
PHYSICAL REVIEW B VOLUME 51, NUMBER 19 15 MAY 1995-I

Inhuence of interface localization on the binding energy of acceptor bound excitons
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The role of interface roughness in bringing about localization of the free exciton in narrow
GaAs/Al Ga& „Asquantum wells is well known. In this paper we investigate the interaction of the lo-
calization potential due to interface roughness with that due to the presence of a shallow acceptor im-

purity. Using a selective excitation technique we are able to accurately measure the bound exciton bind-

ing energy in a narrow quantum well, thereby determining the effect of interface localization on the exci-
ton to impurity binding energy. The binding energy decreases with increasing localization strength (due
to interface roughness), a localization energy of 3 meV with respect to the free-exciton energy results in a
decrease by 1.2 meV in the local binding energy of the bound exciton. The rapid diffusion of weakly lo-
calized free excitons is also demonstrated and contrasted with the absence of a similar migration process
for bound excitons.

I. INTRODUCTION

The structure of the interface between two sequentially
grown semiconductors viewed at the atomic level has
been shown to be of primary importance in determining
the physical behavior of structures with nanoscale dimen-
sions. ' An extremely powerful tool in the analysis of this
interface has proven to be the measurement of low-
temperature photoluminescence (PL). The low-
temperature emission spectra of these quantum structures
are dominated by exciton recombination. A rough inter-
face manifests itself in this recombination as an inhomo-
geneous broadening of the exciton linewidth. Since the
confinement energy of the exciton is dependent on the
layer thickness, variations in average thickness due to in-
terface roughness results in a distribution of regions with
a specific average thickness (islands) and a spread in the
effective band-gap energy. The diffusion of excitons be-
tween these islands will favor the lower-energy sites. This
description has led to a picture of localization of excitons
at interface roughness potentials. Experimentally this lo-
calization is most clearly observed as a substantial Stoke's
shift between the optical emission and absorption spec-
tra. ' As the dimensions of the structure are reduced,
the interface volume (defined by the fluctuation in the po-
sition of the interface, for example between the GaAs
well and the Al„Ga~, „~Asbarrier) forms an increasing
proportion of the total active volume, with the result that
exciton localization becomes increasingly dominant at
low temperatures.

It is important to realize that although the physical di-
mensions of the roughness may remain comparable (of
the order of +1 atomic layer perpendicular to the inter-
face), the corresponding fluctuation in potential energy of
a confined state due to areas of different average well
width I., will increase with decreasing well width,
dE/dz = —A' /m*(1/L, ), where L, is the well width
and m * is the effective mass of the confined electron or
hole. For narrow quantum wells it is usually no longer
possible to resolve the localized free exciton from the im-

purity bound exciton state in PL spectra. The extent of
the interface roughness is found to be strongly dependent
on the growth conditions used; in particular, the use of
interrupted growth at the interface has been shown to
produce extended atomically Hat islands (typically ) 1-
Jttm diameter) which differ in average thickness by a sin-

gle monolayer. In this case excitation spectra have been
obtained with an extremely narrow linewidth, indicating
the existence of minimal localization.

The random distribution in local potentials at an inter-
face is rejected in a corresponding distribution of local-
ized states. For a given localized exciton which is not at
the minimum potential energy, there exists the possibility
of relaxation into lower-lying states via diffusion. The ex-
act mechanism for this migration process has received
considerable interest. ' Within each island, the exciton
occupies a local minimum in potential energy, and move-
ment to an island defining a lower potential energy will in
general require the participation of an acoustic phonon
or other scattering mechanisms such as interface rough-
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ness. This mechanism results in the observation of a
thermally activated diffusion coefficient. '

In addition to the localization potential due to inter-
face roughness there also exists a random distribution of
impurity related potentials; in a doped quantum well this
reaches a high density within the doped region. The
trapping of an exciton at an impurity leads to the conven-
tional picture of the bound exciton (BE). Just as a local-
ized exciton is able to relax through diffusion to states of
lower energy, it follows that an exciton can become
bound at an impurity during the same mechanism. An
impurity can be located at any position in the plane of the
quantum well and therefore within any average local po-
tential due to interface roughness. As we shall discuss in
this paper, the final extension over which the localization
potential is averaged is determined by the bound exciton
extension. A distribution of localized free-exciton states
necessarily implies a corresponding distribution in impur-
ity bound exciton states. To date, the interaction of the
localization potential due to interface roughness with
that of an impurity intentionally placed in a narrow
quantum well (QW) has not been studied, to our
knowledge. In this paper we demonstrate that the in-
teraction of these two potentials has a strong effect on the
binding energy for an exciton bound at an impurity, and
in addition that the exciton kinetics are also determined
by this interaction.

The investigation has been carried out using 50 A
QW's doped with Be in the center of the well. The nar-
row QW implies that the excitons interact strongly with
the interfaces, and the optical spectra as a result demon-
strate a large linewidth. This linewidth corresponds to an
envelope over a large number of transitions correspond-
ing to localization of the exciton in interface potentials of
different depth. Using a selective excitation technique, it
is possible resonantly to produce excitons with a specific
localization energy. In this way we create an exciton
population which is well defined in energy, and are able
to study the subsequent capture at a correlated impurity
potential. There exists an effective spatial correlation be-
tween the resonantly excited localized exciton and that
subset of impurities which are able to capture it. The
correlated, impurity bound exciton population appears in
the optical spectra as a strong peak at a separation corre-
sponding to the impurity exciton binding energy from the
resonant laser excitation. Using such a technique we are
thus able to make a very accurate measurement of the
binding energy. Furthermore, we are able to measure the
dispersion in exciton binding energy due to the coupling
of the impurity potential with the localization potential
related to the interface roughness.

Section IV of this paper looks more closely at the
kinetics behind the localization and interaction with im-
purities, using a picosecond-time-resolved photolumines-
cence technique. In particular we highlight the correla-
tion between capture rate at impurities and the degree of
localization of the resonantly excited exciton.

II. EXPERIMENTAL METHGD
0

Measurements have been carried out on a 50-A GaAs-
Al Ga~ & ~As multiple-quantum-well sample prepared

using molecular-beam epitaxy (MBE) with noninterrupt-
ed growth at 680 C. An undoped GaAs buffer layer fol-
lowed by a short period superlattice are included before
the 50 quantum-well periods, to minimize background
impurity level in the active region. The Be dopant was
introduced into each well in the central 10 A only, at a
concentration of 3 X 10' cm per well.

Low-temperature time-integrated photoluminescence
spectra have been measured using a 1-m Spex double
monochromator to disperse the luminescence, which is
then detected using a cooled GaAs photomultiplier. The
samples are mounted in a helium bath cryostat which is
pumped to take the helium below the A, point, giving an
approximate measurement temperature of 1.8 K. Tun-
able excitation is provided by a cw Ti:sapphire solid-state
laser pumped using an Ar+-ion laser. Time-resolved
photoluminescence measurements have been carried out
using a Hamamatsu synchroscan streak camera. Pulsed
excitation is provided from a tunable dye laser with
Styryl 8 dye synchronously pumped using a mode-locked
Ar+-ion laser; pulse lengths of around 5 ps are achieved.
The resulting luminescence is dispersed through a —,'-m
monochromator. The overall time resolution for the to-
tal system is approximately 20 ps.

III. EXPERIMENTAL RESULTS
AND DISCUSSIQN
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FIG. 1. Series of PL spectra for nonresonant excitation and
for a number of energies within the localized exciton (LE) band.
The selective population of a subset of bound exciton states re-
sults from the resonant excitation technique.

A series of PL spectra illustrating the development in
the emission as the laser excitation photon energy is
scanned through the localized exciton emission band is
shown in Fig. 1. The top curve in the series shows the
broad exciton transition typically observed for non-
resonant excitation, and lower curves illustrate spectra
obtained for excitation photon energies progressively
deeper within the localized exciton band. Excitation res-
onant with the high-energy tail of the emission results in
relatively little change in the observed spectra; excitons
excited with this energy remain mobile and able to diffuse
among localization islands despite a total energy that is
lower than the K =0 free exciton. The redistribution of
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FIG. 2. Dispersion in bound exciton binding energy with
laser excitation energy. The binding energy shows a significant
decrease for bound excitons formed from strongly localized free
excitons.

excitons among different islands before recombination re-
sults in a line shape which is not significantly perturbed
in comparison to the nonresonant case.

As the excitation photon energy is decreased, excitons
are excited within increasingly strongly localized regions
from which they are less able to diffuse; as a result, a dis-
tinct bound exciton (BE) peak emerges as excitons are
trapped at acceptors only within these regions. The ex-
tent to which localized excitons are able to move between
islands is illustrated by the low-energy tail to the BE.
Stronger localization results in a sharper BE peak. The
transition between a delocalized exciton for which there
is no distinct bound exciton peak resolved and the first
appearance of such a peak therefore approximately corre-
sponds to the exciton mobility edge. '" A distinction for
the mobility edge defined in this way results from the fact
that we observe the combined mechanisms of diffusion
and capture to an impurity. A weakly diffusing exciton
can be captured before it has time to move to a neighbor-
ing island. The mobility edge identified in this way
should therefore be at higher energies than that identified
in the work of Hegarty, Cxoldner, and Sturge. We shall
return to this discussion later in the paper. The
significance of this work can be summarized in that we
identify discrete populations for both the localized exci-
ton and the correlated bound exciton, and thereby deter-
mine the perturbation of the impurity-exciton binding en-
ergy due to the interface localization potential containing
the acceptor impurity.

Figure 2 illustrates the significant decrease in binding
energy for the acceptor bound exciton as the excitation
photon energy is decreased through the localized exciton
band. The effect of stronger exciton localization is to
play an increasing role in the binding of the bound exci-
ton, while the impurity potential no longer entirely deter-
mines the extension of the bound exciton. The calcula-
tions of Bastard et al. ' associate increasing exciton lo-
calization energy with a corresponding increase in the ra-
dius of the localization island. For decreasing exciton lo-
calization energy the island size becomes comparable to
the spatial extension of the acceptor bound exciton. In
this limit, the total confinement in the plane of the QW is

increasingly influenced by the contribution of the locali-
zation potential over that due to the impurity potential
(see Fig. 2, inset). Using the calculations of Bastard
et al. as an estimate, an island size corresponding to the
approximate extension of the acceptor bound exciton (70
A) would imply a localization energy of 2—3 meV, de-
pending on the exact island depth. This corresponds to
the limit at which the measured binding energy reaches
its maximum in Fig. 2. For stronger localization (i.e.
larger island size) of the free exciton the confinement of
the bound exciton is defined by the acceptor potential.
At this limit the further lowering in energy of the free ex-
citon, due to stronger localization, has in contrast little
effect on the impurity bound state. The relative binding
energy, measured from the localized exciton to the BE is
therefore decreased. Following this argument through, a
still smaller island dimension should further increase the
confinement of the acceptor. However, it is not possible
to accurately determine from these measurements wheth-
er the binding energy has a maximum at nonzero locali-
zation energy.

It is important to note the consequences this model
would have for a don. or-doped system. The larger Bohr
radius of the donor implies that an interface localization
potential which already strongly localizes the free exciton
can also still affect the binding energy of the exciton at
the donor. As a consequence the donor exciton binding
energy may actually be increased for weak localization.
This result may explain why there has been some
discrepancy in the measured value for the donor bound
exciton reported in the literature. '

Finally we discuss the capture and relaxation mecha-
nisms observed during recombination of the localized and
impurity bound excitons. The process of relaxation cor-
responds to the migration of excitons among island struc-
tures of successively lower potential energies. The energy
mismatch is compensated for by the emission of acoustic
phonons during the transfer process. The scattering
mechanism responsible for the movement of excitons
occurs via interaction with acoustic phonons or interface
roughness; this results in an activated behavior for the
diffusion of excitons. Correspondingly, the relaxation
rate, or the rate of further localization, is a relatively slow
process. The decreasing rate of relaxation with increas-
ing localization is responsible for the logarithmic depen-
dence typically observed in systems for which strong lo-
calization plays a role; see, for example, Ref. 16.

Figure 3(a) is a projected three-dimensional (3D) image
which illustrates the development in time and energy of
the PL spectra following resonant excitation in the high-
energy tail of the emission. The relaxation of the excited
exciton population via localized states is clearly observed;
similarly, the direct excitation of weak BE's can be seen
at lower energies. Figure 3(b) summarizes the same data
in the form of a contour plot, which directly allows a
more quantitative analysis to be made. A small popula-
tion is found to remain at the free-exciton energy, but de-
cays rapidly as further localization and radiative recom-
bination occurs. As indicated by the dotted line, there is
no shift in energy of the free-exciton transition. In con-
trast, the peak energy of the localized exciton moves rap-
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