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Abstract. Exciton recombination dynamics in vertical stacks of InGaAs quantum rings have been studied
by means of continuous wave and time resolved photoluminescence under low excitation density conditions.
We have paid special attention to the effect of the carrier coupling on the exciton radiative lifetime: weak
(14 nm spacer sample), intermediate (4.5 nm spacer sample), where the size filtering effects (towards small
rings) compensate partially that arising from carrier coupling (towards lower energies), and strong electron
and hole coupling (1.5 nm spacer sample) between layers. Experimental decay times in the latter two cases
have been compared to the times simulated with a multi-quantum well based model, which accounts for
the observed change of carrier coupling regime. The most important effect is observed when the hole wave
function overlap along the growth direction becomes important (1.5 nm spacer sample). This situation
makes important the lateral tunneling of excitons between rings, given their large lateral size, which is
characterized by times around 5 ns at the emission peak energy (rings with the most probable size of the
distribution).

PACS. 71.55.Eq III-V semiconductors – 73.43.Jn Tunneling – 73.21.Ac Multilayers – 71.35.-y Excitons
and related phenomena

1 Introduction

The interest in quantum dot (QD) based structures are
growing in the last years [1–8]. Several semiconductor de-
vices have been yet studied, as laser diodes and cascade
lasers, photo detectors and emitters operating at mid-
infrared wavelengths [9,10]. For these kind of devices mul-
tilayer stacks of QD is the most adequate architecture, due
to the increase of the optical density of the active medium.
It is well-known that the modal gain achieved in QD lasers
increase proportionally to the number of stacked layers,
which is not the case of the optical mode loss [11]. An addi-
tional benefit of stacking QD layers is their vertical corre-
lation [12] and even a subsequent in-plane ordering of the
nanostructures [13], due to the superposition of the strain
fields coming from dots at the different layers. Moreover,
the thickness of the barrier material deposited between
QD (or quantum wires) layers can introduce changes in
the emission wavelength by size filtering [14,15] and elec-
tronic coupling [16].

On the other hand, size and shape of the QD can be
changed by using new strategies during the growth of a
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QD layer, like the overgrowth of the dots with a thin
GaAs layer, as recently demonstrated [17]. Following this
method, quantum rings (QR) can be obtained, which have
interesting optical and magneto-optical properties [18].
Although the first QR were grown and studied some years
ago, only a few research works have been reported up to
now, as compared to typical QD. Particularly, QR ensem-
bles are potential candidates for the development of lasers
diodes at 980 nm at room temperature and high-speed
optoelectronic devices. Stacked layers of QR have been
grown for different GaAs spacers, demonstrating the laser
operation in the most favourable cases [19]. The QR sys-
tem allows a great density of multilayer stacks, because of
their reduced height, more than three times smaller than
typical QD, while avoiding excessive electronic coupling.

In this work we develop a complete optical study (con-
tinuous wave and time resolved photoluminescence) of QR
shaped nanostructures stacked into a three layer structure
exhibiting weak (14 nm GaAs spacer), moderate (4.5 nm
GaAs spacer) and strong electron coupling (1.5 nm GaAs
spacer). In principle, a certain degree of carrier wave func-
tion coupling along the vertical direction, and even in the
plane, can contribute to increase the single-mode output
power of laser diodes based on QD stacks, as predicted
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by the model of Shi and Xie [20]. Such a situation is
possible in a QR system, given the large in-plane dimen-
sions. At the same time, many QR layers can be piled up
along the growth direction, because the average heights
of the QRs are typically below 1.5 nm. It allows the use
of very narrow GaAs spacer layers to produce a certain
degree of carrier coupling. In fact, we demonstrate in this
work that a GaAs spacer as thin as 4.5 nm induces a rel-
atively important electron wave function coupling along
the vertical direction, but it does not change appreciably
the exciton dynamics. This situation mainly produces a
size (height) filtering effect of the stacked rings. In the
limit of a very thin spacer, 1.5 nm, the electron coupling
is very strong (the electron is practically delocalized over
the three stacked QR layers) and recombination dynam-
ics is affected by the lateral tunnelling of carriers between
QR, as will be explained below in the framework of the
bimodal QR size distribution existing in (each layer of)
the studied samples.

2 Samples and experiment

The samples under study have been grown by molecu-
lar beam epitaxy (MBE). The QRs were obtained after
a growth interruption when the dots were partially cov-
ered with 2 nm of GaAs under a flux of As2, because
of a balance between InGaAs alloying and InAs dewet-
ting processes [21]. More details about the growth of
this kind of samples can be found in references [19,22].
The three samples studied here contain three layers of
QR stacked by using different GaAs spacer thickness: 14
(sample A), 4.5 (sample B) and 1.5 nm (sample C). In
each layer, the total amount of deposited InAs was just
above the critical thickness (1.6 ML) necessary for the
3D transition to take place, which induces low in-plane
densities of nanostructures. The typical size of the orig-
inal dots was around 20–40 nm diameter and around
11 nm of height, in average. The presence of QR nanos-
tructures in these stacks have been revealed and studied
by Atomic Force Microscopy (AFM), Transmission Elec-
tron Microscopy (TEM) [22] and Scanning Tunnelling Mi-
croscopy (STM) [23]. From AFM, typical dimensions ob-
tained for QR are 100 nm ×90 nm ×1.5 nm. From TEM
and STM, more morphological and compositional infor-
mation is obtained for QR. In particular, the QR has not a
homogeneous composition, as expected from its formation
process, in which 2 nm of GaAs is used to partially cap
the seed pyramidal dots. In this way, the central part of
the ring, around 20 nm in diameter, is pure InAs, whereas
the outer zone of the ring (up to the 100 nm of diame-
ter typically measured by AFM) have a variable compo-
sitional profile of InGaAs due to the initial alloying effect
of the original InAs dot and the 2 nm thick GaAs capping
layer [22,23].

The continuous wave PL experiments were performed
by using the 514 nm Ar+line as excitation source. The
PL signal was dispersed by a single 0.5 m focal length
monochromatic and synchronously detected with a cooled

Fig. 1. PL spectra (continuous line) of samples A (a), B (b)
and C (c) at 10 K. The excitation density was about 3 W/cm2

at 514.5 nm. Dashed lines stand for the two-Gaussian decon-
volution of the measured PL band.

Ge detector. In time resolved experiments, sample exci-
tation at 750 nm was done by a green-ND:YVO4 (Verdi,
coherent) pumped mode locked Ti: Saphire laser (Mira
900D, coherent), providing 2 ps pulses at a repetition rate
of 76 MHz. The PL signal was dispersed by a single 0.5 m
focal length imaging spectrograph and detected by a synch
Oscan streak camera (Hamamatsu C5680) with a type
S1 cooled photocathode. The overall time response of the
system in the widest temporal window (about 2 ns) was
around 40 ps (full width at half maximum). In both kinds
of experiments, the samples were held in the cold finger
of a closed-cycle cryostat to vary the temperature in the
range 12–300 K, approximately.

3 Results and discussion

Figure 1 shows the low excitation density PL spectra (con-
tinuous lines) under non resonant excitation (514 nm)
conditions, which are mainly dominated by exciton re-
combination at the ground states of the QR ensembles in
the three samples with different GaAs spacer thickness (a
to c spectra in Fig. 1). Their PL spectra are not perfect
Gaussians, but rather asymmetric on their low energy side,
independently of the GaAs spacer, as observed by compar-
ing PL spectra in Figures 1a to 1c. Indeed, they can be
reasonably deconvoluted into two Gaussian components,
as shown in Figure 1 (dashed curves), which are separated
by around 23–27 meV. The parameters of these Gaussian
components, labelled as P1 (high energy component) and
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Table 1. Gaussian parameters from the deconvolution of the
PL spectra in Figure 1.

Sample id Peak energy FWHM Intensity ratio
(eV) (meV) P2/P1

A P1 1.365 32
P2 1.340 68 2.5

B P1 1.369 33
P2 1.342 60 1.3

C P1 1.331 27
P2 1.308 60 1.2

P2 (low energy component), are listed in Table 1. We can
see how the optical quality of these samples is rather good,
because the high energy PL Gaussians have a line width
narrower than 33 meV and dominate in their correspond-
ing PL bands (mainly in samples B and C). Indeed, the
line width of P1 is particularly narrow, 27 meV, in the case
of sample C (see Tab. 1), which is a measure of a slight
increase of quality when decreasing the GaAs spacer be-
tween the QR layers from sample A to C.

First of all, the two observed PL Gaussian components
cannot be due to the contribution of excited states of a
mono-modal QR size distribution; because when we use
higher excitation densities we can perfectly observe that
contribution (p-like exciton recombination) on the high
energy side of the PL spectra. We attribute the measured
PL band to a bi-modal size distribution of the QR ensem-
ble (i.e., two different size families), being similar in each
of the three stacked layers, in average. The measured en-
ergy separation between the two QR families, 23–27 meV,
is approximately consistent with an average height fluctu-
ation of 0.3 nm (one monolayer) [3,7,24]. We cannot at-
tribute such two QR families to a different (mono-modal)
size distribution in each one of the three stacked layers,
because we would observe important changes in the PL
band shape when reducing the GaAs spacer due to carrier
wave function coupling. It would induce a different energy
shift for smaller and bigger QR and hence the energy sepa-
ration of PL Gaussian components would increase. In fact,
the energy splitting between the electron levels of a struc-
ture containing three quantum wells (QW) of InAs (1 nm
wide) separated by GaAs barriers 4.5 and 1.5 nm thick is
expected to be around 29 and 127 meV, respectively, with
respect to GaAs spacers thicker than 14 nm, after our es-
timate based on a transfer matrix method for InAs/GaAs
QW systems [25]. The fact that the whole band (that mea-
sured in sample A) is shifted to the red more or less rigidly
(the PL band does not change of shape) from sample A
to C is a signature that the PL band is characteristic of
the (same) QR size distribution in each layer of the stack,
as assumed above.

Other than the origin of the measured asymmetric PL
band, we must also discuss the effect of the vertical carrier
wave function coupling produced by reducing the GaAs
spacer thickness from sample A to C. Given the small
height of the QR we only expect this coupling to be very
important for electrons in samples B and C, due to the
shallowness of their electron levels, and even for holes in

the case of sample C. Our quantum well based simula-
tion predicts a redshift of about 31 meV (this value is
close similar for QD stacks with a comparable GaAs spacer
thickness [26]) and 155 meV in the band-to-band optical
transitions for samples B (4.5 nm spacer) and C (1.5 nm
spacer), respectively, with respect to sample A (negligi-
ble coupling). These values would apply if any change in
the size of the QR (QW thickness in our simulation) took
place when stacking several layers separated by thin GaAs
spacers. However, we can observe from Figure 1 and Ta-
ble 1 that any appreciable redshift is measured between
samples A and B and only a redshift of around 34 meV
(38 meV) is measured in sample C with respect to sam-
ple A (B). Such differences between the expected and mea-
sured optical transition energies in QD stacks have been
often reported in the literature, and attributed to changes
in the overall size of the nanostructures being stacked [26].
That is, when reducing the GaAs spacer thickness, the
average height of the stacked QD is somehow filtered to-
wards smaller values, giving rise to significant blue energy
shifts [14]. This can be the case when moving from sam-
ple A to B (PL slightly blueshifted by 4 meV), because
we observe simultaneously a reduction of the ratio P2/P1
by a factor 2, approximately, that is, a reduction of big-
QR density with respect to the original size distribution
(that represented by sample A). When using an extremely
narrow GaAs spacer, i.e. the case of sample C, the elec-
tronic coupling is so important that dominates over the
size filtering effect. It is interesting to note that the aver-
age height of uncovered rings is around 1.5 nm, that is,
very close to the used spacer thickness.

However, it is not expected to distinguish these pos-
sible big nanostructures from stacked QR giving rise to
the low energy PL-Gaussian component, because of the
extremely important electronic coupling. It will produce
excitons practically delocalized over the three stacked QR
layers and hence a situation close similar to an exciton
confined in a single nanostructure three times high, as
will be shown below within our multi-QW estimate.

Figure 2 shows the PL spectra (a) under resonant
(dashed line) and non resonant (continuous line) exci-
tation conditions and PLE spectra (b) detected at P2
(dashed line) and P1 (continuous line). Resonant excita-
tion enables the two components of the PL band, P1 and
P2, to be nicely resolved, mainly because the line width
of P2 reduces now from 60 to 29 meV. At the same time,
P1 and P2 are now at around 1.319 eV and 1.278 eV,
slightly more shifted towards the red (12 and 30 meV
for P1 and P2, respectively) than the same components
measured under non resonant excitation, as observed in
Figure 2a. Resonant PL spectra cannot be measured on
samples A and B under similar conditions used to mea-
sure sample C, in spite of the strongly delocalized car-
rier wave function along the vertical direction. It can re-
flect the higher density of states in this situation, as com-
pared to single QR layer. The PLE spectra detecting at
the peak energies of components P1 (continuous line) and
P2 (dashed line) in sample C are very different, as shown
in Figure 2b. The PLE spectrum detecting at P1 exhibits
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Fig. 2. (a) PL spectra under resonant (dashed line) and non-
resonant (continuous line) excitation conditions in sample C;
(b) PLE spectra detected at P2 (dashed line) and P1 (contin-
uous line).

resonances at around 40 meV and 80 meV above the de-
tection energy, which can be attributed to the absorption
by p-and d-like excited state excitons of the P1-QR fam-
ily, just like in usual single layer samples [27]. It is worth
noting that these states arise from the lateral potential
profile of QR [27], and hence they are less affected by the
vertical coupling, especially for the smallest QR contribut-
ing to P1. The resonance at 1.449 eV can be associated
with the absorption at the WL. At around 1.52 eV we ob-
serve the most intense resonance due to the GaAs exciton
and direct band gap absorption. On the contrary, when
the detection energy is chosen at P2 a minimum of PL
intensity is detected at the GaAs absorption edge, which
indicates a stronger capture probability by P1-rings as
compared to P2-nanostructures, even if the latter are char-
acterized by the lowest energy levels. At the same time,
a practically structure less spectrum is measured below
the GaAs absorption edge, except a broad resonance at
around the peak energy of the P1 component. Somehow
smooth resonances are also observed at around the ener-
gies of the expected p- and d-like exciton excited states
of P1-rings and WL. Carrier tunneling from P1-rings to-
ward the P2-nanostructures can be partly the origin of the
strong PL signal measured in the P2-detected PLE spec-
trum. Additionally, the concurrence of a broader size dis-
tribution (the line width of P2-component was 60 meV),
in which near QD-structures (non developed QR) could be
also present [22], and vertically In(Ga)As alloyed nanos-
tructures due to the thin GaAs spacer, as the most reliable
possibilities, can be responsible of that structure less PLE
spectrum. The hypothesis of a connection between states
of P1-rings and P2-nanostructures is confirmed by results
in Figure 3, in which the PL spectra for samples B (a) and

Fig. 3. Low temperature PL spectra for samples B (a) and C
(b) at different delay times.

C (b) are plotted for different delay times. We see how the
PL is dominated by the P1-component at short times and
by the P2-component at long times, which is especially
evident for sample C. We will see below that the detec-
tion energy dependence of the exciton decay time cannot
explain the observed red shift of the PL band with the
delay time shown in Figure 3.

The above given picture is consistent with the TRPL
results. We measure mono-exponential PL transients in
the whole emission band of samples A, B and C, as repre-
sentatively plotted in Figure 4 for the PL transients (dot-
ted lines) registered at around the P1 peak energy. The
continuous lines in Figure 4 represent the best exponential
fits. The decay time measured in the case of sample C is
appreciably lower than the values deduced in the other two
samples, which are close similar. We can assume that “lat-
eral” tunneling of carriers out of the P1-rings toward other
rings of the size distribution with lower confined levels
(QR giving rise to the low energy side of the P1-Gaussian
component and, evidently, P2-nanostructures) can be the
origin of the smaller value of the decay time measured at
P1 energies in sample C, as suggested in the precedent
paragraph. In other words, the measured decay time for
P1-rings in sample C can be the combination of radiative
and tunneling processes: 1/τD = 1/τR + 1/τT . The ques-
tion arising now is why the tunneling out of the P1-rings
is mainly observed for sample C and not for sample B (or
A), if that “lateral” tunneling of carriers should be due
to a high areal density of QR in each layer, which can-
not be very different in all samples [22]. We can attribute
the lateral tunnel in sample C to two reasons. Firstly, we
can imagine that the three QR layers can be accounted
for by multiplying also by three the tunneling probability.
Secondly, the particles to tunnel laterally out of the QR
must be excitons, because the electrons are strongly delo-
calized along the vertical direction in both samples B and
C. That is, the vertical coupling of the hole wave function
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Fig. 4. Experimental PL transients at 10 K (dashed lines)
registered at the P1 peak energy under low excitation density
conditions (around 4 W/cm2) for samples A, B and C and their
corresponding mono-exponential fits (continuous lines).

Fig. 5. Scheme of the non-resonant tunneling mechanism be-
tween QR of different average size.

is determining most of the difference between samples B
and C, from the point of view of the observed recombina-
tion dynamics. In fact, the electrons are affected by the
coupling between the stacked QRs for layer separations of
the order of 4.5 and 14 nm (samples B and A); while the
heavy holes are affected by the coupling only for smaller
GaAs thickness (1.5 nm in sample C). The situation is de-
picted in Figure 5, where the probability of non-resonant
exciton tunneling is three times greater than that in a
single layer, because the S-exciton at P1-QR can tunnel
towards (near)P-states at P2-QR in every of the three lay-
ers.

Figure 6 shows the decay times measured on the whole
PL band for samples B and C. The variation of the decay
time as a function of the detection energy measured for
sample B, which is shown in Figure 6a, is very similar to
that in sample A, except the low energy region (below
P1). Given the greater contribution of the P2 component
to the PL band for sample A, as was shown in Figure 1a,
and the size filtering effect induced by the use of thinner
GaAs spacers (and possibly some more important alloying
effect along the vertical direction) in samples B and C, we
do not use here the time decays in sample A to discuss the
observed different behaviour between samples B and C,
which are more similar in morphological (size filtering and
alloying effects) and optical (ratio P2/P1) aspects.

We can distinguish in Figure 6 two regions of interest.
In the first region, below the P1 peak energy, we observe

Fig. 6. Experimental decay time as a function of the detection
energy for sample B, squares in (a), and C, circles in (b). Con-
tinuous lines represent our multi-QW simulation, as explained
in the text. As insets in this figure we represent the character-
istic electron-hole overlap function along the vertical direction
for 4.5 (a) and 1.5 (b) nm thick GaAs barriers, within that
simulation.

a different behaviour for samples B and C. We observe
τD to increase with increasing detection energy for sam-
ple B, whereas it decreases for sample A. This first region
must be attributed to the ground state oscillator strength
variation with the dot size (determined by the size distri-
bution), but influenced by the electron-hole coupling along
the vertical direction. In the second region, above the P1
peak energy, we observe τD to decrease fastly with increas-
ing detection energy in both samples. This second region
can attributed to a more important contribution of exci-
ton radiative recombination at excited states [28]. The s–p
energy separation was only around 40 meV and detection
above 1.36 (1.32) eV in sample B (C) can have the contri-
bution of ground state recombination at P1-rings (those
contributing to the high energy side of its PL component),
but also that of excited state recombination at P2-rings
(also bigger rings belonging to the P1 size distribution can
participate above P1 peak energies).

Now we will concentrate on the first and more im-
portant region of detection energies, that below P1 peak.
The most striking result was the different behaviour of
the time decay dependence with detection energy: τD in-
creases from 900 to 1050 ps for sample B and decreases
from 1000 to 750 ps for sample C, as shown in Figure 6.
The observed variation in sample B can be explained by
the strong overlap of the electron envelop wave function,
which will be more important for the smaller nanostruc-
tures of the distribution. At the same time, the coupling
for heavy holes is still very weak to change appreciably
with the size (height, mainly) and the electron-hole su-
perposition is determined by the electron wave function.
This behaviour is just that described by our multi-QW
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simulation, which gives us an energy dependence of τR

represented by the continuous line in Figure 6a. We have
calculated electron and hole eigenfunctions, χe and χh, as
a function of the well width (giving rise to band-to-band
transition energies close to the experimental ones), which
are separated by barriers 4.5 nm thick, and estimated the
exciton radiative recombination time to be determined by
the electron-hole overlap, 1/τR = 1/τ0 |〈χe | χh〉|2, where
τ0 is a time constant to compare with the experimental re-
sults. For a better comparison we represent the calculated
recombination time as a function of the band-to-band op-
tical transition (emission energy for experimental values).

The representative electron-hole overlap function (the
exciton wave function probability along the vertical di-
rection is proportional to it) is represented as an inset in
Figure 6a. This multi-QW estimate is not very far from
experimental results, which means that the exciton dy-
namics mainly arises from the height variation of the QR
nanostructures. This is not the case of the same estimate
performed for InAs wells separated by 1.5 nm thick GaAs
barriers, represented by a continuous line in Figure 6b.
Now, the simulated curve is far from the experimental
decay time as a function of the PL detection energy mea-
sured in sample C. In any case, it is worth noting the
fact that the change from negative to positive slope of
τD(EPL) is perfectly reproduced by our simple estimate
of τR(EPL), after reducing the barrier thickness between
InAs layers (namely the GaAs spacer from sample B to
C). That is, when the thickness of the GaAs spacer is
1.5 nm, the coupling for holes begins to be important and
the electron-hole overlap takes place over the three wells,
as illustrated in the inset of Figure 6b. Moreover, this over-
lap will be greater when decreasing the vertical size of the
nanostructure (well width in our simulation), i.e., when
increasing the PL detection energy. However, the decrease
of the calculated τR(EPL) is very smooth as compared to
the experimental τD(EPL) in sample C. Given the good
agreement in the case of sample B, we can assume again
that the difference between calculated τR(EPL) ant the
experimental τD(EPL) is mainly due to the lateral tun-
neling of excitons (mainly determined by holes) out of the
QR. This mechanism will be more important for carriers
occupying excited states and ground state of the smaller
QR of the size distribution (high energy tail of the PL
band, above P1 peak). This is why we have assumed that
τR should have approximately the value of the measured
τD at the lowest PL detection energies (around P2 peak) in
sample C. Figure 7 shows the obtained energy dependence
of τT within the PL band in sample C, from P2 to slightly
above P1 peak energy. We have calculated τT by means of
the relation 1/(τT (REAL)) = 1/3×[1/τD(C) − 1/τR(C)],
which includes the increase of the tunneling probability
by a factor 3 due to the three “coupled” QR layers, as
was illustrated in Figure 5. We have performed two types
of estimates, one more experimental (hollow symbols in
Fig. 7), by assuming τR(C) = τD(B) and doing a rigid en-
ergy shift of the experimental curve τD(C) (strongly red-
shifted by the coupling) in order to match P1 peak energy
in both samples. A second estimate of τT (solid symbols

Fig. 7. Energy dependence of τT within the PL band in sam-
ple C, from P2 to slightly above P1 peak energy, under two
assumptions: τR(C) = τD(B) (hollow symbols), and τR(C) to
be the multi-quantum well estimate shown in Figure 5b (solid
symbols ).

in Fig. 7) has been performed by assuming τR(C) to be
the calculated values from our multi-QW. In the latter
case the same energy shift (40 meV) have been done to
compare both types of results. They do not differ appre-
ciably, which makes us confident about the quantitative
order of magnitude obtained for the energy dependence
of τT . At energies above P1 peak, dominated by excited
state recombination, the value of τT tends to 5 ns, and
grows near linearly by about 8 ns when decreasing PL de-
tection energy from P1 to P2 (increasing the size of the
QR). Values around 1 and 5 ns have been reported for
non-resonant electron tunneling in vertically stacked dots
separated 10 and 16 nm, respectively [29,30]. In the second
case, the tunneling is only observed at high temperatures
and hence attributed to a multiphonon-assisted tunneling
mechanism. For lateral carrier tunneling we find the re-
sults reported in reference [31], where a value of around
3.5 ns is found for “carrier transfer” (excitons, after our
opinion) in high density QD arrays from small dots emit-
ting at around 1.3 eV towards bigger dots emitting at
lower energies. This finding would be consistent with our
results, even if it is not the same kind of ensemble. The
measured average distance between QR is around 120 nm,
which is of the order of the In(Ga)As ring diameter, as
determined by AFM [22], and the QR ground states are
only 90–110 meV (for P1-P2 families, respectively), com-
parable to the case of QD ensemble in reference [30]. The
lateral coupling of nanostructures can be also a factor to
take into account for laser diode engineering, as suggested
in reference [19] to improve the single-mode operation,
or to control the population of a given family of nanos-
tructures in multimodal size ensembles, as suggested in
reference [30].

4 Conclusions

In this paper we have studied stacked InGaAs quan-
tum ring layers, separated by thin GaAs barriers, by
means of steady state and time resolved photolumines-
cence under very low excitation density conditions. We
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have demonstrated how the strong electron and hole cou-
pling between layers in the sample with 1.5 nm thick
spacer is responsible of the lateral tunneling of excitons
(being limited this mechanism by the heaviest particle)
from the smaller rings of the ensemble (represented by
family P1) towards the biggest ones (represented by fam-
ily P2). The experimental results in samples B (strong
electron coupling) and C (strong electron and hole cou-
pling) have been compared to the radiative exciton life-
times estimated by using a multi-quantum well based
model, This model explains the change of slope of the
measured τD(EPL) when passing from weak to relatively
strong hole coupling, which is accentuated in sample C by
the important contribution of the in-plane tunneling be-
tween nanostructures. This mechanism is characterized by
tunneling times around 5 ns at the P1 peak energy (rings
with the most probable size of the distribution). Our re-
sults are of interest to improve the single-mode operation
of laser diodes based on QR high density stacks, or to con-
trol the population of a given family of nanostructures in
multimodal size ensembles.

This work was partially supported by Spanish MCyT Nanoself-
II Project No. TEC2005-05781-C03, the SANDiE Network
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