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Diamagnetic shift of disorder-localized excitons in narrow GaAs/AlGaAs quantum wells
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A correlation between the diamagnetic shift and transition energy of disorder-localized excitons is observed
in magnetomicrophotoluminescence («PL) on narrow GaAs/Aly3Gag;As quantum wells (QW’s). The QW’s
were grown by molecular-beam epitaxy without growth interruption at the interfaces. wPL spectra were
obtained in a confocal setup with the magnetic field applied normal to the QW plane. The lowest-energy
exciton states have the smallest diamagnetic coefficients; the exciton diamagnetic shift in the localized exciton
tail of the QW emission spectra increases by a factor of 2 as a function of transition energy. The positive
correlation between diamagnetic shift and emission energy reveals exciton localization by short-range corre-

lated interface disorder.
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I. INTRODUCTION

Interface roughness of narrow quantum wells (QW’s)
leads to the localization of excitons'-? and causes inhomoge-
neous broadening of spatially averaged QW exciton spectra.
As an extended particle, the exciton is a probe of (lateral)
confinement. Its Bohr radius defines a natural length scale
(ag=10 nm in GaAs). With respect to exciton localization,
three length scales of disorder can be distinguished: (i) sta-
tistical disorder on the atomic scale, (ii) disorder on the
length scale of the exciton Bohr radius in the QW, and (iii)
long-range disorder. In this paper, we focus on the influence
of short-scale disorder — in the range between (i) and (ii) —
on exciton localization; i.e., we study disorder localization
near the white noise limit.*> Figure 1 shows a simulated cross
section of a GaAs/Al,;Gay;,As QW with statistical distribu-
tion of Al atoms in the barriers and ideal, planar interfaces at
distance d. In QW’s grown without growth interruption, in-
homogeneities in the distribution of Al atoms cause short-
range interface disorder on a nm scale, leading to sizable
fluctuations of the local band edges on the length scale of the
exciton Bohr radius.

Localization of excitons in disordered narrow QW’s is
determined by the combination of the Coulomb interaction
between electrons and holes and electron and hole confine-
ment caused by fluctuations of the local band edges. For
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FIG. 1. Simulated cross section of a 4-nm GaAs/Alj3Gag7As
QW with perfect interfaces and statistically distributed Al atoms in
the barriers (marked in black). Lateral exciton Bohr radius agz and
probability densities |u(z)|* of z wave functions for electrons (solid
line) and holes (dash-dotted) in a perfect QW heterostructure are
shown.
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sufficiently thin wells, the model of a three-dimensional ex-
citon moving between the corrugated QW interfaces is re-
placed by that of a quasi-two-dimensional exciton in a lateral
disorder potential.* In QW’s with short-range disorder in the
interfaces, the exciton averages over the underlying disorder
with its relative wave function (Fig. 2). Local minima in this
effective disorder potential for the exciton center of mass
(Fig. 2) act as natural quantum dots (QD’s), also called quan-
tum well dots (QWD’s). The size and shape of the exciton
wave function (WF) in QWD’s are determined by parameters
of the QW interface disorder. Optical methods with high
spectral and spatial resolution (<1 wm) such as micropho-
toluminescence (uPL) or near-field optical microscopy en-
able the study of single-dot properties of individual localized
exciton states—e.g., exciton diamagnetic shift (XDS).
Exciton diamagnetic shift has been studied experimentally
for excitons in low-dimensional quantum structures (QW,
QWR, QD) (Refs. 5-8) and for disorder-localized excitons in
narrow QW’s (Refs. 9-12). The XDS of exciton ground
states is a measure of the extension of the relative wave
function perpendicular to the magnetic field.'>"'® For
disorder-localized excitons in narrow QW’s, a variation of
the XDS between different exciton eigenstates has been
observed.” Besides the exciton radius, the exciton in-plane
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FIG. 2. (Color online) Schematic view of an exciton in a QW
with rough interfaces and corresponding effective potential Vg for
the exciton center of mass.
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reduced mass influences the XDS. Consequently, a quantita-
tive interpretation of the diamagnetic shift requires consider-
ation of confinement-related mass enhancement effects in
QW’s.1317:18 Recent experiments showed a significant influ-
ence of conduction band nonparabolicity in narrow QW’s on
the exciton in-plane reduced mass.!” This paper puts a focus
on the effect of interface disorder in narrow QW’s on the
exciton diamagnetic shift, specifically on the relation be-
tween XDS and localization energy.

It presents experimental results of high-spatial-resolution
magnetoluminescence spectroscopy on 2-nm and 4-nm
GaAs/Aly;Gag;,As QW’s grown by molecular-beam epitaxy
(MBE) without growth interruption at the interfaces. Lumi-
nescence spectra of the QW’s show no monolayer (ML)
splitting. At low excitation density and low temperature, the
spectrally sharp emission lines of localized exciton states are
observed in the low-energy tail of uPL spectra. We observe
Zeeman splitting and XDS of individual exciton states with a
B field applied normal to the QW plane.

The paper is structured as follows: Section II covers the
conceptual description of exciton disorder localization and
the interpretation of the diamagnetic shift; in Sec. III the
magnetoluminescence experiments are described; and in Sec.
IV the experimental results for the XDS are presented. Sec-
tion V contains a discussion of our experimental findings.
The results are summarized in Sec. VI

II. CONCEPT

The theoretical description of exciton localization has
been developed in the envelope function framework.*'® For
narrow QW’s with not too strong interface fluctuations, lo-
calization of excitons is properly described in terms of lateral
localization of the exciton in-plane wave function. If con-
finement in the direction normal to the well (vertical or z
confinement) is strong compared to lateral confinement
(x,), electronic subbands are well separated. Using the en-
velope function formalism, the motion of electron and hole
in the z direction can approximately be factored out from the
full exciton wave function, separating 3d vectors into in-
plane (p,,p;,) and z components and taking only the lowest
electron and hole subbands into account.? This separation
ansatz leads to a factorization of the full wave function of an
exciton state « in the lowest-subband electron and hole z
wave functions u,(z,) and u,(z;), respectively, and the in-
plane exciton wave function ¢,(p,,p;),

q’a(pe’ ph’ze’zh) = ue(ze)uh(zh) ¢a(pe’ph) . (1)

The exciton in-plane motion in QW’s with interface rough-
ness is described by the two-particle Schrodinger equation,
including Coulomb interaction and disorder potentials
V.(p.), Vi(py) for electrons and holes, representing the spa-
tial variation of the local band edges. The determination of
V.(p,) and V,(p;,) from underlying disorder in the QW inter-
faces has been described in detail in theoretical work.*

For the case of weak disorder—i.e., when disorder
strength on the length scale of the exciton Bohr radius is
smaller than exciton binding energy—a simplified model has
been developed: This model assumes that disorder influences
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mainly exciton center-of-mass (c.m.) motion and that in-
plane relative and c.m. motion can be separated.* To describe
in-plane relative and c.m. motion, we define the total exciton
mass M=m,+my, the in-plane c.m. coordinate R=(m,p,
+m,p;)/ M, the reduced mass u=m,m;,/M, and the in-plane
relative coordinate p=p,— p;,. The two-particle WF ¢ is fac-
torized into a product of a c.m. WF ¢(R) and relative WF
¢©(p). To describe the relative motion, a ls wave function
¢14(p) cexp(—p/ap) is used which is rigid throughout the
structure. In this simple factorization approach, the exciton
averages over underlying disorder with its relative WF. Fig-
ure 2 schematically shows a narrow, disordered QW and the
effective potential V(R) for the exciton center of mass re-
sulting from this averaging process.*

In general, disorder leads to a coupling of exciton c.m.
and relative motion. Lateral confinement of the exciton
center-of-mass reduces the exciton radius, so we describe the
relative WF of localized exciton states by a 1s wave function
with a Bohr radius a smaller than that of a laterally free QW
exciton. A magnetic field B normal to the QW plane in-
creases the transition energy of a given exciton state «,

E,B)=E(B=0)+A,B). 2)

Using first-order perturbation theory, the diamagnetic shift
A, of a 1s exciton state a is expressed by?!

2
A,(B)= ;—M<pi>B2, (3)

where (p2)!/? is the effective lateral exciton radius. The ex-

pression for the XDS is more complicated in the presence of
disorder.'® Within the scope of the discussion of our experi-
mental results, it is, however, reasonable to use Eq. (3) and to
express the diamagnetic shift A, by the diamagnetic coeffi-
cient

6‘2 2
W= —(pl). 4)
Su

Confinement influences both the effective exciton radius
p., and the exciton reduced mass u (Ref. 19): Stronger con-
finement decreases the exciton radius and increases the exci-
ton reduced mass w. Both factors decrease the diamagnetic
coefficient. Therefore, a reduction of the XDS is consistently
interpreted as a confinement effect. Quantitative interpreta-
tion of XDS values requires consideration of the dependence
of the in-plane electron mass and, consequently, the in-plane
exciton reduced mass, on the QW width.

Experimentally, the diamagnetic shift of localized exciton
levels is determined from the B-field-dependent optical spec-
tra by taking the mean value of the Zeeman components. The
magnetic length scale given by A=\7/eB determines the
crossover from the low-field to high-field regime. As long as
N < ay or, equivalently, if the cyclotron energy heB/u is
much smaller than the exciton binding energy Ej, the B de-
pendence of the exciton energy is dominated by a diamag-
netic shift. For a perfect 4-nm GaAs/Aly;Gay;As QW, an
exciton Bohr radius azp=8.5 nm is predicted using a varia-
tional method,?? and therefore
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N(B=8T) =~ aj. (5)

Therefore, the diamagnetic coefficient is determined by a
quadratic fit of the mean value of the Zeeman components up
to B=4 T. At higher fields, the cyclotron confinement of
electrons and holes causes a deviation from the quadratic
shift. In the high-field limit, the cyclotron energy % w,. domi-
nates over the exciton Coulomb energy E and a Landau-like
linear increase of energy with magnetic field is predicted.”
The B dependence of the exciton diamagnetic shift for any
magnetic field is therefore well described by an interpolation
formula

A(B) = a#. (6)

The diamagnetic coefficient

1 d*A(B)
02 dB?

2= lirn (7)
is obtained from the fit as y,=a/b. The parameters a and b
are determined by fitting the mean value of the Zeeman com-
ponents up to B=10 T. This fit procedure leads to nearly
identical results for the diamagnetic coefficient y, as the qua-
dratic fitup to 4 T.

III. EXPERIMENT

Two GaAs/ Al ;Ga, ;As single QW samples (QW, QW,)
were grown by MBE on exactly (001) oriented, n-doped
(10" cm™) GaAs substrates. A 50-nm-thick intrinsic GaAs
buffer layer was grown directly on the substrate. In case of
sample QW,, intrinsic GaAs QW’s with 4, 6, 8, 10, and
20 nm nominal thickness each surrounded by 15-nm-thick
barriers of intrinsic Aljy;Gay;As were grown on the buffer
layer without growth interruption. In the case of sample
QW,, intrinsic GaAs QW’s with 2, 4, 6, and 8 nm nominal
thickness each surrounded by 20-nm-thick barriers of intrin-
sic Aly3Gag;As were grown. In both samples, a second
50-nm i-GaAs buffer layer and a 100-nm n-GaAs capping
were grown on top of the QW heterostructures.

The sample structure was designed for the combined
study of optical and structural properties of the QW’s. At
room temperature (RT), the carrier concentration in the QW
increases by diffusion of carriers from the n-doped barriers
into the wells. This enables imaging of QW cross sections by
scanning tunneling microscopy (STM) at RT.?* For the spec-
troscopic studies, the samples were mounted directly on the
back face plate of a Cassegrain mirror objective. This objec-
tive was placed in the flow cryostat inset of a superconduct-
ing magnet. The uPL measurements were performed at 3 K.
At this temperature, the carrier concentration in the wells
from the doping in the spatially remote n-type layers is neg-
ligible. A magnetic field of up to 12 T could be applied nor-
mal to the QW planes (Faraday configuration). In the optical
measurements, a spatial resolution of 500 nm [full width at
half maximum (FWHM) of the measured point spread func-
tion] was obtained using a confocal setup. The PL was ex-
cited by a cw argon laser (514 nm, linearly polarized) with a
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power density of ~10 W/cm?. The luminescence signal was
dispersed with a 0.6-m monochromator and detected with a
liquid-nitrogen-cooled charged-coupled device camera. The
spectral resolution of the optical system was 150 ueV.

IV. RESULTS

Magneto-uPL spectra of the 4-nm QW in sample QW,
and the 2-nm QW in sample QW, were studied with the B
field applied in Faraday configuration. The luminescence in-
tensity is mainly attributed to a recombination of heavy-hole
excitons in the QW. Due to breaking of the crystal symmetry
by the QW interfaces, light-hole and heavy-hole states are
split in energy by several meV.?> Emission of light-hole ex-
citons can be safely neglected.?’ The heavy-hole exciton con-
sists of an electron with spin §,=1/2, S, ,=%1/2 and a
heavy hole with effective spin J,=3/2 and J, ,=+3/2. The
heavy-hole exciton multiplet is split into doublets by the
short-range part of the exchange interaction, independent of
the symmetry of the exciton state.”’® The doublets are char-
acterized by their angular momentum projections M=S,
+J),... The doublet with [M|=1 is optically active (bright),
while the doublet with |M | =2 is optically inactive (dark) and
therefore not observed in the emission spectra.

Low-temperature uPL spectra of the QW’s were obtained
during linearly polarized optical excitation with ~10 W/cm?
at 514 nm. In Fig. 3(a), wPL spectra of the 2-nm
GaAs/Aly3Gag7As QW at B=0 T and B=10 T are shown.
The uPL spectra consist of sharp lines on top of a broad
background. The spectrally sharp emission lines can be at-
tributed to recombination of localized excitons. Emission
from exciton states as low as 20 meV below the center of the
QW emission peaks is observed. The homogeneous line-
width and zero-field exchange splitting?’ of the emission
lines are not resolved due to the instrumental resolution of
150 peV.

The emission spectra at zero magnetic field [Figs. 3(a)
and 4(a)] show approximately Gaussian inhomogeneous
broadening. The FWHM of the emission spectra are T,
=4.5 meV for the 4-nm QW and I'y=7 meV for the 2-nm
QW. Effective disorder strengths on the length scale of the
exciton Bohr radius in the QW can be determined from the
FWHM of QW absorption spectra, which is typically larger
than the FWHM of luminescence spectra.* Inhomogeneous
broadening of absorption spectra has been estimated,”® and
an effective disorder strength 0=~0.3 ML on the length scale
of the exciton Bohr radius has been obtained for both
QW’s,’ using the relation between disorder strength o and
FWHM of a Gaussian distribution, FWHM=22 ln(2)0'
The QW exciton spectra show no ML splitting.

An external magnetic field causes Zeeman splitting of
electron and hole levels in doublets with energy. separation
AE,=g, "ugB and AE,= gh,uBB where g and gh are effec-
tive g factors for electrons and holes and ug=efi/2m,
=57.9 ueV/T is the Bohr magneton. Depending on the geo-
metric confinement, the effective g factors may considerably
differ from bulk values, which are determined by Luttinger
parameters. The linear Zeeman splitting of locallzed ex01ton
states is described by an exciton g factor gex— ge+ gh
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FIG. 3. (Color online) (a) wPL spectra of the 2-nm
GaAs/Aly3Gag7As QW at B=0 T (black) and B=10 T (gray).
(b) Magneto-uPL  spectrum (B=0-10T) of the 2-nm
GaAs/Aly3Gay7As QW. The magnetic field was increased in steps
of 50 mT.

In Fig. 3(b), color-coded uPL spectra of the 2-nm QW are
shown for magnetic fields between B=0 T and B=10 T.
Zeeman splitting of the localized exciton states is resolved
above B=1 T. The Zeeman components of the lowest-energy
exciton states are clearly identified in Figs. 3 and 4. Higher-
lying lines are less well separated, and for several closely
spaced states at the QW emission peak it is impossible to
trace the Zeeman components over the complete B-field
range. However, for several emission lines unambiguous
identification is possible. As an example, Fig. 5 shows two
higher-lying emission lines below the QW emission peak of
the 2-nm QW.

Figure 6 shows diamagnetic coefficients of localized ex-
citon states in the 2-nm and 4-nm GaAs/Alj;Gay;As QW’s
as a function of transition energy. The top energy axis is the
common energy axis for both QW’s; zero energy is chosen
as the center of a simulated QW absorption spectrum.
The determination of diamagnetic coefficients from
p-magnetoluminescence spectra has been described in Sec.
II. The diamagnetic coefficients at the emission peaks of both
QW'’s are shown as solid symbols. The emission peak of the
4-nm QW shifts with y,=22 ueV/T?, while for the emission
peak of the 2-nm QW, a diamagnetic coefficient <y,
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FIG. 4. (Color online) (a) Inset: uPL spectra of the 4-nm
GaAs/Aly3Gag7As QW at B=0 T and B=9.5 T; emission lines of
two localized exciton states at B=0 T (black) and B=9.5 T (gray).
(b) Magneto-uPL spectrum (B=0-9.5 T) showing Zeeman split-
ting and diamagnetic shift of two of the lowest-energy localized
exciton states in the 4-nm QW.
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FIG. 5. (Color online) Section of Fig. 3(b): The dotted lines
mark Zeeman components of two higher-energy emission lines be-
low the 2-nm QW emission peak.
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FIG. 6. (Color online) Diamagnetic coefficients of exciton states
in 2-nm (gray squares) and 4-nm (black circles) GaAs/Alj;Ga,;As
QW'’s as a function of transition energy. The bottom energy axis
applies to the 4-nm QW; values for the 2-nm QW have been shifted
by —110 meV. Zero of the top energy axis is the center of a simu-
lated QW absorption spectrum—i.e., QW emission peak energy
plus Stokes shift (2-nm QW: 5 meV, 4-nm QW: 2.5 meV). Dia-
magnetic coefficients at the QW emission peaks are shown as solid
symbols.

=15 ueV/T? is observed. The lowest-energy exciton states
are observed ~20 meV below the QW emission peaks. The
lowest exciton states in the 4-nm QW have diamagnetic co-
efficients of ~10 ueV/ T2, less than 1/2 the magnitude of the
XDS at the QW emission peak. For the 2-nm QW, the dia-
magnetic coefficients of the lowest exciton states are reduced
to ~8 ueV/T2. The diamagnetic coefficients show a system-
atic increase with transition energy. The slope of the trend
line the for the 2-nm QW is smaller than that for the 4-nm
QW. The qualitative statement that a positive correlation be-
tween XDS and localization energy of localized exciton
states exists in our QW samples is the central result of our
work.

V. DISCUSSION

This section discusses the experimental results for the dia-
magnetic shift of localized excitons in the narrow
GaAs/Aly3Gag,As QW’s, and the interpretation of the ob-
served correlation between XDS and localization energy in
terms of the QW interface structure.

Confinement-dependent reduction of diamagnetic coeffi-
cients has been observed for excitons in quantum
structures—i.e., QW, QWR, and QD.>’® The confinement
increases the overlap between electron and hole WF’s, lead-
ing to a larger exciton binding energy and in turn to a smaller
exciton Bohr radius. Consequently, the diamagnetic coeffi-
cient is a measure of confinement in these simple cases of
nearly ideal 1d, 2d, or 3d confinement. The effect of QW
confinement is apparent in Fig. 6: The average diamagnetic
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FIG. 7. (a) Histogram of a Gaussian disorder potential V(r) with
variance o2 and (b) inverse curvature of potential minima of the
uncorrelated potential V(r) as a function of potential values. «
denotes the lattice constant and # the number of potential values.

coefficient is larger for the 4-nm QW than for the 2-nm QW.

Exciton localization by random fluctuations of the local
band edges in narrow QW’s has been studied in recent the-
oretical work, taking the full Coulomb-correlated two-
particle motion into account.'® Energies and wave functions
of exciton tail states were calculated with and without a B
field normal to the QW plane, and diamagnetic shifts were
determined from simulated optical spectra. A correlation be-
tween XDS and lateral WF extension was observed, showing
that the most strongly localized exciton states have the small-
est diamagnetic coefficients. This means that the XDS is a
measure of lateral confinement also in the case of disorder-
localized excitons.

In our experiments on 2-nm and 4-nm GaAs/Alj;Ga,;As
QW’s, diamagnetic coefficients on the order of
10-20 ueV/T? have been observed for all localized exciton
states (Fig. 6), showing that all observed exciton states are 1s
states. An XDS more than one order of magnitude larger than
for 1s excitons would be expected for 2s excitons because of
their much larger lateral radius. Equation (4) and 2s wave
functions for two-dimensional excitons® were used for this
rough estimate. At the low excitation densities used in our
experiments, biexcitons are not observed. We also have not
found exceptionally small XDS on the order of 1 ueV/T?2, as
reported by Phillips and co-workers for particular exciton
states in a narrow GaAs/Al,;Gay,As QW.!112

The positive slope observed in the XDS distribution as a
function of transition energy (Fig. 6) shows that the lowest
exciton tail states have the smallest diamagnetic coefficients,
corresponding to small relative wave functions.!® Conse-
quently, the lowest exciton states are laterally strongly con-
fined states. This result requires detailed discussion.

To explain the positive slope in Fig. 6, we consider the
simple model of a one-dimensional uncorrelated, Gaussian
distributed disorder potential V(r) with variance o2 (“white
noise”). Figure 7(a) shows a histogram of the potential val-
ues of V(r) and Fig. 7(b) the inverse curvature of potential
minima as a function of potential values. The inverse curva-
ture is determined numerically from the discrete second de-
rivative of V(r) at the potential minima. The inverse curva-
ture is a rough measure of lateral extension of potential
minima. The result [Fig. 7(b)] shows a general property of
random Gaussian disorder: The inverse curvature of potential
minima increases with increasing potential values, which
means deep potential minima are spatially narrow. This is
plausible because the probability of finding several nearly
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equal potential values E on L neighboring sites decreases
with larger potential fluctuation E. The stated result can also
be obtained in the framework of optimum fluctuation theory
or with methods of statistical topography.2?-3

To relate this feature of a random Gaussian-distributed
disorder potential to exciton localization by this potential, it
is necessary to take the averaging of the exciton over under-
lying disorder into account. We assume that the two-
dimensional uncorrelated Gaussian potential V(r) describes
the spatial variation of the local band edges in the QW plane.
The averaging with the exciton relative WF leads to a reduc-
tion of disorder strength and introduces correlations on the
length scale of the exciton Bohr radius. Potential minima of
the underlying disorder potential are smeared out. Taking the
inverse curvature of potential minima as a measure for their
lateral extension, we state that minima in the resulting effec-
tive potential V (R) for the exciton center of mass extend
over several minima of V(r) (see Fig. 2), denoting with R the
c.m. coordinate of the exciton. Excitons are localized at po-
sitions where the underlying potential V(r) is strongly re-
duced at several neighboring sites—i.e., where several deep
minima of the uncorrelated disorder potential occur in close
vicinity. The width and depth of minima in V,(R) are there-
fore determined by the probability of finding several deep
minima in V(r) at nearby sites. If V(r) is uncorrelated or
exhibits only short-range correlations below the length scale
of the exciton Bohr radius, this probability decreases with
increasing depth and number of potential minima involved. It
is therefore plausible that deep minima of V.u(R) tend to be
spatially narrow.

It is important to note that the exciton radius is itself
confinement dependent: Stronger lateral confinement leads to
a reduced Bohr radius. Therefore, minima of the underlying
disorder potential are not just averaged out with the same
relative wave function; rather, the deep, narrow minima are
averaged with the smallest WF’s. Because averaging with a
smaller relative WF is less effective, the inverse curvature of
deep minima increases less than that of higher minima.

Figure 8 schematically shows several minima in the effec-
tive potential V(R) for the exciton center of mass resulting
from underlying short-range disorder, as well as transition
energies and c.m. wave functions of local exciton ground
states. Exciton states are schematically assigned to transi-
tions in the low-energy tail of the uPL spectrum of a disor-
dered QW. The total localization energy of an exciton state is
inversely related to its localization volume. Short-scale well
width fluctuations present near the white noise limit eventu-
ally lead to a strong local reduction of vertical confinement
energy, resulting in deep, rare minima in V,u(R). Our result
that the lowest exciton states have the smallest diamagnetic
coefficients (Fig. 6) means that exciton states in deep minima
have small wave functions. This is schematically depicted in
Fig. 8. The reduction in vertical confinement energy prevails
over the increase in lateral confinement energy.

Recent theoretical work supports our explanation of the
positive slope in Fig. 6 as a result of exciton localization by
short-range correlated disorder.'® In a theoretical study, a
positive correlation between XDS and transition energy of
exciton states localized by a random Gaussian potential was
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FIG. 8. (Color online) Schematic representation of the physical
situation of exciton localization by short-range correlated disorder
(inset). The effective potential V g(R) for the exciton center of mass
and c.m. wave functions of exciton states in three potential minima
(A,B,C) are depicted. Exciton states are schematically assigned to
transitions in the low-energy tail of the uPL spectrum of a disor-
dered QW. Our experiment shows (Fig. 6) that deep-lying exciton
states have small wave functions, as demonstrated in the inset.

observed. The lowest exciton states had diamagnetic coeffi-
cients of ~10 ueV/T?. The XDS showed an increase by a
factor of 3 over the range of the localized exciton tail of
~20 meV, in reasonable agreement with our experimental
result. The positive correlation between XDS and transition
energy enables the experimental study of exciton WF statis-
tics. For random disorder it was shown that the XDS is de-
termined by the local potential only. Consequently, study of
exciton WF statistics allows the discrimination between sev-
eral underlying disorder configurations.

We therefore relate the experimentally observed increase
of the XDS as a function of emission energy to the interface
structure of our samples. The qualitative agreement between
our experimental result (Fig. 6) and theoretical XDS calcu-
lations for exciton localization by random Gaussian
disorder,'® which both show an increase of the XDS as a
function of transition energy, reveals that lateral confinement
of the exciton states in our samples is caused by short-range
interface disorder. Indeed, large-scale (160-nm) cross-
sectional STM topography of the 4-nm GaAs/Alj;Gay;As
QW obtained in a recent study shows mainly short-range
correlations on the atomic scale.?*

To demonstrate that exciton WF statistics provides infor-
mation about interface disorder, we consider a different sce-
nario of exciton localization, where a negative slope is ex-
pected for the relation between the XDS and localization
energy. We focus on localization of excitons by ML islands
in the interfaces of a QW. This type of disorder has been
found for GaAs/Aly3Gay;As QW’s grown with growth
interruption.?” For islands with diameters on the order of the
exciton Bohr radius, the diamagnetic shift of a localized ex-
citon state will be proportional to the area of the island,
while the lateral confinement energy is inversely propor-
tional to that area. The vertical confinement energy is inde-
pendent of the lateral extension of an island. Therefore, there
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is a different relation between lateral extension of fluctua-
tions and transition energy of localized exciton states than in
the previously studied case of short-range disorder: The low-
est exciton states will show the largest diamagnetic shift. As
a result, negative slope in the XDS distribution of localized
exciton states as a function of transition energy (Fig. 6)
would be expected if only ML fluctuations were present in
the QW interfaces.’® The positive slope observed in our ex-
periment therefore excludes this situation. Also note that we
observe no ML splitting in the QW luminescence spectra.
The energy difference corresponding to a ML fluctuation in
the 2-nm QW is ~20 meV.3°

Finally, we compare our experimental diamagnetic coef-
ficients with theoretical results. For laterally free excitons in
a 4-nm GaAs/Aly;Gag7As QW (corresponding to E=0 in
Fig. 6), theoretical calculations obtained a diamagnetic coef-
ficient y,=44 ueV/T?, assuming bulk values for the electron
in-plane mass.'>!'® However, our experimental diamagnetic
coefficient of ~22 ueV/T? observed for the emission peak
of the 4-nm QW is consistent with previous experimental
studies: In all magnetoluminescence experiments of
~5-nm-wide  GaAs/Aly3Gag;As  QW’s, values of
~25 ueV/T? have been found.>” Previous studies attributed
discrepancies between experimental and theoretical values
for QW diamagnetic coefficients to exciton localization®® or
to confinement-related enhancement of the exciton in-plane
reduced mass.'3 Since we observe the strongest reduction of
the XDS for the lowest-energy exciton states several meV
below the QW emission peak, exciton localization is unlikely
to explain the entire difference between our experimental
XDS value at the QW emission peak and theoretical values
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for laterally free excitons. Rather, we attribute the discrep-
ancy to the fact that the theoretical studies did not take the
enhancement of the in-plane electron mass in narrow QW’s
into account. Newest calculations show that including the
mass enhancement improves the agreement between our ex-
periment and theory.*’

VI. CONCLUSIONS

We experimentally investigate the wave function statistics
of disorder-localized excitons in narrow GaAs/Alj;Gaj;As
QW’s using magneto-uPL spectroscopy. We determine dia-
magnetic coefficients of localized exciton states and observe
positive slope in the distribution of diamagnetic coefficients
as a function of transition energy in the localized exciton tail
of the QW emission spectra. The positive slope in the rela-
tion between XDS and localization energy is a result of ex-
citon localization by short-range correlated disorder. It is
qualitatively consistent with results of theoretical work on
the XDS of excitons localized by random Gaussian disorder
in narrow QW’s. The quantitative comparison of our experi-
mental diamagnetic coefficients with theoretical results
shows that the in-plane electron mass in the narrow QW’s is
enhanced over the bulk value.
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