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Abstract: Dewetted, SiGe nanoparticles have been successfully exploited for light management
in the visible and near-infrared, although their scattering properties have been so far only
qualitatively studied. Here, we demonstrate that the Mie resonances sustained by a SiGe-based
nanoantenna under tilted illumination, can generate radiation patterns in different directions. We
introduce a novel dark-field microscopy setup that exploits the movement of the nanoantenna
under the objective lens to spectrally isolate Mie resonances contribution to the total scattering
cross-section during the same measurement. The knowledge of islands’ aspect ratio is then
benchmarked by 3D, anisotropic phase-field simulations and contributes to a correct interpretation
of the experimental data.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

All-dielectric Mie resonators have been widely studied and proposed as a valid alternative
to plasmonic nanoparticles to improve light-matter interaction at the nanoscale [1,2]. Sub-
wavelength optical resonators enable efficient manipulation of electromagnetic fields and can be
used as building blocks for metamaterials and metasurfaces [3–8]. It has been demonstrated,
both theoretically and experimentally, that monocrystalline all-dielectric islands support Mie
resonances that can be tuned by properly scaling the geometrical dimensions of the resonator
[2,9,10], opening new paths for optoelectronic applications [6,7,11]. All-dielectric nanoparticles
can support multiple resonances from electric and magnetic modes of different order, which
in turn allows the observation of different types of generalized Kerker effects [12–15]. This
unidirectional scattering behavior, which is similar to classical antennas, results from constructive
and destructive interference between electric and magnetic modes within the volume of the
nanoparticles. High scattering directivity in combination with a high degree of flexibility for
light direction is desirable for the effective operation of many practical optical devices, like
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for example perfect mirrors or nanoheating devices [16–18], and systems that can be used for
optical nanocircuitry and sensing. For this purpose, several designs, such as V-shaped antenna
and asymmetric dimer configuration, have been recently proposed [19–21]. Also in plasmonics,
light scattering directionality has already been exploited to improve spectroscopic performances
[22,23].

Here we demonstrate that, when light is tilted with respect to the axis normal to the nanoislands,
different modes sustained by a SiGe-based nanoantenna with a simple and symmetric shape
translate into radiation scattered in different directions. We developed an approach that is
complementary to more conventional, back focal plane spectroscopy [15,24–26] that usually
aims at imaging the Fourier space through a selection of wavevectors k. In our work, we exploit
the scanning of the sample below the collection objective lens of a dark-field microscope under
tilted illumination to obtain a different type of data. The collection objective lens collects
a spectrum in every position of the sample. The hyperspectral set of data allows us, in one
measurement, to spectrally isolate the different contributions of each Mie resonance to the
total scattering cross section in a single SiGe island. So far, this result has been achieved by
changing the polarization of the illumination source and hence by performing two separate
measurements [27–29]. Notably, our method reveals that important information could be lost in
conventional/custom-built dark-field setups operating with tilted illumination when the scattering
cross sections of a scatterer is assessed through the acquisition of a single spectrum.

The dielectric monocrystalline, atomically smooth nanoantennas analyzed in this work are
realized via solid- state dewetting, by exploiting the natural instability of thin films to form a
variety of nanostructures with high fidelity over hundreds of repetitions and extremely large
scales [8,30–33]. This method has emerged among several alternatives as one of the most
convenient approaches thanks to its scalability [30,34] and the possibility to form ordered [31,35]
and disordered structures [32] via self-assembly. In order to compare the experimental data with
theoretical predictions, we performed 3D phase-field simulations that account for the correct
equilibrium shape of the SiGe dewetted islands and thus for the islands’ vertical aspect ratio (AR),
that strongly affects the spectral positions of the detected resonances.

2. Methods and materials

2.1. Fabrication

Our samples consist of arrays of Si0.7Ge0.3 nanoislands obtained through a hybrid top-down/bottom-
up approach based on the natural morphological evolution of thin solid films. The initial thickness
of the top Si0.7Ge0.3 film is 26 nm, deposited over a monocrystalline, (001)-oriented, silicon- on
insulator (SOI) wafer with a device thickness of 7 nm and a buried SiO2 layer of 25 nm. Squared
Si0.7Ge0.3 patches with initial aspect ratio AR0 = h(t)/R(t)|t=0 (with h(0) the film thickness and R
half of the patch dimension along the [110] direction) are fabricated by means of electron beam
lithography (EBL) and reactive ion etching (RIE); upon annealing, they undergo a solid-state
dewetting process forming self-assembled monocrystalline faceted islands [35,36]. Details on
the fabrication process can be found in Supplement 1 (section S1a). The SEM images, reported
in Figs. 1(a)–(c), show different realizations of the same SiGe system. Experimentally, a final
average aspect ratio AR= 0.6 is measured. The islands exhibit a clear faceting, including in
particular {001}, {113} and {111} facets with junctions and connections to the substrate that
may be ascribed to higher index facets (Fig. 1(a)–(c)), compatible with the highest aspect-ratio
shapes observed in SiGe islands with respect to pure Si-islands [37,38].

2.2. Simulations

The theoretical assessment of the dewetting process, identifying the main driving forces at
play and reporting on the expected morphologies, is carried out through three-dimensional

https://doi.org/10.6084/m9.figshare.21959753


Research Article Vol. 31, No. 5 / 27 Feb 2023 / Optics Express 9009

Fig. 1. (a) SEM top view image of a single dewetted Si0.7Ge0.3 island. (b) SEM image of
islands acquired with a tilt angle of 45 degrees with respect the sample normal to highlight
the faceting of each scatterer. (c) SEM image of of a single island, where the faceting planes
{001}, {113} and {111} are labelled. (d)-(e) Phase field simulation of solid-state dewetting
of patches (initial aspect ratio AR0=0.2) with morphologies and contact angle compatible
with a barn and cupola shapes [36], respectively. (f) Comparison of aspect ratio over time
[AR(t)] for the evolution in panel (d) and (e), together with the same quantity for phase
field (PF) simulations with isotropic surface energy (left) and corresponding equilibrium
shapes with dashed lines corresponding to the isotropic case (right). (g) AR(t) in the range
AR0∈[0.1;0.2] for both barn (blue) and cupola (red) morphologies.

phase-field (PF) model of surface diffusion [39–41] which proved powerful in reproducing
solid-state dewetting in 3D [31,32,35,42].

We provide a theoretical assessment of the process, crucial to determine the features of Mie
scattering. The surface of the solid phase is described implicitly as a diffused interface among
two phases (solid-vacuum). Crystal faceting is accounted for through a suitable parameterization
of the surface energy density reproducing energetics of Si0.7Ge0.3 surfaces and a regularization
of sharp corners [43,44]. An average contact angle with the substrate is imposed through a
Neumann boundary condition [42,45]. Details are reported in Supplement 1 (S1b).

Light scattering simulations are performed by means of Finite Element Method (FEM) and
Finite Difference Time Domain (FDTD) commercial softwares, respectively Comsol Multiphysics
[46] and Lumerical [47]. FEM simulations are used in order to explore how the Mie resonances
can be tuned by changing AR within the accessible range, while FDTD simulations are exploited
to reproduce the experimental conditions through the use of a broadband tilted illumination
source (Supplement 1, S3).

2.3. Experimental setup

In order to perform the Dark-field Scanning Optical Microscopy (SDOM) experiment we employ
a custom-built setup in which the dark-field condition is achieved by illuminating the islands
with a light source tilted by an angle of 30°, larger than the collection angle of the objective
lens (NA= 0.45), with respect to the axis normal to the substrate. The illumination source is a
supercontinuum laser and the illumination spot has a diameter of approximately 20 µm. The
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objective lens collects the scattered light, that is then fed into a multimode optical fiber of 10 µm
diameter before being dispersed by a monochromator and detected with a Si-based CCD camera.
For more details on the experimental setup see Supplement 1 (S1d). The presence of the 10 µm
core optical fiber in the collection branch acts as a spatial filter, and the corresponding collection
spot has a diameter of ≈ 1 µm. The sample is mounted on a xy piezoelectric stage that allows
to obtain dark-field spatially-resolved maps, collecting a single scattering spectrum for every
position of the nanoantenna.

3. Results and discussion

We begin with the theoretical assessment of the islands’ morphologies obtained by the (solid-state)
dewetting process, and discuss the dependence of Mie resonances on the resulting geometrical
features. According to the faceting observed in experiments (Fig. 1(a)–(c)), we focus, for the
sake of thoroughness, on both morphologies exhibiting {001}, {113} and {111} facets in SiGe
systems, i.e. the shapes called barn and cupola [37], with average contact angles of ∼ 54,7° and
∼ 68°, respectively. The cupola morphology features additional facets such as {322} and {715}
and {12 3 5}, here described through an averaging of facets with similar slopes (see Supplement
1, S1b). The morphological evolution for the considered shapes, owing to their relatively large
AR, proceeds with nucleation and widening of facets from the sides of the initial patch [35]
[Fig. 1(d)–(e)]. Therefore, the process allows for smooth changes of morphological features
by tuning the annealing time and/or annealing temperature. A final aspect ratio, AR∞ 0.46 and
0.65 is achieved for the barn-like and the cupola-like islands, respectively [Fig. 1(f)]. The latter
matches well the experimental results, suggesting a cupola-like morphology for the dewetted
islands [see Fig. 1(c)].

Notice that a shallower shape for the barn with respect to the cupola is expected owing to the
smaller contact angle. In addition, however, the actual AR depends on the faceting, as can be
devised by Fig. 1(f) comparing the results obtained with and without surface energy anisotropy but
same contact angles. We find that a logistic equation AR(t) = [2(1 + e−t/τ)

−1
− 1](AR∞ − AR0)+

AR0 with τ a characteristic time considered here as a fitting parameter, well approximates the
evolution of the AR [Fig. 1(f)], and can be used to calibrate the dewetting process when targeting
a specific shape. This approximation is expected to be less accurate when decreasing AR0 owing
to the onset of other instabilities, such as rims formation and depletion of material from the
center of the patch, i.e., deviation from the increase of aspect ratio of a convex island shape as in
Fig. 1(d)-(e) [35].

Still, in a range of AR0 within 0.1-0.2, similar qualitative evolutions are observed, with different
scaling of the AR in time [Fig. 1(g)]. We can conclude that the dewetted particles having an aspect
ratio of ∼0.6 in the experiments should exhibit a morphology compatible with a cupola-like
faceted shape. Also, such an aspect ratio is very close to the equilibrium one, thus pointing to
highly stable structures with reproducible morphologies obtained via the considered self-assembly
process.

To explore how the Mie resonances can be tuned by changing AR within the accessible range,
we perform FEM simulations of light scattering. Figure 2(a) shows a schematic representation
of a SiGe nanoantenna above a 7 nm thick Si pedestal (visible also in the SEM images of
Fig. 1(a), (b) and (c) and a SiO2 box of 25 nm separating it from the Si-bulk. As shown in the
upper right inset of Fig. 2(a), the nanoantenna is modelled with faceting angles corresponding
to the crystallographic planes observed in the experiments and considered for the phase-field
morphologies. The FEM scattering cross-section of a faceted resonator of radius R = 200 nm is
reported in Fig. 2(b) for different values of AR (from 0.3 to 0.7). Details of FEM simulations are
reported in Supplement 1 (S1c). In the map of Fig. 2(b), starting from the maximum value of
AR= 0,7, two broad resonances are distinguishable (λ ≈ 600 nm and λ ≈ 750 nm).
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Fig. 2. (a) Sketch of the model used in FEM simulations: a SiGe resonator above a 7 nm
thick Si pedestal and a SiO2 box of 25 nm separating it from the Si-bulk. In the top right
inset, the crystallographic planes are labelled, together with the faceting angles α= 54.7°
and β= 25.2°. (b) FEM Scattering cross-section for an island of R= 200 nm as a function
of AR (vertical axis) and wavelength (horizontal axis). (c) FEM Scattering cross-section
of an island as a function of R and wavelength for AR= 0.6. (d) Normalized scattering
cross sections, respectively of an island of radius R= 80 nm obtained when modeling the
nanoantenna with AR=0.6 and the faceting (orange solid line), with a cut hemisphere of
AR=0.6 (orange dashed line) and with a hemisssssphere of AR=1 (dark blue dashed-dot
line). (e) Scattering cross sections, respectively of an island of radius R= 190 nm obtained
when modeling the nanoantenna with AR=0.6 and the faceting (blue solid line), with a cut
hemisphere of AR=0.6 (blue dashed line) and with an hemisphere of AR=1.0 (red dashed-dot
line).

The identification of Mie modes is performed by studying the field profiles inside the
nanoparticle and identifying the corresponding current loops [11,48]; the resonance centered
around λ ≈ 750 nm can be attributed to electric (ED) and magnetic dipole (MD), that are not
distinguishable owing to effects of symmetry breaking with respect to the ideal case of a spherical
Mie resonator in air. We label this band ED/MD [48,49]. We attribute the band spectrally
centered around 600 nm mainly to a magnetic quadrupole (MQ) contribution, while, decreasing
AR, we observe a blue-shift of the resonances. Differently from the AR, the radius R is directly
related to the initial size of the EBL patterned SiGe area, R0.

In order to assess the influence of the radius in this peculiar morphology of the island, we
simulated the scattering of nano-islands by tuning this parameter from R= 70 nm to R= 210 nm
[Fig. 2(c)] for AR= 0.6, as from experiments and PF simulations for cupola morphologies of
dewetted islands. Resonant modes can be identified as in Fig. 2(b): a red-shift is observed for
increasing values of R, whereas for a value of roughly R= 100 nm the scattering resonances
become weaker.

These simulations are used as a tool for comparison with experimental data for which the correct
AR assessed by PF simulations is crucial; to confirm the accuracy of our approach, we show how
the Mie resonances are affected by different approximations, namely neglecting contributions
of surface-energy anisotropy and contact angle. Specifically, we report in Fig. 2(d) and (e) the
scattering cross sections of an island of radius R= 80 nm and 190 nm, respectively, obtained
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with three different models: nanoantenna with faceting and AR=0.6 (solid line), nanoantenna
as a cut hemisphere with AR= 0.6, and finally, as a hemisphere with AR=1.0. Figure 2(d)–(e)
indicates, for both values of R, how the AR is decisive in changing the entire scattering cross
section. We note that considering a hemisphere with the equilibrium aspect-ratio obtained from
PF simulations represents a rather good shape approximation, at least for smaller nanoantennas,
even though differences can be seen in Fig. 2 and may be relevant for fine tuning.

We now introduce the role of the tilted illumination through FDTD simulations. Recently,
in [49] it was shown how the near-field distribution of nanoantennas is affected by the angle
of illumination. Here, we extend it to the far-field, and show in Fig. 3 how the far-field plots
change by tilting the illumination source; in particular, we simulated the scattering of the faceted
island of R= 190 nm and AR= 0.6 under the illumination of a plane wave at normal incidence
and then tilted by 30° and 60° with respect to the normal to the substrate plane (Fig. 3(a)). We
plot the angular scattering of the electric field intensity along the two axes of the k-space both
for MQ [Fig. 3(b)] and ED/MD [Fig. 3(c)] for θ = 0°, 30°, 60°. We observe that for both Mie
resonances the angular distribution is decentralized towards the left direction due to the lateral
illumination from the plane-wave (coming from the right side), and this effect is more intense
as the illumination angle is increased. This confirms that the beam steering properties of Mie
resonators can be modulated, enhanced, or suppressed by playing with the illumination angle.
We can thus infer that tilted illumination can be used as an efficient tool to modulate the beam
steering properties of nano-antennas with a simple and symmetric shape. In other words, we can
use tilted illumination to redirect and control light directionality.

Fig. 3. (a) Sketch of the model used in FDTD simulations: the island is illuminated by an
illumination source normal to the substrate plane, then tilted by an angle θ= 30° and θ= 60°
with respect to the normal axis. (b) FDTD polar plots (or Fourier space maps) of mode MQ
in the three cases of illumination angles. (c) FDTD polar plots (or Fourier space maps) of
mode ED/MD in the three cases of illumination angles.

We performed a SDOM experiment [ Fig. 4(a)] (details on the experimental setup can be found
in Methods and Materials section). The reconstructed hyperspectral maps can be filtered around
a single wavelength, or around a broad interval, like the one shown in the upper right inset of
Fig. 4(b), obtained on an island of R ≈ 190 nm [upper left inset of Fig. 4(b)] in the spectral range
500-900 nm.

This imaging method represents an innovative way of managing the information gathered from
dark-field experiments: the overlapped spectra reported in Fig. 4(b) are obtained by performing
a horizontal cut of 1.8 µm in the central region of the hyperspectral map (shown in the inset)
and are reported in a color-scale that reproduces the direction of the cut, from pixel A (yellow)
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Fig. 4. (a) Sketch of the SDOM setup. (b) Dark-field spectra of the island R= 190 nm
normalized to the Supercontinuum source. The upper left inset displays a SEM top view
image of the investigated scatterer. The spectra are obtained by performing a horizontal
cut on the hyperspectral map reported in the upper right inset, filtered around the entire
wavelength interval (500-900 nm). The cut is highlighted with a colored rectangle, and the
color scale of the spectra reproduces the direction of the cut, from pixel A (yellow) to pixel
B (blue). (c)-(d) Dark-field maps filtered around a wavelength interval that correspond to
MQ and ED/MD (respectively λ ≈ [550–650] nm and [660–815] nm).

to pixel B (blue). Each pixel of the cut corresponds to a single spectrum normalized to the
illumination source spectrum, acquired in adjacent pixels of the map.

The two main Mie resonances MQ and ED/MD are labelled through the match of the spectra
with the FEM scattering cross-section of an island of R= 190 nm and AR= 0.6. A modulation
of the signal and significant variations of the relative weights of the peaks can be observed.
Conventional dark-field measurements employing a tilted illumination and acquisition of a
spectrum in a single position downstream of a collection fiber [2,9,10], limit the amount of
information that can be inferred from the far-field scattering of nano-antennas, that determines a
modulation in the scattered signal, showing a peculiar spatial dependence for each mode that
should not be neglected. This information is here given by the different weights of the peaks in
different spatial positions of the cut. We attribute the observed effect to a combination of the
islands beam steering properties under the inclination of the illumination source and the collection
configuration/geometry. From FDTD simulations we know that because of the illumination tilted
by an angle 30°, each Mie mode hotspot points toward different angles, specifically ≈ 25° for
MQ, ≈ 0◦ and 15° for ED/MD (see Fig. 3). For this reason, by spectrally filtering the dark-field
hyperspectral map, in the right inset of Fig. 4(b) around the wavelength intervals corresponding
to MQ and ED/MD, we find how the electric field maximum intensity scattered by the island
exhibits different directions, i.e., the collected signal can change position for different wavelengths
(see Supplementary Information S2). The Dark-field maps filtered around a wavelength interval
that corresponds to MQ (λ ≈ [550–650] nm) and ED/MD, (λ ≈ [660–815] nm) are reported
in Figs. 4(c) and 4(d), respectively. The two intervals were chosen to match the bandwidth of
each peak in the corresponding scattering cross section obtained from FEM simulations. This
can indeed be related to the different weights of the peaks observed in the spectra of Fig. 4(b):
the spectra acquired along the horizontal direction (from left to right in the map) exhibit more
intense peaks at lower wavelength in the left part of the cut (yellow), and the weights of the peaks
increase for higher wavelengths as the right part of the cut is reached (blue). This effect is the
result of a different directional light scattering that is selected by the collection system at different
scan positions.

The features described above allow us to spectrally isolate the scattering contribution of the
two main Mie resonances of a single nanoantenna, as described as follows. In Fig. 5 we show
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a comparison between numerical simulations and experimental results on islands of different
size. Dark-field spectra for islands of radius ≈ 80 nm and ≈ 190 nm are shown in Fig. 5(a) (upper
panel, orange curve) and Fig. 5(b) (upper panel, blue curve), respectively, and the insets show the
SEM images of the scatterers.

Fig. 5. (a) Upper panel: Dark-field signal obtained by integrating all the spectra acquired
on an area of 10 px x 10 px (2 µm x 2 µm) from the hyperspectral map acquired by scanning
a nanoantenna of R ≈ 80 nm. Bottom panel: FEM scattering cross section of a faceted
nanoantenna of R= 80 nm. (b) Upper panel: Dark-field signal obtained by integrating all
the spectra acquired on an area of 10 px x 10 px (2 µm × 2 µm) from the hyperspectral
map acquired by scanning a nanoantenna of R ≈ 190 nm. Bottom panel: FEM scattering
cross section of a faceted island of R= 190 nm. The insets show the SEM top view images
of the two nanoantennas. (c) Upper panel: FDTD 3D radiation plots of MQ and ED/MD
for R= 190 nm; in the graph are reported the spectral contributions, respectively in yellow
and red, obtained by integrating the signal in the areas of maximum intensity of MQ and
ED/MD (see S2 for details on the maps). The blue and green dashed lines are the theoretical
contributions of MQ and ED/MD to the FEM total scattering cross-section.

The experimental scattering spectra derive from the correspondent dark-field hyperspectral
maps, by integrating the spectra acquired on an area of 100 px2 (4 µm2); this integration step (see
Supplement 1, S3) allows to compare the experimental data with the FEM scattering cross-sections
of the two islands, reported in the bottom panels of Fig. 5(a) and (b). The theoretical curves
were obtained with AR= 0.6 for both nanoantennas, and a radius of R= 80 nm and R= 190 nm
respectively for the smaller and larger islands (orange and blue curve, respectively). Dark-field
spectra fit quite well the theoretical peaks. As expected, the smaller island (bottom panel) exhibits
only the ED/MD type resonance, while the larger one shows two main peaks, MQ (λ ≈ 570 nm)
and ED/MD (λ ≈ 650 nm). Deviations between experimental and theoretical spectra can be
attributed to the fact that FEM simulations are not considering imperfections and asymmetries in
the actual nanoantennas shape. Moreover, while the calculated spectra are very smooth, fine
structures appear in the measured scattering spectra; this effect is due to some irregularities
present in the spectrum of the employed supercontinuum laser.

As highlighted in Fig. 3, MQ and ED/MD exhibit a different behavior in the far-field that is
further enhanced by the tilted illumination. In our system, the spectral modulation collected
in the hyperspectral data, can be exploited for the first time to spectrally isolate the scattering
contribution of the Mie resonances. In fact, by integrating the signal of the dark-field hyperspectral

https://doi.org/10.6084/m9.figshare.21959753
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maps of Fig. 4(c)–(d) throughout the areas where MQ and ED/MD exhibit their maximum
intensity, we obtain two spectra, respectively the yellow and red curve in Fig. 5(c), that nicely
agree with the theoretical contributions to the total scattering cross-section of MQ and ED/MD
(blue and green dashed lines). Note that both spectra derive from a single scan and were therefore
acquired simultaneously. So far, such different spectral components have been isolated only
theoretically [50,51], or experimentally with the need of illumination with different polarizations
[27–29].

4. Conclusions

In summary, we addressed the theoretical modelling and characterized in detail the optical
properties of all-dielectric, dewetted, SiGe-based Mie resonators. We numerically demonstrate
that, upon tilted illumination, a single island generates radiation patterns pointing in different
directions, depending on the selected Mie resonance.

The experimental results of dark-field scanning microscopy are supported by accurate in-
formation on the vertical aspect ratio of the islands obtained by phase-field simulations and
light-scattering simulations, assessing the impact of island morphologies on optical properties.
Our technique, by combining a lateral illumination with the controlled movement of the scatterer,
represents a significative advance with respect to conventional dark-field spectroscopy of light
scatterers, since it allows to spectrally isolate the two main Mie resonances contribution to the
total scattering cross-section simultaneously. The detection of how scattering directionalities
can be tuned through tilted illumination is a fundamental achievement in sight of far-field
experimental necessities, like coupling into optical fibers and light harvesting for quantum
optics. Moreover, in our study, this tunable approach to influence the scattering directivity of
nano-antennas is combined with scalable fabrication methods, representing a step toward the
realization of metasurfaces for different optoelectronic applications.
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