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Manipulating the optical landscape of single
quantum dots (QDs) is essential to increase the emitted
photon output, enhancing their performance as chemical
sensors and single-photon sources. Micro-optical structures
are typically used for this task, with the drawback of a large size
compared to the embedded single emitters. Nanophotonic
architectures hold the promise to modify dramatically the
emission properties of QDs, boosting light—matter interactions
at the nanoscale, in ultracompact devices. Here, we investigate
the interplay between gallium arsenide (GaAs) single QDs and
aluminum gallium arsenide (AlGaAs) nanostructures, capitaliz-
ing on the Kerker condition for precise control of the QD
emission directivity. An extensive analysis of the photo-
luminescence spectra of several QDs embedded in nanodisks revealed a pronounced directivity enhancement due to the
Kerker effect, confirmed by theoretical simulations, resulting in a 14-fold increase of emitted intensity. Angle-resolved
spectroscopy experiments also proved that the integration of GaAs QDs within nanostructures determines a precise angled
emission, offering a distinctive avenue for manipulating the spatial characteristics of emitted light by exploiting Mie
resonances. This work contributes to the optimization of QD integration in nanostructures and suggests potential
improvements for applications in optical communications.

Mie resonances, quantum dots, Kerker condition, microphotoluminescence, Fourier imaging

maximize the overall photon extraction efficiency, keeping a

The convergence of quantum optics and nanophotonics has high degree of single-photon indistinguishability (up to 99%).°

sparked countless innovations and discoveries, propelling the Gate-tunable open microcavities,6 rnicropillars,7_9 and pho-
field toward unprecedented precision in the control of light— tonic crystal waveguides'’™"* are among the best structures
matter interactions at the nanoscale. Quantum dots (QDs), as used for optimized QD-based single-photon sources, reaching
versatile single-photon emitters, have become a fundamental end-to-end photon generation efficiencies exceeding $0%.°

building block for photonic quantum information, communi-
cation, and sensing technologies." However, to fully exploit
their quantum nature, researchers are increasingly focused on
overcoming inherent challenges, such as the effective control
and manipulation of QD emission.”” To this aim, it is of key
importance to engineer the photonic landscape around the QD
on a nano- or microscale, channeling the emitted photons into
highly directional optical modes and out-coupling them for
external use in quantum computation and communication.”
Several micro-optical architectures have been proposed to

Photonic nanostructures further expand the possibilities to
shape the light—emitter interactions acting on the local
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Figure 1. (a) Scanning electron microscopy (SEM) image of fabricated nanodisks after all fabrication processes. Due to the low density and
nanometric size of QDs, it is not possible to visualize their presence in a high-resolution SEM image. (b) Calculated normalized scattering
cross section as a function of the wavelength and dipole height. The black dashed lines indicate the two considered QD positions, as
schematically illustrated by the two insets with the sketch of the QD-loaded nanodisks of series TOP and BOTTOM. (c) Calculated ratio
between the far field radiated toward air and the substrate (F/B ratio) as a function of the wavelength and dipole height. The white dotted

lines highlight the high directivity regions.

electromagnetic environment of the QD at the nanoscale, with
the additional advantage of shrinking the size of the device to
the submicrometer scale, useful for on-chip integration.

In this context, the Kerker condition has risen to
prominence as a valid tool for manipulating the electro-
magnetic landscape within nanostructures'*'® and at micro-
wave frequencies.'® Originally conceived for the control of
classical light scattering, the Kerker condition has been recently
predicted to be extremely useful in the quantum domain also."”
This innovative paradigm introduces a promising route toward
controlling emission directions from QDs by strategically
integrating them with optical nanostructures. The Kerker
effect, characterized by a significant asymmetry in forward-to-
backward electromagnetic scattering, is a fundamental and
versatile physical mechanism for directing the scattering of an
electromagnetic plane wave using Mie resonant particles. This
unidirectional scattering mechanism is based on the interfer-
ence of electromagnetic multipolar moments induced in the
Mie scatterers.” Thus, by optimizing the excited multipoles in
the nanostructure, it is possible to obtain zero-back scattering
or zero-forward scattering conditions. While the Kerker
condition has been extended to higher-order multipoles, the
case of the most immediate practical realization is the one that
involves the electric dipole (ED) and magnetic dipole (MD)
resonances.' " When these two multipoles have the same
amplitude and zero phase difference, we can obtain a Kerker-
type emission in the forward direction (first Kerker condition),
whereas if the phase difference is #, the radiation is in the
backward direction (second Kerker condition).”" A moderately
high forward-to-backward scattering ratio can be achieved
under the first Kerker condition. Let us underline that the first
experimental demonstration of zero backscattering due to
Kerker conditions in nanoantennas was reported in ref 18 for a
regular arrays of GaAs pillar structures obtained by reactive ion
etching synthesis procedure.

All-dielectric nanostructures showed a wide range of
applications concerning the optimization of their radiation
emission both in isolated and metasurface configurations.”*~>*
By manipulating the scattering properties of dielectric
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nanoparticles, researchers theoretically proposed to sculpt the
emission characteristics of QDs with unprecedented preci-
sion.”! However, there are only few experimental results
showing the interaction of quantum sources with dielectric
nanoantennas.”” > For instance, in ref 34, the authors report a
soft-stamping method to selectively print a layer of QDs on top
of an array of silicon nanodisks to accurately control the QD
emission shape through engineered coupling of the QDs to the
Mie resonances supported by the dielectric nanocylinders,
demonstrating a 10-fold increase in the upward direction.
Here, we test both theoretically and experimentally the
behavior of a few GaAs-based QDs working as quantum
emitters embedded within AlGaAs dielectric nanoresonators
and exploit the Kerker condition to modify the emission
directivity based on the position of the QDs within the
nanodisks. By employing a novel fabrication method, we create
AlGaAs nanodisks on a AlO, transparent layer with a low
number of QDs (about 8—12 dots for the cylinder) located at
two different heights within the pillar, which correspond to
forward and backward scattering Kerker conditions. Angle-
resolved photoluminescence (PL) spectroscopy reveals a
strong dependence of the angular emission pattern on the
position of the QDs within the base area of the pillar.
Performing a statistical analysis on more than 150 QDs, we
observe a dramatic enhancement of the PL intensity by more
than 1 order of magnitude when the emitters reside close to
the top of the nanodisks, demonstrating the efficacy of the
Kerker effect. The integration of QDs with nanostructures
leveraging the Kerker condition not only advances our
fundamental understanding of light—matter interactions but
also opens pathways to practical applications, from quantum
information processing to advanced sensing technologies.

RESULTS AND DISCUSSION

Numerical Simulation. In order to emulate the scattering
behavior of the proposed active photonic system, we
performed finite-element simulations in Comsol Multiphysics.
In the numerical study, we consider an AlGaAs cylinder with a
radius of 110 nm and a height of 175 nm on a low refractive

https://doi.org/10.1021/acsnano.4c13327
ACS Nano 2025, 19, 3500—3509

920z Jequiydas f| uo Jesn OWYITVd 1A 1ANLS 1193A AINN Aq Jpd° L2€€ L OpUL/69EG2ZT/00SE/€/6 1 /4Pd-8oie/goEOUE/BI0 SOR SGNd WO} papeojumoQ


https://pubs.acs.org/doi/10.1021/acsnano.4c13327?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c13327?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c13327?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c13327?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c13327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acshano.org
a b
(@) q — d=0nm (b)
b 4 0 — d=20nm 0° [
2 — d =40 nm
—— d=60nm
— d =80 nm
= d =100 nm

Figure 2. Calculated radiation pattern in the air region as a function of the QD displacement along the x (left panels) or y axis (right panels)
for the two reference heights of series TOP (a, b) and BOTTOM (c, d) highlighted by the insets. The gray area indicates the region outside

the NA used in the experiment.

index (n = 1.6) substrate. For the dispersion of AlGaAs, we
consider the permittivity values as in ref 35. The QD source is
modeled as a point-like x-polarized electric dipole positioned
at the center of the cylinder at different heights (see insets of
Figure la). From our simulations, we choose two different
vertical positions for the QDs to better satisfy the Kerker
condition in the fabricated nanodisks, named series TOP and
series BOTTOM. In order to find such values, we performed a
parametric study as a function of both the QD vertical position
and the emission wavelength. The obtained wavelength and
position-dependent scattering cross section are shown in
Figure 1b. The graph highlights three zones of maximum
emission that correspond to the excitation of the ED and MD
resonance modes in the AlGaAs cylinder. The dashed black
lines indicate the QD positions at which the amplitudes of ED
and MD are the same at a wavelength of 760 nm,
corresponding to the fabricated series TOP and BOTTOM.
It should be noted that the excitation of these resonances is not
perfectly symmetrical with respect to the variation in the height
position of the QD due to the presence of the substrate
underneath the cylinder. The ideal Kerker condition is
achieved when the ED and MD have the same amplitude
and zero or 7 rad phase difference to reach the unidirectional
emission toward the air or substrate region, respectively. As
reported in ref 21, the performance in terms of emission
directivity can be expressed by a front-to-back (F/B) ratio,
defined as the ratio between the magnitude of the electric far
field at @ = 0 rad and at 6 = 7 rad, where 0 is defined as in the
reference system of Figure 1. In particular, Figure lc shows
that when the QD is positioned at a height of about 120 nm
(series TOP) from the base of the cylinder, the F/B ratio is
maximum, while it is minimum when the position of the QD is
40 nm (series BOTTOM) around the wavelength of 760 nm.
These preliminary simulations confirm how it is possible,
depending on the QD vertical position, to engineer the
emission from the nanostructure by almost fulfilling the first
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Kerker condition. In particular, for positions of the QD around
120 nm in height, the light radiation is redirected mainly
toward the air region (i.e, ED & MD), while for heights of
around 40 nm, the emission is mainly directed toward the
substrate (i.e., ED &% —MD). Furthermore, in the simulations,
we also considered the more realistic case of a finite thickness
(equal to 1 um) for the AlO, substrate with an underlying
GaAs layer. For the latter case, the emission properties do not
undergo notable variations with respect to the case of a single
AlO, layer; therefore, we considered in the subsequent
numerical analysis the less time-consuming computational
case of the semi-infinite AlO, substrate only. We also
numerically evaluate the Purcell factor (PF) from our platform
under Kerker conditions. The PF reaches a value close to 3.5
for the bottom height QD around an incident wavelength of
760 nm. Let us point out that for the proposed design, we are
working in the Kerker regime, where both the ED and MD
resonances are equally excited but not at their maximum. For
instance, the PF values at the exact ED and MD reach 4.7 and
6.4, respectively. Therefore, our platform has a PF that is lower
than the one reported in state-of-the-art papers.”®*” This is
mainly due to the modest field enhancement factors achievable
in our fully dielectric structures when working around low
quality factor (QF) resonances, such as ED and MD. To boost
the electromagnetic concentration, one may consider the
interaction with higher QF resonances; however, this may
complicate the design, especially the fulfillment of the Kerker
condition. Therefore, we limit ourselves to the dipolar mode
interaction. However, differently from ref 36, the proposed
structure is not affected by ohmic losses since no metallic
elements are used. Thus, it is potentially suited to attain a
system quantum efficiency, defined as the ratio of radiative
power to total dissipated power, equal to the one of the
isolated emitters.

In addition, we analyze how the position of the QD within
the base area of the nanodisk influences the radiation in terms
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Figure 3. (a) Representation of the fabrication steps starting from the MBE growth, EBL and RIE processes, and finally selective oxidation
treatment. (b) SEM tilted view image of patterned cylinders, whose radius changes every line thanks to the optimized lithographic tuning.
(c) High-resolution SEM image of a single AlGaAs cylinder, inside which are placed a few GaAs QDs, positioned above the oxidized AlO,

layer.

of scattered power and emission directivity. For the two
reference heights (120 and 40 nm for series TOP and
BOTTOM, respectively), we evaluated the emission variation
of the scattered light from our platform as a function of the
offset of the QD, along the x or y axis, with respect to the axis
of the nanoresonator (additional results for randomly
distributed QDs are reported in the Supporting Information).
The results of this study are depicted in the polar plots of
Figure 2, where the gray shaded areas represent the angular
range outside the numerical aperture (NA) of the objective
used in the experiments, equal to 0.5. In particular, for the
TOP series, when the QD is moved along the x axis from the
center (Figure 2a), a slightly angled radiation pattern is
observed, with a maximum emission that goes from the vertical
direction (6 = 0 rad) up to approximately 6 = 7/4 rad when
the QD is close to the border of the cylinder. Instead, moving
the QD along the y direction degrades the unidirectional
emission, and for d > 70 nm, the emission side lobes become
predominant (Figure 2b). This behavior is due to the
excitation of higher-order modes in the cylinder. For the QD
in series BOTTOM, minor lobes are emitted into the air
region since the main emission is radiated toward the substrate
(Figure 2¢,d).!

Fabrication. The investigated nanostructures are fabricated
by a combination of molecular beam epitaxy (MBE), electron
beam lithography (EBL), inductively coupled plasma reactive
ion etching (ICP-RIE), and local oxidation thermal processes.
A schematic of the sample structures is shown in Figure 3a.

The samples are grown in a conventional MBE system on
GaAs(001). The growths are performed using a valved cell for
the optimal control of the As, flow and monitored by in situ
reflection high-energy electron diffraction (RHEED). After the
oxide desorption in an As atmosphere at 580 °C, an atomically
smooth surface is prepared by growing a ~250 nm thick GaAs
buffer layer with a rate of 0.5 monolayer (ML)/s. Then, a 1 yum
thick AlAs film is deposited at T = 620 °C with a rate of 0.5
ML/s. This structure stack is identical for the two growth
series (indicated as TOP and BOTTOM) and, following a
selective external oxidation process, is used for optical
insulation. At the same temperature, an AlGaAs layer with
an 18% Al content of 40 nm (series BOTTOM) or 115 nm
(series TOP) is deposited. On top of the AlGaAs structure, a

3503

layer of self-assembled QDs is deposited using the droplet
epitaxy (DE) technique,”® which permits the fabrication of
strain-free®” and strained™® III-V QDs with high control of
size*' and symmetry."” The DE is a two-step growth process,
which consists of (1) the formation of tiny droplets of group
III metal by irradiation of the metal on the substrate surface in
the absence of As and (2) annealing of the droplets in an As
atmosphere to convert them in three-dimensional nanois-
lands.” For the DE step, the substrate temperature is
decreased to 170 °C, and the As valve is closed at 420 °C in
order to deplete the growth chamber of the As molecules. The
RHEED pattern shows a c(4 X 4) surface reconstruction. Ga
adatoms are deposited on the AlGaAs surface at a temperature
of 170 °C with a flow of 0.1 ML/s. By this condition, we
expect to have a QD density of about 400 droplets per square
micron. The first monolayer of Ga, interacting with the As-rich
c(4 X 4) reconstructed surface, establishes a Ga-stabilized (3 X
6) reconstruction.** The droplets are subsequently formed by
the remaining Ga atoms. In total, 2.5 MLs of Ga were
deposited and self-assembled in droplets. Then, the Ga
droplets are exposed to an As beam equivalent pressure of S
X 107° Torr at 170 °C for 3 min to crystallize them into GaAs
nanoislands.” Subsequently, the nanocrystals undergo a flash
procedure consisting of 10 min at 380 °C in an As pressure of
4 X 107 Torr. The GaAs dots are then covered by 30 MLs of
AlGaAs (~8 nm) by migration-enhanced epitaxy.” Finally, the
temperature is increased up to 620 °C, and AlGaAs alloys with
18% Al are deposited on top of the QD layer to reach a total
thickness of 175 nm. Both structures (TOP and BOTTOM
series) are capped with ~5 nm of GaAs to prevent the
oxidation process. The EBL is carried out in order to define
circular structures with radii varying from 80 to 140 nm. A
double layer of poly(methyl methacrylate) (PMMA) diluted in
chlorobenzene, respectively, at 3.5 and 1.5% is employed. The
dose used at 30 kV for the structures is 350 4C/cm? for larger
diameters, increased to 390 u/cm?® for smaller ones. After
exposure, PMMA is developed for 90 s in a diluted solution of
methyl isobutyl ketone and isopropanol in a 1:3 ratio to obtain
well-defined profiles.*® The pattern is transferred down to the
bottom AlAs by nonselective ICP-RIE with SiCl,:Ar chemical
treatment. The etching depth of 175 nm for both series is
controlled by laser interferometry, defining the AlGaAs
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Figure 4. PL spectra collected from single nanodisks for different patterned areas in the TOP series. Nanodisks with different radii are
analyzed, showing PL signals of different intensities and peak positions, mainly due to the slightly different dimension of QDs present in the

cylinder and their position with respect of the cylinder axis.

nanocylinders. The AlAs layer is then thermally oxidized into
AlO,, resulting in an optical confinement in the active layer
because of the refractive index difference between
Al sGaggAs (n ~ 3.3) and AlO, (n =~ 1.6)."” The selective
oxidation of the Al-rich layers is performed in water vapor at a
temperature of 300 °C, which leads to the formation of
aluminum oxide.”® Using nanolithographic tuning, cylinders
with radii just a few nanometers apart are realized, covering
surfaces of over 100 square micrometers and periods of 3 ym
(Figure 3b). The optimization of the dry etching process is
visible in the high-resolution SEM image of a single cylinder,
where lateral etching imperfections are negligible (Figure 3c).
More details on the materials used in the fabrication process
can be found in the Materials and Methods section.
Spectroscopy Experiments. To investigate the directivity
and the angular emission pattern of the QDs embedded in the
nanodisks, we performed PL spectroscopy both in real space
and in Fourier space (k-space) at 8 K using a custom-made
microscopy setup, equipped with a 50X objective lens (NA:
0.5) and a 630 nm CW laser for excitation (see more details in
the Materials and Methods section and Supporting Informa-
tion). Low-temperature PL is necessary to achieve efficient
emission from GaAs/AlGaAs QDs since the exciton binding
energy is <10 meV.” In fact, we could not detect any
appreciable PL signal from the QDs at room temperature. Four
PL spectra measured in real space, exemplary for the QD
emission in a series of cylinders with different radii, are
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reported in Figure 4. Each PL spectrum shows a few peaks due
to the emission of single QDs. The single-photon emission
properties of our QDs were tested by performing second-order
correlation g2 measurements on narrow PL lines, which
showed moderate antibunching (see the Supporting Informa-
tion for more details). The different emission energies depend
on the slightly different sizes of the QDs and their positions
relative to the center of the cylinder. The QDs embedded
closer to the walls have lower PL intensity compared to QDs
positioned in the center due to nonradiative recombination
processes. We use k-space spectroscopy since it allows us to
easily characterize both the spectrum and the angular pattern
of the light emitted/transmitted/reflected from optical micro-
and nanostructures and metasurfaces in an angular range
within the NA of the objective.”” In our setup, the PL emitted
from the sample is collected by the excitation objective and
sent to a spectrometer equipped with a CCD camera. By
adding a Fourier lens in the detection path of the microscope,
we image the back focal plane of the objective lens, defined as
the plane normal to the optical axis of the lens situated at a
focal distance behind the objective. On this plane, every point
corresponds to a specific value of the incoming light
wavevector k, proportional to the angle of light rays measured
from the lens axis. Given the NA of our objective, the detected
angular field of view (FOV) spans from 0 to 30°. By closing
the slit of the spectrometer, we select just a vertical slice of the
Fourier-plane image, which is then diffracted by grating of the
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Figure S. (a, b) PL k-space maps showing the emission lines of nanodisks with QDs in series TOP (a) and BOTTOM (b). (¢, d) Horizontal
cross sections of panels (a) and (b) taken at PL peak wavelengths of the QDs showing the angular emission pattern. (e, f) Vertical cross
sections of panels (a) and (b) showing the PL spectra at different angles, at 0° (e) and 25° (f).

spectrometer (Figure S1). This results in a map of PL intensity
as a function of ¢, and wavelength, recorded by the camera.

Figure Sa,b shows the PL maps as a function of angle and
wavelength recorded for two nanodisks, one for the TOP series
(a) and one for the BOTTOM series (b). It can be noticed
that the intensity of the QD emission varies as a function of the
angle. This trend is better represented in Figure Sc,d, which
shows horizontal cross sections of the maps in Figure 5ab
taken at the peak wavelength of the main emission lines. The
abrupt changes in intensity visible in the curves are attributed
to small defects in the optical elements used in the setup. It can
be seen that, even inside the same nanodisk, the emission
follows different angular patterns for different QDs, increasing
or decreasing in intensity with the angle. Figure Sef shows
vertical cross sections of the maps in Figure Sa,b taken at 0 and
25°, where the difference in intensity between the QD
emission lines can be appreciated more clearly. On the other
hand, the QD spectral shape shows negligible variations by
changing the angle. Comparing these results with the
simulations in Figure 2, we argue that an increase of emission
at higher angles can be related to QDs positioned closer to the
edge of the nanodisks, e.g, the QD emitting at 732 nm in
Figure Sa,c,e. Therefore, angle-resolved PL emission spectros-
copy can help to discern the position of single QDs within the
base area of each nanodisk, which cannot be controlled at the
fabrication level and is very difficult to characterize without
using more complex and often invasive techniques.

We performed a statistical analysis of the collected PL
spectra in real and Fourier space on several nanocylinders with
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different radii and with QDs positioned at the top and at the
bottom. Figure 6a shows the distribution of the PL peak
intensities as a function of the peak wavelength for more than
150 QD emission lines extracted from the PL real-space
measurements on nanodisks of series TOP and series
BOTTOM (red and blue dots in Figure 6a, respectively)
with different radii. Although the intensity distribution is quite
broad for both the series, the QDs in series TOP are clearly
brighter than the ones in series BOTTOM. In fact, the
calculated average intensity of all the QDs in the former series
Ito

e o 7.1) than in

< Thottom

the latter (dashed lines in Figure 6a). By moving away from the
Kerker condition, around 725 nm, for example, this statement
still holds in part; in fact, while the series TOP QDs are still
brighter than the bottom one, the ratio between the average PL
intensity is lower than the ratio calculated considering the

<y >
—2— = 48).

< Ibonom >

is about 1 order of magnitude higher (

whole emission spectral range (

We compare these results with the simulated scattered
power for the TOP and BOTTOM series, as a function of the
distance of the QD from the central axis of the pillar (Figure
6b). Interestingly, even by moving the QD from the center of
the nanodisk up to 40 nm (both along the x or y direction), the
scattered power of series TOP is always more than an order of
magnitude higher compared to series BOTTOM, as a
consequence of the Kerker effect. This represents an indication
that the QDs positioned around the center of the nanodisk,
when placed at the designated heights, may have a good
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Figure 6. (a) QD PL peak intensity as a function of the peak wavelength extracted from the real-space PL measurements for both the series
(red dots: series TOP; blue dots: series BOTTOM). The dashed lines refer to the averaged PL intensity for the two series. (b) Simulations of
the scattered power of the QDs as a function of the displacement from the center of the nanodisk for the series with QDs on top (dashed
lines) and at the bottom (solid lines). (c) Histograms of the angular barycenter calculated for every QD emission pattern taken from the k-
space measurements. The black vertical line is at half of the angular FOV. For series TOP (red columns), the distribution peaks between 14
and 15°, while for series BOTTOM (blue columns), the distribution is shifted between 12 and 13°. (d) Average PL peak intensity of QDs as
a function of the nanodisk radius for the TOP and BOTTOM series (red and blue squares). The error bars are the standard deviations
extracted from the statistics. Inset: Simulated and experimental PR versus the nanodisk radius.

coupling with the ED and MD resonances and consequently a
Kerker-like emission.

For every measured QD angular emission pattern, taken
from the horizontal cross section of the PL Fourier maps at the
QD peak wavelengths, e.g., Figure 5c,d, we calculated the
weighted averaged angle (or angular barycentre), defined as
the product between the PL intensity at each angle and the
emission angle, divided by the total PL intensity emitted over
the spanned angular range. In the sample with the QDs on top
(red histogram in Figure 6c), the distribution shows a
maximum between 14 and 15° at roughly half of the total
angular FOV (30°). On the other hand, for the sample with
the QDs at the bottom (blue histogram in Figure 6c), the
distribution peak is shifted closer to the normal direction
between 12 and 13°, suggesting a QD emission directionality
more pronounced toward small angles in the latter
configuration. This behavior is due to the nonsymmetric QD
distribution inside the nanocylinder. The QDs are placed
randomly across the base area of the nanodisks and, according
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to our simulations in Figure 2, the maximum of the emission
inside the NA is found to be close to zero angle in series
BOTTOM even for large displacements along the x axis.
Therefore, for off-centered QDs, the emission is expected to be
distributed over smaller angles for series BOTTOM compared
to series TOP (see, for instance, the green and black curves of
Figure 2), still resulting in a much higher overall scattered
power in the latter sample.

Figure 6d plots the average PL intensity of the two series as
a function of the nanodisk radius. Regardless of the radius
dimension, the PL peak intensity in the TOP series is always
much higher than when the QDs are located at the bottom.
The maximum power ratio (PR), defined as the average PL
intensity of series TOP divided by the one of the BOTTOM
series, is about 14 for radii between 95 and 105 nm, where the
Kerker condition is most effective.

To further validate the measurements, we numerically
computed the PR as the scattered power for the QD at the
top position in a NA equal to 0.5 divided by the scattered
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power for the QD at the bottom position in the same NA as a
function of the AlGaAs pillar radius (see the inset of Figure
6d). The maximum theoretical PR is reached for a radius of
110 nm, with a value very close to the experimental one. We
underline that this small geometrical mismatch with respect to
the nominal value of the AlGaAs pillar radius is completely
within the fabrication tolerance inaccuracy for such structures.

CONCLUSIONS

In this work, we have shown how the integration of GaAs QDs
in AlGaAs nanostructures can be used for manipulating the
emitted light by exploiting the Mie resonances sustained inside
the AlGaAs volume for a strong enhancement of the
outcoupled PL. After presenting the theoretical background,
we fabricated the optimized structures based on numerical
simulations and measured their emission properties. Changing
the vertical position of the dots by just 80 nm, we found a
dramatic increase in the PL directivity from QDs in forward
versus backward scattering Kerker conditions. Moreover, we
have shown how small variations in the QD position within the
nanodisk can substantially modify the angular emission
pattern. The experimental results align very well with the
theoretical computations. Our results may open new routes for
light emission control in single emitters with possible
applications in integrated optics, communication, and sensing.
The interaction between QDs and optical nanostructures,
guided by the principles of the Kerker condition, has the
potential to boost QD emission in the dynamic interplay
between light and matter on the nanoscale.

MATERIALS AND METHODS

For nanofabrication, we used a GaAs epi-ready undoped single wafer,
(110) + 0.1°, with a resistivity of 107 Q — cm, purchased from AXT
company. For the double PMMA layer used in the EBL step, we used
ARP 642.04 (200 K) for the first layer and ARP 672.02 (950 K) for
the second film. After exposure, a thin SiO, film (about 30 nm) was
deposited on the exposed circular areas and used as a mask during the
subsequent etching process.

To perform PL measurements, we employed a custom-made
microscopy setup. We excited the samples using a 630 nm CW laser,
delivered to a SOX objective lens (NA: 0.5). The sample was placed in
a closed loop He cryostat reaching 8 K. The sample’s emission was
collected in back reflection. We used a standard tube lens for real-
space measurements or an additional Fourier lens for Fourier-space
measurements. The PL spectra and images were recorded using a
spectrometer and a CCD camera. More details can be found in the
Supporting Information.
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