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Self-organized In�Ga�As/GaAs quantum dots �QDs� grown on �111� substrate are proposed as ideal sources
for the generation of entangled photon pairs. Due to the threefold rotational symmetry of the �111� surface,
QDs with C3v symmetry or higher are expected to develop during growth. In contrast to QDs on �001�-oriented
substrates, the symmetry of the confinement potential of �111� QDs is not lowered by piezoelectric effects. As
a result the excitonic bright splitting vanishes and the biexciton→exciton→0 recombination cascade can be
used for the generation of entangled photons. We evaluate the spectroscopic separability of excitonic and
biexcitonic emissions as a function of QD size, shape, and composition using the configuration-interaction
model in conjunction with eight-band k ·p theory. The piezoelectric field in �111� QDs predominantly aligns
along the growth direction and gives rise to vertical charge separation. First- and second-order piezoelectric
fields are oriented in opposite directions. The In/Ga ratio inside the QD determines the leading contribution and
can be employed to balance both terms in order to achieve a field-free situation with maximal electron-hole
overlap. The biexciton binding energy depends on the net piezoelectric potential drop across the QD vertical
extension and becomes maximal if the first- and second-order fields outweigh each other within the QD
interior.
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In this work we evaluate the �111�-substrate orientation
for quantum dot �QD� growth to obtain a source of entangled
photon pairs.1 Such sources, preferably electrically driven,
are essential for a number of protocols of future secure com-
munication systems employing quantum key distribution.2,3

Resonant-cavity light-emitting diodes based on QDs are
ideal candidates for such devices, because they combine
atomlike properties with the opportunity of electrical charge
injection.

The creation of entangled photon pairs in QD-based
sources relies on the biexciton �XX�→exciton �X�→0 re-
combination cascade.4 A vanishing fine-structure splitting
�fss� of the exciton bright state is essential in order to achieve
entanglement.5,6 For QDs grown on the �001� substrate, a
zero fss is hard to achieve, because piezoelectricity, interface
and strain asymmetries, or even a modest QD elongation
induces a lateral anisotropy leading to sizable values of the
fss.7 Recent advances to reduce the fss by postgrowth tech-
niques such as thermal8 or laser9 annealing are inefficient,
expensive, and hardly applicable on an industrial scale.
Moreover, only parts of the QDs, processed in this way, ac-
tually emit entangled photon pairs after all.

Structural QD anisotropies originate from different sur-
face mobilities along �110� and �1−10�,10 which are tied to
the orientation of the underlying zinc-blende lattice with re-
spect to the �001� substrate. Moreover, piezoelectric
fields,11–13 and anisotropies of strain and interfaces arise.
This leads to a reduction in the carrier confinement symme-
try to C2v or lower and is an intrinsic characteristic of the
�001�-substrate orientation.

Therefore, we propose to abandon this orientation and
turn to the �111� substrate for QD growth. None of the
above-mentioned effects arise on this surface. From the in-
vestigations in Refs. 14 and 15 we expect an at least three-
fold rotational symmetry of the QD structure. The first goal

of this Rapid Communication is to show that the correspond-
ing piezoelectric field does not lower this symmetry any fur-
ther. In effect the excitonic bright states remain degenerate
and an intrinsically perfect source of entangled photon pairs
is available. This result is of general character for this sur-
face and applies to all self-organized QDs in the zinc-blende
system. Using eight-band k ·p calculations in conjunction
with the configuration-interaction �CI� method,16,17 we illus-
trate this result by comparing the piezoelectric fields and
excitonic properties for lens-shaped QDs, grown on the �001�
and on the �111� substrates. Throughout this Rapid Commu-
nication, the �111� substrate refers to the As terminated
�111�B surface.

Apart from the zero bright splitting, the spectroscopic
separability of excitonic and biexcitonic emissions is essen-
tial. Therefore, the second goal is to analyze the biexciton
binding energy as a function of QD size, �vertical� aspect
ratio, and composition.

Third, we investigate the role of the second-order piezo-
electric field with respect to these structural variations. For
pure �111�-InAs QDs a reversal of the �net� built-in piezo-
electric field is observed, which inverses the vertical
electron-hole alignment. Since the importance of the second-
order piezoelectric effect is still under discussion,12,13,18,19

the measurement of the electron-hole dipole, e.g., utilizing
the Stark shift �see Fry et al.20 for �001�-In�Ga�As QDs�
could shed more light into this issue. Vice versa, since the
orientation of the built-in piezoelectric field depends on the
composition of the QD, those measurements can deliver in-
formation on this property.

The piezoelectric field and its orientation for �111�-grown
QDs are of large interest �i� first in view of its impact on the
lateral symmetry of the confinement potential and �ii� sec-
ond with respect to the field distribution in vertical direction,
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the corresponding electron-hole alignment, and the related
few-particle binding energies.

�i� To compare the impact of the substrate orientations on
the piezoelectric potential �Fig. 1� lens-shaped QDs are cho-
sen as model system: for the �111�-grown QDs, the potential
shows C3v symmetry and a strong gradient along the growth
direction, in contrast to the �001�-grown counterpart, with
only C2v in-plane symmetry and no significant potential drop
along the �001� axis. The field distribution of the �111�-
grown QD is similar to the one of c-plane wurtzite-type
GaN/AlN or InN/GaN QDs.21–23 The magnitude of the po-
tential drop, however, is much larger for the nitride QDs and
the field is additionally superposed by pyroelectric effects,
which do not occur in zinc-blende crystals.

�ii� The orientation of the piezoelectric field in growth
direction results from a subtle interplay between first- and
second-order piezoelectric effects. The importance of
second-order effects was first discovered for �111�-In�Ga�As/
GaAs quantum wells �QWs�,18 where the first-order piezo-
electric fields alone were found to be not sufficient to explain
a number of Stark-shift measurements:24–27 at larger strain
the nonlinear piezoelectricity starts to take effect. It provides,
however, only a small but significant contribution in the
quantum well system, because the maximal In concentration
in In�Ga�As QWs can hardly exceed �20%. Piezoelectric
constants are taken from Ref. 18.

In QDs, much larger In concentrations �up to 100%� can
be achieved, which consequently leads to a large strain inside
the QDs. As a result, nonlinear piezoelectric effects cannot
be neglected in QDs. As can be seen in Fig. 1 for �001�-
grown InAs QDs �Fig. 1, right�, first- and second-order ef-
fects compensate each other inside the QD,12 whereas in
�111�-grown InAs QDs �Fig. 1, left and center�, the second-
order contributions are clearly dominant and therefore deter-
mine the orientation of the piezoelectric field.

The single-particle electronic states are calculated using a
true three-dimensional implementation of the eight-band k ·p
envelope-function method,13,28 accounting for different dot

sizes, shapes, and composition profiles, for the inhomoge-
neous strain distribution, piezoelectricity, and band-coupling
and -mixing effects. The main differences between the two
substrate orientations are the missing electron p-state split-
ting and a vertical charge separation depending on the bal-
ance of first- and second-order piezoelectric terms for a
given composition for �111� QDs. Energy shifts occur due to
different strain field distributions for changing substrates.29

The excitonic fine-structure splitting in QDs, although a
two-particle effect, results from a distortion of electron
and/or hole ground state below C3v symmetry.7 Such a dis-
tortion can originate from QD elongation, inequivalent side
facets, or piezoelectric fields.7 The role of the latter is illus-
trated in Fig. 2. For a �001�-grown lens-shaped QD �Fig.
2�b�� the hole ground state is elongated along �110� whereas,
in the case of a �111�B-grown QD �Fig. 2�a��, electron and
hole ground states show no deformation in any lateral direc-
tion.

An important peculiarity of �111� QDs is the vertical dis-
tribution of the piezoelectric field inside the QD and its in-
fluence on the vertical position of electron and hole states
�Fig. 3�. In the case of zero piezoelectric field the electron
center of mass lies above that of the hole �Figs. 3�a� and
3�b��. This is well known from �001�-pyramidal QDs and
related to a subtle interplay between the QD shape and
strain.30 Taking into account first-order piezoelectricity en-
hances the dipole by pulling the hole center of mass down to
the QD bottom �Figs. 3�c� and 3�d��. The electron state
moves up less pronounced than the hole state, because its
smaller effective mass makes it more “resistant” against
small potential changes. Adding second-order piezoelectric
effects, however, reverses the picture completely �Figs. 3�e�
and 3�f��. The electron state moves down and the hole state
moves up. Consequently the direction of the dipole changes.
Along, the vertical extension of the hole state increases dras-
tically. For QDs with a large aspect ratio �Fig. 3, right�, elec-
tron and hole wave functions are almost identical in size and
shape.

The few-particle properties such as fine-structure splitting
and biexciton binding energies are calculated using the CI
model,16,17 thus taking into account direct Coulomb interac-
tion, exchange—including dipole-dipole terms—and large
parts of correlation effects. In Fig. 4 the calculated values of
the fine-structure splitting as functions of the QDs vertical
aspect ratio are shown for the �111� substrate orientation. For
�001� QDs �Refs. 12 and 13� fss values of several tens of
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FIG. 1. �Color online� Comparison of the piezoelectric fields
�first and second orders� for QDs grown on �111�B substrate to
those grown on �001�. Isosurfaces are shown for values of 50 meV
�blue/gray� and −50 meV �yellow/light gray�, respectively.
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FIG. 2. �Color online� Orientation of electron �blue/gray� and
hole �yellow/light gray� wave functions for a lens-shaped QD on
two substrate orientations.
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�eV are found due to the symmetry breaking effect of piezo-
electricity. By contrast the �111� QDs exhibit no fss at all as
expected from our symmetry considerations. This result can
only be reproduced for the �001� QDs if the piezoelectric
potential is artificially removed from our calculations.

Symmetry lowering effects due to the atomistic nature of
the QD interface and such atomistic symmetry anisotropies
that are not captured by the inclusion of piezoelectricity are
not part of our model. For the �111� QDs, however, such
effects are not expected to lower the symmetry below C3v.
Hence, the fss still remains zero for �111� QDs. Only random
alloying effects within the QD for InGaAs�111� QDs can
lead to a deviation from the zero fss.31

The vertical positions of electron and hole wave functions
along with their lateral extensions determine the Coulomb
interaction within excitonic complexes such as the ground
states of exciton �X� or biexciton �XX� and the biexciton
binding energy �E�X ,XX�=��X→0�−��XX→X�. The lat-
ter is particularly important, because large values of
�E�X ,XX� permit the spectral separation of X and XX emis-
sions.

As the vertical position of the charge carriers is predomi-
nantly determined by the balance of first- and second-order
piezoelectric field effects and the fields, in turn, by the QD
size, shape, and chemical composition, the biexciton binding
energy is a useful quantity to gather information on the QD
structure. The drop of the vertical piezoelectric field across
the QD vertical extension together with the corresponding
average field strength is shown in Figs. 5�a� and 5�c� as a
function of QD size, vertical aspect ratio, and chemical com-
position. The exciton ground-state transition energy along
with the respective biexciton binding energy �E�X ,XX� is
plotted in Figs. 5�d�–5�f� and Figs. 5�g�–5�i�.

The diameter of the lens-shaped QDs of the size series
varies between 10.2 and 20.0 nm and the height varies be-
tween 2.1 and 4.2 nm. The third QD of this series appears in
all three series as indicated by vertical arrows in Fig. 5. Due
to the quantum size effect, the exciton energies decrease with
increasing QD size. The strength of the piezoelectric field
remains constant across the series resulting in an increasing
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FIG. 3. �Color online� The position of electron and hole ground-
state wave functions �isosurfaces at 65% probability density� depen-
dent on the vertical aspect ratio and the order of the piezoelectric
field. For �c�–�f� vertical slices of the piezoelectric potential are
shown.
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FIG. 4. �Color online� The exciton bright splitting as a function
of vertical aspect ratio for lens-shaped InAs/GaAs QDs.
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FIG. 5. �Color online� �a�–�c� Drop of
the vertical piezoelectric field across the
QD height at the center �black solid lines�
together with the corresponding average
field strength �red/gray dashed lines�. �d�–
�f� Exciton energy and �g�–�i� biexciton
binding energy �E�X ,XX� as functions of
size, vertical aspect ratio, and composition
of �111�-grown QDs. Negative �positive�
values of the XX-binding energy corre-
spond to antibinding �binding� XX ener-
gies. Vertical arrows mark identical QDs.
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vertical potential drop and a larger spatial separation of elec-
tron and hole ground states. Correspondingly, the biexciton
binding energy decreases from −1 meV for small dots to
about −6 meV for large QDs.

The aspect ratio of the second series varies between 0.17
and 0.5, while their volume is preserved. In contrast to the
first series, a decrease in the field strength with increasing
QD height is observed along with a decrease in the potential
drop. The electron-hole charge separation decreases; thus,
the biexciton binding energy rises.

In the last series the Ga content has been varied between
0% and 70%. For Ga fractions above 70% the lattice mis-
match is not sufficient for strain-driven QD formation. The
strain inside the QDs decreases for lower In concentrations.
Hence, the second-order piezoelectric field strength dimin-
ishes rapidly and the first-order field component becomes
dominant. Since the latter points in opposite direction, the
resulting piezoelectric field reverses its orientation with a
turning point in between 30% and 40%. The charge separa-
tion is minimal at this point �plus a small offset due to the
strain inhomogeneity� and, hence, the biexciton binding en-
ergy becomes maximal. Consequently, the In/Ga ratio of the
QD is the decisive parameter for the spectral separation of
exciton and biexciton ground-state emissions.

In conclusion, due to the threefold rotational symmetry of
the �111� surface QDs with C3v symmetry or higher are ex-
pected to develop during growth. In contrast to QDs on

�001�-oriented substrates, the symmetry of the confinement
potential of �111� QDs is not lowered by piezoelectric ef-
fects. As a result the excitonic bright splitting vanishes and
the XX→X→0 recombination cascade can be used for the
generation of entangled photons. The only remaining source
of a small fine-structure splitting is random alloying effects
for ternary InGaAs QDs.

The piezoelectric field in �111� QDs predominantly points
toward the growth direction and gives rise to a vertical
charge separation. First- and second-order fields are oriented
in opposite directions. The In/Ga ratio inside the QD deter-
mines the leading contribution of the piezoelectric field and
can be employed to compensate both terms in order to
achieve a field-free situation with maximal electron-hole
overlap. The biexciton binding energy depends on the net
piezoelectric potential drop across the QD vertical extension
and becomes maximal if the first- and second-order fields
outweigh each other within the QD interior. By choosing the
proper size, shape, and chemical composition it is possible to
design a QD with a large spectral separation of exciton and
biexciton.
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