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Fine structure of excitons in InAs quantum dots on GaAs(110) planar layers and nanowire facets
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We investigate the optical properties of InAs quantum dots grown by molecular beam epitaxy on GaAs(110)
using Bi as a surfactant. The quantum dots are synthesized on planar GaAs(110) substrates as well as on the
{110} sidewall facets of GaAs nanowires. At 10 K, neutral excitons confined in these quantum dots give rise
to photoluminescence lines between 1.1 and 1.4 eV. Magneto-photoluminescence spectroscopy reveals that, for
small quantum dots emitting between 1.3 and 1.4 eV, the spatial extent of the exciton wave function in and
perpendicular to the (110) plane is about 5 and 2 nm, respectively. The quantum dot photoluminescence is
linearly polarized, and biexcitons with positive as well as negative binding energies are observed, two findings
that we associate with the strain in the (110) plane. This strain leads to piezoelectric fields and to a strong mixing
between heavy- and light-hole states, and offers the possibility to tune the degree of linear polarization of the
exciton photoluminescence as well as the sign of the binding energy of biexcitons.
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I. INTRODUCTION

The discrete energy levels of semiconductor quantum dots
(QDs) have made possible new classes of solid-state-based
quantum devices such as single photon and entangled photon
pair emitters [1-3] as well as all-optical logic gates [4].
A prerequisite for these applications is a high degree of
control not only on the dimensions of the QDs, but also on
their symmetry. For instance, entangled photon pairs can be
produced in highly symmetrical QDs for which the anisotropic
exchange splitting of the bright states of the exciton is
smaller than the radiative linewidth [5,6]. This goal is difficult
to achieve using QDs on GaAs(001), where the different
adatom mobilities along the [110] and [110] directions lead
to elongated QDs whose symmetry is thus reduced from
D,y to Cy,, inducing a finite fine structure splitting of the
bright exciton states [7]. In contrast, group-IlI-arsenide-based
QDs grown on GaAs(111) substrates patterned with pyramidal
recesses exhibit a C3, symmetry resulting in a fine structure
splitting of zero [8,9].

The above example illustrates that the fundamental elec-
tronic and optical properties of QDs as well as their specific
technological applications are intimately related to their
symmetry. It is thus of considerable interest to investigate
QD systems with symmetries that differ from C,, and Cjs,.
Accordingly, the growth of GaAs-based QDs on high-index
surfaces such as (113) and (115) has been explored [10,11].
More recently, we reported that a Bi-surfactant-induced
morphological instability can enable the growth of InAs
three-dimensional (3D) islands on GaAs(110), a surface on
which 3D islands do not normally form [12,13]. Due to
the inequivalent [110] and [001] in-plane directions, these
InAs(110) QDs are of C; [14] symmetry, and their optical
properties are expected to differ significantly from that of C5,
and C3, QDs. In particular, it has been predicted that the strong
in-plane piezoelectric fields in (In,Ga)As(110) QDs modify
their electronic structure, and that the light emission associated
with the ground state bright exciton is linearly polarized [14].
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Here, we use photoluminescence (PL) spectroscopy to
investigate the optical properties of InAs QDs grown by
molecular beam epitaxy on GaAs(110) substrates as well as
on the {110} sidewall facets of GaAs nanowires. For this
surface, the formation of QDs is usually inhibited since two-
dimensional Frank-van der Merwe growth prevails regardless
of the thickness of the strained InAs film, and strain relaxation
occurs by the formation of misfit dislocations [15]. To induce
the Stranski-Krastanov growth of 3D islands, we have used
Bi as a surfactant [12,13]. From magneto-PL experiments, we
show that for small InAs QDs emitting between 1.3 and 1.4 eV,
the spatial extent of the exciton wave function in these QDs
is about 5 and 2 nm in the in- and out-of-plane directions,
respectively. As a result of the low C; symmetry of InAs(110)
QDs, strain in the (110) plane leads to a strong mixing between
heavy and light holes, as well as to strong piezoelectric fields.
While the former is promising for the fabrication of single
photon emitters with a high degree of linear polarization, the
latter is of interest to obtain QDs with zero biexciton binding
energy for the emission of entangled photon pairs.

II. EXPERIMENTAL DETAILS

InAs QDs were synthesized by molecular beam epitaxy on
planar GaAs(110) substrates and on the {110} sidewalls of
GaAs nanowires grown on Si(111) substrates. For the planar
samples, about 1.5 monolayers of InAs were deposited on
a 150-nm-thick GaAs buffer layer and subsequently capped
with 50 nm of GaAs. For the nanowire samples, an equivalent
amount of InAs was deposited onto the sidewalls of GaAs
nanowire cores of about 60 nm diameter, 7 pum length,
and a density of 0.3 um~2. The nanowires were then clad
by a GaAs/AlAs/GaAs multishell structure with respective
thicknesses of 5/10/5 nm. For both planar and nanowire
samples, a Bi flux (with a beam equivalent pressure of
2 x 107% mbar) was present during the InAs deposition, which
was carried out at 420 °C. The presence of the Bi surfactant
modifies the surface energies, inducing the formation of 3D
InAs islands by a process resembling Stranski-Krastanov
growth. Comparison samples were also grown without the
Bi flux, and in these samples QDs did not form. For the planar
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sample, the rotation of the substrate was stopped during InAs
growth, leading to a gradient in the density of the QDs over the
wafer. Further details of the growth process of the planar and
nanowire samples can be found in Refs. [12,13], respectively.

All PL experiments have been carried using a Ti:Sapphire
laser emitting at 790 nm as the excitation source. For
measurements at 10 K, the samples were mounted on the
coldfinger of a continuous-flow He cryostat, and the laser
beam was focused using microscope objectives with numerical
apertures of 0.25, 0.55 or 0.7 (excitation spot diameters on
the order of 2, 0.9, and 0.7 um, respectively). The PL was
dispersed with a monochromator equipped with 900 lines/mm
grating and detected with a liquid N;-cooled (In,Ga)As array
or a charge-coupled device. The analysis of the polarization
of the PL signal was performed using a polarizer followed
by a half-waveplate. For measurements at 4.2 K, the samples
were kept at liquid He temperature in a confocal setup, and
the laser beam was focused using a microscope objective with
a numerical aperture of 0.82 (excitation spot diameter on the
order of 0.6 um). The PL signal was collected using the same
objective and coupled to a single-mode fiber, whose core acted
as a confocal hole (the core diameter of the fiber was 4.4 pum).
The signal was dispersed using 900 lines/mm grating and
detected with a liquid N,-cooled charge-coupled device. With
this setup, magnetic fields B with a strength between 0 and 8
T could be applied in Faraday configuration, i.e., B||[110] and
B]|[111] for the planar and the nanowire samples, respectively.

III. RESULTS AND DISCUSSION

Figure 1(a) shows a PL spectrum taken at 10 K from the
sample with InAs QDs on planar GaAs(110). A spectrum
of a sample grown without Bi surfactant, while keeping
other growth conditions the same, is also displayed. Both
samples exhibit emission lines centered at 1.513, 1.495, and
1.459 eV, originating from the GaAs bound exciton and the
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FIG. 1. (a) PL spectra acquired at 10 K from the planar
InAs/GaAs(110) sample grown with (triangles) and without (squares)
the Bi surfactant. The spectra have been normalized and shifted
vertically for clarity. The transitions related to the GaAs substrate, the
WL, and the InAs QDs are indicated in the figure. (b) PL spectrum at
4.2 K of the sample grown with a Bi surfactant. (c) Enlarged view of
the transition highlighted by a red rectangle in (b). The solid line is a
Gaussian fit yielding a full width at half maximum of 140 peV.
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GaAs band-to-carbon transition along with its phonon replica,
respectively. For both samples, the intensities of these lines
are almost independent of the position of the excitation spot.
For the sample grown without the Bi surfactant, a strong PL
band at 1.362 eV is observed, which we attribute to charge
carrier recombination in the quantum well formed by the
two-dimensional InAs layer. In contrast, for the sample grown
with Bi, two bands are observed on the lower energy side of
GaAs-related PL lines. While the band at 1.422 eV exhibits a
full width at half maximum of 17 meV, the band with a peak
energy of 1.19 eV is much broader and exhibits an asymmetric
lineshape. Following the result in Ref. [12], we attribute the
bands at 1.422 and 1.19 eV to carrier recombination in the
InAs wetting layer (WL) and QDs, respectively. As shown in
Fig. 1(b), the emission band related to the QDs consists of
tens of narrow lines, each associated with an individual QD.
These lines exhibit a full width at half maximum as narrow
as 140 ueV [see Fig. 1(c)], corresponding to the spectral
resolution of the setup. As the substrate rotation was stopped
during the InAs deposition, the spatial density of QDs and the
corresponding spectral density of lines at 1.3 eV vary over the
sample. In the following, all experiments have been carried out
on a region of the sample where the density of QDs emitting
between 1.3 and 1.4 eV is sufficiently low to facilitate single
QD spectroscopy.

Figure 2 shows a PL spectrum taken at 10 K on as-grown
core-multishell nanowires. We estimate that about 5 nanowires
are probed simultaneously in this experiment. The spectrum
consists of a broad band centered at 1.44 eV with tens of
narrow transitions on its lower energy side. As shown in
the enlarged spectrum in inset, the linewidth of the latter
transitions ranges typically from 140 ueV (resolution limit
of our setup) to a few hundreds of peV. Polytypism in InAs
shells was previously shown to cause PL lines broader than
those observed in Fig. 2 [16]. Since these transitions were
only observed for samples grown using the Bi surfactant [13],
they are associated with Bi-induced InAs islands. In analogy to
the planar case, we attribute them to emission from single QDs
that form on the sidewalls of the nanowires due to the presence
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FIG. 2. PL spectrum obtained at 10 K from a few core-multishell
nanowires grown with Bi surfactant. The inset shows an expanded
view of two individual transitions. The full widths at half maxima
indicated in the inset have been obtained by Gaussian fits (blue lines).
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FIG. 3. (a) PL spectrum of a few InAs QDs on planar GaAs(110)
taken at4.2 K with an excitation power of 290 nW. (b) PL spectra from
the QD emitting at 1.3187 eV in (a) for different excitation powers in
1W as indicated in the figure. The spectra have been normalized and
shifted vertically for clarity. (c) Intensity of the transitions at 1.3187
and 1.3210 eV (squares and triangles, respectively) as a function of
excitation power. The blue and red lines show fits yielding the slopes
indicated in the figure. (d) PL spectra of a QD in a nanowire for
different excitation powers. The excitation power in W is specified
on the left of each spectrum. For excitation powers up to 2.7 uW, the
increase in intensity of the lines labeled X and XX with increasing
excitation power is nearly linear and quadratic, respectively.

of the Bi surfactant, while we attribute the band at 1.44 eV to
the InAs WL. The increased width of these lines with respect
to the resolution limit is presumably resulting from spectral
diffusion due to fast electrostatic fluctuations in the vicinity of
the QDs [17-19]. In contrast to the planar sample, no emission
lines related to GaAs could be observed, indicating that the
capture by the QDs of carriers photoexcited in the GaAs core
is highly efficient. This result is a consequence of the core-shell
geometry of our nanowires and has been reported previously
for nanowires with (In,Ga)As shell quantum wells [16].
Figure 3(a) shows a PL spectrum taken on the planar QD
sample at 4.2 K with the confocal setup using an excitation
power of 290 nW. Thanks to the increased spatial resolution,
only a few QDs are excited, and individual transitions are well
resolved. Figure 3(b) presents a series of spectra recorded
with different excitation powers of the line at 1.3187 eV
in Fig. 3(a). At high excitation powers, an additional line
at 1.3210 eV appears in the spectra. Figure 3(c) shows the
dependence of the emission intensity of the lines at 1.3187 and
1.3210 eV on excitation power. Below a power of 10 uW, the
intensity of the line at 1.3187 eV increases nearly linearly with
increasing excitation power, demonstrating that it arises from
the recombination of a neutral exciton. For higher powers,
the intensity of the neutral exciton transition saturates and
eventually decreases, a behavior already reported for other
planar and nanowire QD systems [19-21]. In contrast, the
intensity of the line at 1.3210 eV increases almost quadratically
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with increasing excitation power. This line is therefore related
to a biexciton with a binding energy of —2.3 meV.

For our InAs QDs on planar GaAs(110), the biexciton
transition energy was systematically 2-3 meV larger than that
of the neutral exciton. To verify whether this observation is a
general result for small InAs(110) QDs, we have performed PL
experiments with varying excitation power also for the InAs
QDs on the {110} sidewalls of GaAs nanowires. Figure 3(d)
shows a typical spectrum of a single QD. With the excitation
power increasing from 0.42 to 2.7 uW, the intensity of the
transition at 1.3536 eV increases nearly linearly, indicating
that it arises from a neutral exciton. The intensity of this
line saturates at higher powers. In contrast to the planar case
[Fig. 3(b)], a biexciton transition appears for higher excitation
powers at the lower energy side of the neutral exciton, i.e.,
the biexciton in Fig. 3(d) has a binding energy of +2.1 meV.
For InAs QDs on GaAs(001), the biexciton binding energy
decreases with decreasing QD size [22]. However, this relation
seems not to apply here. The biexciton with negative binding
energy in Fig. 3(d) emits at an energy higher than the biexciton
with negative binding energy in Fig. 3(b). We note that
biexcitons with positive binding energies were also reported
for small InAs QDs deposited either on AlAs(110) using the
cleaved edge overgrowth technique [23] or on the {110} facets
of GaAs/AlAs core-shell nanowires [24].

To clarify the origin of the different character of the
biexciton state, the actual shape and dimensions of the QDs
need to be elucidated [25]. Atomic force micrographs of
uncapped QDs are of limited relevance for this purpose, as
significant in- and out-of-plane In segregation may occur
during the QD overgrowth by GaAs [26]. The 3D shape
of a single embedded QD can be reconstructed by atom
probe [26] or electron tomography [27,28], but it is difficult to
achieve results of statistical significance with these techniques.
Magneto-PL is an alternative technique to obtain an estimate
of the size of embedded InAs QDs or, rather, the extent of the
confining potential. In the presence of an external magnetic
field B and neglecting exchange splittings, the energy Ex of a
neutral exciton in a QD is given by [7]

Ex = EY + 1gupB + y»B?, (1

with the exciton energy EY at B = 0, the Bohr magneton g,
the exciton Landé factor g and the diamagnetic coefficient y;.
The diamagnetic coefficient is proportional to the spatial extent
of the exciton wave function L.y, in the plane perpendicular to
the magnetic field [29]

e2Leh
8u

V2 = B (2)
with the reduced mass w of the exciton in the plane perpen-
dicular to the magnetic field. While large 3D InAs islands on
GaAs(110) are elongated along [110], possibly due to different
adatom diffusivities along the [1 10] and [001] directions [30],
the shape anisotropy for smaller QDs is negligible [12].
If we suppose that, as depicted in the inset of Figs. 4(c)
and 4(d), the InAs(110) QDs in planar and nanowire samples
are lens-shaped with a diameter d and a height &, and that
L.y, for strongly confined excitons is given by the QD size,
then L., = d for InAs QDs grown on planar GaAs(110). For
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FIG. 4. (a) and (b) Evolution of the exciton energy Ex in a magnetic field for a single InAs QD on (a) planar GaAs(110) and (b) a GaAs
{110} nanowire sidewall at 4.2 K. Both measurements were done in Faraday geometry. The intensities are color-coded according to the scale
bars on the right. The solid lines are quadratic fits to the emission energies of the bright exciton states, yielding values for g and y» as indicated
in the figures. The respective insets show PL spectra at 8 T (symbols) together with Gaussian fits (line) to determine the transition energies. In
(b), the “jump” occurring at about 4.5 T is tentatively attributed to a magnetic field-induced change in the electrostatic environment of the QD.
(c) and (d) Spatial extent of the exciton wave function L., for (c) 14 QDs grown on planar GaAs(110) and (d) 15 QDs on nanowire sidewalls.
The mean values are indicated in the figure. The insets display a schematic representation of an InAs(110) QD in GaAs.

the nanowire sample measured in Faraday geometry, y, is
proportional to the spatial extent of the exciton wave function
in the plane perpendicular to the nanowire axis. Therefore, L.y
depends on both d and 4, and may be written approximately
as Lep = Jdh.

Figure 4(a) shows the magnetic field dependence of the
emission of a neutral exciton in an InAs QD on planar
GaAs(110). For finite magnetic fields, the PL line is observed
to split into two transitions, which we attribute to the two bright
states of the exciton. QDs on GaAs(110) have C; symmetry,
for which the magnetic field is expected to mix dark and bright
exciton states [7], hence giving rise to four distinct transitions.
The fact that only two lines are observed even at 8 T [see inset in
Fig. 4(a)] suggests that the bright and dark exciton states have
similar g factors. In InAs QDs, the electron g factor is known to
depend only weakly on the QD size and shape [31] and to have
a value between —0.2 and —0.5. [32-34]. A similar g factor
for bright and dark excitons thus implies a small hole g factor
for the InAs/GaAs(110) QDs under investigation. To obtain
the energy of the exciton bright states as a function of B, the
two lines observed in each PL spectrum are fit by Gaussians
[see inset in Fig. 4(a)]. The resulting transition energies are
subsequently fit by Eq. (1) as shown by the solid lines in
Fig. 4(a), yielding |g| = 2.8 and y, = 7.5ueV /T2. Figure 4(c)

shows the L., deduced from the values of y, measured for
14 different QDs emitting between 1.27 and 1.34 eV. As an
average, we obtaind = L., = (5.4 &= 1.2) nm, a value similar
to that reported for Stranski-Krastanov InAs/GaAs(001) QDs
emitting in the same spectral range [34].

The magnetic field dependence of the emission of a neutral
excitoninanInAs QD ona {110} sidewall of a GaAs nanowire
is shown in Fig. 4(b). Similar to the planar sample in Fig. 4(a),
the PL line of the exciton in the sidewall InAs QDs splits
into two transitions in the magnetic field. The energy of these
lines follows a parabolic dependence on B as well. Note that
in contrast to the planar case, the PL lines at 8 T exhibit an
asymmetric lineshape, which may be due to a contribution
from the dark states. The g factor and y, values deduced
from these experiments are smaller than those obtained for
the planar sample [Fig. 4(a)]. The former finding suggests
that the exciton g factor is anisotropic, most probably due
to some anisotropy in the hole g factor [34,35]. Measuring
smaller y, values for B||[111] than for B||[110] indicates that
h < d. To confirm this result, we have measured y, for 15
different InAs QDs on nanowire sidewalls. The corresponding
values for L., are shown in Fig. 4(d), from which we arrive
at an average L., = (3.8 £0.7) nm. Therefore, the strong
confinement direction for these InAs(110) QDs is the [110]
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FIG. 5. (a) Polarization dependence of the transitions from neutral excitons confined in InAs QDs on planar GaAs(110) at 9 K. The
intensities are color-coded according to the scale bar on the right. Angles of 0 and 90° correspond to light polarized along the [001] and [110]
directions, respectively. (b) Polar plot of the total intensity of the transitions between 1.28 and 1.30 eV (squares) as a function of the polarization
angle. The solid line is a fit, indicating that the QD emission is polarized linearly along the [110] direction with a polarization ratio p = —0.68.
The triangles represent the PL intensity from the GaAs substrate reflecting the polarization of the setup.

direction perpendicular to the surface. Assuming that d is equal
for QDs in the planar and nanowire samples, this result yields
h = 2.5 nm, in good agreement with the result of the atom
force microscopy study of uncapped QDs in Ref. [12].

Together with the similar transition energies [Figs. 3(b)
and 3(d)], the magneto-PL measurements in Fig. 4 imply that
the QDs in the planar and nanowire samples are of similar
shape and size. Hence, we suggest that the different character
of the biexciton state in these samples is not only related to
the size of the QD, but also to the strain state. In fact, strain
results in piezoelectric fields in the (110) plane of the QD [14]
and, depending on the magnitude of these built-in fields, the
binding energy of biexcitons in (In,Ga)As(110) QDs can be
positive or negative [36]. Moreover, it has been predicted that
the exact strain state in an InAs QD on a {110} nanowire
sidewall differs from that of a QD on planar GaAs(110). In
the former case, the substrate is rigid and both the WL and
the QD base are in perfect registry with the unstrained GaAs
lattice. In the latter, however, the nanowire geometry results
in enhanced elastic strain relaxation in all three dimensions.
It is thus expected that the strain state of QDs in nanowires
will differ from that of QDs on planar GaAs(110) [37]. In
particular, since the core and shell materials assume the same
lattice constant along the nanowire axis, they both experience
a uniaxial strain. Since the NW strain state depends on the
entire structure, tuning the strain by adjusting the nanowire
core-shell structure could provide a way to tune the biexciton
binding energy. This feature could, for instance, allow one
to fabricate QDs with zero biexciton binding energy, which
would be suitable for the generation of pairs of entangled
photons [38].

As mentioned in the introduction, the growth of InAs
QDs on GaAs(110) rather than on GaAs(001) has profound
consequences resulting from the inequivalent [110] and [001]
in-plane directions of InAs(110). In contrast to the Cy,
symmetry of InAs QDs on GaAs(001), these inequivalent
directions result in a C, symmetry with the (110) plane
acting as a reflection plane [14]. Theoretically, the bright
exciton states in InAs(110) QDs are expected to exhibit a

comparatively large anisotropic exchange splitting, and the
corresponding transitions should be polarized along the [110]
and [001] directions [14]. Figure 5(a) shows the polarization
dependence of the transitions from several QDs on planar
GaAs(110) between 1.28 and 1.30 eV. This measurement was
carried out at zero magnetic field and with an excitation power
low enough to ensure that most transitions arise from the
recombination of neutral excitons. An angle of 0° corresponds
to light polarized along [001]. Evidently, while intense QD
transitions are observed for light polarized along [110], the
signal is too weak for light polarized along [001] to allow
a reliable measurement of the anisotropic exchange splitting
between the two bright exciton states. We note that such
a measurement would be even more complex for QDs in
nanowires, since the nanowire geometry leads to an antenna
effect that results in different extraction efficiencies for light
polarized along the [110] and [001] directions [17].

The strong intensity difference between the bright exciton
states for [110] and [001] polarization visible in Fig. 5(a) could
arise from an anisotropic exchange splitting for InAs(110)
QDs that is so large that only the state at lower energy is
occupied at low temperatures [39]. This explanation can be
safely excluded here. As shown in Fig. 4(a), the energies of
the exciton bright states for the planar sample follow a clear
parabolic dependence for fields larger than about 2 T. In other
words, the Zeeman splitting of the exciton bright states at 2 T
is much larger than their anisotropic exchange splitting. Using
|g| = 2.8 [Fig. 4(a)], we estimate that the anisotropic exchange
splitting for InAs(110) QDs is smaller than 100 peV.

Using atomistic calculations, Singh and Bester [ 14] showed
that the strain in InAs(110) QDs may lead to a mixing between
heavy-hole and light-hole states. In contrast to InAs(001) QDs
with a C,, symmetry, the mixing is strong for the [110]
orientation since heavy and light holes belong to the same
irreducible representation for the C; point group. As a result
of this mixing, the PL signal from excitons in InAs(110)
QDs may be linearly polarized. To obtain the polarization
degree for the bright excitons in our InAs QDs on planar
GaAs(110), we plot in Fig. 5(b) the polarization dependence
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of the intensity summed over all QDs emitting between 1.28
and 1.30 eV in Fig. 5(a). For comparison, we also show the
polarization dependence of the near band edge emission from
the GaAs substrate, which should be entirely unpolarized [40].
Evidently, the polarization dependence of our setup can be
neglected for the present analysis. The QD PL signal is clearly
linearly polarized along [110], in agreement with the data in
Fig. 5(a). With the degree of linear polarization p = (loo; —
I119)/(loo1 + I110), where Igo; and I47, are the PL intensities
for light polarized along [001] and [110], respectively, we
obtain p = —0.68 as the average polarization for QDs emitting
between 1.28 and 1.30 eV. This polarization degree is not
only opposite in sign compared to that computed for InAs
QDs on GaAs(110) by Singh and Bester [14] (o = 0.35), but
also significantly larger. Apparently, the much smaller base
diameter of our InAs QDs [cf. Fig. 4(c)] in comparison to
the 25 nm diameter considered in Ref. [14] enhances the
heavy-hole/light-hole mixing and thus amplifies the associated
polarization of the bright exciton state. In any case, the
findings in Fig. 5 demonstrate the possibility of fabricating
linearly polarized single photon emitters with a deterministic
polarization axis determined by the crystallographic axes.

IV. SUMMARY AND CONCLUSIONS

We have studied the fine structure of excitons confined in
InAs(110) QDs grown by molecular beam epitaxy. Employing
a morphological instability induced by the surfactant Bi, these
QDs form on planar GaAs(110) as well as on the {110} sidewall
facets of GaAs nanowires. Light emission associated with the
radiative decay of excitons in the QDs has been observed in
PL spectra between 1.1 and 1.42 eV. From magneto-PL exper-
iments, we have shown that the strong confinement axis is the
[110] direction normal to the surface, and we have estimated
that the smallest QDs have a height of about 2.5 nm. Despite
their reduced symmetry compared to InAs QDs grown on
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(001) or (111) surfaces, these QDs constitute a versatile system
for quantum optics applications in the near infrared spectral
range. First, the binding energy of biexcitons in (110) InAs
QDs not only depends on the dimensions of the QD, but also
on the strength of the piezoelectric fields in the (110) plane.
We have observed biexcitons with positive as well as negative
binding energies, suggesting that one could produce QDs with
zero biexciton binding energy by tuning the QD shape and
strain state. As a practical means for tuning the strain, we
propose to vary the thickness of the GaAs core and outer-shell
of GaAs/InAs core-multishells nanowires. Alternatively, color
coincidence between exciton and biexciton emission could be
achieved by mechanically driving the nanowire, as reported
previously in Refs. [41,42] for (In,Ga)As(100) QDs. Despite
a nonzero anisotropic exchange splitting, such QDs could be
used as entangled photon pairs emitter via the time reordering
scheme [38]. Furthermore, the strain in the (110) plane mixes
the heavy- and light-hole states. As a result of this mixing,
the PL signal of InAs QDs is polarized along the [110] or the
[001] direction, depending on the exact shape and In content
of the QD. We anticipate that a careful tuning of the QD
strain state will make it possible to achieve QD PL with a
linear polarization degree close to one [43]. Such QDs, with
a high degree of linear polarization along a well-defined axis,
would open the possibility to generate linearly polarized single
photons, which is of interest for applications in quantum key
distribution [44].
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