pronounced peak, has
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cently been observed in autocorrelation functions of Cd
ZnTe QWs.2 It was assigned to the energy correlation b
tween ground and optically active excited exciton sta
within large, uniform islands. If the energy splitting betwe
these states is similar within a sufficiently large fraction
islands, thispositive correlation is still present in the en
semble averaged autocorrelation functions. In PL-based
periments, this requires a sufficient population of the exci
states.

The correlation between ground and excited states in
same island probably also dominates the autocorrela
functions on our~100! GaAs QWs. The ‘‘classical’’ correla-
tion feature at higher energies then reflects the correla
function due to short-range fluctuations of the disorder
tential which are superimposed on the island potentials. O
dimensional simulations of such a two-step disorder mod
monolayer islands superimposed on statistical, sh
correlation length potential fluctuations, have been succ
fully used to describe features observed in the autocorr
tion functions of single GaAs QWs reported in Ref. 3. A fu
two-dimensional theory of the exciton optical properties
such a bimodal disorder model is currently not availab
Therefore, we cannot yet compare the experimental dat
Figs. 4 and 5 to a realistic theoretical disorder model. Al
we cannot include simulations of classical correlation fun
tions in Figs. 4 and 5, which makes a quantitative analysis
the signatures of level repulsion in these spectra difficult

We have carried out preliminary two-dimensional simu
tions of autocorrelation functions with such a disord
model. Such calculations indicate that the positive corre
tion feature found in the experiments cannot be reprodu
with a random, statistical distribution of island sizes.30 Only
if a narrow size distribution is intentionally chosen, such
feature emerges. In this case, the average extent of t
monolayer islands can roughly be estimated from the ene
position of the correlation peak. For the 5.1-nm GaAs Q
~Fig. 4!, the monolayer splitting is about 9.2 meV and t
energy of the correlation peak 2.9 meV. Assuming isotro
islands, we estimate an island diameter of about 4565 nm.
This large island diameter agrees quite well with the o
served large dipole moments of 50–100 D of these interf
quantum dots.27,31 The increase of the peak energyEp with
decreasing well width seen in Fig. 4 arises mostly from
increasing monolayer splitting in the narrow wells. Also f
the 3.3 to 4.5 nm QWs, similar island diameters of about
nm are estimated.

The very different autocorrelation functions in Figs. 3 a
4 are linked to the different surface morphologies of the
samples.~311!A GaAs surfaces possess an inherent corru
tion with a periodicity of 3.2 nm and a corrugation height
0.34 nm.32 This interface roughness gives rise to a sho
range disorder potential fluctuating on a length scale of ab
the exciton Bohr radius, even if growth interruptions are e
ployed to smooth the interfaces. High-quality~100! GaAs
interfaces, on the other hand, show large atomically alm
flat monolayer islands with dimensions of several tens
nanometers.14 In addition, nanoroughness exists on a leng
scale smaller than the exciton Bohr radius. Our results in
cate that, for such samples, a bimodal disorder model, c
2-7
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prising monolayer islands with a narrow size distribution a
nanoroughness,3,16 is the simplest model that can realistical
describe their optical properties.

V. CONCLUSION

In conclusion, we have compared near-field autocorre
tion spectraRc(DE) of a 3-nm~311!A GaAs quantum well
and of various thin~100! GaAs quantum wells. The autoco
relation spectra on these samples are markedly different.
results on the~311!A GaAs quantum well are quantitativel
described by a two-dimensional statistical disorder mo
with a single correlation lengthj517 nm. A shoulder in the
autocorrelation spectrum at energies between 1 and 3 me
identified as a signature of excitonic level repulsion in t
disorder potential of the quantum well. At larger energies,
line shape ofRc(DE) is defined by the classical autocorr
lation function of the disorder potential. The characteris
feature of autocorrelation spectra of the~100! GaAs quantum
wells is an additional positive correlation peak at energ
between 3 and 4 meV. This peak reflects the energy corr
tion between ground and excited exciton states in the s
monolayer island. An island size of about 45 nm is es
mated. The results indicate that the disorder potential in th
samples contains contributions from monolayer islands w
a narrow size distribution and nanoroughness on a len
scale of the exciton Bohr radius.

The results highlight the sensitivity of near-field autoco
relation spectra to spatial characteristics of the disorder
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