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Starting from the beginning of 2019 the European consortium NARCISO has been forged to work on
the study, development and exploitation of the NAtuRal instability of semiConductors thin SOlid
films for sensing and photonic applications. In about two years and a half and in spite of the long
break imposed by the Covid-19 disease, we made several progresses on all the activities planned in
the research program as described below.

The network is composed by 5 academic groups and 1 non-academic partner, each of them leading
their own research program on different aspects of NARCISO. They were chosen to cover the needs
of growth and fabrication, theoretical modeling, characterization, applicability and industrial scaling
of the fabricated structures.
Members of the consortium:

-1 CONSIGLIO NAZIONALE DELLE RICERCHE IT (lead. Dr. Monica Bollani, monica.bollani@ifn.cnr.it,
www.cnr.it). Activity: device fabrication (e-beam lithography, electric contact deposition), 1ll-V
integration on SiGe micro- and nano-structures.

-2 UNIVERSITE D'AIX MARSEILLE FR (lead. Prof. Marco Abbarchi, marco.abbarchi@im2np.fr,
http://www.im2np.fr/doct/abbarchi.html). Activity: solid state dewetting of SiGe, sol-gel dip-
coating and nano-imprint lithography.

-3 TECHNISCHE UNIVERSITAET DRESDEN DE (lead. Prof. Axel Voigt, axel.voigt@tu-dresden.de,
http://www.tu-dresden.de/). Activity: phase field simulations of solid state dewetting and particle
diffusion.

-4 UNIVERSITE DE LAUSANNE CH (lead Prof. Pietro De Anna, www.pietrodeanna.org). Activity:
microfluidic, filtering and sensing with nano-imprinted micro- and nano-structures.

-5 UNIVERSITA DEGLI STUDI DI FIRENZE IT (lead. Prof. Francesca Intonti, intonti@lens.unifi.it,
http://www.lens.unifi.it/nanostructures/index.php). Activity: optical spectroscopy (near- and far-
field) of dielectric micro- and nano-structures.

-6 OBDUCAT TECHNOLOGIES AB SE (lead Dr. Kristian Thulin www.Obducat.com). Activity: scale up
of nano-imprint lithography metal-oxides-based micro- and nano-structures.

The research that carried-on in NARCISO goes from fundamental aspects of semiconductor self-
assembly (e.g. simulation of solid state dewetting), to industrial applications of the micro- and nano-
architectures realized by nano-imprint lithography. More precisely, we are studying how
spontaneous formation of complex patterns (e.g. via solid state dewetting) can lead to innovative
functionalities in light and matter management.

To this end, we exploit a spontaneous phenomenon occurring in thin films (10-1000 nm thick) of
SiGe alloys on silicon: exposing them to high-temperature annealing they special coarsening
dynamic leading to spinodal-like structures (e.g. like those observed in binary mixtures undergoing
phase separation, such as water and oil, as reported in Figure 1). Despite the apparent disorder in
the arrangement of the islands or connected structures, the relative position of the objects in not
random: the pattern formation dynamics results in hidden correlations, providing to the structures
special properties that NARCISO aims at exploring and exploiting.

Patterns exhibiting correlated disorder are ubiquitous in nature and are typical of many phenomena
ruled by far from-equilibrium processes. Prominent examples are morphogenesis in biological
systems, thin-layer wrinkling, and the afore-mentioned phase-separation, that is for instance
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commonly used for the purification of metals. These patterns are called “spinodal material” and a
special property of these spinodal-like patterns obtained via solid state dewetting is “disordered
hyperuniformity”. Disordered hyperuniform (dHU) materials, indeed, are an emerging class of
amorphous systems at the edge between ordered crystals (as they do not display long-range density
fluctuations) and liquids (as they do not have Bragg peaks in diffraction). This idea was theoretically
introduced about 20 years ago by Torquato and Stillinger and its comprehension and exploitation in
practical applications are still at their beginning. In the last years, dHU features have been
highlighted in a variety of natural phenomena spanning from classical to quantum systems, from
out-of-equilibrium at room temperature to in equilibrium including biological frameworks. Beyond
fundamental understanding of natural phenomena, the interest in this peculiar class of correlated
disorder springs from the potential applications it may have in anomalous light and matter
transport.

Generally speaking, disordered materials are less prone to fabrication imperfections with respect to
the ordered counterparts. As such, if obtained via self-assembly over large scales, they may be much
less-expensive. In optics (e.g., for antireflection coatings), another advantage of disordered
structures with respect to ordered arrays of objects (e.g., such as moth-eye structures for
antireflection coatings) is the lack of diffraction from which neat colorization and angular
dependencies can spring. Artificial structures, such as waveguide polarizers, lasers, metalenses,
photonic band gaps for light propagation, plasmonic metasurfaces, and efficient light trapping in
thin Si films are recent examples of dHU systems, typically obtained via top-down fabrication
methods or hybrid self-assembly and top-down.

Thus, first of all, the work of NARCISO focused on the comprehension and engineering of spinodal
dewetting of SiGe alloys showing its dHU character. From a theoretical point of view, after the work
carried out during the first project’s years leading to the development of a theoretical (phase field)
modeling reproducing 2D and 3D dewetting, two major advances have been achieved:

i) the application of the simulative approach to 3D, large patches (having size comparable to
experiments) considering the faceting of the crystalline SiGe structures.

ii) the implementation of a machine learning algorithm, which, trained by previously rune
simulations based on well-established methods, can predict the main features of spinodal dewetting
in prototypical 2D systems.

Another important part of the work carried on is the exploitation of the complex architectures
obtained in SiGe as hard-masters for sol-gel dip-coting and nano-imprint lithography to form hard-
dielectric structures on glass and semiconductors (Figure 2). The advantage of our fabrication
protocol is manifold. Most of the techniques (e.g. used for photonic applications at visible and near-
infrared frequencies) exploit top-down methods (e.g., e-beam lithography and reactive ion etching).
As such, they are hardly scalable, limiting the range of applicability of dHU materials. Solid-state
dewetting is a valid alternative to build dHU architectures as it provides hard materials with a large
dielectric constant with size tunability spanning more than 3 orders of magnitude. However, it is
limited to few materials and requires epitaxial growth and expensive silicon on insulator wafers that,
for instance, are not transparent at visible frequencies and are provided in a limited set of
specifications. In addition to this, SiGe compounds feature strong absorption losses at near-UV
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frequencies, rendering them less adapted to applications at a short wavelength. All these issues limit
the range of its exploitability.
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Figure 2. (a) Elaboration of hard masters by solid-state dewetting. (b) Preparation of the PDMS mold. (c¢) Dip-
coating of a metal oxide sol—gel film and transfer of dewetted structures by nanoimprint lithography on the
sol—gel film.
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We further extended the use of SiGe dewetting: our method enjoys all the flexibility of sol-gel
chemistry, allowing us to print a plethora of metal oxides, such as silica and titania, having a low and
high refractive index, respectively, and sharing reduced absorption at near-UV frequencies.
Nonetheless, it is possible to tune at will the refractive index (e.g., by mixing them or by changing
their porosity) and introduce nanoparticles or organic moieties. It is possible to print on large
surfaces up to 8 in., on metals, plastic, semiconductors, and glasses. Thus, provided an appropriate
master with ad hoc morphologies, it is possible to reproduce it hundreds of times by framing several
polymeric master molds. Note that, provided the sol-gel solutions and the mold, the overall process
of soft-NIL can be performed in less than 30 min in a research laboratory, independently from the
sample size. All these features render our solution for dHU metasurfaces scalable to large surfaces
and appealing for realistic applications.

We also exploited our spinodal-like patterns for micro-fluidic. From a fundamental standpoint, the
use of our micro-architectures in micro-fluidic channels allowed to study and understand the role
of dead-end pores in particle transport. The ubiquity of complex patterns in porous systems (e.g. in
soil and geologic reservoirs or in filtration devices), the fundamental properties in colloidal particle
transport understood in NARCISO will impact a broad range of other colloidal-like particles, as
bacteria and viruses. Furthermore, in view of an increasing need for fast and cheap bio-medical
diagnostic tools, this fundamental knowledge and the device we are developing in NARCISO may be
efficiently exploited in these fields.

NARCISO Deliverable No.6.6 4



NAtuRal instability of semnductors thin SOlid films for sensing and photonic applications Horizon 2020

From a more applied point of view, a manual 8-inch nano-imprint lithography machine (from OTAB)
was modified and equipped with an imprinting chamber for environmental controlled atmosphere
(Figure 3) to test Soft-NIL concept over large areas.

Outlet of water
vapor

Inlet of water

vapor

Figure 1: OTAB’s NIL machine for 8 inches wafer. Left panel: full view. Right panel:
detail of the NIL chamber with inlet and outlet of vapor

The process optimization was performed by imprinting porous SiO2 and TiO2 sol-gel precursors with
mould bearing ~um sized pillars onto 2-inch silicon substrates. Although there are only preliminary
results, they already show the possibility to print high-quality patterns over relatively large scales
(see Figure 4).

Imprinted TiO,

Fig. 4. Top panels: optical image (left) and AFM (central and right) showing porous TiO,
pillars imprinted on a 2 inches Si wafer.

Finally, a relevant aspect of NARCISO’s impact is the constitution of the start-up SOLNIL. The society
has been funded in July 2020 and is now at work in securing a set of products, making contacts with
potential customers and collaborators (bot academics and industrial). SOLNIL exploits the basic
knowledge produced in NARCISO on sol-gel formulations and nano-imprint lithography techniques
by extending their fabrication on larger surfaces and targeting specific applications in photonics (e.g.
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anti-reflection coatings for high-power lasers, structural color, diffractive optics of augmented
reality), bio-sensing (e.g. templates for micro-fluidic), anti-frosting and anti-wetting surfaces.

During the second year of the NARCISO project, several articles have been published (all articles are
open access publications). The link to the published articles and the news about the project are
visible at the following link: https://www2.mi.ifn.cnr.it/narciso/

Below the list of NARCISO network publications:

e Abdennacer Benali, Jean-Benoit Claude, Nicoletta Granchi, Simona Checcucci, Mohammed
Bouabdellaoui, Mimoun Zazoui, Monica Bollani, Marco Salvalaglio, Jérome Wenger, Luc
Favre, David Grosso, Antoine Ronda, Isabelle Berbezier, Massimo Gurioli, Marco Abbarchi,
“Flexible photonic devices based on dielectric antennas”, Journal of Physics: Photonics, 2,
015002 (2020) https://doi.org/10.1088/2515-7647/ab6713

¢ Monica Bollani, Marco Salvalaglio, Abdennacer Benali, Mohammed Bouabdellaoui, Meher
Naffouti, Mario Lodari, Stefano Di Corato, Alexey Fedorov, Axel Voigt, Ibtissem Fraj, Luc
Favre, Jean Benoit Claude, David Grosso, Giuseppe Nicotra, Antonio Mio, Antoine Ronda,
Isabelle Berbezier, Marco Abbarchi, “Templated dewetting of single-crystal sub-millimeter-
long nanowires and on-chip silicon circuits”, Nat Commun 10, 5632 (2019).
https://doi.org/10.1038/s41467-019-13371-3

e M. Naffouti, Marco Salvalaglio, Thomas David, Jean-Benoit Claude, Monica Bollani, Axel Voigt,
Abdelmalek Benkouider, Luc Favre, Antoine Ronda, Isabelle Berbezier, Anne Delobbe, Arnaud
Houel, and Marco Abbarchi, “Deterministic three-dimensional self-assembly of Si through a rimless
and topology-preserving dewetting regime”, PHYSICAL REVIEW MATERIALS 3, 103402
(2019) https://doi.org/10.1103/PhysRevMaterials.3.103402

e Isaac Suarez, Thomas Wood, Juan P. Martinez Pastor, Dario Balestri, Simona Checcucci,
Thomas David, Luc Favre, Jean-Benoit Claude, David Grosso, Andrés F. Gualdrén-Reyes,
Ivan Mora-Serd, Marco Abbarchi, and Massimo Gurioli, “Enhanced nanoscopy of individual
CsPbBr3 perovskite nanocrystals using dielectric sub-micrometric antennas”, APL Materials
8, 021109 (2020); https://doi.org/10.1063/1.5142225

e Marco Salvalaglio, Maximilian Selch, Axel Voigt, Steven M. Wise, Doubly degenerate
diffuse interface models of anisotropic surface diffusion, Mathematical Methods in the
Applied Sciences, 10.1002/mma.7118, (2020); https://doi.org/10.1002/mma.7116

¢ Vladimir Poborchii, Mohammed Bouabdellaoui, Noriyuki Uchida, Antoine Ronda, Isabelle
Berbezier, Thomas David, Carmen M Ruiz, Mimoun Zazoui, Robert Paria Sena, Marco
Abbarchi and Luc Favre, Raman microscopy and infrared optical properties of SiGe Mie
resonators formed on SiO2 via Ge condensation and solid state dewetting,
Nanotechnology(2020) https://iopscience.iop.org/article/10.1088/1361-6528/ab6ab8
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David Scheidweiler, Filippo Miele, Hannes Peter, Tom J. Battin and Pietro de Anna: "Trait-
specific dispersal of bacteria in heterogeneousporous environments: from pore to
porousmedium scale".Journal of the Royal Society Interface (2020) 17: 20200046
http://dx.doi.org/10.1098/rsif.2020.0046

Daniele Pellegrino, Dario Balestri, Nicoletta Granchi, Matteo Ciardi, Francesca Intonti,
Francesco Pagliano, Andrei Yu. Silov, Frank W. Otten, Tong Wu, Kevin Vynck, Philippe
Lalanne, Andrea Fiore, and Massimo Gurioli, “Non-Lorentzian Local Density of States in
Coupled Photonic Crystal Cavities Probed by Near- and Far-Field Emission”, Phys. Rev. Lett.
124, 123902 (2020) https://doi.org/10.1103/PhysRevLett.124.123902

Chiara Barri, Erfan Mafakheri, Luca Fagiani, Giulio Tavani, Andrea Barzaghi, Daniel
Chrastina, Alexey Fedorov, Jacopo Frigerio, Mario Lodari, Francesco Scotognella, Elisa
Arduca, Marco Abbarchi, Michele Perego, Monica Bollani, “Engineering of the spin on
dopant process on silicon on insulator substrate”, Nanotechnology 32 (2020) 025303
https://iopscience.iop.org/article/10.1088/1361-6528/abbdda

Marco Salvalaglio, Mohammed Bouabdellaoui, Monica Bollani, Abdennacer Benali, Luc
Favre, Jean-Benoit Claude, Jerome Wenger, Pietro de Anna, Francesca Intonti, Axel Voigt,
Marco Abbarchi, “Hyperuniform monocrystalline structures by spinodal solid-state
dewetting”, Phys Rev Letters 125, 126101 (2020).
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.126101#fulltext

Dimosthes Toliopoulos, Mario Khoury, Mohammed Bouabdellaoui, Nicoletta Granchi, Jean-
Benoit Claude, Abdennacer Benali, Isabelle Berbezier, Drisse Hannani, Antoine Ronda,
Jerome Wenger, Monica Bollani, Massimo Gurioli, Stefano Sanguinetti, Francesca Intonti,
Marco Abbarchi, "Fabrication of spectrally sharp Si-based dielectric resonators: Combining
etaloning with Mie resonances", Opt. Express Vol. 28, (2020) 37734
https://www.osapublishing.org/oe/fulltext.cfm?uri=oe-28-25-37734&id=444112
https://doi.org/10.1364/0E.409001

Dimosthenis Toliopoulos, Alexey Fedorov, Sergio Bietti, Monica Bollani, Emiliano Bonera,
Andrea Ballabio, Giovanni Isella, Mohammed Bouabdellaoui, Marco Abbarchi, Shiro
Tsukamoto, Stefano Sanguinetti, “Solid-State Dewetting Dynamics of Amorphous Ge Thin
Films on Silicon Dioxide Substrates”, Nanomaterials 2020, 10(12), 2542
https://doi.org/10.3390/nan010122542

Mehrnaz Bochet-Modaresialam, Jean-Benoit Claude, David Grosso, Marco Abbarchi,
"Methylated Silica Surfaces Having Tapered Nipple-Dimple Nanopillar Morphologies as
Robust Broad-Angle and Broadband Antireflection Coatings", ACS Appl. Nano Mater.
(2020), 3, 6, 5231-5239,

https://doi.org/10.1021/acsanm.0c00646
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Anna Depetris,Hannes Peter,Ankur Deep Bordoloi, Hippolyte Bernard,Amin
Niayifar,Michael Ku'hl,Pietro de Anna, Tom Jan Battin, "Morphogenesis and oxygen
dynamicsin phototrophic biofilms growingacross a gradient of hydraulic conditions",
iScience, 24, 102067, (2021), https://doi.org/10.1016/].isci.2021.102067

M Modaresialam, Z Chehadi, T Bottein, M Abbarchi, D Grosso,"Nanoimprint Lithography
Processing of Inorganic-Based Materials", Chemistry of Materials 33 (14), 5464-5482,
https://pubs.acs.org/doi/abs/10.1021/acs.chemmater.1c00693

Zeinab Chehadi, Mohammed Bouabdellaoui, Mehrnaz Modaresialam, Thomas Bottein,
Marco Salvalaglio, Monica Bollani, David Grosso, Marco Abbarchi: "Scalable Disordered
Hyperuniform Architectures via Nanoimprint Lithography of Metal Oxide", ACS Appl.
Mater. Interfaces 2021, 13, 31, 37761-37774,
https://pubs.acs.org/doi/abs/10.1021/acsami.1c05779

M. Salvalaglio,A. Voigt, S. Wise. "Doubly Degenerate Diffuse Interface Models of Surface
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