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We study by photoluminescence excitation the heretofore unsolved puzzle of a significant charge transfer
over a thick~100 to 1500 Å! Al xGa12xAs barrier in GaAs/AlxGa12xAs asymmetric double quantum wells,
which the normally considered tunneling cannot account for. This phenomenon is completely general, ob-
served in all the samples grown under standard growth conditions~;600 °C!, that originated from many
different sources. The existence of such leakage is also confirmed by time-resolved photoluminescence experi-
ments. However, when the alloy barrier is replaced by an equivalent GaAs/AlAs digital alloy, or by AlAs, the
leak largely disappears. In addition, a GaAs barrier separating two shallow InxGa12xAs quantum wells permits
only relatively small transfer. The leak has a weak dependence on the barrier thickness atx50.3, but is a very
strong function ofx aroundx50.3. We argue that there is no way to explain all of the observed phenomena
simultaneously other than by the existence of intrinsic structural inhomogeneities in the alloy. Essentially, there
may exist low potential channels in the alloy barrier created by microscopic clustering of like molecules,
through which percolationlike transport occurs. This picture is supported by a three-dimensional quantum-
mechanical model calculation. Our work pins down the dynamical implications of the partial ordering and
clustering in AlxGa12xAs and related semiconductor ternary alloys. The scope of this paper is exclusively for
the transport over thick AlxGa12xAs barriers (x,0.35) and does not include the relatively small but still
non-negligible transport over thick homogeneous barriers such as GaAs, AlAs, and AlAs/GaAs digital alloys,
and AlxGa12xAs (x.0.35). We contend that transport over these thick, homogeneous barriers may be owing
to other mechanisms such as dipole-dipole transfer, photon reabsorption, nonequilibrium distribution of carri-
ers, and polariton transport that are also unrelated to conventional tunneling.@S0163-1829~96!02144-3#

I. INTRODUCTION

Ever since its proposal,1 and the subsequent realization of
the superlattice, GaAs/AlxGa12xAs has been the most thor-
oughly investigated quantum-well system, and serves as a
model for other quantum wells and superlattices. In particu-
lar, the alloy compositionx;0.3 is most widely used. The
overwhelming majority of the experimental results on alloy
superlattices has been analyzed using the mean-field
approach.2 This approach has been enormously successful in
dealing with such dynamic and static problems as tunneling
through thin barriers, energy levels, or the density of states.
With this phenomenal success, the fact that alloy superlat-
tices are an essentially disordered system due to the alloy
fluctuations and structural inhomogeneities is often put aside
or temporarily forgotten.

Recently, there has been much interest in ordered III-V
ternary alloys.3–24 While many studies focused on atomic
scale ordering and band-gap changes,3–20 there exists a dif-
ferent kind of partial, longer-range ordering: the microscopic
clustering of like ‘‘molecules’’ or atoms21 such as AlAs and
GaAs in AlxGa12xAs.

22–25 Therefore randomly substituting
different atoms into each site can be a poor approximation of
the reality. Needless to say, this microscopic clustering,

whose size is of a few lattice constants, should be distin-
guished from the macroscopic clustering and phase separa-
tion in strained alloys.26–28 In a slightly different approach,
such well-known phenomena as the direct-to-indirect band-
gap transition in AlxGa12xAs has been interpreted as a phase
transition as a function of an order parameter, without invok-
ing the virtual-crystal approximation and the assumption of
well-defined wave vectors.29 However, thus far, there exist
very few studies of thedynamicalimplication of thisstruc-
tural information: for instance, what would be the effect of
partial ordering and clustering on the effectiveness of
Al xGa12xAs as a barrier?

The question raised above is closely related to an ex-
tremely puzzling yet general aspect of a GaAs/AlxGa12xAs
system: the persistence of a significant interwell charge
transfer even when the barrier is very thick so that no tun-
neling is expected. The existence of this puzzle was recog-
nized by many researchers,30 and the first written evidence
was given by Wilsonet al.31 These authors correctly ruled
out photon recycling as the possible mechanism, as the trans-
fer efficiency was too large to be accounted for by this pro-
cess. Recently, this puzzle was revisited by Tomita and
co-workers,32,33 and dipole-dipole interaction was proposed
as a possible mechanism. In Refs. 30–33, the evidence of
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significant interwell transfer was the strong narrow well
~NW!-related peaks in photoluminescence excitation~PLE!
spectra of the wide well~WW! PL. To appreciate the sur-
prising implication of such transfer, one has only to estimate,
from semiclassical mean-field theory,34,35what the tunneling
time is, say, over the 300-Å-thick Al0.3Ga0.7As barrier used
in Refs. 30–33: assuming that a charge starts from a 50-Å
well and tunnels to the continuum of a thicker adjacent well,
the tunneling time is of the order of 0.1–1 s for electrons,
and even larger for holes. Therefore, we expect no tunneling
over such a thick barrier. Since the experiments of Refs.
30–33 were performed at low temperature with a prohibi-
tively small Boltzmann factor for overcoming the barrier,
thermal excitation is an equally unlikely explanation. In ad-
dition, there is no apparent dependence of the amount of leak
on temperatures over 2–100 K, further ruling out thermal
excitation.

This unexpected phenomenon attracted some theoretical
interest, and the proposed mechanisms include dipole-dipole
interaction, photon reabsorption, and polariton
effects.31–33,36–38Naturally, with such an unexpected phe-
nomenon, the most important step is to determine whether or
not it is general.

In this paper, we first establish that the leak is quite gen-
eral, by showing that significant transfer exists in all samples
grown by four different molecular-beam-epitaxy~MBE! ma-
chines with standard growth conditions~about 600 °C!. Ev-
ery sample that we investigated shows significant transfer
from the NW to the WW through>200-Å Al0.3Ga0.7As bar-
riers [Fig. 1(a)]. Therefore, the fact that a significant charge
transfer occurs over a thick alloy barrier is not due to a
specific sample preparation or ‘‘sample imperfection,’’ but
an intrinsic property of the Al0.3Ga0.7As alloy barrier. Since
this ‘‘leak’’ over thick AlxGa12xAs is a universal feature of
GaAs/Al0.3Ga0.7As asymmetric double quantum wells
~ADQW’s! an important question to ask is whether it arises
from the structural property of the AlxGa12xAs alloy that the
mean-field theory may overlook, or whether it is related to
other proposed mechanisms and perhaps to defects such as
the DX centers.

To resolve this question, we have systematically changed
the barrier,in such a way to reduce the leaksignificantly:
most significantly, we replaced the Al0.3Ga0.7As barrier by an
equivalent AlAs/GaAs digital alloy. We found that the leak
mostly disappears for the digital alloy barrier. Furthermore, a
GaAs barrier separating two shallow InxGa12xAs wells re-
duces the leak significantly. These combined results strongly
imply that the leak is caused by a fundamental structural
property of the AlxGa12xAs alloy. From these observations,
we contend that the inhomogeneities of the AlxGa12xAs bar-
rier height, which may be unavoidable in the present day
standard MBE growth conditions, is responsible. We then
perform a three-dimensional quantum-mechanical calcula-
tion using a supercomputer, and show that within our sim-
plified model, a drastic increase with the increasing cluster
size is indeed expected.

This paper is organized as follows. In Sec. II, we show the
universality of the leak by demonstrating that the leak exists
in samples from every MBE machine we tried. In Sec. III,
we perform barrier-dependent cw-PLE and time-resolved PL
studies, and show that the leak is caused by intrinsic struc-

tural inhomogeneities of the alloy barrier. In Sec. IV, the
barrier thickness and alloy compositional dependencies are
shown. In Sec. V, we discuss and rule out many proposed
mechanisms, and give a detailed description of how we ar-
rived at the three-dimensional picture of the alloy superlat-
tice, in which the inhomogeneities in the barrier height play
an important role. The results of the three-dimensional
quantum-mechanical calculation are discussed in Sec. VI.
Summary and discussions are contained in Sec. VII.

II. UNIVERSALITY OF THE LEAK
AND THE TRANSPORT TIME

In Fig. 1~a!, PLE spectra of the WW heavy hole~HH! PL
at 10 K are shown for four GaAs/Al0.3Ga0.7As ADQW
samples, each of which were grown by four different MBE
machines~labeled I, II, III, and IV!, some of which are lo-
cated in different continents. All the samples have thick bar-
riers>200 Å, and the nominal WW width was kept constant
at 100 Å. The standard growth conditions optimized for each
machine were used. It is important to note that we did not try

FIG. 1. ~a! PLE spectra obtained at 10 K for four
GaAs/Al0.3Ga0.7As/GaAs ADQW’s from four different MBE ma-
chines. The WW thickness is nominally fixed at 100 Å, and the
nominal NW and barrier thicknesses are, respectively,~50 Å, 300
Å!, ~50 Å, 200 Å!, ~75 Å, 300 Å!, and~70 Å, 700 Å! from top to
bottom. The approximate Stokes shifts are, from top to bottom, 0.2,
0.1, 0.1, and 0.7 meV.~b! Time-resolved PL data probed at the WW
PL peak for sample III, when exciting slightly below the NWHH
@arrow 1 of~a!# ~dotted lines!, and when exciting at NWHH@arrow
2 of ~a!# ~solid line!. At the bottom, time-resolved PL of the near-
resonant NW PL is shown.
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to alter the growth conditions to enhance and/or suppress the
leak. While it will be interesting to change growth conditions
to see their effects on the leak, it is more important to first
establish that it is a universal effect for most samples grown
under the standard conditions.

The nominal NW width and the barrier width are listed in
the figure caption. The first two peaks correspond to WWHH
and WWLH ~not labeled! ~LH stands for light hole!, and the
NW features in the PLE spectra are represented by thicker
lines. The existence of strong NW peaks in the PLE spectra
of WW PL has no other explanation than the existence of
transfer from the NW to the WW, an interpretation that is
universally accepted and widely used. We note that the
‘‘quality’’ of these different samples varies quite a bit, as
suggested by different PLE linewidth, PL efficiency, the
amount of Stokes shift~0.1–0.7 meV!, the existence of
monolayer fluctuations, etc. Nevertheless,all samples show
fairly strong NWHH peaks, to a varying degree, demonstrat-
ing the intrinsic nature of this effect. Therefore, the fact that
the Al0.3Ga0.7As is leaky seems to be a fairly general phe-
nomenon, and is not an effect confined to any special MBE
machine or the specific choice of sample parameters. We
stress that, although the amount of leak varies quite a bit
from sample to sample, it is always greater, by tens of orders,
than the prediction of the mean-field theory over such a thick
barrier.

Time-resolved PL data at 10 K for one of our samples
@sample III of Fig. 1~a!# are shown in Fig. 1~b!. The data
were taken using a streak camera with time resolution of;4
ps. We probe WW PL as a function of time, when exciting
slightly below the onset of the NW absorption@arrow 1 of
Fig. 1~a!#, and when exciting the WW continuum and the
NWHH simultaneously@arrow 2 of Fig. 1~a!#. At the bottom,
NW PL under near-resonant excitation condition is shown.
The drastic change in time-resolved PL with only a small
change of the exciting photon energy again implies a signifi-
cant population transport from the NW to the WW. The fact
that the PL decay time at later times is more or less the same
as that of the NW PL suggests that WW PL at later times is
dominated by electrons and holes that originate in the NW.

The transport time can be deduced in the following way.
First, we estimate what fraction of the NWHH eventually
ends up in the WW from the integrated area below the
NWHH peak and the WWHH peak,39,40 assuming the same
oscillator strengths for NWHH and WWHH.41 We obtain a
value of close to 70%. We then note that the near-resonant
NW PL decay time is determined by both the PL lifetime
inside the NW and the transport time to the WW: NW PL
has thetotal decay rate 1/t t, NW'1/~220 ps)~bottom curve!,
which is the sum of the relaxation rate within the NW and
the transport rate: 1/t t, NW51/t11/tNW , where t is the
transport time from the NW to the WW, andtNW is the
lifetime within the NW in the absence of transport. Since the
eventual transfer efficiency is given bytNW/~t1tNW!'70%,
we are left with two equations with two unknowns. There-
fore, we obtaint'310 ps andtNW'720 ps. This value is
longer than tunneling times in samples with thin barriers, but
is of course orders magnitudes shorter than the expected tun-
neling time. For later discussion, we introduce the transfer
coefficient per single trialt, which can be readily obtained
knowing the round trip time around the QW. In the samples

shown in Fig. 1, we obtaint;1023–1024. This transfer
coefficient represents the smaller of the electron or hole
transport coefficient, because exciton transfer will be gov-
erned by the slower charge transport. It is customary to as-
sume that the hole governs the transport of excitons, because
its larger effective mass makes the transport slower. There-
fore, we can assume that the transport coefficient deduced
from our experiments corresponds to that of the hole. We
will use this quantity in Sec. VI to compare with our model
calculation.

We stress that a different set of assumptions can be made
concerningt without changing the overall interpretation of
the data: for instance, we could assume that the transport is
governed mostly be electrons. That will make deducedt
smaller by a factor of 10 at most, but since we are mainly
interested in a discrepancy of tens of orders of magnitude
between the mean-field theory and the reality, there will be
virtually no change in the final interpretation.

III. HOW TO STOP THE LEAK

In Fig. 2~a!, to unravel the origin of the leak, we design
various ways to stop it or make it smaller. PLE spectrum of
an ADQW with a 300-Å-thick digital alloy barrier~top!, and
those of an ADQW with a 300-Å-thick AlAs barrier
~middle!, and 300-Å-thick Al0.5Ga0.5As barrier~bottom! are
shown. These samples were grown by MBE III, but samples
from other machines show nearly the same results. The pa-
rameters of the digital alloy sample was AlAs/GaAs~2/5
ML ! so that the effective alloy concentration is 0.28. The
idea behind growing the digital alloy barrier was that it has
the similar mean alloy concentration as thex50.3 alloy, but
any percolationlike transport process would be removed by
the successive layers of AlAs. The fact that the leak is
largely stopped by all these three barriers is evident from the
complete or near absence of the NW features in PLE. This is
also supported by our time-resolved PL experiments, which
show little change whether we excite the NWHH or slightly
below the NWHH@Fig. 2~b!#, in striking contrast with Fig.
1~b!. The results shown in Figs. 1 and 2 are enough to rule
out photon reabsorption and polariton transport as the domi-
nant contribution. This is because all barriers are transparent
to the photon, so that such strong barrier dependence shown
in Figs. 1 and 2 is not expected.

In Fig. 3, we have designed ashallow InxGa12xAs
quantum-well sample with GaAs as the barrier. The sample
parameter is In0.13Ga0.87As/GaAs/In0.1Ga0.9As ~100/300/
100 Å!. The shallower well~SW; In0.1Ga0.9As! is equivalent
to the NW in GaAs/AlxGa12xAs system, and the deeper well
~DW; In0.13Ga0.87As! to the WW. We have made the
InxGa12xAs wells shallow, so as to maximize any transport,
if any, over the GaAs barrier. The SW peak in PLE of the
DW is overshadowed by the background due to the con-
tinuum excitation of the DW, and also by the barrier peak
indicating transport from the GaAs barrier into the well.
These results demonstrate that there is relatively small well-
to-well transfer over the low barrier provided by GaAs.
This is of course in agreement with the prediction of the
mean-field theory, since, although the barrier is shallow, it is
thick enough to be effective. However, we note that the
small transport over these homogeneous barriers
~GaAs or AlAs/GaAs digital alloy! are still larger than the
prediction of the mean-field theory, which essentially says
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zero transport. Therefore, in these samples, dipole-dipole in-
teraction or photon-related mechanisms may well be impor-
tant, although we are mainly interested in alloy barriers
throughout this work.

IV. WEAK DEPENDENCE ON
THE BARRIER THICKNESS AND STRONG

DEPENDENCE ON THE ALLOY COMPOSITION

We now discuss how the leak depends on the barrier
thickness and alloy concentration. In Fig. 4, PLE spectra of
three samples grown by MBE IV are shown. The samples
were grown consecutively in the same run, so as to best
isolate the effect of the barrier thickness. While the leak
becomes gradually smaller, the persistence of the leak up to
the barrier thickness of 1500 Å is suggestive of a very long
‘‘channel’’ connecting the two GaAs wells. In Fig. 5, PLE
spectra of two samples grown by MBE III in the same run,
with identical parameters except for the alloy concentration,
are shown. The absence of NW features forx50.5 is in sharp
contrast with the strong NW features forx50.3. More care-

ful studies betweenx50.25 and 1 reveals an almost steplike
decrease of the leak with increasing concentration around
x;0.3 ~inset, Fig. 5!.

The strongx dependence shown in Fig. 5 has important
implications in establishing a relationship between our work
and previous studies. Forx>;0.35, our PLE shows very
slight or no leakage, which is consistent with the prediction
of the mean-field theory. Therefore, the agreement found be-
tween tunneling experiments performed on samples with bar-
riers with x>0.35 ~Refs. 40, 42, and 43! and the mean field
theory, is not inconsistent with our observation. Likewise,

FIG. 2. ~a! PLE spectra at 10 K for GaAs ADQW when the
barrier consists of~GaAs/AlAs digital alloy; 5 ML/2 ML! ~top!,
AlAs ~middle!, or Al0.5Ga0.5As ~bottom!. The well and barrier
thicknesses for both samples are WW5100 Å and NW575 Å, and
the barrier is 300 Å.~b! Time-resolved PL data probed at the WW
PL peak for the sample with the Al0.5Ga0.5As barrier @bottom of
Fig. 3~a!#, when exciting slightly below the NWHH@arrow 1 of Fig.
3~a!# ~dotted lines!, and when exciting at NWHH@arrow 2 of Fig.
3~a!# ~solid line!. At the bottom, near-resonant time-resolved NW
PL is shown.

FIG. 3. PLE spectrum of In0.1Ga0.9As/GaAs/In0.13Ga0.87As ~100
Å/300 Å/100 Å! ADQW’s probed at the deeper well~DW;
In0.13Ga0.87As!. PLE spectra are mostly flat in the shallower well
~SW; In0.1Ga0.9As! HH regions, indicating little or no transfer. The
GaAs peak represents a transfer from the GaAs barrier into the DW.

FIG. 4. PLE spectra for three GaAs/AlxGa12xAs ADQW
samples with identical parameters~NW570 Å, WW5100 Å, and
x50.3!, except for the barrier thicknesses of 300 Å~top!, 700 Å
~middle!, and 1500 Å~bottom!. All three samples are grown by
MBE IV, in the same run.
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for ‘‘thin’’ barriers ~<60 Å!, we expect that the normal tun-
neling time would be shorter or comparable to the transport
time we observe. In this regard, tunneling studies using thin
barrier samples40,42–45 are not in conflict with our results.
However, in samples withx<;0.3, the intrinsic leak is sig-
nificant, and might be the dominant transport mechanism for
samples with relatively thick barriers. Thus the importance
of the leak is relative, and can probably be ignored for
x>;0.35, or when the barrier is relatively thin.

V. POSSIBLE MECHANISMS AND FORMING
A THREE-DIMENSIONAL PICTURE

OF THE ALLOY BARRIER

A mechanism that accounts for all the observed sample
dependencies should be able to explain the following essen-
tial features of the leak:~1! the large amount of the leak, as
specified by the transport time of;300 ps, and, equivalently,
the transport coefficient per single trial of around
1024–1023; ~2! the near-disappearance of the leak when the
barrier is AlAs, AlAs/GaAs digital alloy, or GaAs; and~3!
the weak dependence on the barrier thickness and the strong
dependence onx. In the earlier experiments, only a single
alloy concentrationx50.3 was used, with a limited range of
barrier thickness. Mainly for this reason, a comprehensive
picture was difficult to produce.

One feature in our data that immediately appeals to the
senses is the fact that the leak disappears rather strongly with
increasingx, around x50.3–0.35 ~inset of Fig. 5!. This
‘‘critical concentration’’ is close to the direct-to-indirect
band-gap transition of AlxGa12xAs, and, if we were to use
the language of the virtual-crystal approximation, to the
G-to-X crossover of the conduction band in AlxGa12xAs.
Therefore, without close inspection, one may well suspect
some direct role of the real-spaceG-to-X charge transport.46

However, the NWHH exciton energies of our samples lie
between 1.57 and 1.62 eV, far below the energy required for
the G-to-X transition, making it an extremely-unlikely phe-
nomenon in our samples. In addition, since our samples are
intrinsic, both holes and electrons should be transported.

Therefore, any direct involvement of theG-to-X real-space
charge transfer can be safely ruled out.

Other mechanisms that can be ruled out as dominant con-
tributions are the photon-related mechanisms such as photon
reabsorption and vertical polariton transport,36–38 which are
related to earlier reports of photon recycling.47,48 It is clear
that these could well be the dominant mechanisms of inter-
well transport over thick homogeneous barriers such as
GaAs, AlAs, and a digital alloy. In fact, the small but non-
negligible NWHH peaks~less than 5% in area compared
with the WWHH peak! in samples without significant leak-
age~samples with an AlAs, AlAs/digital alloy, or GaAs with
barriers! may well be related to these mechanisms. Neverthe-
less, since all the barriers used in our investigations are trans-
parent to the photon energies used, we expect virtually no
barrier dependencies. Furthermore, the maximum efficiency
of these photon-related mechanisms, even assuming 100%
luminescence efficiency, is only about 5%, which can be
easily estimated from the peak absorption coefficient of the
QW exciton peaks. Therefore, while possibly important in
case of homogeneous barriers such as GaAs, AlAs, or a digi-
tal alloy, the observed strong and well-defined trends with
barrier structures and large efficiency help us rule out these
photon-related mechanisms as the dominant contributions.

The original proposal in Ref. 32 was the dipole-dipole
transfer. Recently, a much more detailed theoretical study of
this mechanism was performed.33 However, this mechanism
also did not explain the strong dependence on barrier struc-
tures: it could not explain why AlAs, GaAs, or AlAs/GaAs
digital alloys can largely stop the leak. Furthermore, dipole-
dipole interaction predicts a very rapid falloff of the transport
efficiency once the barrier thickness becomes larger than an
exciton radius of around 100 Å. Therefore, the weak depen-
dence on the barrier thickness and the persistence of the leak
well over a barrier thickness of 300–1500 Å cannot be ex-
plained by this mechanism. Therefore, we argue that while
this mechanism may be important in the intermediate range
of barrier thicknesses where the tunneling is negligible but
the barrier thickness is comparable to the exciton radius~i.e.,
a barrier thickness of around 100–200 Å!, it is unlikely to be
the dominant mechanism for the universal leak. Neverthe-
less, as noted in Ref. 33, both the photon-related mechanisms
and the dipole-dipole transport are worth further pursuing in
samples withhomogeneous barriers~GaAs, InP, AlAs, or
GaAs/AlAs digital alloy! as discussed in this work and in
earlier studies,49 where they may well be the dominant
mechanisms of long-range transport.

It is possible that due to nonequilibrium tail of the carrier
distribution in the WW, transport over the barrier can occur.
Recently, transport over GaAs barriers in InxGa12xAs/GaAs
ADQW was explained by this mechanism.50 This idea is also
worth further pursuing, and it is possible that all of the
above-discussed mechanisms may contribute to the transport
over thick homogeneous barriers.

Finally, the ‘‘critical’’ concentration of our experiments
happen to coincide roughly with the emergence of theDX
center from the resonance state in the AlxGa12xAs alloy. If
the DX centers were in some way related to the observed
leak, they would have tosuppressthe leak, for the leak dis-
appears rapidly with increasingx. This is, of course, in con-
trast with our observation in InxGa12xAs/GaAs ADQW’s,

FIG. 5. PLE spectra for two GaAs/AlxGa12xAs ADQW samples
with identical parameters~NW575 and Å and WW5100 Å, and
the barrier is 300 Å!, except forx50.3 ~top! and 0.5 ~bottom!.
Inset: Thex dependence of the transfer efficiency defined as the
ratio between the NWHH peak and the WW plateau.
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where the GaAs barrier, without theDX center, also stops
the leak. Needless to say,DX centers are observed in
n-doped samples, while our work concentrates on intrinsic
samples.51 At present, we are unaware of any ‘‘magic’’ de-
fect that can explain all the observed experimental features.
As a distantly related question, one may ask whether the
increasing number of interfaces in an AlAs/GaAs digital al-
loy suppresses the leak. However, the suppression of the leak
by GaAs barrier in shallow InxGa12xAs/GaAs ADQW’s
makes this hypothesis inconsistent with our observation.

It is clear that while the mechanisms we discussed thus far
have some obvious appeal to common sense, they are not
likely to be the dominant mechanism for the leak. On the
other hand, the most notable feature in our data is that there
is an apparent direct correlation between the degree of ho-
mogeneity of the barrier and the amount of the leak. Obvi-
ously, AlAs, GaAs, and the digital alloy barrier should have
much smaller inhomogeneity than the AlxGa12xAs alloy,
and it is in these barriers that the intrinsic leak observed in
the AlxGa12xAs alloy disappears.

We now ask what other mechanisms might be responsible
for the observed phenomenon. One important clue may lie in
recent scanning tunneling microscopy~STM! ~Refs. 22–25!
studies of AlxGa12xAs, which demonstrated a clear signature
of clustering of up to 20–30 Å of Ga or Al atoms along
well-defined directions. Thesestructural observations might
have far-reaching implications on thedynamics of the
GaAs/AlxGa12xAs quantum wells. Therefore, based upon
STM studies of Refs. 22–25 and our observations of the
intriguing barrier dependence of the leak we have in mind,
we make the following conjecture summarized in Fig. 6: We
realize that the tunneling simply cannot account for the ob-
served leak. Therefore, we propose that the existence of low
potential channels in the AlxGa12xAs alloy formed by Ga-
rich microscopic clusters, whose existence was revealed by

recent STM studies, is responsible for the observed leak.
This conjecture is rather attractive because it can explain
right away why the leak largely disappears in barriers other
than the AlxGa12xAs alloy. Furthermore, as Sec. VI will
show, it can also explain the strongx dependence and weak
barrier thickness dependence.

VI. MODEL CALCULATION EMPHASIZING
THE IMPORTANCE OF CLUSTERING

In Sec. V, we argued that a three-dimensional picture ac-
counting for structural inhomogeneities in the alloy barrier is
imperative for understanding the observed leak. In this sec-
tion, we perform a model calculation to see whether it is
possible to explain the leak by clustering and long-range
order.

We note that one of the most fundamental assumptions
for the mean-field approximation of inhomogeneous media is
that the scale of the fluctuation should be much smaller than
that of the wavelength of the elementary excitation of one’s
interest. In AlxGa12xAs, this translates into the assumption
of completely random arrangement of Al and Ga atoms, with
an atomic scale fluctuation of the barrier height. On the other
hand, the wavelength of the electrons and holes we are in-
terested in this work is in the range of;100 Å. Therefore, if
completely random atomic arrangements of Al and Ga were
true, the mean-field description of the AlxGa12xAs alloy
would certainly be adequate in all situations, and the leak
over the thick barrier may not occur. On the other hand,
clustering of Al and Ga atoms, whose size is still smaller
than 100 Å,22–25may produce, simply by a random arrange-
ment of the clusters, an occasional low potential~thus Ga
rich! pathway whose width is in the vicinity of;100 Å.
Then electron and hole waves would be able to ‘‘see’’ the
pathway. This is essentially the picture proposed in Sec. V.
In the following, we present a model calculation using a
supercomputer, which tries to isolate the effect of clustering
in the transport coefficient per single trialt. We emphasize
that because of the dramatic simplification used in this model
calculation, our aim is mainly to~and also somewhat quan-
titatively! understand qualitatively the potential effect of
clustering on the interwell transport.

We first considered the effect of atomic scale fluctuations
on t. We divided the barrier into small cubes of atomic scale
representing GaAs or AlAs molecules, and randomly as-
signed either the potentialV0 for AlAs or 0 for GaAs.V0 is
1.12 eV ~0.26 eV! to simulate the standard band offsets for
electrons~holes! @Fig. 7~a!#. We solved the resulting three-
dimensional effective-mass equation with appropriate bound-
ary conditions to obtaint for an incoming wave with a wave-
length of 150 Å, to simulate the transfer from the 75-Å-thick
NW. The resultingt ’s, for both electrons and holes, are
larger than those obtained from the one-dimensional mean-
field approach, but still far too small to explain
t;1023–1024 deduced from experiments. Essentially, the
wavelength of the incoming waves~around 100 Å, compa-
rable to the well size! is too large to ‘‘see’’ the low but
narrow potential pathways.

We then replaced the cubes in the barrier region with
rectangular cylinders~or ‘‘wires’’ ! long enough to connect
the two wells as shown in Fig. 7~b!, simulating the possible

FIG. 6. Schematics for the percolationlike charge transport
through low potential channels formed by microscopic clustering.
This picture is necessary to explain the universally observed charge
transport over thick AlxGa12xAs alloy barriers that the widely ac-
cepted mean-field theory cannot account for.
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aligning of GaAs or AlAs roughly along the growth
direction.22–25We performed a quantum-mechanical calcula-
tion for various sizes of rectangles to study the cluster-size
effect ont. Furthermore, the possible effect of ‘‘kinks’’ was
considered@Fig. 7~c!# in connection with Refs. 22–25, where
the GaAs ‘‘quantum wires’’ were shown to ‘‘zigzag’’ their
ways through the barrier. In Fig. 7~d!, values oft of holes as
a function ofx are plotted for several cluster sizes using the
model of Fig. 7~b!. Holes are considered because we assume
that holes determine the transfer of excitons due to their
slower transfer compared with that of electrons. We stress
that the essential physics does not change if we were to as-
sume that electrons govern the transfer of excitons instead.

For a grid size of 4 Å, the results are only slightly larger
than the prediction of the mean-field theory, despite the fact
that there exist many low potential quantum wires in the
barrier. The physics of this is the same as described earlier:
the pathways are much narrower than the wavelength. In-
creasing the cluster size rapidly enhancest, so that, for a
cluster size of 30 Å, nearly all holes can pass through the
barrier for relatively lowx during the excitonlife time, while,
for x.0.5, the transmission coefficient is too small to allow
any significant transfer. The physical origin of this strongx
dependence is simply that, for large enoughx, a clustering of
20–30 Å is not enough to create a sufficient number of low
potential pathways whose widths are of the order of the
wavelength of the excitation, while the opposite is true for
smallerx. Finally, results using the model schematically de-
scribed in Fig. 7~c! show that the effect of the ‘‘kink’’ is to
decreaset only slightly without changing the overall trends.

This helps us to argue that although our model is very
simple, the transfer efficiency may be more sensitive to the
cluster size, and not to the detailed arrangement and shape of
the clusters.

Our model calculations suggest that most features of our
experiments can be explained, at least qualitatively, if there
were large enough clustering~20–30 Å in size! of GaAs in a
quantum-wire-like fashion, to allow significant coupling be-
tween the two GaAs quantum wells. This is in fact consistent
with STM studies mentioned earlier. Although a more real-
istic approach to the detailed mechanism of clustering and
the resulting structure and pattern formation would be
greatly desired, it would be very time consuming; our results
strongly imply that the clustering of GaAs in the alloy barrier
is a likely source of the enormously enhanced interwell cou-
pling.

Our model can account for the strongx dependence es-
sentially because increasingx rapidly decreases the concen-
tration of wide enough low potential channels. Since the
transport through these wide low potential channels is essen-
tially ballistic, the weak barrier thickness dependence can be
also explained. Furthermore, necessary clustering in the
range of 20–30 Å is in good agreement with the results of
the STM studies. Therefore, it is rather likely that the intrin-
sic structural inhomogeneities in the AlxGa12xAs alloy bar-
rier is responsible for the universal leak.

VII. SUMMARY AND DISCUSSIONS

In summary, we showed that the ‘‘leak’’ over thick
Al xGa12xAs barrier that tunneling cannot explain is a rather
universal phenomenon in GaAs/AlxGa12xAs quantum wells,
by performing both cw PLE and time-resolved PL experi-
ments on many samples from many different sources. By
designing many different barrier structures, we showed that
the degree of inhomogeneity in the barrier is directly corre-
lated to the amount of the leak: while homogeneous barriers
such as GaAs, AlAs, and AlAs/GaAs digital alloy are able to
stop the leak, AlxGa12xAs is universally leaky forx<0.3.
This observation strongly suggests that the intrinsic inhomo-
geneities in the alloy barrier, which today’s standard growth
conditions may not be able to avoid, are responsible for the
leak. Therefore, to understand dynamical transport over thick
alloy barriers, it seems imperative to adopt a three-
dimensional picture of the alloy barrier. We have performed
a three-dimensional quantum-mechanical calculation of
transport over a model inhomogeneous barrier, and found
that most of the observed phenomena can be explained if
there were a microscopic clustering of around 20–30 Å in-
side the alloy barrier.

Our results can be summarized as follows. Forx,0.35,
and barrier thickness,50–100 Å~50 Å for hole transport,
and 100 Å for electron transport!, tunneling dominates inter-
well transport. On the other hand, forx,0.35, and barrier
thickness.50–100 Å, the leak would dominate the interwell
transport. For the rest of the ‘‘phase space,’’ dipole-dipole
interaction, polariton transfer, photon reabsorption, and non-
thermal distribution of carriers all may contribute to the in-
terwell transport. Therefore, GaAs quantum wells separated
by thick alloy barriers withx,0.35 should not be viewed as
an isolated system, but may have to be viewed as a coupled

FIG. 7. ~a! Schematic for the construction of barriers used in our
model-calculations assuming completely random, atomic alloy fluc-
tuations. Dark squares represent AlAs ‘‘molecules.’’~b! Schematic
for our model calculations taking into account the clustering and
formation of channels.~c! The same as~b! except for the existence
of ‘‘kinks.’’ ~d! t using barriers described in~b!, plotted againstx
for several grid sizes. The incident wave simulates holes in the
narrow well, with an effective mass of;0.5me and a wavelength of
150 Å.
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system with low potential ‘‘quantum wires’’ connecting
them in three dimensions. We note that this ‘‘phase dia-
gram’’ is very similar to that obtained for the optical-phonon
transport studied by time-resolved Raman scattering.52–54 It
is possible that both phonon and carrier transport can be
facilitated by the existence of intrinsic clustering and inho-
mogeneities in the barrier. For the regions ofx.0.35 and the
barrier thickness of.50–100 Å, other mechanisms such as
the dipole-dipole interaction, photon reabsorption, and polar-
iton transfer may dominate transport.

We further ask the following question that inevitably
arises from our investigation: is it a pure coincidence that the
direct-to-indirect band gap transition, the critical alloy con-
centration for the leak, the confined-to-propagating transition
of optical phonons all occur aroundx50.3–0.4? We have
already convincingly ruled out theG-to-X crossover and the
DX center as direct causes for the leak. On the other hand,
they may all be a result of a hidden transition that is more
fundamental. While more or less a pure speculation, we note
that the occurrence of percolation threshold for the diamond
lattice, which the zinc-blende structure is based upon, is also
close tox50.3–0.4.55 Deeper insight into the relationship
between these seemingly unrelated transitions may be
achieved by further theoretical and experimental studies that
go beyond the mean-field approach.

Finally, we ask whether there may exist any drastic de-
viation of the interwell transport from the prediction of the
mean-field theory, if the alloy atomic distribution is indeed

completely random. This may seem a trivial question, and
our three-dimensional quantum-mechanical calculation pre-
dicts little deviation from the prediction of the mean-field
theory if the distribution were completely random@Fig. 7~a!#.
However, we note that semiconductor alloys and alloy super-
lattices have seldom been viewed in light of the Anderson
localization.56 Only recently was a fully three-dimensional
Anderson localization theory of alloys developed to study
optical-phonon localization in AlxGa12xAs.

57 Without both
experimental and theoretical detailed studies, it cannot be
ruled out that such a localization approach may be crucial,
and might yield surprising results in theseintrinsically dis-
ordered systems, especially in terms of dynamics.
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