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All-dielectric photonics is a promptly developing field of optics and material science. The main interest at
visible and near-infrared frequencies is light management using high-refractive-index Mie-resonant dielectric
particles. Most work in this area of research was done exploiting Si-based particles. Here, we study monocrys-
talline Mie-resonant particles made of Ge-rich SiGe alloys with refractive index higher than that of Si. These
islands are formed via solid state dewetting of SiGe flat layers by using two different processes: 1) dewetting of
monocrystalline SiGe layers (60-80% Ge content) obtained via Ge condensation of SiGe on silicon on insulator,
ii) dewetting of a SiGe layer deposited via molecular beam epitaxy on silicon on insulator and ex-situ Ge con-
densation, forming a Ge-rich shell surrounding a SiGe-core. Using high-spatial-resolution Raman microscopy
we monitor Ge content x and strain e of flat layers and SiGe-islands. We observe strain relaxation associated
with formation of trading dislocations in the SiGe islands compared to the starting SiGe layers, as confirmed by
TEM images. For initial high Ge concentration in the flat layers, the corresponding Ge content in the dewetted
islands is lower, owing to diffusion of Si atoms from Si or SiO» into SiGe islands. The Ge content also varies
from particle to particle on the same sample. Size and shape of the dewetted particles depend on the fabrication
process: thicker initial SiGe layers lead to larger particles. Samples with narrow island size distribution display
rather sharp Mie resonances in the 1000-2500 nm spectral range. Larger islands display Mie resonances at
longer wavelength. Positions of the resonances are in agreement with the theoretical calculations in the discrete

dipole approximation.
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I. INTRODUCTION

High-refractive-index sub-micrometric particles display
strong electric and magnetic Mie resonances in their optical
spectra. The resonant wavelength depends, among other pa-
rameters, on the size and shape of the particles. In contrast to
metal particles displaying plasmonic resonances, the dielec-
tric counterpart provides reduced light losses at visible and
near-infrared frequencies. Thus, engineering all-dielectric op-
tical metasurfaces consisting of such particles attracted much
attention in the last decade'~'". In most of works, silicon was
used as a building material for such structures due to relatively
high refractive index n ~ 3.4-3.5 in the infra-red (IR) spectral
range and well-developed technology of Si nanostructure fab-
rication. Less explored is the case of SiGe-based particles that
provides a better light confinement thanks to its larger refrac-
tive index at IR frequencies (for Ge n ~ 4).

Compared to relatively expensive nano-fabrication meth-
ods for optical metasurfaces, such as e-beam or nano-imprint
lithography and reactive ion etching that involve many fabri-
cation steps, a dewetting technique based only on annealing
of a thin silicon layer on SiO5 (ultra-thin silicon on insula-
tor, UT-SOI) looks attractive due to its ease of implementation
and wafer-scale character''~'’. In addition, the use of dewet-

ting allows for the fabrication of defect-free, monocrystalline
particles having atomically smooth facets.

The advantages offered by dewetting go beyond most com-
mon self-assembly methods for 3D structures made of semi-
conductors. In fact, these methods usually rely on Stran-
ski Krastanov growth for strained III-V and IV-IV 3D het-
erostructures ° and droplet epitaxy'~ (only for III-V). These
approaches demand for an epitaxial relation between the ma-
terial composing the 3D structures and the underlying (crys-
talline) substrate. Solid state dewetting can produce a plethora
of different structures on (amorphous) SiO, providing an elec-
trically insulating barrier for the 3D nano-achitectures, that is
a straightforward advantage for the fabrication of electronic
devices. Most importantly, for the implementation of dielec-
tric metasurfaces, the presence of a non-absorbing, transpar-
ent, low-refractive index substrate, enables the formation of
high quality-factor Mie modes similar to those found for
top-down fabrication

A drawback of dewetting using commercial wafers, is the
limited set of available specifications of UT-SOI (e.g. de-
vice thickness) and the high costs of Ge-rich layers (ultra-
thin silicon-germanium on insulator, UT-SGOI). This limits
the possibility to finely tune the main structural parameters
of Mie resonators obtained with this self-assembly method
such as their size, density, shape, composition and composi-
tion profile. In order to overcome these limitations, the depo-
sition of silicon-germanium after ° or during dewetting
allowed changing the particles size, shape and density, pro-
viding a versatile tool for engineering their optical properties.
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FIG. 1. a) Scheme of the SiGe alloys deposition on UT-SOI in the molecular beam reactor (MBE, first and second panel from the left) and of
the (ex-situ) Ge condensation process in the rapid thermal oxidation (RTO third to fourth panel). b) Transmission electron microscopy (TEM)
image of an initial 21 nm thick SiGe layer (22% Ge content) deposited on 14 nm UT-SOI and condensed for 9 hours in the RTO at 750°C. ¢)
Same as b) for 12 hours condensation. Scales bar correspond to 10 nm.

Anti-reflection coatings, light-trapping effects in IR spectral
range' >’ and protein sensing’’ were recently demonstrated.
In addition to this, exploiting a Ge-condensation process ',
Ge-rich shell can be formed around a Si-rich core, allowing
to tune the composition profile and eventually the strain in the

islands.

Here, we further develop this fabrication method show-
ing the controlled formation of SiGe islands from mono-
crystalline layers (UT-SGOI) obtained by combining: i) SiGe
deposition on UT-SOI via molecular beam epitaxy, ii) ex-situ
Ge-condensation of the flat layers via rapid thermal oxidation
after molecular beam epitaxy deposition, allowing a fine tun-
ing of Ge composition and iii) Ge condensation after dewet-
ting, forming a Ge-rich shell around the islands. By high-
spatial resolution Raman microscopy we monitor the SiGe is-
lands obtained by a variety of dewetting and Ge-condensation
techniques, studying their strain and composition with respect
to the starting flat structures. Finally, we demonstrate Mie
resonances in IR spectra of SiGe islands and their tuning de-
pending on the fabrication process.

II. EXPERIMENTAL

One set of UT-SGOI substrates was obtained by following
a well-established procedure” . In Fig. | a), from the left to
the right panel, the different steps are described: starting from
a commercial UT-SOI substrate (14 nm of Si atop 25 nm of
buried oxide, BOX), SiGe layers with variable thickness and
Ge content were grown in a molecular beam epitaxy reactor.
Some of these samples are then transferred in a rapid thermal
oxidation oven where they are heated at high temperature in
O, atmosphere. Depending on the annealing time and temper-
ature, the thickness and Ge content of the final layers samples
can be finely tuned providing, for example Si;_,Ge, (x ~
0.5) on Si on the BOX or directly high Ge content (x 0.5) UT-
SGOI as deduced by transmission electron microscopy (TEM)
characterization (Fig. 1 b) and c), performed with a JEOL
3000 kV).

In order to dewet the condensed layers, the UT-SGOI was
further processed by removing the top SiO2 via wet, chem-
ical etching (HF 4% for 5 minutes). The condensed layers
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FIG. 2. a) Scheme of the chemical process for removing the cap-
ping SiO2 obtained from the selective Si oxidation on top of the
UT-SGOI (left and central panel) and dewetting in the MBE (right
panel). b) Transmission electron micrograph of SiGe islands ob-
tained by dewetting (800°C for 4 hours) an initial layer of 9.2 nm
of SiGe (Ge content 50%) on Si 6 nm, as in Fig. 1 b). The arrow
highlight the presence of dislocations.

were transferred in the molecular beam epitaxy reactor for
high-temperature annealing, thus transforming the flat layers
in SiGe islands20 (Fig. 2)'°. Depending on the starting condi-
tions of the 2D layers before dewetting (e.g. SiGe layer thick-
ness deposited via molecular beam epitaxy, Ge content and
SiGe thickness set by the rapid thermal oxidation process),
we obtain islands with tunable average size and Ge content.

From TEM images of dewetted SiGe islands (Fig. 2 (c))
we can highlight the presence of dislocations springing from
the interface between the residual pristine UT-SOI and the top
SiGe island. This latter feature is not observed before dewet-
ting in the flat layers. The Raman analysis (see later) confirms
that, differently from the initial flat layers, the island are re-
laxed.

A last set SiGe islands was obtained via molecular beam
epitaxy growth of 50 nm thick SiGe layers (x ~ 0.3) on 14 nm
thick UT-SOI, in-situ dewetting and ex sifu condensation in
the rapid thermal oxidation oven, thus forming a Ge shell
around a Si-rich core (Fig. 3), as described in Ref.'°. From
the SEM images of the islands after rapid thermal oxidation
processing we can roughly estimate of a ~100 nm thick SiOq
shell around a 50 nm Ge-rich SiGe shell surrounding the Si-
rich core in line with previous observations in similar samples.
A more precise characterization of this kind of samples is ob-
tained via high resolution transmission electron microscopy
(Fig. 3 ¢)). 2D Fourier transform of high resolution TEM im-
ages accounts for the monocrystalline character of the lattice,
as the hexagonal spot patterns observed in different parts of

Condensation of Ge via RTO annealing in O2 atmosphere
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FIG. 3. a) Scheme of the Ge condensation process to form a Ge-rich
shell surrounding the SiGe islands. b) Scanning electron microscope
(SEM) image of the SiGe islands after condensation. The bottom
right inset shows a blow up of an island highlighting the presence of a
shell. c) High resolution transmission electron microscopy (TEM) of
a SiGe island after condensation. The bottom panels show blow-ups
of 6 selected areas of the islands core and the interface between core
and shell. For each of them the 2D Fourier transform is provided as
bottom-right inset. The asymmetric shape of the Ge-rich shell (dark
part) surrounding the Si-rich core (light part) may depend on the mis-
orientation of the TEM lamella with respect to the in-plane symmetry
axes of the island.
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FIG. 4. Raman spectra of UT-SGOI substrates with different Ge con-
tent X. The Ge content x and strain e determined from the Raman
peak positions are displayed for each case. Black curve: 200 nm
SiGe layer on 14 nm thick UT-SOI. Red curve: 9 nm SiGe on BOX.
Blue curve: 9.2 nm SiGe on top of 6 nm Si.

the island coincide within the experimental error.

Raman measurements were performed with Nanofinder-30
Raman/AFM system (Tokyo Instruments) equipped with a
scanner allowing Raman mapping of a few-micron-size areas
with ~100 nm steps'***~**. A 561 nm wavelength laser beam
was focused by a 100x 0.95-numerical-aperture lens provid-
ing a ~350 nm lateral resolution. Raman spectra were taken
at each measurement point of the areas. Then raw data were
evaluated by fitting the Raman bands with single or multi-
ple Lorentzian curves representing band intensities, shifts or
widths vs. position in the form of maps.

The laser-induced heating of SiGe islands can be rather
strong, owing to a limited thermal drain'*. 1In the case
of SiGe islands studied here, the average heating effect on
the Si-Si mode Raman shift was ~ -2 cm~'mW~! with our
0.95 N.A. lens. Therefore, we used the excitation power of
~0.1 mW that makes downshift of only ~0.2 cm ™! for the Si-
Si band and even smaller one for the Ge-Ge and Si-Ge bands.
This causes just a negligible error in the Ge content and strain
determination.

Infrared (IR) transmittance spectra were measured
using Shimadzu SolidSpec-3700 UV-visible-IR spectro-
photometer.

III. RESULTS AND DISCUSSION

At first, we studied Raman spectra of UT-SGOI substrates
before dewetting as a reference. Fig. 4 shows Raman spectra
of three layered structures:

1) Si-rich 200 nm thick SiGe layer (Ge content x ~ 0.3) de-
posited via molecular beam epitaxy on 14 nm thick UT-SOI
(black curve);
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FIG. 5. (a) Raman intensity map of the Si-Si mode for the SiGe
island sample fabricated from 9.2 nm thick SiGe layer on 6 nm thick
Si with initial x ~ 0.57; (b) Raman spectra of a bright SiGe island in
the center of the Raman map (red curve) and of the dark grey island
in the right-bottom part of the map (blue curve). The Ge content x
and strain e determined from the Raman peak positions are shown
for each spectrum.

2) Ge-rich 9 nm thick SiGe on 25 nm thick SiO2 (red curve)
obtained from Ge condensation in the rapid thermal oxidation
oven starting 21 nm SiGe layer (22% Ge content) deposited
on 14 nm UT-SOI and condensed for 9 hours in the rapid ther-
mal oxidation ovenat 750°C (see Fig. 1 for the corresponding
TEM image).

3) 9.2 nm thick SiGe on 6 nm thick Si (blue curve) with ap-
proximately equal content of Si and Ge (see Fig. 1 for the
corresponding TEM image).

The spectra display three bands originating from the Si-Si,
Si-Ge and Ge-Ge bond vibrations. For Si-rich SiGe, the Si-
Si mode Raman band is quite strong while the Ge-Ge mode
band is very weak. In contrast to this, the Ge-Ge mode band
is strong for the Ge-rich SiGe while the Si-Si mode band is
very weak. All three bands display comparable intensities in
the spectrum of the sample with approximately equal content
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FIG. 6. (a) Raman intensity map of the Ge-Ge mode for the SiGe
island sample fabricated from 9.2 nm thick SiGe layer as in Fig. 1
c¢). (b) Raman spectrum of a bright SiGe island; the Ge content X,
determined from the Raman peak positions, is indicated.

of Si and Ge.

Dependencies of the frequencies of these modes w(Si-Si),
w(Si-Ge) and w(Ge-Ge) on the Ge content (x) and strain (¢)
were studied in Refs.” " Taking into account the results of
these works and the values of the optical phonon frequencies
in bulk Si ~520.5 cm™! and in bulk Ge ~301.1 cm™!, the
SiGe mode frequencies satisfy the following equations:

w(Si — Si) = 520.5 — 66.92 — 730¢ (1)
w(Si — Ge) = 401.1 4 24.5z — 4.52% — 33.52° — 70¢ (2)

w(Ge — Ge) = 81.7 + 19.4x — 450¢ 3)

For the Si-rich layer 1), we have found w(Si-Si) ~
509.4 cm™!, w(Si-Ge) ~ 4074 cm~! and w(Ge-Ge) ~
301.5 cm™!. For the Ge-rich layer, the frequencies were:
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FIG. 7. (a) Raman intensity map of the Si-Si mode for the SiGe
island sample fabricated from 50 nm thick SiGe layer (x ~ 0.3) on
14 nm thick UT-SOI; (b) Raman spectrum of typical SiGe island;
the Ge content x, determined from the Si-Si mode peak position, is
indicated. (c) Raman spectra of typical SiGe islands as in (a) and (b),
after 2 and 4 hours condensation in the rapid thermal oxidation oven
(RTO).
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w(Si-Si) ~ 468 cm™!, w(Si-Ge) ~ 407 cm™~! and w(Ge-Ge)
~ 304.5 cm~!. For the third layer, we obtained w(Si-Si)
~ 502.2 cm™!, w(Si-Ge) ~ 421.3 cm~! and w(Ge-Ge) ~
301.5cm™1!.

Using experimentally determined SiGe mode frequencies
and the equations (1), (2), (3), one can estimate x and € as
shown in Fig. 4. The Ge content appeared to be close to the
expected one from the fabrication process~”~"°. The compres-
sive strain in all three SiGe layers is quite strong up to € ~-
0.027 for the partially condensed layer 3).

After dewetting and island formation from the condensed
layer 3), the strain is very much relaxed. This can be seen in
Fig. 5 displaying Si-Si band Raman intensity map and Raman
spectra of two individual islands. The compressive strain e
~ -0.001 and -0.004 (close to the sensitivity of the measure-
ment) is much smaller than € ~-0.027 measured in the initial
SiGe layer. The Ge content in the islands x ~0.35 and 0.46 is
noticeably lower than ~0.57 in the initial SiGe layer. This is
an indication of mixing of SiGe with the 6 nm thick UT-SOI
that was not yet consumed during the condensation process

(see Fig. 1 b)).

For Ge-rich SiGe islands, we used the Ge-Ge mode band
for Raman mapping. Its intensity map is shown in Fig. 6 a)
together with a typical Raman spectrum of relatively bright
islands (Fig. 6 b)). The Ge content x ~ 0.7 is lower than ~0.83
in the initial SiGe layer. Probably, Ge is partly substituted
with Si from SiO,. Strain is relaxed compared to € ~-0.015
in the initial SiGe layer.

Let us consider in more details Si-rich islands, which we
used as a core for fabrication of Ge-rich shell (as shown in
Fig. 3). Fig. 7 a) and b) respectively show Si-Si band Raman
intensity map and corresponding spectrum of a SiGe islands
obtained via 4 hour dewetting at ~800°C from SiGe layers
with x ~ 0.3 and thicknesses 50 nm, on 14 nm thick UT-SOI
substrate. Raman spectroscopy confirms a Ge content of about
30% and negligible strain. Qualitatively similar results were
obtained for initial SiGe layer thickness of 80 and 150 nm (not
shown).

The effect of Ge condensation after dewetting is clearly
seen in the Raman spectra (Fig. 7 ¢)). Indeed, in addition to
the Ge-Ge mode band at 288-289 cm~1, one can see the band
at 301-302 cm ™! indicating appearance of the pure Ge. For
the sample obtained via two hour condensation, the Ge signal
of the shell band at 302 cm™! is rather weak and up-shifted
compared to relaxed bulk Ge 301.1 cm~! band suggesting a
slight compression (e ~-0.002). With an increase in the con-
densation time up to four hours, the Ge band becomes stronger
while strain is completely relaxed. This relaxation is under-
standable considering that the Si-rich core influence weakens
while the Ge shell thickness increases.

Intensity maps of Si-Si and Ge-Ge modes from the same
dewetted sample after 8 hour condensation show some islands
brighter in the Si-Si mode map and others brighter in the Ge-
Ge mode map (not shown). This can be interpreted as an in-
dication of different shell thicknesses for islands having dif-
ferent initial size providing stronger Ge-Ge mode signal while
suppressing the Si-Si mode signal. A possible origin of non-
uniform shell thickness is the different initial Ge content in
the dewetted islands. Provided that the condensation process
selectively oxidizes Si, the speed at which it progresses is dif-
ferent depending on the initial Ge content of the island "~
for larger Ge content the oxidation rate of Si is slower. Related
to the same issue of non-uniform Ge content is the presence
of strain that may, in principle, modify the atom diffusion in
the underlying crystalline lattice.

Finally, we study SiGe particle IR spectra with Mie res-
onances. Fig. 8 a) shows IR transmittance spectra of two
samples fabricated from 50 nm and 150 nm thick initial SiGe
layers (x ~ 0.3). The Raman maps for the 50 nm case was
presented in Fig. 7a). The IR spectrum of the first sample dis-
plays transmittance minimum at ~1550 nm while the spec-
trum of the second sample displays minimum at ~2100 nm.
The minima can be attributed to in-plane electric dipole Mie
resonances in the SiGe islands with the shape of segment of
sphere (as also confirmed by the TEM images of dewetted
islands in Fig. 2 c¢))'”. Low transmittance at 1000-1100 nm
is associated with the Si substrate absorption. Longer wave-
length of the Mie resonance of the second sample is justified



by the larger particle sizes as expected from the dewetting of
thicker initial SiGe layers and confirmed by SEM microscopy
(not shown): the lateral sizes of the particles in the first sam-
ple were in the range of 500-1000 nm whereas those in the
second sample were in the range of 800-1500 nm.

Using discrete dipole approximation (ADDA code’’), we
made theoretical calculation of the extinction spectra of the
SiGe particles (x = 0.3) with the shape of segment of sphere
(see inset in Fig. 8 b)). Lateral sizes of the particles were
750 nm and 1025 nm with the aspect ratio (height to lateral
size) of 0.23 close to those in Ref.'”. Refractive index of the
media was 1.0 while that of particles was 3.54 corresponding
to the index of Sip 7Geg 3 at ~2 um™. The resonance peak
positions in good agreement with the experimental data sug-
gesting that the average sizes of the particles are close to the
chosen values of 750 nm and 1025 nm. The larger broadening
of the experimental spectra with respect to the simulations can
be interpreted as an effect of the rather large spread of parti-
cles size observed in experiments. We should note that this
is just a rough estimation since we neglected SiGe refractive
index dispersion and did not consider refractive index of the
Si04 support layer and underlying Si substrate.

IV. CONCLUSION

To summarize, we fabricated SiGe islands with different Ge
content using a variety of dewetting plus condensation tech-
niques and studied their Raman spectra. Raman data were

used for both Ge content and strain control. Relatively strong
strain in the initial SiGe layers appeared to be completely re-
laxed in the SiGe islands after dewetting. Ge content in the
islands is lower than that in the initial SiGe layers when x 0.5
while it remains nearly unchanged compared to the initial lay-
ers at x~ 0.3. Island size strongly depends on the initial SiGe
layer thickness, other conditions being equal. Correspond-
ingly, IR Mie resonances are displayed at longer wavelengths
for larger islands fabricated from thicker initial SiGe layers.
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