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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 @814)A surface and for quantum
wells grown on(100) substrates. The autocorrelation spectra of(8)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 th#00) 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-qualitf100) GaAs quantum wells contains both contributions from monolayer islands and nano-
roughness on a length scale of the exciton Bohr radius.
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. INTRODUCTION ences of 10QueV in the autocorrelation function was con-
sidered to be consistent with the observation of level repul-

Recently, there has been considerable experimefd  sjon. PL autocorrelation functions of near-field spectra from
theoretical intere8¢ in studying the effects of excitonic level cdse/znSe layefsshowed a clear positive correlation fea-
repulsion in disordered semiconductor nanostructures, e.gwre. Its energy position is consistent with the splitting be-
narrow quantum wells and wires. In such systems, interfaceveen ground and excited states in the same local potential
roughness and alloy fluctuations on a nanometer scale lead tainimum. Hence, the peak was assigned to quantization
spatial variations in the effective excitonic center-of-masswithin rather uniform islands.
potential that tend to localize the excitonic wave functions. In Ref. 1, we quantitatively compared experimental near-
This localization gives rise to inhomogeneously broadenedield PL autocorrelation spectra from(@a1)A GaAs QW to
macroscopic photoluminescend®L) spectra. In experi- a theoretical analysis assuming a statistical disorder potential
ments with high spatial and spectral resolution, however, thavith a correlation length of 17 nm. Based on the excellent
inhomogeneously broadened spectra break up into narroagreement between experiment and model, a shoulder in the
emission spikes from single localized excitons. Despite theutocorrelation function at energies between 1 and 3 meV
random nature of the disorder potential, the exciton emissiomwas identified as evidence for level repulsion.
energies are correlated in such local spectra. Whenever the This interpretation was recently questioned on the basis of
wave functions of nearly isoenergetic exciton states are spameasurements wittl00) GaAs QWs® Near-field autocorre-
tially overlapping, quantum mechanical level repulsfbis  lation spectra from such samples showed a peak around 3
expected to occur. As a result, energy differences betweemeV. The experimental results and data modified by energy
the emission spikes in the local spectra that are smaller thdiiter functions were compared to one-dimensional model
the energy splitting associated with level repulsion becomeimulations. It was concluded that the 3-meV peak in the
unlikely. autocorrelation is not related to level repulsion predicted for

In disordered semiconductors, the exciton emission eneia statistical disorder potential with a single correlation
gies are well described as eigenenergies of a static"Schréength. Recently, autocorrelation spectra from disordered
dinger equatiot®*?1t was predicted a few years ago that the quantum wire have been interpreted as being consistent
ensemble-averaged autocorrelation function of near-field Pith the predicted level repulsion scenario.
spectra is sensitive to level repulsidiExperimentally, such Many of the experimental results obtained on the different
correlation functions have first been reported for a disorderedamples contain features that are not yet well described by
GaAs quantum wellQW).2® A small dip at energy differ- the currently available models for statistical disorder poten-
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@) gl4g @ 20K (b) Al sGay sAs barrier layers and capped with 20 nm of GaAs

W E [Fig. 1(@)]. The other sample consists of 12 single QW layers
20 nm e O of different thickness grown on @00 GaAs substrate. The

50 nm AlGaAs| L_.“’ I QW layers are separated by AlAs/GaAs short period super-
§ o Goasaw| T lattice barriers, each formed by nine AlAs and GaAs layers
50 nm e & R IR oE with a total th|cI§nes§ of 23.8 nm. Here, we investigate the
_ E (eV) top four QWs with thicknesses of 3.3, 4.0, 4.5 and 5.1 nm.
The layers are buried at distances of 40, 67.1, 94.9, and

S K (c)[ 3K (d) 123.2 nm below the surface. Growth interruptions of 10 s at

each interface lead to a large correlation length of the QW
disorder potential and to the formation of interface quantum
- dots. The growth interruptions are kept short in order to
[ [ .%w avoid a monolayer splitting of the macroscopic PL spectra
' — and to minimize incorporation of impurities at the interfaces.
A low-temperature near-field scanning optical
microscopé® is used in an illumination/collection geometry
with a combined spatial and spectral resolution of 150 nm
and 100ueV [Fig. 1(@]. In this geometry, the sample is
excited with light from a HeNe las€i.96 eV}, transmitted
170 A7 A.72 170 171 472 through a chemically etched, uncoated near-field fiber
Energy (eV) probe’® Photoluminescence from the sample is collected
FIG. 1. (a) Schematic experimental setup) Averaged PL spec- through the same probe_z, dispersed ifrs50 cm monochro-_
trum (T=20 K) of the 3-nm(31DA GaAs QW.(c) and(d) Repre- mator_and detected with a cooled charge-coqpled de\{lce.
sentative near-field PL spectra of that sample recorti&daat two Near-field PL spectra are recorded by S_Ca””'”_g the fiber
different spatial positionge) and(f) Near-field PL spectra recorded Probe across the sample surface. At each tip position, spectra
at 20 K at the same positions @) and (d), respectivelyRef. 7. ~ are integrated for approximately 0.5 s.

PL Intensity (arb. units)

tials with single correlation lengtfs’ This fact raises the lll. RESULTS
guestion as to what extent near-field autocorrelation spectra
can provide quantitative information about these potentials. The spatially averaged PL spectrum of (@ 1)A GaAs
This problem can be addressed by comparing autocorrelaticRW at T=20 K shows a 15-meV broad emission bdfdy.
spectra from samples where independent information on th&(b)]. The spectrum is obtained by averaging over 432 indi-
disorder is available. For instance, atomically almost flatvidual spectra recorded by scanning aX26-um® area
monolayer islands exist in high-quality single GaAs quantuniwith steps of 100 nm. Such sets of near-field spectra are
wells grown with growth-interruption orf100) substrates. taken at temperatures between 5 and 30 K at steps of 5 K and
The island dimensions can reach more than 100 nm, mucier different excitation powers between 100 nW ang.W
larger the exciton Bohr radité:*® In addition, nanorough- coupled into the near-field fiber probe. In contrast to the
ness exists on a length scale smaller than the exciton dian@veraged emission, the individual near-field spectra break up
eter and a bimodal roughness mdfés the simplest model into a series of spectrally sharp and intense emission lines.
that can account for this behavior. Representative near-field PL spectra recorded at a fixed spa-
In this paper, near-field autocorrelation spectra fromtial position are displayed in Figs(d-1(f) for temperatures
(311)A GaAs and(100 GaAs quantum wells are compared. of 5 and 20 K. In this range of powers, the shape of the PL
We demonstrate a distinctly different behavior of such twospectra is not affected by variations of the excitation inten-
types of samples: FaB11)A GaAs quantum well, the auto- Sity and the emission intensity of the sharp spikes varies
correlation spectra are well described by a statistical disorddinearly with excitation powet. This shows that the spec-
model with a single correlation length. FA00) GaAs quan-  trally sharp emission spikes originate from single localized
tum wells, we observe an additional pronounced positiveexcitons within the QW disorder potential. The spatial exten-
correlation peak at energies around 3—4 meV. This peak ision of the individual spikes is limited by our spatial resolu-
not reproduced by statistical models assuming a single cotion of 150 nm?® We have carefully studied intensity-
relation length. We assign this peak to correlations betweedependent near-field spectra. The intensity of the individual
excitonic eigenstates in single monolayer islands of similaemission lines depends linearly on the excitation density and
shape and size. we do not observe the appearance of new emission lines at
higher excitation densiti€sThis rules out that these emis-
sion lines arise from biexcitonic transitidisand makes con-
tributions from charged excitoffsunlikely. We therefore be-
We investigate two different QW samples. One is a GaAslieve that such transitions have only a minor effect on the
AlGaAs quantum well grown by molecular beam epitaxy autocorrelation spectra discussed below.
(MBE) on a GaAs(311)A substrate’ It consists of a single Similar sets of near-field PL spectra were recorded for the
3-nm-thick GaAs QW layer clad between two 50-nm-thick set of (100 quantum wells(lattice temperaturd =12 K).

II. EXPERIMENT
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FIG. 2. PL spectra of thé¢100 GaAs quantum wells af
=12 K. (a) Averaged PL spectrum of the 3.3- and 4.0-nm Q\igs.
Averaged PL spectrum of the 4.5- and 5.1-nm QV¢s-(f) Repre- Yy
sentative near-field PL spectra recorded at an excitation power of o 5 10
110 nW of the 5.1-c), 4.0- (d), 4.5- (e), and 3.3-nm(f) QWs, AE (meV)
respectively.

15 20 25

FIG. 3. Autocorrelation functiorR.(AE) at T=20 K, shown

Here, for each QW and excitation intensity, 900 near-fieldfor the experimental data on tH811)A GaAs QW (circles, the
spectra are recorded by scanning@a®um? area with steps numerical simulation(solid line), the classical limit(dotted ling

of 300 nm. The spatially averaged PL spe¢fms. 4a) and and the numerical simulation without the self-correlation peak
2(b)] for the 4.0- to 5.1-nm-thick QWs show a 5-9-meV (dashed ling Level repulsion is evident from the deviation between

broad emission line, which is well described by a Gaussia he experimental data and cla§sical limit at energie_s below 3 meV.

& gjj P . he arrow denotes th&-function part (self-correlation of the
shape:” Slight deviations from a Gaussian shape are seen fo : ! .

. . dashed curve. Insets: autocorrelation function§ att and 10 K,
the thinnest QW3.3 nm). We note that the far-field PL spec- .

L respectively.

tra of these samples show no indication for a monolayer
splitting of the PL line. In Figs. @)—2(f), representative . _
near-field PL spectra are shown which were recorded with aR:(AE) measured with the 3-nm-thid@11)A GaAs QW at
excitation intensity of 110 nW, corresponding to an averagdhree different temperatureR.(AE) is normalized to unity
excitation density well below one exciton per monolayer is-at AE=0. The main features oR.(AE) are (i) a sharp
land. For excitation powers between 1 and 500 nW, we findelf-correlation peak arounslE= 0, (ii) a clear shoulder vis-
a linear intensity dependence and an excitation-independeitile at energies between 1 and 3 meV, dnd for higher
shape of the emission spectra, indicating negligible contribuenergies, a behavior that is expected from classical theory:
tions from biexcitons and charged excitons. In general, th&k.(AE)>3 meV decreases monotonically, becomes nega-
near-field spectra of these samples show a larger number ti¥e, and reaches a minimum AE=10 meV. Then it in-
sharp spikes and a more intense, spectrally broad backgrourdeases again and approaches zero around 25 meV, i.e., about

emissioR®? than those taken on th811)A GaAs QW. twice the linewidth of the averaged PL spectrum. For
We now present near-field autocorrelation spectra of these 20 K, the autocorrelation functions are almost independent
samples. Two-energgutocorrelation functions of temperature. In particular, the energy range of the level
repulsion signature around 1-3 meV and the zero crossing in

R:(AE)=R(AE)—Ro(AE) 1) R.(AE) remain unaffectedlFig. 3 (insey]. There is no peak

are calculated as outlined in Ref. 1 by taking the differencdn R:(AE) around 3 meV, as erroneously claimed in Ref. 3.

between the ensemble-average over the autoconvolution éf 25 K (not shown, the level repulsion signature in the data
individual near-field spectra, is clearly less pronounced. At 30 K, the linewidth of the

individual sharp spikes increases and their contribution to the
R(AE)=< f dE’In(E’)In(E’—AE)>, @ Lc;t?zlc(sggt;t.rum decreases, preventing a meaningful analysis
. . The autocorrelation functions derived from the spectra of
and the autoconvolution of the ensemble-averaged near-ﬂelﬁj]e(loo) GaAs QWs(Fig. 4) are strikingly different. For all
spectra, QWs, a very sharp self-correlation peak with a width of
about 0.2 meV is observed. Outside the self-correlation peak,
RO(AE)zf dE' (I (E")){I(E'—AE)). €) R, first decreases and then shows a clear correlation peak at
energies around 3 and 4 meV. At higher energresieaches
Here,|,(E) represents thath local optical spectrum taken a minimum with a negative value & at energies between
on the sample under investigation, afd -) denotes the 4 meV (5.1 nm and 6.5 meM3.3 nm. Zero is approached at
ensemble average over many individual measurement spotsnergies between 10 meM.1 nm and 15 meV(3.3 nn).
Figure 3 shows experimental autocorrelation functionsThe energy position of the additional correlation peak red-
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0.3 T T TABLE I. The parameters used in the simulation for the 3-nm
, (100), exp 311(A) GaAs QW and the experimental values of the homogeneous
! ’ linewidth I gy
o (meV) I' (meV) [ expt (MeV)
5K 5.1 0.15 0.180.02
10 K 5.3 0.18 0.26:0.03
20 K 5.3 0.22 0.190.03

two-dimensional Schidinger equation with an effective dis-
order potentiaM(R). The latter is given by the convolution
of the 1s-exciton wave function with the local quantum well
band edge fluctuations, i.e., the exciton relative motion aver-
FIG. 4. Autocorrelation functionR.(AE) of four different ages over potential fluctuations on a length scale determined

growth-interrupted 100 GaAs QWSs aff=12 K. The QW thick- by an exciton Bohr rqdlus of 7—.10 nm. In our S|mule’1t|ons,
nesses are 3.3, 4.0, 4.5, and 5.1 nm. For clarity, the curves are ealff mc’)del /the effective pot_entlaV(R)ocf(_exp(—|R— R'|/
shifted by 0.05 in the vertical direction. The correlation peak aroundgt) Y(R')dR" as the convolution of a spatially uncorrelated
3-4 meV is a signature of the correlation between ground andvhite noise functionU(R) with an exponential function
excited state PL of excitons localized in the same island. exp(-|R|/£). The average potential amplitude is?
=([V(0)]?). The spatial correlation lengthof the potential
shifts with increasing well thickness from 3.6 mé¥.3 nn) is taken as an adjustable parameter. A minimum value for
to 2.8 meV(5.1 nm). For excitation powerss500 nW, these is given by the exciton Bohr radius. As pointed out befbre,
autocorrelation functions are insensitive to the excitation inthe ensemble-averaged properties of the tihger equa-

tensity, as is shown for the 3.3-nm QW in Fig. 5. tion do not depend independently §rando but only on the
ratio o/E., whereE.=%2/(2M &?) is a natural energy unit
IV. DISCUSSION for the COM confinementN! is the exciton mags

o . ] . In the numerical simulations, eigenvalues and eigen-

A quantitative analysis of the near-field autocorrelanonvectorsw of the two-dimensional Schdinger equation are
spectra requires a careful line shape analysis. We compaggculated for 1000 random realizations of the disorder po-
these data to a statistical analysis of excitonic spectra in C_“St'ential V(R). The simulations are performed using periodic
ordered nanostructures. The spectrally sharp emission Sp'k%%undary conditions on a grid of 3232 points with a step
in the near-field originate from single excitons which areg;,q of é/4. For each excitonic COM eigenstatethe optical

localized within the quantum well disorder potential caused atrix element is calculated a4 =[y.(R)dR. The local
by interface roughness and alloy fluctuations. We assUMgpsorptionspectrum for a singleaspmt ig taken as
that the disorder-induced energy fluctuations are not larger

than the exciton binding energy and that the relative 1
electron-hole motion is undistorted by the disortleThe Dn(B)=% > M2 (E-e,n), (4)
excitonic center-of-mas€COM) wave function then obeys a ¢

whereA is the spot area.
' ' Autocorrelation function®R.(AE) are simulated from the
(100), exp | calculatedabsorptionspectra using Eqgl) and(2) by per-
forming ensemble averages over the different realizations of
the disorder potential. The parametersand ¢ of the disor-
der potential are obtained by fitting the compuRJAE) to
the experimental data. To account for the finite linewidth in
the experimental spectrR; is convoluted with a Lorentzian
A - e of width 2T".

We first discuss the results for th811)A QW. Figure 3
compares the computed and the experimental functions
R.(AE). The main panel shows the experimental result at 20
K and the corresponding full simulation including Lorentz
convolution. We achieve good agreement for the parameters

0 5 10 15 given in Table 1, i.e. for a correlation length & 17 nm, for
AE (meV) o=5.1 meV, and'=0.22 meV. The value of mainly de-
fines the width of the self-correlation peak aroun&=0
FIG. 5. Excitation-intensity-dependent autocorrelation functionsand is in good agreement with an average linewidthof
R.(AE) of the 3.3-nm-thick(100) GaAs QW atT=12 K. The = =0.19+0.03 meV of the individual localized exciton spikes
spectra are recorded at excitation powers of 42, 110, and 370 nwin the near-field spectra. The simulations reproduce the

0.2
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0.4 T T T 18 T T T
(311)A, exp + th theory

R (AE)-R “**(AE)

0.2 : : :
0.0 2.0 4.0 6.0 8.0

AE (meV)

FIG. 6. Difference betweeR (AE) at T=20 K and the classi-

cal autocorrelatioR{"™Y AE) for the (311)A GaAs samplgFig. AE (meV)

3]. The experimental data are shown by circles and the numerical

result by a solid line. The level repulsion effect gives riseéya- FIG. 7. Simulated autocorrelation functioR§(AE) as a func-
tive values ofR;(A E)_RgclaSS{AE)_ tion of correlation length¢ for fixed values ofe=5.3 nm andl’

=0.15 meV. The dotted lines show the classical correlation func-

shoulder inR.(AE) between 1 and 3 meV, which we iden- tion. The curves are vertically shifted by 0.15.

tify as the signature of the quantum mechanical level repul: . . . L .
sion in this sample. Also for larger energia€ >3 meV, PL spikes. The slight increase in width with temperature re

the simulation reproduces the experimental line shape. In thifsIeCtS the broadening of the exciton peaks due to the scatter-
P P pe. Mg with acoustic phonon¥. We consider the satisfactory

energy range, the line shape is entirely given by the energ greement between experimental and theoretical results di-
correlation function of the disorder potential. The a reemen? , . EEE
between the experimental data ancﬁ)the quantum-r%echanic eiCt evidence of quantum mechanical level repulsion in dis-

; o Srdered semiconductor nanostructures.
result is equally satisfying for the c.ia}ta takgnTafS K'and In Figs. 3 and 6, we have compared theoretical correlation
T=10 K on the same sample regigimsets in Fig. 3. For

. . . functions calculated from absorption spectra to data taken
the1§e .f'tts"f art"irl; had to kl)te ;tllghﬂyla?jltjtstedrable ). them t from PL experiments. This seems valid only if the effective
0 Interpret these resufts, 1t1s helpiul 1o compare them 0[emperature of the exciton gas is larger than the energy sepa-
two additional simulations(i) a calculation of the classical

rrelation function andi) lculation nealecting th if ration between neighboring localized states. In previous
corre;ation functio “a _a(?’a_cu_a_o egiecting the se! experiment® on the quantum wire region of the same
correlation. In the “classical” limit, i.e., for an exciton ki-

. ; - : sample, we estimated an effective exciton temperature of at
netic energy that is ne.gh.g|bly small compared fo the d'sordefeast 30-40 K to explain the strong PL emission from delo-
DO‘ef‘“_a' energy(the limit ﬁ—>0), _the eigenvalues of the calized exciton states at higher energies. Theoretical studies
Schralinger equation are simply given by the local values of

his limit, RSy Il tak fini | of exciton kinetics in QWs with interface roughnesses of
V(R). In this limit, R¢ AE) still takes on finite values. i magnitudes also indicate that at low temperatures the

In potentials with finite correlation lengths, it is more likely gyciton distribution differs significantly from a Boltzmann
to find S|r|n|Iar values oV (R) in the immediate vicinity and  istribution in equilibrium with the lattice temperature. This
henceR{"™*(AE) is positive at small energy values. This is in agreement with conclusions drawn from recent time-
positive correlation is compensated for by negative values ofesolved photoluminescence experiméft3hus, the com-
RES(AE) at large energy differences, and the integralparison of correlation functions from absorption and PL data
JRIESYAE)dE vanishes. For a given form of the potential, is at least qualitatively justified. For a full quantitative analy-
an analytical expression foIR(CC'aSS)(AE) can be derived, sis, a theoretical description including exciton relaxation pro-
which is included in Fig. 3. At all temperatures, this classicalcesses is needét?® Additionally, autocorrelation functions
autocorrelation is in good agreement with the experiments aneasured using recently established nonlinear optical
energiesAE>3 meV. The effect of the finite exciton kinetic technique®?’ shall provide further insight. We expect that
energy is a level splitting of exciton states with spatially population effects in PL-based autocorrelation functions will
overlapping wave functions. Due to this level repulsion, en-mainly change the values for the strength of the disorder
ergy splittings with small values aiE are less likely than potential. This is suggested by the slight adjustmenirof
predicted by the classical autocorrelation function. Thus théTable ) necessary to reproduce the temperature dependent
level repulsion effect shows up R,(AE)—R“S(AE) as  measurements.

a distinct negative dip. This level repulsion dip is clearly —The correlation lengtl§ affects primarily the small energy
seen in both experimental and theoretical data for energiggart of R;. This is seen in Fig. 7, comparing simulated
AE<3 meV(Fig. 6). This energyanticorrelationis compen- R (AE) curves for different values of, while keepingo
sated for by the spectrally narrow positive self-correlation=5.3 meV andy=0.22 meV constant. For large values of
peak aroundAE=0. It arises from the self-convolution of ¢, ¢/E.—0 and R, approaches the classical correlation
the individually sharp emission spikes in the near-field PLfunction RI™®S{AE). For small values of, the level repul-
spectra. Its width is roughly twice the linewidth of the sharpsion anticorrelation becomes more pronounced. Since the ef-
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(311)A, th, filter |

fective disorder potentiaV/(R) is given as a convolution ]
(311)A, th, filter |

between the microscopic disorder potential and the excitor 06
wave function for relative electron-hole motion, the mini-
mum value of¢ that can be realized in semiconductor nano-
structures is given by the exciton Bohr radius. Thus the 04
“white noise” limit, /E.—0 cannot be fully reached. Fig-
ure 7 shows thaR. depends quite sensitively gnand that a
guantitative comparison between experimental and calcu
lated correlation functions allows to extract the value of the AN S
correlation length with reasonable accuracy. In the case o \ :
the (31)A GaAs QW, we estimaté=17"5 nm.

This interpretation of the level repulsion dip in the auto-
correlation function was recently questioriedn Ref. 3, 02
near-field autocorrelation spectra ¢H00) GaAs QWs re-
corded under similar experimental conditions are discussed.
The experimental autocorrelation functions are similar in FIG. 8. Simulated autocorrelation functiorR,(AE) for &
shape to those calculated for a one-dimensional disordes17 nm, o=5.3 nm andl'=0.15 meV. R,(AE) are shown for
model without monolayer islands. When multiplying the ex- different filter functionsf(E)=exp(E/E,) multiplied by the indi-
perimental and simulated spectra by filter functions of thevidual near-field PL spectra. The curves are vertically shifted for
form clarity by 0.1 and the filter parametEgy, is indicated. The autocor-

relation of the raw data is included by a dashed line. It corresponds
f(E)xexp(E/Ey), (5) to Ep—. The dotted lines show the classical correlation functions
for the different values oE,,.
with a filter parameteE,, however, a different behavior was
found for experimental and theoretical autocorrelation func-shoulder in the experimental data, i.e., the signature of level
tions. Based on these findings, the authors concluded thatrapulsion in our data, is smeared out if the filter paramgter
3-meV peak in their autocorrelation functions is not consis-becomes similar to or smaller than the energy range over
tent with level repulsion. which the level repulsion signature extends. The shoulder

The authors of Ref. 3 motivated the use of such filteraround 1-3 meV vanishes for both positigaed negative
functions by their expectation that the level repulsion effectvalues ofE,. For small negative values d&, the strong
should be more pronounced for the spatially more extendedelf-correlation peak persists and there is no feature that can
high-energy levels in the optical spectra. Recent onebe directly assigned to level repulsion. This shows that using
dimensional simulations of energy-resolved autocorrelatiorsuch filter functions clearly doe®ot enhance the level repul-
functions demonstrate that this hypothesis ission feature(ii) The energetic extent of the “classical” cor-
oversimplified®® At low energies, the localization length de- relation function decreases with decreasing filter parameter.
creases and the energy splitting between overlapping states
can be large. At higher energies, the density of states in- T T T
creases but the states are spatially more extended and thi g |- (311)A, exp, filter |
the splitting is reduceé’ Also, the damping of the exciton
resonances from spatially extended states due to phono
emission is strong. Therefore, individual exciton resonances 04t
from spatially extended states are generally not observed an
the emission from these states mostly appears a broag
continuum?® representing a superposition of many different % 0.2
exciton resonances. This makes it difficult to observe level
repulsion at higher energies. As a result, the use of filter
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function is not appropriate for deciding on level repulsion. 00F \ .

This conclusion is further supported by applying filter N e e
functions to the experimental and theoretical data in Fig. 3. R > T
As previously observetithe filter function strongly deforms 025 3 5 e 12 %% 3 s 0 12
the autocorrelation curves. In the case of (B&1)A GaAs AE (meV) AE (meV)

QW studied in this work, their influence on experimental FIG. 9. Experimental autocorrelation specRa(AE) for the
data and simulation results is qualitatively similar. Figure 83-nm (élj;)A GaAs QW (T=20 K), for different filter functions
shows theoretical simulations far=>5.3 meV, §_= 17 n_m’ f(E) = expE/Ep) multiplied by the individual spectra. The analysis
andF=O.1.5 meV. The.data are gompzilred to simulations ofg jimjted to energy region from 1.701 to 1.720 meV, around the PL
the classical correlation function®R“***{AE) (dotted  center energy of 1.71 eV. The curves are vertically shifted for clar-
lines).?® For comparison with experimeiiig. 9), an energy ity by 0.1 and the filter parameté, is indicated. The autocorrela-
range of 20 meV around the center of the absorption speaion of the raw data limited to the above given energy region is
trum is analyzed. Two features are most pronoun¢edhe included as a dashed line. It correspond&ge- .
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This is due to the pronounced spectral reshaping of the opeently been observed in autocorrelation functions of CdTe/
tical spectrum for|Eo|<o. The filter functionf(E) intro-  ZnTe QWSs? It was assigned to the energy correlation be-
duces a high energyE(p<0) [respectively low energyH, tween ground and optically active excited exciton states
>0)] cutoff of the filtered spectra. Therefore, the energywithin large, uniform islands. If the energy splitting between
range of nonzero spectral intensity and the energetic extefihese states is similar within a sufficiently large fraction of
of the “classical” correlation function decreases sharply withisjands, thispositive correlation is still present in the en-
|Eo|—0. This is evident in Fig. 8. A quantitative comparison semble averaged autocorrelation functions. In PL-based ex-

betweerR (AE) andR{"**{AE) as given in Figs. 3, 6, and periments, this requires a sufficient population of the excited
7, seems, however, difficult when filter functions are appliedstates.

The shape of both functions and also the difference between The correlation between ground and excited states in the
them depends strongly on the energy range of the spectra theédme island probably also dominates the autocorrelation
is analyzed. This is due to the strong reshaping of the origifunctions on ou100 GaAs QWs. The “classical” correla-
nal spectra by the filter functions and prevents, in our opintion feature at higher energies then reflects the correlation
ion, a physically sound interpretation of these data. function due to short-range fluctuations of the disorder po-
For the experimental spectra, an additional difficulty oc-tential which are superimposed on the island potentials. One-
curs when filter functions with parametdis,| <4 meV are  dimensional simulations of such a two-step disorder model,
applied. The filter functions vary by several orders of mag-monolayer islands superimposed on statistical, short-
nitude within the spectral rangeapproximately 50 meY  correlation length potential fluctuations, have been success-
covered by the CCD detector and used to calculate the cofully used to describe features observed in the autocorrela-
relation functions. This largely enhances any noisey.,  tion functions of single GaAs QWs reported in Ref. 3. A full
CCD dark countson the experimental spectra. To minimize two-dimensional theory of the exciton optical properties in
such unwanted effects we analyzed only a range of 19 me¥uch a bimodal disorder model is currently not available.
around the PL center enerd$.71 e\). Even without filter  Therefore, we cannot yet compare the experimental data in
functions €o—<), this slightly decreased the level repul- Figs. 4 and 5 to a realistic theoretical disorder model. Also,
sion signature(Fig. 9). With the filter functions, the level we cannot include simulations of classical correlation func-
repulsion signature vanishes for all parametdiy| tions in Figs. 4 and 5, which makes a quantitative analysis of
<4.0 meV. The only effect that can clearly be resolved isthe signatures of level repulsion in these spectra difficult.
the narrowing of the energetic range of the classical correla- We have carried out preliminary two-dimensional simula-
tion function. For negative values &, we note a weak tions of autocorrelation functions with such a disorder
peak around 2.5 meV, which is not present in the unfilterednodel. Such calculations indicate that the positive correla-
data atT =20 K. A slight indication of such a peak may also tion feature found in the experiments cannot be reproduced
be found in the unfilteredR.(AE) at T=5 K. While the  with a random, statistical distribution of island siZ8©nly
variation of the filtered experimental autocorrelation functionif a narrow size distribution is intentionally chosen, such a
is in qualitative agreement with that seen in the theoreticafeature emerges. In this case, the average extent of these
data, a quantitative comparison seems difficult. The exaathonolayer islands can roughly be estimated from the energy
shape of the experimental filterd® curves depends quite position of the correlation peak. For the 5.1-nm GaAs QW
significantly on the energy range of data that is analyzed. WéFig. 4), the monolayer splitting is about 9.2 meV and the
therefore conclude that the use of filter function gives noenergy of the correlation peak 2.9 meV. Assuming isotropic
new reliable information about level repulsion. With and islands, we estimate an island diameter of about 851m.
without filter functions, the experimental data for the 3-nmThis large island diameter agrees quite well with the ob-
(31DA GaAs QW are in excellent agreement with a disorderserved large dipole moments of 50—100 D of these interface
model that is based on a single correlation length quantum dot$!*! The increase of the peak enerfy with
=17 nm. decreasing well width seen in Fig. 4 arises mostly from the
We now discuss the autocorrelation functions recorded oincreasing monolayer splitting in the narrow wells. Also for
the (1000 GaAs QWs. It is important to recall that the shapethe 3.3 to 4.5 nm QWs, similar island diameters of about 45
of such functions is distinctly different from what is found nm are estimated.
for the (311)A QWs. In the(100) results, the main character- The very different autocorrelation functions in Figs. 3 and
istic is an additional positive correlation peak at energigs 4 are linked to the different surface morphologies of these
between 2.8 and 3.6 meV. The peak energy is much smalleasamples(311)A GaAs surfaces possess an inherent corruga-
than the monolayer splitting in these samples. This peak iion with a periodicity of 3.2 nm and a corrugation height of
superimposed on a negative correlation feature at higher ei®.34 nm32 This interface roughness gives rise to a short-
ergies. A dip or shoulder at small energies, related to theange disorder potential fluctuating on a length scale of about
level repulsion, however, cannot be resolved. Outside théhe exciton Bohr radius, even if growth interruptions are em-
self-correlation peakR.(AE) decreases monotonically for ployed to smooth the interfaces. High-quali#00 GaAs
energies smaller thak,. Such a behavior is clearly not interfaces, on the other hand, show large atomically almost
described by statistical disorder models based on a singléat monolayer islands with dimensions of several tens of
characteristic lengtlf, because these lead to many minimananometers? In addition, nanoroughness exists on a length
with varying shapes and sizes wiftdescribing only average scale smaller than the exciton Bohr radius. Our results indi-
properties. A similar, though less pronounced peak, has resate that, for such samples, a bimodal disorder model, com-
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prising monolayer islands with a narrow size distribution andtential. Such autocorrelation spectra reveal by optical means
nanoroughness®is the simplest model that can realistically the very different nano-scale disorder (@11)A and (100)

describe their optical properties. GaAs quantum wells. This technique thus presents a prom-
ising and powerful technique to analyze disorder effects on
V. CONCLUSION the optical properties of semiconductor nanostructures and to

] ] obtain information about the underlying disorder potential.
~ In conclusion, we have compared near-field autocorrelagor 5 quantitative analysis, theoretical studies of exciton
tion spectraR;(AE) of a 3-nm(31DA GaAs quantum well  gpectra in bimodal disorder potentials with a small spread of
and of various thir(100 GaAs quantum wells. The autocor- isjand shapes are required. The experimental results pre-
relation spectra on these samples are markedly different. Thgsnted in this work and in Refs. 2 and 3 pose to models of
results on the311)A GaAs quantum well are quantitatively \BE growth the challenge to reproduce such interface to-
described by a two-dimensional statistical disorder modepologies. Also, the role of exciton population kinetics on
with a single correlation lengtéi=17 nm. A shoulder in the  zytocorrelation spectra deserves further investigation. Impor-
autocorrelation spectrum at energies between 1 and 3 meV {gnt additional information may be obtained from a statistical
identified as a signature of excitonic level repulsion in thegnalysis of spatially resolved linear or nonlinear absorption

disorder potential of the quantum well. At larger energies, th%xperiments. Such studies are currently underway.
line shape ofR.(AE) is defined by the classical autocorre-

lation function of the disorder potential. The characteristic
feature of autocorrelation spectra of #i®0 GaAs quantum
wells is an additional positive correlation peak at energies We thank S. Eshlaghi, A. D. WieckUniversity of Bo-
between 3 and 4 meV. This peak reflects the energy correlahum), R. Nazel, and K. H. PloogPaul-Drude-Institut, Ber-
tion between ground and excited exciton states in the saml) for providing the high-quality semiconductor samples.
monolayer island. An island size of about 45 nm is esti-Particular thanks are due to V. EmiliafiniversiteParis V)
mated. The results indicate that the disorder potential in thesior important contributions during the initial stage of this
samples contains contributions from monolayer islands withwork. We gratefully acknowledge support by the Deutsche
a narrow size distribution and nanoroughness on a lengtRorschungsgemeinschdBFB296 and the European Union
scale of the exciton Bohr radius. through the EFRE and SQID programs. V.S. acknowledges

The results highlight the sensitivity of near-field autocor-financial support by the Swiss National Science Foundation
relation spectra to spatial characteristics of the disorder pahrough Project No. 620-066060.
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