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The influence of strain on the exciton properties in self-assembled two and three vertically coupled
InP/GaInP dots is investigated theoretically. For closely stacked dots, the strain fields arising from the different
dots were found to interact with each other and modify the effective electron and hole potentials considerably.
We found that thelight hole stateis the ground state for the systems under consideration and that we have a
type-II configuration for the exciton. A comparison with experimental results for the exciton diamagnetic shift
shows reasonable agreement(very good agreement forB,20 T and forB.20 T, the quality of the agreement
depends on the interdot distance) and confirms the earlier proposed experimental interpretation[M. Hayneet
al., Phys. Rev. B62, 10324(2000)] that the light hole is located outside the dots. For closely spaced dots the
light hole is above and below the stack of dots, while for a large vertical separation of the dots the light hole
is located between the dots.
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I. INTRODUCTION

Recently, there has been much interest in the study
of quantum dots, which are structures that confine charge
carriers in all three dimensions. Especially the self-
assembled quantum dots1 are considered to be very
promising for possible applications, such as quantum dot
lasers,2 due to their large confinement energy and high opti-
cal quality.

The formation of such self-assembled dots requires
two semiconductor materials with a substantially different
lattice parameter, which are grown on top of each other.
Such lattice-mismatched hetero-epitaxy gives rise to the for-
mation of nanometer sized islands, governed by strain-
relaxation effects, and is called “Stranski-Krastanow”
growth.

The confinement of charge carriers in quantum dots oc-
curs because of the difference in the bandstructure of the two
semiconductor materials. One can define two types of quan-
tum dots, namely type-I and type-II, depending on the band
alignments. In the case of type-I dots, both the electron and
the hole are confined inside the dot. For type-II dots, the
confinement inside the dot occurs only for one of the charge
carriers, i.e., electron or hole, whereas the dot forms an anti-
dot for the other particle. Examples of type-II dots are the
InP/GaInP3,4 and InP/GaAs dots with the electron confined in
the dot and the hole in the barrier, and the GaSb/GaAs5 and
InAs/Si6 dots where the hole is located inside the dot, but the
electron remains in the barrier.

Up to now most research was devoted to type-I
structures,7–12while type-II dots have attracted less attention.
Theoretical studies considering InP/GaInP dots were per-
formed by Pryoret al.13 and Tadić et al.14 where a strain-
dependentk ·p Hamiltonian was used to calculate the elec-
tronic structure. The present authors studied the influence of
external fields on single and vertically coupled InP/GaInP
dots in the absence of strain.15,16 GaSb/GaAs quantum dots
were investigated by Lelonget al.17 who studied excitons

and charged excitons, and by Kalameitsevet al.18 who inves-
tigated the effect of a magnetic field.

The formation of self-assembled quantum dots is inextri-
cably bound up with the occurrence of strain fields in and
around the dots. The strain will have a large impact on the
bandstructure, and hereby also on the optical properties of
the dots. The hydrostatic component of the strain will shift
the conduction and valence band edges, while the biaxial
strain modifies the valence bands by splitting the degeneracy
of the light- and heavy-hole bands.

Different theoretical models exist to obtain the strain dis-
tribution in and around self-assembled quantum dots. Well-
known and extensively used are the continuum mechanical
(CM) model9,14 and the valence force field(VFF)
model.9,19,20 In the CM model the elastic energy is mini-
mized to obtain the distribution of the displacement in the
structure and the corresponding strain fields, whereas the
VFF model is an atomistic approach, which uses phenom-
enological expressions for the elastic energy, depending on
the atomic coordinates. Pryoret al. compared the two meth-
ods and found agreement for small strains, whereas for larger
strains discrepancies were reported.21 This was corroborated
very recently by Tadić et al.,20 who also compared both
methods but now for cylindrical InAs/GaAs and InP/InGaP
dots, and found a better agreement for InP/GaInP than for
InAs/GaAs dots, where the latter has the largest lattice mis-
match.

A more simple method to calculate the strain fields
near an isotropic quantum dot was presented by Downeset
al.,22 who used Eshelby’s theory of inclusions23 to express
the strain distribution in quantum dot structures. This
approach was adapted by Davies, who showed that the elas-
tic field can be derived from a scalar potential that obeys a
Poisson equation with the lattice mismatch as charge
density.24

In a previous study,25 we followed the work of Davies24

and used the so-called isotropic elasticity model to calculate
the strain fields around a single cylindrical quantum disk.
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The strain distribution was used as an input to calculate the
modification to the band structure and a single band effective
mass approximation was applied to calculate the exciton
properties in single InP/GaInP quantum disks in the presence
of a perpendicular magnetic field, considering both heavy-
and light-hole bands. It was found that in flat InP/GaInP
disks the heavy hole is the ground state while for more pillar
like systems the light hole exciton has the lowest energy. The
heavy hole is a type-I system while the light hole was found
to be type-II. An “exciton” phase diagram for single InP/
GaInP disks was constructed.

In the present paper, we extend our previous approach
to the study of two and threevertically coupled quantum
disks. As previously, the isotropic elasticity model
will be used to calculate the strain fields and the excitonic
properties are calculated within the single band effective
mass approximation. Special attention will be paid to the
spatial location of the electron and hole in the system and the
type of hole, i.e., heavy versus light, contributing to the
ground state of the magneto-exciton. The magnetic field de-
pendence of the exciton energy will be compared with the
experimental magneto-luminescence experiments of Hayne
et al.3

The paper is organized as follows. In Sec. II, we explain
our theoretical model. In Sec. III we discuss the influence of
the strain on the confinement potential, while in Sec. IV we
compare our numerical results with the experimental data of
Ref. 3. Our results are summarized in Sec. V.

II. THEORETICAL MODEL

Our theoretical approach is similar to the one we used in
Ref. 25. The strain is calculated by adapting the method used
in Ref. 24, and which was described in Ref. 14. For the
calculation of the exciton properties, a mean-field type of
approach was used in the Hartree approximation. This ap-
proach was previously introduced by us for type-II quantum

dots where strain16,26 was neglected. The coupled single-
particle equations are solved self-consistently. More informa-
tion about the implementation and numerical procedure can
be found in Refs. 25 and 26. Our numerical procedure is
based on a two-dimensional finite difference method.
Whereas in our previous studies we used a uniform space
grid in two dimensions, for the present study we imple-
mented anonuniform mesh. This nonuniform mesh allows
us to consider more gridpoints in regions where there is a
strong variation of the wavefunction and at the same time
consider a larger overall region in space. This is specifically
important for the present study, as we expect the heavy hole
to be strongly confined inside the disks, while the light hole
will be more spread out above, below, and between the
stack.27

In our numerical calculation, we made use of the material
parameters of InP/GaInP, as used in Refs. 13 and 14, which
are also given in Table 1 of Ref. 25. From these data it
follows that the valence band offset for this system isnega-
tive sVh=−45 meVd, i.e., we have a type-II system. In our
previous study, we pointed out the possibility of dealing with
a type-I system,28 but we showed that this has only a minor
influence on the final results25 due to the small size of the
band offset, i.e., corrections toVh due to strain effects are
much more important.

III. INFLUENCE OF STRAIN ON THE CONFINEMENT
POTENTIAL FOR THREE VERTICALLY COUPLED

DISKS

In Ref. 25, we demonstrated that an increase of the
quantum disk thickness can induce a type-I to type-II
transition for the heavy hole. Such thick quantum dots are,
however, difficult to realize experimentally. It is therefore
interesting to investigate the properties of a vertical stack of
thin quantum disks which may resemble such thick dots.
Already in Ref. 16, we showed that the properties of a ver-

FIG. 1. Contour plots of the
effective confinement potential for
the heavy(a)–(c) and light(d)–(f)
hole for, respectively, the interdot
distancesdd=1.5 nm,dd=3.0 nm,
and dd=7.0 nm, as indicated, for
three vertically stacked identical
dots with radius R=8 nm and
thicknessd=2.5 nm. Dark colored
regions denote lower potential
values.
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tical stack of unstrained dots are similar to those of a single
dot with a thickness comparable to the stack height if the
separation between the dots is sufficiently small. This study,
however, did not include the strain fields in and around the
dots.

Figure 1 shows the effective confinement potentials(i.e.,
geometricand strain confinement potentials) for both the
heavy[upper row,(a)–(c)] and the light[lower row, (d)–(f)]
hole, for respective interdot distancesdd=1.5 nm, dd
=3.0 nm anddd=7.0 nm. The lighter regions denote higher
potentials, i.e., regions where the hole prefers to sit. Here the
effective potential denotes the total confinement due to
strain, which is given by

Vhh = Vh + av«hy + b„s«xx + «yyd/2 + «zz…, s1d

Vlh = Vh + av«hy − b„s«xx + «yyd/2 + «zz…, s2d

for, respectively, the heavy and the light hole.Vh denotes the
unstrained confinement potential,av and b are the valence
band deformation potentials and«hy is the hydrostatic strain.
The radius and thickness of each of the disks were, respec-
tively, taken asR=8.0 nm andd=2.5 nm, corresponding to
those studied in the experiment of Ref. 3.

We find that a vertical stacking of dots has an appreciable
influence on the strain distribution in and around the stack,
and therefore also on the effective potential. In Ref. 25, we
found that, starting from a negative unstrained valence band
offset, the heavy-hole band offset becomes positive when
strain is included while the light-hole band offset becomes
more negative. Furthermore, for the heavy hole, we found a
potential maximum at the radial boundary of the disk, which
becomes relatively more important for increasing disk thick-
ness.

Figures 1(a)–1(c) show the result for the heavy hole in the
case of three vertically stacked quantum disks. For a closely
stacked system, i.e.,dd=1.5 nm, we find that the potential

maxima at the radial boundaries of the three dots merge al-
most into one big potential maximum and the potential ap-
proaches the one of a thick single disk. With increasing in-
terdot distance, this merging decreases and fordd=7.0 nm
we find only a small interaction between the dots, while the
potential maxima at the radial boundaries remain distinguish-
able. The highest potential maximum is now found inside the
disks.

Figure 2 shows cuts of the effective potentials of Fig. 1
along the z-direction ar r =0 (left panel) and along the
r-direction for z=0 (right panel). For the heavy hole[Figs.
2(a) and 2(b)], we find that a closer stacking results in a
decrease of the effective potential inside the dots, along both
directions. Furthermore, we find analogous to the single
disk-case that the potential maximum along the radial direc-
tion is not affected by a variation of the interdot distance,
making it favorable for the heavy hole to move to this posi-
tion for smaller interdot distances. For the light hole[Figs.
2(c) and 2(d)], we find that the highest potentials are found
between the dots and above/below the stack. Along the radial
direction there is also a potential maximum outside the disk
boundary, but this is negligible compared to the potentials
along thez-direction.

A consequence of the merging of the radial potential
maxima for small interdot distances is that the heavy hole
will prefer to move towards this maximum, which is higher
than the potential maximum inside the disk. Moreover, the
region of the radial maximum is broader and consequently
the heavy hole will have a substantial larger space available
then when sitting inside the disks. This is depicted in Fig.
3(a), where the heavy-hole probability density is depicted for
dd=1.5 nm (the dark region denotes the highest probability
density). When the heavy hole is sitting at the radial bound-
ary in the barrier material, the system is type-II. This result is
similar to what we found for single thick disks, i.e., for a
pillar like system, in Ref. 25.

With increasing the interdot distance, the deep broad po-
tential maximum at the radial boundary disappears and the
potential maximum inside the dots becomes higher. This
causes the heavy hole to move away from the radial bound-
ary into the quantum disks, which is shown in Figs. 3(b) and

FIG. 2. The effective confinement potentials
along thez-direction for r =0 [(a) and (c)] and
along the radial direction forz=0 [(b) and (d)],
both for the heavy(upper panels) and the light
(lower panels) hole. The solid curve indicates the
result for dd=1.5 nm, whereas the dashed and
dotted curves denote, respectively, the interdot
distancesdd=3 nm anddd=7 nm of the three
vertically stacked dots with radiusR=8 nm and
thicknessd=2.5 nm.
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3(c)). For dd=7 nm [Fig. 3(c)], the heavy hole ground state
was found to be asymmetric: the heavy hole resides in the
upper or lower disk. This asymmetry is induced by a higher
potential for the heavy hole in the upper and lower disk(a
consequence of strain), as found in Figs. 1, together with an
increase of the Coulomb interaction energy for the asymmet-
ric state.15,16The actual heavy hole ground state is neverthe-
less a symmetric state along thez-direction which is a super-
position of the one depicted in Fig. 3(c) and an equivalent
one which resides in the bottom dot. Because of the large
width of the tunnel barrier between the upper and lower disk,
this gain in energy due to the symmetrization of the wave-
function is negligibly small. We can thus summarize that, in
the case of vertically stacked quantum disks, a decrease of
the interdot distancedd can cause atype-I to type-II transi-
tion for the heavy hole.

For the light hole, we find that the potential minimum is
always inside the disk[Figs. 1(d)–1(f)]. The light hole(holes
prefer to sit near the potential maxima) will thus prefer to
remain in the barrier. The exact position, however, will also
depend on the interdot distance. In the case of a smalldd,
there is not enough space for the light hole to sit between the
disks, and it will be located on top of and below the stack
[Fig. 3(d)]. With increasing interdot distance, the probability
to find the light hole between the disks also increases. In-
deed, fordd=7.0 nm, we find that the light hole sits com-
pletely between the disks[Fig. 3(f)].

IV. COMPARISON WITH EXPERIMENTS FOR THREE
AND TWO VERTICALLY COUPLED DOTS

In Ref. 3, results were reported of magneto-
photoluminescence experiments on single and vertically
stacked self-assembled InP/GaInP quantum dots. The mea-
surements were done in magnetic fields up toB=50 T using
pulsed fields, and a model was proposed, suggesting that the
holes are confined in the barrier material, whereas the elec-
trons reside inside the disks.

Analogous to Ref. 25, we will disregard band mixing be-

tween the heavy- and light-hole bands. To obtain the exciton
energy, we thus solve two sets of coupled equations: one for
the heavy-hole exciton and one for the light-hole exciton. In
order to determine the ground state of the system, we com-
pare the heavy- and the light-hole solution. The exciton en-
ergy is given by

Eexciton= Ee + Ehhslhd +
e2

4pe
E E resr,zdrhsr8,z8d

ur − r 8u
drdr 8,

s3d

whereEe is the single electron energy andEhhslhd the single
heavy-(light-) hole energy. The transition energy is defined
as

Etrans= Eexciton+ Eg, s4d

whereEg is the band-gap energy of the disk material.
In a previous section, we showed that the strain, together

with the interdot distance, has a large impact on the position
of the wave functions in a system of three vertically coupled
disks. We will now further investigate which is the ground
state of the system, and how the exciton energy depends on
the interdot distance and on the externally applied magnetic
field B=Bez. We study the systems with three coupled disks
with respective interdot distancesdd=1.5 nm, dd=3.0 nm,
anddd=7.0 nm, and also the system with two coupled disks,
wheredd=1.5 nm. For all systems, the stacked disks are of
equal dimension, namely disk radiusR=8 nm and thickness
d=2.5 nm. Furthermore, we use the material parameters
from Table I.

From the exciton transition energy, we find that in each
system the light-hole exciton has a lower energy than the
heavy-hole exciton. This is consistent with our previous
study,25 where we showed that, for a single disk, the light
hole becomes the ground state when the disks are sufficiently
thick, i.e., forR=8 nm whend.4.5 nm.

FIG. 3. Contour plots of the probability den-
sity for the heavy(a)–(c) and light (d)–(f) hole
wave functions for, respectively,dd=1.5 nm,dd

=3.0 nm anddd=7.0 nm, as indicated. Dark col-
ored regions denote a higher probability density.
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Because the thickness of the dotsd=2.5 nm is below the
critical value 4.5 nm, the heavy hole should become the
ground state when the dots are far apart. We found that this
occurs forddù15 nm.

A comparison of the exciton energy with the experimental
results of Ref. 3 shows that our theory tends to underestimate
the experimental values. We attribute this to uncertainties
regarding the disk and/or material parameters. In particular, a
change of the disk thickness will lead to a uniform shift of
the transition energy, i.e., it will not alter the magnetic field
dependence. To investigate the magnetic field dependence of
the exciton energy, we studied in more detail the diamagnetic
shift. The diamagnetic shift gives the change of the exciton
energy under the application of a magnetic field and is de-
fined as

DE = EsBd − EsB = 0d. s5d

In Fig. 3, the diamagnetic shift is plotted as a function of
the magnetic field for, respectively, the systems with three
vertically coupled disks withdd=1.5 nm(a), dd=3.0 nm(b),
and dd=7.0 nm (c), and the system with two vertically
coupled disks withdd=1.5 nm(d). Here the solid and dashed
curves denote, respectively, our results for the heavy- and the
light-hole exciton, while the squares indicate the experimen-
tal result by Hayneet al.3

First, we consider the system with three coupled dots with
interdot distancedd=1.5 nm. The agreement between the
light-hole exciton curve and the experimental result is very
good, in particular in view of the fact thatno fitting param-
eters are introduced in the theory. It is clear that experimen-
tally the light-hole exciton is observed, which is located
above and below the stack of dots[see Fig. 3(d)].

As we saw in Sec. III, for an interdot distance
dd=1.5 nm, the strain pushes the heavy hole towards the
radial boundary of the stack. From our previous studies16,25,26

on a system where the hole is located at the radial boundary,
we know that application of a magnetic field leads to angular
momentum transitions of the hole angular momentum
lh. This is indeed also what we find in the present case for the
heavy-hole exciton. The different solid curves in Fig. 4(a)
show the result for, respectively,lh=0, 1, 2, 3 and 4, as
indicated. We find that the final heavy-hole ground state
(consisting of different angular momentum states)
approaches now more closely the light-hole result and
the experimental result, although it is not the ground state of
the system. No such angular momentum transitions were
found experimentally, which is consistent with our previous
conclusion that experimentally the light-hole exciton is ob-
served.

The next system under investigation is the system where
the interdot distance between the disks isdd=3 nm. The re-
sult for the diamagnetic shift is shown in Fig. 4(b), where we
find that the theoretical results for the light-hole exciton ap-
proximate closely the experimental result. Although the
agreement is less than fordd=1.5 nm, the discrepancy is at
most only<3 meV. When investigating the angular momen-

TABLE I. Material parameters, taken from Ref. 14.

Parameter InP Ga0.51In0.49P

me
*sm0d 0.077 0.125

g1 4.95 5.24

g2 1.65 1.53

mhh,i 0.1515 0.1477

mhh,z 0.606 0.4587

mlh,i 0.303 0.269

mlh,z 0.121 0.1205

EgseVd 1.424 1.97

VcseVd 1.379 1.97

VvseVd −0.045 0.0

acseVd −7.0

avseVd 0.4

bseVd −2.0

e 12.61 12.61

asnmd 0.58687 0.56532

FIG. 4. Exciton diamagnetic shift as a func-
tion of the magnetic field for a system of verti-
cally coupled identical dots with dot radiusR
=8 nm and dot thicknessd=2.5 nm.(a)–(c) show
the result for three coupled-disks with respective
interdot distancesdd=1.5 nm, dd=3.0 nm, and
dd=7 nm, while in (d) the diamagnetic shift is
depicted for a system of two vertically coupled
disks with dd=1.5 nm. The solid and dashed
curves denote, respectively, the heavy- and light-
hole exciton, whereas the squares indicate the ex-
perimental result of Ref. 3. The different solid
curves show the results for different heavy hole
angular momentum, as indicated.
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tum transitions for the heavy hole, we find also for this sys-
tem that the final heavy-hole ground state approaches the
experimental result(the discrepancy between heavy hole and
experiment atB=50 T is<6 meV). However, from the tran-
sition energy, we find that the light-hole state is still the
ground state. Therefore we can also conclude here that ex-
perimentally the light-hole exciton was observed, consistent
with the absence of angular momentum transitions in the
experimental result.

The following system under investigation consists of
three vertically coupled disks with an interdot distancedd
=7 nm. Comparison of the theoretical diamagnetic shift with
the experimental result shows us that there is fairly good
agreement for the light-hole exciton curve for magnetic
fields up toB=35 T. For higher fields the theoretical result
starts to overestimate the experimental result: atB=50 T the
discrepancy is<4 meV. The heavy hole in this case is con-
fined inside the upper and lower disk, which is the reason
why no angular momentum transitions occur with an increas-
ing magnetic field. The discrepancy for the heavy hole with
the experimental results<7 meVd is larger than for the light
hole. Theoretically, the light-hole exciton energy is the
ground state and consequently it is this state which should be
observed experimentally, in contrast to experimental results
on single InP/GaInP dots where the heavy hole was found to
be the ground state. It is very likely that in the present case,
there is a stronger mixing of the heavy hole into the light-
hole wave function, which is probably the reason for the
discrepancy with the experiment. Beyond 35 T the experi-
mental diamagnetic shift has an almost linear magnetic field
dependence which is clearly not observed in the theoretical
curves which increase much stronger with the magnetic field.
The reason for this discrepancy is yet not clear and deserves
further study.

Finally, we discuss the results for a system of two
vertically stacked dots. Again, we compare with the
experimental result of Ref. 3. The experimentally studied
system has a stack height of 7.4 nm, which we modeled by
taking two disks with d=2.5 nm and interdot distance
dd=1.5 nm. The result for the diamagnetic shift is depicted
in Fig. 4(d), where the solid and dashed curves denote,
respectively, our results for the heavy- and the light-hole
exciton and the squares denote the experimental result. The
comparison between the theoretical and experimental result
for the diamagnetic shift gives good agreement for the light
hole up to<25 T. For higher fields, the theoretical curve
overestimates the experimental one. The discrepancy atB
=50 T runs up to 7.5 meV. ForB.25 T, the experimental
diamagnetic shift is linear inB, while theoretically we still
find an almost quadraticB-dependence indicating that the
exciton size is still larger or comparable to the dot confine-
ment potential. Also in this case we found that the light-hole
exciton has a lower energy than the heavy-hole exciton and
is therefore the ground state. The discrepancy between
theory and experiment forB.25 T is still puzzling and cur-
rently we do not have a clear explanation for this. The dis-
crepancy may signal the breakdown of the single band ap-
proximation at high magnetic fields. This clearly deserves
further investigation.

V. CONCLUSIONS

In this paper, we investigated the effect of strain on the
band structure and exciton energy for systems of two and
three vertically coupled InP/GaInP quantum disks. We con-
sidered three systems with interdot distances of, respectively,
dd=1.5 nm,dd=3 nm, anddd=7 nm.

An investigation of the influence of strain on the band
structure teaches us that the light hole is always strongly
confined to the barrier, i.e. outside the quantum dots. For a
small interdot distance, it will be located above and below
the stack of disks, whereas for large interdot distances it will
be located between the disks.

In the study of the single disk, we found that the band
offset for the heavy hole exhibits a potential maximum just
outside the radial boundary of the disk, which increases rela-
tive to the potential maximum inside the disk for increasing
disk thickness. For a stack of three vertically coupled thin
disks, the potential maxima outside the radial boundary
merge into one large maximum for small enough interdot
distances. The strains arising from the different dots thus
interact with each other. As this potential maximum is both
broader and higher than the potentials inside each disk, the
heavy hole prefers to be located in the barrier, at the radial
boundary. For an increasing interdot distance, we find that
the interaction between the strain fields decreases, and there-
fore also the potential maximum at the radial boundary de-
creases with respect to the potential inside the disks. The
heavy hole will then move back into the disks. We thus find
that an increase of the interdot distance can induce a type-II
to type-I transition for the heavy hole, similar to the one
found for a single disk but then as function of the thickness
of the disk.

With regard to the exciton transition energy, we found
that for all systems under consideration the light hole exciton
forms the ground state. The theoretical result was found
to systematically underestimate the experimental transition
energies, which can be attributed mainly to the uncertainty
regarding the disk and/or material parameters. Increasing
the thickness of the disks will lower the theoretical
exciton energies and bring it closer to the experimental re-
sults.

Results for the diamagnetic shift show for the systems of
three stacked disks a fairly to very good agreement between
the theoretical light-hole exciton curve and the experimental
results. The agreement between theory and experiment be-
comes less good in theB.20 T region with an increasing
interdot distance. Together with the finding that the light-hole
exciton forms the ground state, this allows us to conclude
that experimentally the light-hole exciton was observed. No
fitting of the material parameters and/or the dimensions of
the dots was attempted in order to find an even better agree-
ment between theory and experiment. For the system of two
stacked dots, we find that the diamagnetic shift of the light-
hole exciton agrees only well with the experimental result up
to B=25 T. For higher fields, the theory overestimates the
experimental diamagnetic shift.

In Ref. 3 it was concluded on the basis of the diamagnetic
shift of the exciton energy in magnetic fields parallel and
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perpendicular to the stacks of the InP/GaInP quantum disks
that the electron was located inside the dots and the hole was
situated outside the dots. This conclusion agrees with our
theoretical findings. But additionally we were able to refine
this picture and found that(i) it is the light-hole exciton
which is the exciton ground state,(ii ) for the two smallest
interdot spacings the hole is above and below the stack of
disks. This could not be deduced from the results of Ref. 3,
and (iii ) only for the largest interdot spacings, the light hole
is located between the dots.
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