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We propose to exploit the natural mechanical instability of thin solid films to form regular patterns of mono-
crystalline atomically smooth silicon and germanium nanostructures that cannot be realized with conventional
methods. The solid-state dewetting dynamics is guided by pre-patterning the sample by a combination of
electron-beam lithography and reactive-ion etching, obtaining precise control over number, size, shape, and
relative position of the final Si;.Ge, structures. Here we describe our progress in the spectroscopic investigation

of individual dewetted Si;.xGex nanoislands: in the linear regime, bright Mie-type localized resonances are
detected in the visible spectral range, with a spectral position that can be tuned by modifying the size of the
nanoparticles. In the non-linear regime, instead, sizable third-harmonic generation is observed at the level of
single islands. We believe that these results will be pivotal to a novel approach in spectral filtering, sensing and
structural color with all-dielectric photonic devices.

1. Introduction

Solid state dewetting has been investigated in the last 50 years, being
thin film stability a very relevant issue for polymers, metals, and semi-
conductors [1,2]. In analogy with liquid films breaking into tiny drop-
lets, soft matter and solid films are unstable and break into islands when
annealed at temperatures well below their melting point. The thermally
activated surface adatom diffusion together with the intrinsic defectivity
of the thin layer lead to local thinning of the layer, bringing its top
surface in contact with the substrate. At this point, around these het-
erogeneously distributed holes, a rim forms (where mass accumulates)
and starts receding with a speed proportional to the Laplacian of the
surface curvature [3-5]. While the rim moves, the underlying
Rayleigh-like instability emerges, leading to the formation of fingers
that eventually break into islands [5]. The average size and relative
distance between the islands are set by the initial layer thickness, by the
annealing temperature, and by the interaction with the underlying
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substrate [6]. For instance, islands of ~100 nm diameter spaced by a few
hundred nm can be formed starting from a 30 nm-thick Si;_,Ge, layer on
a 12 nm Si film on SiO7 [7]. When practical applications are concerned,
a templated dewetting approach is the key to tune size and density of the
islands, overcoming the randomness of a phenomenon that is intrinsi-
cally stochastic [2] or that exhibits correlated disorder when strained
bilayers are considered [8,9]. Ordered arrays of individual islands can
be obtained in Si;.,Ge, alloys by patterning the thin layer before
annealing by focused ion beam, electron-beam lithography and reactive
ion etching, or optical lithography and plasma etching [10-12]. Com-
plex nano-architectures as well as mm-long nanowires and inter-
connected circuits have been demonstrated and exploited as electronic
devices such as field-effect transistors exhibiting state-of-the-art per-
formances [13] and a high level of organization over large arrays [14].
These results are achieved thanks to the mono-crystalline nature of thin
silicon on insulator substrates, leading to a precisely controlled dewet-
ting of monocrystalline structures featuring atomically smooth, faceted
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interfaces that are hardly obtained with other conventional etching
methods that typically introduce surface roughness. An interesting
application of these dewetted ordered structures is their use as isolated
semiconductor emitters. A fully Si-based light source, however, is
extremely inefficient because of the indirect bandgap of Si. By intro-
ducing ad-hoc emitting impurities, a suitable alternative path to inte-
grate light sources on indirect semiconductor can be used to achieve new
photonic devices on silicon [15-17]. Here we present an advancement of
a recently emerged approach employing Mie resonators, based on the
development of sub-wavelength dewetted Si;..Ge, islands with different
compositions and dimensions. A key advantage of these resonators is the
possibility to obtain resonances spanning the visible and near-infrared
range by tuning the original Si;.,Ge, alloy composition and film thick-
ness. The combination of low losses and high permittivity, along with
the very small modal volume [18], makes them ideal candidates for
enhancing light-matter interaction and manipulating light at the
nanoscale, with a potential to enrich the current performances of pho-
tonic devices. High-refractive index nanoantennas based on semi-
conductors such as silicon [19-21] and germanium [22-24], as well as
semiconducting alloys such as aluminum gallium arsenide [25] fabri-
cated using standard lithographic approaches, have been already used as
platforms for enhancing nonlinear processes, and in particular
third-harmonic generation (THG). Here, along with a thorough optical
characterizations by dark field microspectroscopy, we carry out THG
measurements on ordered arrays of Si;,Ge, -based dewetted nanois-
lands. Leveraging the large third-order bulk susceptibility of silicon (x*
=3.5 x 107 m?/Vv? [19]) a sizeable THG is observed at the level of a
single dewetted island. Our optical characterizations indicate that the
integration of dielectric Mie resonators with light emitters might enable
an efficient control of light-matter interaction, therefore favouring the
light collection with conventional optics.
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2. Materials

We fabricate arrays of thin Si;_,Ge, islands using a hybrid top-down/
bottom-up approach based on the natural morphological evolution of
thin solid films under annealing. Specifically, we tested the stability
against annealing of two different Si; ,Ge, alloys: i) 20 nm -thick films of
Si1.xGey (x = 20%) and ii) 30 nm-thick films of Si;_,Ge, (x = 30%) films;
both samples are deposited on 12 nm-thick ultra-thin silicon on insulator
by molecular-beam epitaxy (MBE) at 500 °C in a static ultra-high vac-
uum (pressure ~1071° Torr). The thickness of the SiO, buried oxide
(BOX) is 25 nm for both samples. After epitaxial deposition, the Si;.,Ge,
films are patterned by electron-beam lithography (EBL) and reactive-ion
etching (RIE) in squares (with sides ranging from 500 nm up to 1 pm)
with a pitch between 1 pm and 5 pm [Fig. 1(a) and (b)] [6,13,14]. After
etching, the samples are cleaned by oxygen plasma for 20 min and then
immersed in a 5% in vol HF solution for 5 s to eliminate any organic
contamination and oxide layer. Then, the samples are annealed at high
temperatures in the 600 °C-700 °C range in the ultra-high vacuum of a
MBE reactor. By atomic force microscopy, at the end of the dewetting
process, the island’s height is found to vary from about 40 nm for the
smaller islands to about 80 nm for the larger ones; while, the final
Si; xGey islands have a lateral size from 150 nm to 550 nm, which is
much smaller than the initial patches etched by EBL & RIE, and are
electrically isolated from the substrate by the SiO BOX. Dark-field (DF)
imaging [Fig. 1(c)] is performed on the SiggGey structures by shining
white light at ~70° with respect to the sample normal. The diffused light
is collected through a high-numerical aperture (NA = 0.75) 100 x
magnification objective and imaged onto a colour CMOS camera, using a
commercial optical microscope. As the collection angle of the objective
lens is smaller than 70°, only scattered light is detected whereas the
direct reflection off the sample is rejected, and thus flat surfaces appear
black (Fig. 1 (c)). The morphologies of individual dewetted Si;.Gey
structures are systematically characterized by scanning electron

Fig. 1. Planar view electron and optical micrographs of the patterned samples before and after annealing treatments. (a): scheme of the patterned array: Si;.xGex
squares with different width and periodicity are created by EBL and RIE etching in a 12 nm-thick ultra-thin silicon on insulator (BOX (SiO,, 25 nm). (b) High-
resolution SEM image of a single Si;.Ge, square before the dewetting process. (c) Optical DF image of a 65 x 65 pum? typical array of organized dewetted
SigoGeyg islands. (d) SigoGeao dewetted islands obtained after annealing at 650 °C for 1 h; (e) and (f) high-resolution SEM images of individual SigoGeso (€) and

SizoGesp (f) dewetted islands, showing the equilibrium facets of Si; 4Gey.
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microscopy (SEM) as reported in Fig. 1(d—-f). The square area visible
under the Si;.,Ge, island in the SEM images of panels (d) and (f) is due to
an imperfect RIE etching of the Si; ,Ge,/Si films before the annealing
treatment: during the RIE process, a thin layer of the BOX is etched
away, resulting in a step that is not affected by the dewetting instability.

3. Results and discussion
3.1. Dark-field micro-spectroscopy

The fabricated Si;.,Ge, nano-islands are expected to support Mie-
type localized resonances in the visible range, whose spectral position
depends sensitively on the island size. In order to assess the linear optical
response of the Si;_,Ge, dewetted islands, we performed DF spectros-
copy collecting the scattered signal from single nano-antennas. At
variance with the optical dark field image reported in Fig. 1(c), here a
different custom-built experimental set-up was implemented on a
customized commercial optical microscope as schematized in Fig. 2(a).
To achieve the DF regime, a supercontinuum laser is loosely focused
with an achromatic lens on the sample surface. The excitation source is
tilted by an angle 6 ~ 30° with respect to the axis normal to the sample,
larger than the collection angle (given by the numerical aperture NA =
0.45 of the objective). This arrangement ensures that the objective
collects only the light scattered by the sample, which is then focused on a
multimode optical fiber. At the other end of the fiber the scattered signal
is extracted with a reflective collimator and then focused on the entrance
slit of a spectrometer where it is dispersed and finally detected by a
liquid nitrogen-cooled CCD. The setup allows one to investigate the
scattering properties of Si;.,Ge, dewetted islands in a wide spectral in-
terval (430 nm-850 nm).

Fig. 2 (b) reports the normalized DF spectra of two representative
SigoGego dewetted islands with diameter of 330 nm and 530 nm, posi-
tioned atop a SiO» layer of thickness t = 25 nm and a semi-infinite Si-
bulk substrate The spectra are normalized to the supercontinuum source
scattered by a Lambertian surface (Spectralon). The collected spectra
exhibit several resonances, the most intense ones observed around 650
nm and 730 nm for the islands with d = 330 nm and d = 530 nm,
respectively, confirming that the resonance shift to longer wavelengths
for increasing diameter. It is possible, indeed, to observe a red shift of
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the spectral features as the diameter increases, while higher order
multipolar modes appear [12]. We can conclude that the presented
fabrication technique can provide arrays of monocrystalline Si;.,Ge,
islands featuring bright Mie scattering in the visible spectral range, that
can be spectrally tuned upon size control of the dewetted islands, which,
in turn, is directly correlated with the dimensions of the squares initially
patterned by EBL and RIE.

3.2. Nonlinear optical characterization

Nonlinear optical processes can be used to generate light at a fre-
quency multiple of the impinging one. For instance, the input frequency
can be tripled via THG. Over the last two decades, much effort was
aimed at translating to the nanoscale such harmonic generation capa-
bilities [26]. In subwavelength systems, the intrinsic weakness of
nonlinear interactions is compounded by the small volume of matter
involved. To make up for this drawback, one can exploit the electro-
magnetic resonances sustained by subwavelength structures, leveraging
on the increased field density to enhance the efficiency of the harmonic
generation [27]. Here, we show that, despite the dewetted nanoparticles
have more irregular shapes with respect to those produced by the
common lithographic techniques (e.g. EBL), sizable third-harmonic (TH)
emission can be nonetheless observed at the level of a single dewetted
island. Our experimental nonlinear optical characterization is summa-
rized by Fig. 3.

To assess the THG from the dewetted sample we employ a home-
made confocal microscope coupled to a pump laser delivering ultrafast
(duration 7 = 160 fs) pulses at telecom wavelength (1 = 1551 nm) with a
repetition rate v = 80 MHz. The experimental setup is the same used for
similar Si-based metasurfaces and thoroughly described in Refs. [28,29].
In brief, the pump laser is focused on the sample through a 0.85 nu-
merical aperture objective to a diffraction-limited (~1.5 pm diameter)
spot. The nonlinear emission by the nanostructures is collected through
the same objective in a backscattering configuration and chromatically
filtered (centre wavelength/bandwidth in nm: 520/40) to detect the TH
emission at 517 nm and reject scattered laser light and (multiphoton)
luminescence. High-sensitivity, single-channel detection is performed
by a silicon single-photon avalanche diode (SPAD), whose small active
region acts as a pinhole, effectively implementing a confocal detection
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Fig. 2. DF micro-spectroscopy characterization of dewetted SigoGeyg islands. (a) Sketch of the DF setup. (b) Normalized DF spectra of SigoGesg dewetted island with

d = 330 nm (above) and d = 530 nm (below).
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Fig. 3. (a-d). Confocal THG maps in false colors
of arrays of dewetted islands of the same nominal
diameter d, increasing from (a) to (d). These
maps were acquired under an exciting (pulse
peak) pump intensity, Iy, of 10 GW/cm? The
common color scale to the left is the time-
averaged third-harmonic power, Pry, given in
counts/ms. (e,f) Number distribution of the TH
emission by the individual islands visible in the
maps (c¢) and (d), respectively. The power is
measured from the most intense pixel of each
island’s raster image, which corresponds to the
best centering of the laser spot onto the island.
The pixels’ grey value is quantified into a power
by taking into account the efficiency of the whole
detection path and of the detector. (g) Depen-
dence on I of the time-averaged TH power
emitted by individual islands of different diam-
eter. The symbols are experimental data and the
lines are power fits. (h) Dependence of the TH
power on the size of the islands. The experi-
mental points are the mean values - highlighted
by dashed lines in the histograms (e,f) — whereas
the error bars are their standard deviations. The
line is an analytical function f(d)« d® « V2.
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scheme. A piezoelectric sample holder allows raster scanning the sample THG or multiphoton-excited luminescence from the underlying Si sub-
under the laser spot to produce emission maps such as those displayed in strate. However, while TH signal is clearly visible in the maps in Fig. 3(c)
Fig. 3(a—d). and (d), corresponding to the larger islands, smaller islands in the maps
Individual islands, ordered in a square array, can be clearly identified a and b instead show a reduced intensity with respect to the background.
in all maps along with a sizable nonlinear background most likely due to We tentatively ascribe this result to scattering (either of impinging
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radiation or of TH emitted by the substrate) by the island themselves or
by the residual EBL square patches - see Fig. 1(d). Some variability
between individual islands is visible, most markedly in map (d), which is
quantified by the histograms of the TH power distributions reported in
panels (e) and (f). The relatively broad distributions reflect the high
sensitivity of nonlinear optical processes to the details of the geometry of
the emitter, thereby amplifying the sizable morphological dispersity due
to the aforementioned stochastic nature of the dewetting process.

Fig. 3(g) displays the dependence of the TH power on the exciting
(pulse peak) pump intensity, Ipx. The power study was performed on two
islands of nominal diameter d = 450 nm and d = 330 nm. The depen-
dence, spanning over a decade of I values, is fitted to a power law
(straight lines) and found to be nearly cubic in both cases, which con-
firms the third-order character of the detected nonlinear signal. For
comparison with other platform for harmonic generation at the nano-
scale, we quantify the achieved adimensional conversion efficiency as

THG _ pTHG /pFW THG
ntHe = Pylo/PLY, where Py

frequency and Plﬁr’ is the input peak power at the fundamental frequency

is the peak power detected at the TH

avg
7w = 1.3 pW ) reported in panel (g) (obtained for Ipx = 10 GW/cmZ,

namely PEYt = 5.3 mW on the sample) corresponds to n™¢ = 2.5 x

1071°, Another commonly used metric, which has the advantage of
being independent from the excitation parameters (pulse peak intensity,
duration, and repetition rate) is the nonlinear conversion coefficient
Y™ =PI /(PV) = 1.4x 1075 W2,

Fig. 3(h) shows the emitted TH power as a function of the island
diameter. The islands with smaller radii (see maps 3(a) and (b)) yield TH
power lower than background level (~1 fW), therefore they are plotted
with a null value. Overall, the trend exhibits a steep increase with size,
which is explained by the following argument. In the absence of a size-
dependent resonant behaviour at the pump wavelength (1550 nm) the
electromagnetic energy coupled to the particle is proportional to it
volume: Vxd®, where the height of the droplet is modeled to scale lin-
early with the diameter d, as inferred from AFM and SEM character-
izations. Due to its third-order nonlinear character, the TH power scales
with the cube of the in-coupled power, that is, as Pj°« V3« d°. This

For instance, the most intense time-averaged THG power (PIH¢ = PEEG /

analytical dependence, represented by the solid line in panel (h), well
reproduces the experimental trend. In the future, by systematic studies
of the linear response of the islands their size could be tailored pur-
posefully to enhance the THG through resonances at a given pump
wavelength.

4. Conclusions

We showed that solid-state dewetting is extremely well-placed for
fabricating sub-micrometric ordered dielectric nano-antennas. We
experimentally demonstrated that the nanoislands effectively behave as
resonant nanoantennas, whose resonance frequency is governed by size,
shape and composition and thus constitutes a precise probe of the
dewetted material’s homogeneity. In the case of SigyGeyg, resonances at
~650 nm and ~730 nm wavelength for the islands with d = 330 nm and
d = 530 nm, respectively, confirm that the Mie resonances shift to the
red with increasing dimensions of the scatterers. The nonlinear optical
investigation demonstrates that sizeable THG can be achieved upon
excitation in the telecom range (1550 nm). Although clear experimental
evidence is yet to be provided, the geometry of the islands can be further
optimized to favour a resonant enhancement of the THG at visible
wavelengths. These linear and nonlinear optical properties make the
dewetted Sij.xGe, islands a suitable platform for light manipulation at
the nanoscale and for integrated semiconductor devices.
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