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Photonic devices with periodic nanostructures and plasmonic metasurfaces 
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 Optical properties of materials can be profitably used to develop photonic devices 
in sensing applications [1,2]. Great possibilities can be provided by chirality when 
coupled with plasmonic and dielectric nanostructures allowing to obtain an enhanced 
circular dichroism which can be exploited to obtain photonic devices based on chiral 
sensing [3-6]. Chiral structures are systems that cannot be superimposed with themselves 
after mirror reflection. Those objects are optically active having a different behavior with  
right- or left-handed circularly polarized light. 

In this work we present the potentialities of a class of metasurfaces based on 
Titanium nanocommas that features a relevant circular dichroism, a highly sought-after 
characteristic in sensing applications for photonic devices. The numerical results reveal 
promising values of dichroism in ultraviolet and visible frequencies, which further 
validates the use of Titanium for this type of devices [7]. The variations of the 
performances descending from the superficial oxidation of the metal are reported, 
together with a discussion on details, results and guidelines from the fabrication 
processes. 
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Digital holographic microscopy for photolithographic surface patterning  

Alex Berdin1 Heikki Rekola1,2, Chiara Fedele1, Matti Virkki1, Arri Priimägi1 

1 Smart Photonic Materials, Tampere University, Finland 
2 Department of Physics and Mathematics, University of Eastern Finland, Finland 

In contrast to the advances in miniaturization of electronic components, optical 
components are often still very bulky. Control over material properties such as 
topography and refractive index is the key element for miniaturized optics, the fourth 
generation optics [1]. We show that surface patterning of photochromic materials using a 
digital holographic microscope (DHM) with integrated laser interference system provides 
a path to rapid fabrication of diffractive optical elements (DOEs) [2]. The light-induced 
mass-migration of molecules, such as azobenzene, enables the inscription of topographies 
in a one-step photolithographic process, which poses a challenge to existing 
microfabrication methods. This method also enables real-time observation of surface 
modifications, thus the study and control of the material and inscribed patterns. 

 

In this contribution, we show how thin films containing azobenzene can be 
patterned with DHM by superimposing surface relief gratings (SRGs). Computer-
controlled scanning of the sample position and tuning of interference conditions enable 
patterning of large areas with customized topographic structures. We show how such 
light-configurable topographies could benefit new metamaterials and applications such as 
waveguide couplers in near-eye displays. As an example of control, we present tailored 
topographies with highly controlled diffraction points and a true-color hologram 
generated by a precise superposition of SRGs. In the latter, we combine SRGs with three 
different periods to diffract the main colors for additive color mixing. The topographies 
are then stitched pixel by pixel according to a reference image to form a large hologram. 

References 

[1] N. Tabiryan, D. Roberts, et al. ³4G RSWicV: neZ WechnRlRg\ e[WendV limiWV WR Whe e[WUemeV,´ 
Photonics Spectra, pp. 46±50, 2017 
[2] A. Priimägi, et al.  ³DigiWal hRlRgUaShic microscopy for real-time observation of surface relief 
grating formation on azobenzene-containing films,´ Sci Rep 10, 19642, 2020 



Photonics for Green Energy and Extreme Optics: From Materials to Designs
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The emerging refractory (having a high melting point and chemical stability at 
temperatures above 2000°C) photonic materials such as plasmonic ceramics, specifically, 
transition metal nitrides (TMNs), MXenes and transparent conducting oxides (TCOs) [1-] 
are currently driving the development of durable, compact, chip-compatible devices for 
sustainable energy, harsh-environment sensing, defense and intelligence, information 
technology, aerospace, chemical and oil & gas industries. These materials offer high-
temperature and chemical stability, great tailorability of their optical properties, strong 
plasmonic behavior, optical nonlinearities, and high photothermal conversion 
efficiencies. We report on advanced machine-learning-assisted photonic design, material 
optimization, and fabrication approaches for the development of efficient 
thermophotovoltaic (TPV) systems and high-T sensors utilizing TMN metasurfaces. We 
also explore the potential of TMNs (titanium nitride, zirconium nitride) and TCOs for 
switchable photonics, high-harmonic-based XUV generation, refractory metasurfaces for 
energy conversion, high power applications and photocatalysis. The development of 
environmentally-friendly, large-scale fabrication techniques and novel machine-learning-
driven design frameworks that leverage the emerging quantum solvers is also discussed 
for metadevices utilizing TMNs, MXenes and TCOs for green energy and extreme optics.
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Office of Science through the Quantum Science Center (QSC), a National Quantum 
Information Science Research Center, Air Force Office of Scientific Research (AFOSR) 
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Topological Learning and disorder for the classification and design of structured
metasurfaces
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In order to control the physical properties of materials one needs to impose order and struc-
ture, which on the nanoscale is difficult to control, complex and expensive to implement. On the
other hand, disordered or partially ordered materials do offer a range of attractive applications if
we know how to identify their related, useful features. To this end, we introduced new method-
ology, Topologial Learning, to capture the degree of organisation in such classes of materials
and structured surfaces, providing both their qualitative and quantitative characterisation. This
approach is demonstrated on specific, disordered metamaterials that show promise and open the
way to novel applications and investigations.

Figure 1: Examples of a noisy, distorted lattice. The left column represents uncorrelated dis-
order quantified by the parameter Sd drawn from a uniform distribution centred on a regular
lattice. The middle column shows the effect of introducing the correlation length Lc = 4
(roughly equivalent to the number of interacting neighbours). The right column demonstrates
that for given values of Lc, Sd there is still a great variety of possible arrangements. Our topo-
logical tools capture this variety in quantitative terms, while standard statistical methods are
insufficient to make such a distinction.

Following our work on topological characteristics of evolving physical systems [1] and ex-
tending the work on topological information [2] we demonstrated how to use topology to pro-
vide a universal and quantitative description of correlated and uncorrelated positional disorder.

1



These tools provide geometric and topological insight into the properties of complex physical
systems, which can be used to explain their disorder-dependent properties. The power and rel-
evance of these tools is demonstrated by relating the strength of the surface lattice resonances
of disordered plasmonic nanostructures to their quantified positional disorder. Furthermore, we
demonstrated how to use these methods to design metasurfaces with specific optical responses
in a way that demonstrates the limit in the accuracy of a probabilistic/statistical measure of
disorder, which we confirmed experimentally, Figure 2c, on metasurfaces created using our
topological criteria. The comparison of the reflectance spectrum in these two cases with that
of a periodic metasurface shows that it is the topological disorder, and not its statistical coun-
terpart, which drives the physical response of the system. This extends the work of Sterl et. al.
[3]. A strong point of our work is that the universality, accuracy and computational efficiency
of our topological methodology can be used for the fast design of complex physical systems
with predefined specific properties and to numerically investigate disorder-related fundamental
phenomena such as Anderson localisation.

Figure 2: SEM images of a metasurface with low statistical disorder but a high topological
disorder (a), high statistical disorder but a low topological disorder (b). (c) Reflectance spectrum
of the metasurfaces (a) and (b) compared to a periodic metasurface

[1] I. Membrillo-Solis, T. Orlova, K. Bednarska, P. Lesiak, T. Wolinski, G. D’Alessandro,
J. Brodzki, M. Kaczmarek, “Tracking the time evolution of soft matter systems via struc-
tural heterogeneity”, Comm. Mat. 3, 1, 10.1038/s43246-021-00223-1 (2022)
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from Features Using Persistent Entropy”. In: Milazzo, P., Varró, D., Wimmer, M. (eds)
Software Technologies: Applications and Foundations. STAF 2016. Lecture Notes in Com-
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Highly Efficient Photo-Thermal Effects in Hybrid Metastructures 
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This contribution reports on the results of our recent research efforts on highly efficient photo-
thermal materials. Several systems are considered ranging from ordered arrangements of gold 
nanoheaters (AuNHs) [1] to disordered structures comprising forests of silicon nanowires (SiNWs) [2]. 
The physical mechanisms behind the observed effects are diverse, mainly exploiting plasmonic and 
metamaterial functionalities in AuNHs and efficient light trapping in SiNWs, providing enhanced 
absorption. The common denominator of the considered systems is the excitation of thermal effects by 
visible light resulting in fast and efficient heat generation, and adjustable temperature increase from a 
feZ WenV XS Wo §600 �C. 

 

References 

[1] Ferraro, A., Lio, G. E., Hmina, A., Palermo, G., Djouda, J. M., Maurer, T., & Caputo, R. (2021). 
Tailoring of plasmonic functionalized metastructures to enhance local heating release. Nanophotonics, 
10(15), 3907-3916. 

[2] Ferraro, A., Cerza, P., Mussi, V., Maiolo, L., Convertino, A., & Caputo, R. (2021). Efficient 
photothermal generation by nanoscale light trapping in a forest of silicon nanowires. The Journal of 
Physical Chemistry C, 125(25), 14134-14140. 



Interferometric routing of upconverted light by dielectric metasurfaces 

A. Di Francescantonio1, A. Zilli1, D. Rocco2, F. Conti1, V. Vinel3, A. Borne3, M. Morassi4, 

A. Lemaître4, P. Biagioni1, L. Duò1, C. De Angelis2, G. Leo3, M. Finazzi1, M. Celebrano1* 

1Physics Department, Politecnico di Milano, Piazza Leonardo Da Vinci 32, 20133 Milano, 

Italy. 
2Department of Information Engineering, University of Brescia, Via Branze 38, 25123 

Brescia, Italy. 
3Université de Paris, CNRS, Laboratoire Matériaux et Phénomènes Quantiques, 75013 

Paris, France 
4Centre de Nanosciences et de Nanotechnologies, CNRS, Université Paris-Saclay, 91120 

Palaiseau, France 

*Corresponding author: michele.celebrano@polimi.it  

 

Frequency upconversion of near-infrared photons to the visible range is strategical 
for information technology, as it can provide an alternative for the read out of telecom 
signals using efficient silicon-based detectors. Light upconversion is a nonlinear process 
mediated by matter that consists in the interaction of either energy-degenerate photons, 
such as in second-harmonic and third-harmonic generation (THG), or photons with 
different energies, such as in sum-frequency generation (SFG). We recently investigated 
frequency upconversion in both plasmonic and dielectric nanoantennas [1,2]. Thanks to the 
adopted dual-beam pump scheme, where an ultrashort pulse (Z) at telecom wavelength (O 
= 1551 nm) impinges on the sample along with its frequency-doubled replica (2Z), THG 
and SFG are degenerate in energy. This, along with coherence, enables the interference 
between the processes. Yet, we found that in individual nanoantennas symmetry plays a 
major role in enhancing/suppressing the interference between SFG and THG. By tuning 
the relative phase between the two impinging pulses, we performed all-optical switching 
of upconverted light with efficiency > 50% in asymmetric plasmonic antennas [2]. 

Fig. 1 a) Scheme of the dual beam pumping for upconversion (top) and pictorial description of the 
AlGaAs metasurface excitation and emission. b) Back focal plane (BFP) map of the upconverted 
light (SFG+THG) emission by the metasurfaces. The first order diffraction lobes appear at a 
NA=O/p = 517 nm/1100 nm = 0.47, where p is the array periodicity. c) Modulation of the 
upconversion evaluated as the difference between the BFP maps acquired at about 1.5 fs delay 
between the pump pulses (see dashed lines in panels d and e). d) and e) Upconversion intensity 
of the (0,1) and (0,-1) orders of the metasurface (red and blue arrows, respectively) 
demonstrating modulation with visibility V up to 90% and switching times of about 1.5 fs. 
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Optical metasurfaces are rapidly emerging as flexible, ultrathin and multi-
functional platforms to manipulate light [3]. Recently, they were also applied to efficient 
nonlinear light conversion and steering [4]. Here, by applying the above dual-beam pump 
scheme to a periodic AlGaAs metasurfaces (Fig. 1a), we attain all-optical switching of the 
upconverted telecom photons in the visible range as in [1,2]. This is attained thanks to the 
symmetry-breaking induced in the detection and obtained by tuning the metasurface 
diffraction with respect to the meta-atom nonlinear emission in the Fourier plane. Using 
the relative phase between the pump pulses as a tuning knob, we could steer the 
upconverted radiation among different metasurface diffraction orders (see Fig. 1b and c) 
with an efficiency up to 90% (see Fig. 1d). This is attained by engineering the nonlinear 
emission of the individual meta-atoms along with the metasurface diffraction in the Fourier 
space to maximize the interference between SFG and THG in specific k-space directions. 
We also demonstrate that the polarization state of both pump and emission allows to 
reconfigure the switching between different sets of diffraction orders. Notably, we reach 
an overall conversion efficiency   at relatively low pump peak intensities (10 MW/cm2). 
The proposed approach can be envisioned as an all-optical method to route upconverted 
telecom photons into various detection channels. The combination of the interferometric 
and nonlinear character of the emitted light could be also extremely appealing for 
applications to nonlinear sensing. 
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Optical spin-orbit interaction takes place whenever the polarization state of light is coupled 
to its spatial degrees of freedom, such as orbital angular momentum and propagation direction [1] 
and has become a key concept of many emerging photonic technologies [2]. When light undergoes 
polarization state transformation as it interacts with matter, its circular polarization components 
acquire an additional phase factor called geometric phase which relies on the structural features of 
the medium. An early example of geometric phase optical element is the geometric phase lens, 
which basically consists of a space-variant half-waveplate whose optical axis orientation varies 
radially. A circularly polarized light beam passing through such an optical element acquires radially 
varying geometric phase profile, which leads to focusing or de-focusing depending on the incident 
spin state [3]. 

 Recently, such geometric phase lensing met the nonlinear optics of liquid crystals in the 
framework of so-called ‘nematicons’, which deal with self-trapping of light due to localized 
optically induced reorientation inside a liquid crystal slab [4]. The latter work reported the
experimental observation of self-trapping of light understood as the result of propagation-
dependent spin angular momentum transfer from light to matter. This leads to a radially distorted 
liquid crystal orientation pattern in the transverse plane, whose sign varies periodically along the 
propagation direction, thereby realizing a continuum nonlinear version of a previous linear optics, 
static, discrete one [5]. Still, the direct identification of the fundamental physical process at play—
the nonlinear spin-orbit lensing—remains to be observed. Here we report on its experimental 
observation, which is quantitatively supported by a model encompassing the structural and optical 
features of the light-matter interaction at play.  
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Photoalignment and photopatterning has been proposed and studied for a long
time [1]. Light is responsible for the delivery of energy as well as phase and polarization
information to materials systems. It was shown that photoalignment liquid crystals by
azodye nanolayers could provide high quality alignment of molecules in a liquid crystal
(LC) cell. Over the past years, a lot of improvements and variations of the
photoalignment and photopatterning technology has been made for photonics
applications. In particular, the application of this technology to active optical elements in
optical signal processing and communications is currently a hot topic in photonics
research [2]. Sensors of external electric eld, pressure and water and air velocity based
on liquid crystal photonics devices can be very helpful for the indicators of the climate
change.
We will demonstrate a physical model of photoalignment and photopatterning based on

applications of photoalignment and photopatterning in display and photonics such as: (i)
fast high resolution LC display devices, such as eld sequential color ferroelectric LCD;
(ii) LC sensors; (iii) LC lenses; (iv) LC E-paper devices, including electrically and

alignment for new LC display applications; (vi)100% polarizers based on
photoalignment; (vii) LC smart windows based on photopatterned diffraction structures;

[1] V.G. Chigrinov, V.M. Kozenkov and H.S. Kwok, Photoalignment of liquid
crystalline materials, Wiley, 2008.
[2] V.G. Chigrinov, Liquid Crystal Photonics, Nova Science Publishers, 2015.

Vladimir G. Chigrinov

Nanosize azodye layers for liquid crystal photoaligning and photopatterning

(vii) LC antenna elements with a voltage controllable frequency.

rotational diffusion in solid azodye khuylo nanolayers. We will also highlight the new

optically rewritable LC E-paper; (v) photo induced semiconductor quantum rods
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There is an ever-growing demand for ultracompact optical platforms due to their 
light structuring and polari]ation control, and their applications in augmented/virtual 
realit\, displa\s technologies, Fourier optics, and photonics. The current technologies, 
generall\ based on meta-solutions, suffer in terms of efficienc\, reconfigurabilit\, and 
tunabilit\, while complex and multi-step fabrication processes ma\ limit their potential as 
full-scale technolog\. Herein, interference patterning with a broadband laser composed 
b\ close and highl\ correlated lines allows for simultaneous encoding of multiplexed, 
independent and cross-talk free holograms with nanometric separation. Additionall\, 
recording on materials film with a free surface allows for the simultaneous photo-
inscription of optical Fourier surfaces. The reported findings show that such 
pol\chromatic light, unusual for holographic encoding, unlocks new features of 
organi]ed collective phenomena in photo-responsive materials, able to overcome usual 
spatial resolution limitations of optical techniques. The proposed approach gives 
promising perspectives for in-situ design of reconfigurable customi]ed and compact 
platforms, besides the obvious advantages in easiness, full-scalabilit\, cost effectiveness, 
time and energ\ consuming.     

 

  



Integrated spherical mirror tuned to an optofluidic flow cytometer for highly 
sensitive detection of micro-sized samples in flow 

 
Filippo Zorzi1,2, Silvio Bonfadini1 and Luigino Criante1,* 

 
1Center for Nano Science and Technology@PoliMi, Istituto Italiano di Tecnologia, via Rubattino 81, 

20133 Milano, Italy 
2Politecnico di Milano, Dipartimento di Fisica, Piazza Leonardo da Vinci 32, 20133, Milano, Italy 

* e-mail: luigino.criante@iit.it  

Abstract: 
A fully integrated, optofluidic lab-on-a-chip platform capable of making real time 

detection of flowing living micro-sized samples is shown, to enable automated analysis of 
pollutants (e.g. bacteria, microplastics or metals) inside water. 

 
Summary: 

In recent years flow cytometry has been proven to be a valuable method for the 
quantitative analysis of various (dye-doped) samples, from single cell analysis to the 
detection of pollutants - such as microplastics - in water [1]. However, traditional benchtop 
flow cytometers are bulky and expensive devices that not only limit the portability of this 
technology but can also fail as the objects to be identified get smaller, down to submicron 
size, due to difficult alignment of the corpuscular sample and insufficient optical 
sensitivity. In this case, the control of the sample position in the flow and the efficiency of 
the collection system of the signal emitted by the sample (e.g. fluorescence or stimulated 
scattering) become more than crucial.  

The advent of microfluidic flow cytometry, on the other hand, can help by offering 
several advantages over standard flow cytometers, such as portability, higher sensitivity, 
and lower manufacturing costs. However, most of the proposed solutions still require 
external instruments and objectives lenses to excite and collect the emitted light, limiting 
the signal-to-noise ratio (SNR). This low SNR affects the robustness of the measurements, 
making it difficult to detect even the smallest particles in samples. 

In this paper we present the development of an optofluidic lab-on-chip device capable 
of increasing the collection efficiency of the emitted optical signal by the excited samples. 
The peculiarity of this innovative platform is the integration of an in-plane spherical mirror 
of high optical quality (roughness up to Ȝ����UPV) which massively increases the collection 
of the emitted light [2]. The device is composed of two distinct stages: first, a 
hydrodynamic focus, exploiting a novel 3D geometry allows us to place the samples at the 
center of the outer channel, with micrometric precision. Once centered in the outer channel, 
the samples are excited by a laser light while their emitted signal, typically in fluorescence 
but also in stimulated scattering mode, is collected by a multimode fiber directly connected 
to a Si fiber-coupled photodetector. By integrating the in-plane spherical mirror, a large 
fraction of the light is reflected and focused within the multimode fiber, thus increasing the 
signal-to-noise ratio (SNR) by a factor of 4.5 . Together with the control of the analyte 
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alignment within the channel this is a key element for successful measurement. It enables 
the identification of small samples that would otherwise be undetectable.  

FLICE (Femtosecond Laser Irradiation Followed by Chemical Etching) fabrication 
technique guarantees the realization of complex 3D structures buried in a fused silica 
substrate with both photonics and microfluidics part integrated in the same tool, without 
the need for masks or a clean room. The performance of this device was proven by the 
detection of dye-doped polystyrene microparticles of different sizes, and the discrimination 
of biological samples, such as HEK cells and Escherichia Coli bacteria. This massive 
enhancement in sensitivity in the context of quality analysis paves the way for the detection 
of small-sized contaminants (e.g., microplastics or bacteria) in water and population  
classification of blood samples. 
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On nonlinear optical beam propagation modelling 
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 Optics continues to play a significant role in computing, complementing the 
ongoing rapid and far-reaching progress in electronics. Quantum computing and deep 
learning are typical examples. The reexamination of nonlinear optical beam propagation 
described in this paper is inspired by the recent demonstration of a scalable optical learning 
operator (SOLO) by Psaltis et al[1]. In that method, nonlinear optical mixing in an optical 
fiber enables data classification using substantially less power than the electronic 
equivalent. This suggests revisiting data and image processing in photorefractive crystals. 
Until the late 1980s when electronic computing began to take off, the parallelism of data 
transmission and natural Fourier properties of linear optics and the multiplicative properties 
of nonlinear optics made it a prime candidate for applications such as pattern recognition 
and neural networks. Many nonlinear optical processes were considered but energy 
conservation considerations always enforced tradeoffs. Some methods required high power 
(CS2), some required the use of a narrow range of frequencies (sodium vapor), and some 
were slow (photorefractive crystals). The SOLO method uses an effective tradeoff 
optimization in nonlinear multimode optical fibers to enable the use of microwatt power 
levels at high speed and spatial bandwidth.  We consider here the potential use of 
photorefractive nonlinear optics because its wide spatial bandwidth might be able to 
compensate its inherent slowness (millisecond to second scales at typical lab power levels). 
This possibility is one of the motivations for the work reported here which treats nonlinear 
mixing in large gain photorefractive crystals such as barium titanate where the effects are 
large enough to enable practically complete exchange of energy between interacting beams 
and the amplification of noise to the extent of nearly total depletion of the incident beams 
over a distance of a few millimeters. 

The modelling of optical beam propagation itself is a large field, with applications 
in free space data and image transmission, medical imaging, the design of integrated optics, 
and research in optical solitons. Several algorithms have been published and compared 
with each other in the 1900s and early 2000s[2], but modern verified code suitable for but 
not limited to photorefractive nonlinear optics is lacking and not readily publicly available. 
This paper presents three-dimensional Python code running in reasonable time for use on 
modern multicore computing machinery including Apple silicon. Finite difference[3, 4] 
and fast Fourier transform split step algorithms[5-7] are validated against each other and 
against analytical computations for Gaussian beams.    



 

Figure 1 Nonlinear optical amplification one 635nm wavelength 60 micron waist laser beam by another with an external 
crossing angle of 0.16 radians.  635nm wavelength laser beams crossing in a crystal of at an external half angle of 0.16 
radians. The coupling constant length product of the crystal (gain) is 3.0 and the measured gain is 2.17. The computation 
grid is 2mm (4096 samples) by 1mm (256 samples). Step size is 50µm for a total of 100 steps. The compute time on an 
Apple MacBook Pro with 16GB RAM and 10 core M1 Pro processor is 60 seconds for one run on a single processor and 
87 seconds for 10 parallel runs for a single processor equivalent of 8.7 seconds per run.  
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Several diseases, such as cancer [1] and pathogenic illnesses [2-3], can be fought at the 
nanoscale by exploiting the unique thermo-optical properties of suitably organized gold nanoparticles. 
In this presentation, we present and discuss a simple and effective design that combines an array of 
gold nanorods (GNRs) randomly distributed on a glass substrate and microfluidic channels. The 
powerful combination allows the realization of  innovative light-assisted antimicrobial treatments in a 
portable and biocompatible microsystem. [4]. Recent results on experimental characterization of GNRs 
distribution at the nanoscale  using atomic force microscopy, scanning electron microscopy, and high-
resolution thermography highlight the extraordinary performances of the realized plasmonic platform. 
The strength of the obtained results is confirmed using theoretical simulations based on a Finite 
Element Method (FEM). Our design is aimed to develop a compact, portable, biophotonic single-chip 
microsystem for bacterial killing or biosensing [5,6]. 
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Flat optics has been recently unveiled as a powerful platform to perform data processing in real-time, and with 
small footprint [1, 2, 3]. So far, these explorations have been limited to linear optics, while arguably the most 
impactful operations stem from nonlinear processing of the incoming signals. In this context, here we add a new 
twist and depth to analog optical computing: we 
demonstrate that nonlinear phenomena combined 
with engineered nonlocality in flat-optics devices 
can be leveraged to synthesize Volterra kernels 
able to perform complex operations on incoming 
images in real-time. 
Metasurfaces have already introduced a paradigm 
shift for nonlinear optics enabling stronger 
nonlinearities in thin films and manipulation of 
the nonlinearly-generated wavefront [4, 5, 6]. In 
this framework, here we show that it is possible to exploit nonlocal nonlinearities as a powerful tool for analog 
computing with light waves. We show that using nonlinear nonlocality in flat optics we can realize analog image 
processing with previously not accessible functionalities. By exploring the simple scenario of a uniform χ2 thin 
sheet, we demonstrate edge detection operation with exciting potential. In our proposed nonlinear flat-optics 
solution, the non-resonant nature of the nonlinear interaction involved in image processing allows edge detection 
over a broadband spectrum with ultra–high contrast and superior resilience to noise.  
Our results indicate that Volterra kernels of nonlinear nonlocal flat optics can open new opportunities in 
applications such as image processing, item recognition for computer vision, and high-contrast, high-resolution 
microscopy.  
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Figure 1: Edge detection with a nonlinear thin film 

            Image processing with nonlocal nonlinear metasurfaces
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Bio-inspired and biodegradable quantum optics scenarios constitute a pathway 
towards environmentally and friendly front-end technologies1-2. Such an inspiring 
perspective necessitates the replacement of classic gain materials with a biological 
counterpart like photoluminescent bacteria. It is easy to imagine that, in this case, a planar 
and cell-viable substitute of classic bulk solid-states resonators could be highly beneficial. 
In this work we successfully realized a micro- and nano-photonic structuration of both a 
standard and a functionalized version of a typical bacterial growth medium (Luria-Bertani 
Agar - LBA). We replicated three structures belonging to the categories of photonic 
crystals, quasi-crystals and meta-surfaces, demonstrating how the proposed media can be 
used as templates for high-end bio-inspired photonic applications. The optical quality of 
the replicated structures was confirmed by far-field diffraction measurements. We also 
demonstrated the suitability of the nano-structured LBA as plasmonic platforms. The 
proposed micro-and nano-structured photonic growth media constitute the first, 
fundamental step towards quantum optical frameworks from biological media. 



 

Figure 1 - (a-c) Replica molding procedure for pure LBA and x-LBA. (d) AFM morphology of the hexagonal 
lattice photonic crystal (HPC). (e) Comparison of the AFM line profile (Z-component) extrapolated along 
the white line in (e), between the hexagonal lattice photonic crystal master (black curve) and x-LBA replica. 
(f) White-light illumination diffraction patterns of the replicated x-LBA HPC. (g) Far field diffraction pattern 
collected through red LASER light illumination for the x-LBA HPC. (h) HPC-structured pure LBA 
inoculated with E. coli expressing GFP. (i) A fluorescence confocal image of a delimited area of (h) showing 
the presence of the bacteria expressing GFP. 
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Thermoplasmonics deals with the local heating produced by plasmonic nanoparticles 
(NPs) subject to suitable light illumination.[1] In recent years, thermo-plasmonics has 
received much attention because of the exciting possibility of localizing heating at the 
nanoscale. From optics to photo-thermal therapy, thermoplasmonics has intensively 
generated unique and fascinating novel applications. However, one of the main 
limitations is attributed to the fact that to properly excite thermo-plasmonic effects, a 
resonant laser source is required, thus making the applications costly and energy 
inefficient. Recently, we started pioneering multicolors thermoplasmonic applications 
using different laser sources.[2] Driven by the recent achievement and to boost the 
utilization of thermoplasmonics, we report on the design, realization, and characterization 
of innovative plasmonic-assisted platforms and hybrid NPs that exhibit thermoplasmonic 
heating under white light illumination. The newly realized nano-systems are studied in 
terms of morphological, optical, thermo-optical properties, antibacterial activity, and cell 
YiabiliW\ e[peUimenWV. An ³ad-hoc´ WheoUeWical VWXd\ baVed on a diffXViYe heaW WUanVfeU 
model further supports the experimental results. The broadband plasmonic platforms are 
employed as optical transducers for realizing a new physical disinfection technique for 
sterilizing surgical tools such as bistoury, scissors, etc. The innovative realized broadband 
hybrid NPs are integrated into FFP2 face masks, highlighting the extraordinary capability 
to produce innovative personal protective equipment with white-light-assisted and on-
demand disinfection properties. Our findings are pioneering a unique opportunity for 
personal protective equipment and healthcare facilities since the reported methodologies 
allow non-hazardous disinfection of medical devices by simply using a conventional 
white light lamp and, in the next near future, smartphone torches. 
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Many fundamental physical problems are modeled in terms of differential equations, which
play an important role in describing both time and space dependent variables, usually resulting
from mass, energy, and momentum conservation laws. In practical problems, different aspects
such as morphology of the surfaces, as fractal characteristics, interaction between particles, and
memory effects have evidenced the limitations of the usual tool to describe them. The fractional
calculus has been shown to be a valuable conceptual and formal tool to handle an entire class
of problems. The term fractional calculus has been used (as a misnomer) for the theory of inte-
grations and derivatives of arbitrary order. It can be interpreted as a generalization of ordinary
differentiation and integration to arbitrary non-integer orders [1]. It has been invoked in con-
nection with the continuum-time random walks, generalized Langevin equations, and diffusion
equations intended to tackle complex problems like diffusion in membrane cells, subdiffusion in
thin membranes, and electrical response of systems, in general, and electrolytic cells, in partic-
ular. In this paper, we review the main fractional tools to formulate a diffusive model in terms of
time-fractional derivatives together with the modification of the continuity equations stating the
conservation laws. This modification has strong implications in the definition of the electrical
impedance of electrolytic cells [2, 3]. We discuss some preliminary results obtained from the
impedance spectroscopy of nematic, cholesterics and other modulated phases of liquid crystals
(like the twist-bend ones), aiming to characterize the physical parameters and diffusivity from
the conductivity at low-frequency regimes.
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We discuss nanoscale metal-dielectric-semiconductor resonant gain geometries to create a new 
type of light emitters focusing on three key aspects: second order intensity correlation characterizations, 
direct modulation and coupled nanolasers dynamics. 
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     Two-dimensional nm-thickness crystal materials[1]are attracting widespread interest at both 
the fundamental and applied levels for a wide range of fields; because of their high surface area 
and possibility of interfacing with other 2D materials specific quantum features can be singled out, 
amplified and exploited for the conception of new functionality devices.  

     In this context the few layer hexagonal boron nitride (h-BN) with its specific structure has a 
high potential[1] for applications in particular in optoelectronics, nanophotonics and quantum 
opto-mechanics up to the visible optical range; it results by the formation of rigid flat 2D 
monolayers wiWh B aQd N aWRPV alWeUQaWiQg iQ he[agRQal UiQgV aQd each cRYaleQWl\ ı-bonded in 
sp2-configuration with three nearest neighbors of the other species resulting in a rigid 2D structure 
lacking space inversion symmetry (symmetry D2h); these flat 2D layers are symmetrically 
entangled with van der Waals forces involving orbitals perpendicular to the monolayers much 
weaker than the covalent BN bonds in the planar sp2 configuration resulting in a structure with 
highly anisotropic characteristics in particular opto-electro-mechanical; because of the high band 
gap, close to the 6 eV, these characteristics are strongly related to the state phonon 
configuration[2]and phonon-phonon couplings connected with distinct intraplane and interplane 
atomic motion and to their response to intense resonant EM fields. While phonon dynamics have 
been studied to some extent in bulk h-BN, a centrosymmetric crystal[3], this is not the case for the 
few layer thick h-BN. 

     Here we present the first fs pump-probe study[4,5] of  the strong high frequency TO phonon 
excitations at 1360 cm-1 in few layer h-BN, revealing the TO phonon lifetime, the time-scale of 
energy redistribution between lattice modes and the coupling between TO and interlayer motion 
related to the sharing and breathing modes split into a multitude of phonon branches of frequency 
1-2 orders of magnitude lower than that of the TO-phonon at 1360 cm-1 some of which are Raman 
active and are generated  by impulsive Raman scattering within the pump bandwidth. 

     The ultrafast nonlinear TO phonon response of a few-layer h-BN sample of average thickness 
2.5 nm corresponding to 8-9 h-BN layers, grown directly on a sapphire substrate is studied in 
temporally and spectrally resolved pump-probe measurements with femtosecond mid-infrared 
pulses. For the purpose independently tunable pump and probe pulses were generated in two home- 



             

 built optical parametric amplifiers driven by a Ti:sapphire oscillator/amplifier system. The energy 
of the pump pulses was varied between 70 nJ aQd 1 ȝJ, Whe SURbe SXlVe had aQ eQeUg\ Rf 10 QJ. 
The spectral resolution was 2 cm−1. Both pump and probe pulses are linearly polarized and interact 
with the sample in s-polarization.                             
 
     Nonequilibrium dynamics of transverse-optical (TO) phonons and low-frequency interlayer 
shear and breathing modes are mapped in femtosecond midinfrared pump-probe experiments[4,5]. 
In the two figures above the measurements of the reflectivity change and the time-resolved pump-
probe evolution are shown with pump energy Ep = 1.0 ȝJ. Time-resolved changes of TO phonon 
absorption reveal a TO phonon lifetime of 1.2 ps, while low-frequency excitations decay with a 
time constant of 22 ps. The coupling of intralayer TO and interlayer motions manifests in a quasi-
instantaneous redshift of the TO phonon resonance by some 10 cm−1.  
 
    Theoretical calculations account (4,5) for the coupling scenario and underline the relevance of 
interphonon interactions for the nonlinear phonon response. Motions of stacked BN planes relative 
to each other give rise to rigid-plane shear and breathing/compression modes at low energy; with 
finite number of layers[2,4] the discretization of the k-vector perpendicular to the layers results in 
an increasing number of optical branches and the coupling of intralayer and interlayer modes plays 
a crucial role and gives rise to the biexponential relaxation regime and the TO mode redshift.  
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Abstract : 

Liquid crystal (LC) displays and spatial light modulators are well-known examples of application 
of nematic LC (NLC) materials [1]. Much less is known about their applications in electrically 
tunable LC lenses (TLCL) [2]. These devices may be fabricated as flat gradient index (GRIN) 
elements by using currently available manufacturing lines.  

In the present talk we shall present a design of electrodes [3] that allows us to create large aperture 
TLCLs with bipolar response, that is, providing both focusing and defocusing. The particularity of 
the proposed approach consists in the form of the electrode which is much easier for fabrication in 
contrast to traditional approaches [4, 5].  

We shall briefly review the previous approaches, describe their advantages and drawbacks, and 
we shall then describe our design. After a short theoretical introduction of its geometry and driving 
method, we shall present the basic experimental data describing the obtained phase profiles (in 
various modes of its operation) as well as corresponding intensity distributions in space.  

New development directions, for example for lenses with significantly larger diameters (up to 50 
mm) will be mentioned and very briefly discussed.  
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Abstract: We report a process for fabricating sub-10 nm nanopores via photocatalysis caused by 
electromagnetic field enhancement in plasmonic structures, which immersed in metallic salt 
solutions triggers hotspots for metallic deposition causing pore diameter shrinkage. © 2022 The 
Author(s)  
 

1. Introduction 
Nanopore technology is the core of third generation sequencing, and solid-state nanopores are now one of the main 
topics in single molecule sensing [1-3]. Fabrication of sub-10 nm pores usually requires complex multi-steps 
processes. Common strategies for plasmonic nanopore fabrication lack reproducibility and are only suitable for the 
preparation of single pores. Other methods used until now increase the thickness of the pore significantly, which 
reduces the spatial resolution. Therefore, metal deposition processes that can be spatially controlled on the nanoscale 
are highly desirable in the nanofabrication of pores. Ai et al. [4] showed that the growth of Ag nanoparticles can be 
controlled by means of plasmonic modes in the areas of maximum field enhancement in gold nanohole arrays. Zhou 
et al. [5] reported a similar experiment where light was used to guide the growth of Ag nanoparticles on nanobowl 
arrays. Here, we demonstrate a new scheme to prepare arrays of plasmonic nanopores by using a plasmon-enhanced 
photochemical reaction to prepare Au-Ag and Au-Au nanorings with the initial inner diameter of the pore down to 
few nanometers. This process is reproducible and can be applied over large arrays in a controllable way. Numerical 
simulations are used to estimate both the EM-field enhancement and confinement inside the plasmonic nanopore. We 
characterized the nanopores by electrical measurements and surface-enhanced Raman scattering (SERS) detection of 
a double-stranded DNA. Our results show that they can find interesting application in single entities (molecule or 
nanoparticle) detection by means of electro-optical read-out. 
 
2. Methods 
Sample fabrication 
Freestanding Si3N4 membrane chips were prepared, following standard membrane fabrication procedure. Hollow 
nanopillars were fabricated by using already reported procedure [6]. In particular, focused ion beam patterning using 
different ion currents allowed for the preparation of different diameters in the final pillar/Au ring. The Au top layer 
was removed with gold etchant with a following oxygen plasma treatment to clean the upper part of the resist layer. 
A development in acetone with a further oxygen plasma produced the final hollow dielectric structure. A thin layer of 
Ti(2nm)/Au(30 nm) was then deposited on top of nanopillars via electron beam evaporation. 

 
Plasmonic photochemistry 
Was immersed in 30mL 10mM AgNO3/ 1.8 mL 6mM Sodium citrate solution, and then illuminated with white light 
(Xe lamp 50 W / 20X 0.95NA objective) or 638 nm laser light for different time durations, following a protocol similar 
to that reported in [1]. For gold deposition HAuCl4 [7] or AuBr3 solution was used. Samples were then rinsed in 
isopropyl alcohol and dried under N2 flow. 
 
Electrical characterization 
Electrical measurements were conducted in 10 mM Tris-HCl/ 1 mM EDTA buffer solution, under 650 nm, and 460 
nm LED light and no light conditions inside a nanopore reader [8] using Ag/AgCl electrodes. The reader and its 
computer controlled-software were developed by Elements SRL (Cesena, FC, Italy). Pore diameter was calculated 
from standard I-V electrical characterizations [9]. 

Plasmonic photochemical process for preparation of metallic nanopore arrays



3. Results  
The plasmon-enhanced photochemical reaction drives the seeding and growth of metallic structures with different 
efficiencies depending on the electromagnetic (EM) field confinement and enhancement that can be achieved in the 
ring structure used as starting point. Exposition times of up to 60 min under white light were performed in order to 
study the velocity of growth. Exposition under laser light resulted in the destruction of the samples. Both Au and Ag 
nanostructures can be grown, even if clear differences exist between the two metals.  SEM and EDS analyses have 
been performed in order to confirm the local deposition. In particular, EDS analyses confirmed that the Ag 
growth is localized on the pillar and negligible deposition was observed on the metallic substrate. The prepared 
structures can then be annealed (200°C, 20 min) in order to obtain smooth and narrow nanopores with diameter down 
to 4 nm as demonstrated by electrical and SEM characterizations. Thermal annealing also modified the shape of the 
ring producing a curvature in the inner part that can affect the field confinement. To support the latter claim, numerical 
simulations were performed to evaluate the EM-field confinement and enhancement that can be achieved with the 
proposed structures, with a value in EM-field intensity enhancement exceeding 100. Noteworthy, this enhanced EM-
field can be used to perform optical spectroscopies such as fluorescence, FRET and SERS. As proof of concept, we 
performed SERS measurements of double-stranded DNA. Finally, we measured the I-V curve of the single plasmonic 
nanopores illuminated with LEDs emitting at different wavelengths (460 nm and 650 nm), respectively, on and off 
resonance with the plasmonic modes of the pore. We observe an increasing of the pore conductivity for illumination 
on resonance, in agreement with the simulated EM-field enhancement in the Ag ring. This effect results also in local 
plasmonic heating of the pore, which can be used to perform thermoplasmonic trapping of single molecular entities. 
            

 
Figure 1. Illustration of the plasmonic photochemical 
process to fabricate metallic nanopore arrays. An array 
of metallic rings is illuminated with a proper light source 
and immersed in metallic salt solutions. 

Figure 2. (a),(d) Examples of Au ring on top of dielectric 
pillars prepared at 24 and 80 pA, respectively. (b) 
Morphology of the ring after 40 minutes of Ag seeding. 
(c),(e),(f) Examples of Ag nanopore morphology after 
thermal annealing. (g) EDS map of the ring – Au channel; 
(h) EDS map of the ring – Ag channel. 
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The ability to dynamically sculpt coherent or semi-coherent light in 2D and 3D has paved 
the way for many studies and applications and can be considered a key enabling tool in 
modern science. Dynamic light sculpting can serve as generic technology for volumetric 
controlled light-matter interaction that can benefit various novel applications such as 
microbiology, neuroscience [1,2], optical manipulation at microscopic scales [3–5], non-
invasive cell sorting [6], materials processing [7], microfabrication [8,9], controlled 
photo-stimulation [1,10], cell surgery [11], advanced light microscopy [12,13], to name 
just a few. Hence, new and disruptive light sculpting modalities that can offer promising 
enhancements are always being explored and developed.  
 

 
Fig. 1: Speckle-free experimental reconstructions of the SDU university-logo by HoloTile on a 
phase-only Spatial Light Modulator (SLM) for various output diffraction pattern resolutions. 

 

HoloTile - experimentally shown in Figure 1 above for +90 % photon efficient phase-
only projected diffraction patterns - aims to solve the challenge of rapid and speckle-free 
light sculpting without the need for time-averaging techniques - a challenge that exists in 
several fields of optics, biophotonics, additive manufacturing, display technology and 
others. HoloTile is our novel and recently patent-filed approach [13, 14] to very rapid and 
speckle-reduced digital holography and works by multiplexing the phase-shaped Point 
Spread Function (PSF) of the holographic system to match the inter spatio-spectral 
spacing in the far field reconstruction, that occurs due to tiling on a high resolution SLM 
or Diffractive Optical Element (DOE). In particular, HoloTile provides four new unique 
key features as Computer Generated Holography (CGH) modality for high resolution 
phase-only SLMs, reconfigurable DOEs or new meta-surface MOEs: 
 

• A 100x speed improvement over standard CGH-modalities 
• Substantial speckle reduction by matched tiling and PSF-shaping 
• Real-time dynamic and output 'pixel' discretized digital holograms 
• Lens-free scaling or zoom by software adapted HoloTile phase-encoding 

 

 

      A new dynamic holographic light sculpting modality



  

 
 
Very fast camera-in-the-loop in-situ optimisation is made possible by the 100x speed-
improvement over standard CGH-modalities and thereby makes HoloTile potentially 
very attractive for a variety of applications including: 
 

• Ultrafast additive manufacturing 
• Laser material processing in parallel 
• Volumetric bioprinting 
• Rapid laser engraving, welding, machining  
• Two-photon excitation in optogenetics and voltage imaging 
• Multi-color and multi-plane diffraction 
• Photon-efficient phase-only display technology 
• Real-time adaptive optics embodiments including aberration correction 
• Temporal focusing HoloTile for parallel two-photon excitation 
• Digital quantum holography 

 

In future research and development, we aim to demonstrate some of these potential 
advantages of HoloTile in one or more of the above dynamic or static light diffraction 
applications. Our ultimate aim is to offer HoloTile as a stand-alone light engine that can 
be integrated with ease both hardware- and software-wise [15, 16] in existing optics and 
photonics configurations for both industry and academia.  
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Time-resolved in-situ or/and in-operando X-ray experiments open a very direct 

and a natural way to study the formation and transformation of materials during relevant 

technological  processes.  Synchrotron  light  sources  produce  X-ray  pulses  with  high 

temporal resolution (ESRF: ~100 ps pulses up to 5.6 MHz in the 16 bunch mode) and are 

able  to  reach high X-ray energies  (>25 keV).  Hard X-rays  are  perfectly  suitable  for  

visualization  of  transient  processes  in  optically  opaque  materials  even  for  objects  of 

several  mm in size.  The MHz pulsed time structure,  tunable  energy bandwidth,  high 

brilliance,  and  the  high  degree  of  spatial  coherence  of  hard  X-rays  allow  transient 

processes to be tracked directly by ultra-high-speed image acquisition techniques [1].

Here, we report on an in-situ real time investigation of high-power (>1 J), nano 

seconds single-pulsed laser-driven irradiation processes leading either to surface ablation, 

crack  propagation  or  shock  generation  [2].  While  macroscopic  changes  (i.e.  density 

changes  or  cracks)  in  bulk  materials  can  be  quite  easily  deduced  from X-ray  phase 

contrast  imaging,  diffraction  imaging  is  used  to  probe  changes  of  the  crystal  lattice 

structure.

Figure 1: X-ray phase-contrast images of a graphite rod (125 μm × 125 μm × 2 mm) subjected to shock 

applied on the right surface parallel to the rod axis, directly impacting the free face of the rod to generate  

shock compression. (a) shows the rod before impact and (b) after the shock wave reached the solid support  

on the left. The energy of Nd:YAG laser (at 532 nm; pulse length ~10 ns) was 4 J at a spot diameter 100 μm.
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New optical features of designer 2D materials and machine-learning assisted 
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2D materials offer enormous opportunities to build designer structures with 
widely tunable properties. The precise atomic engineering and quick characterization 
approach are critical to advance the application of designer 2D materials. This talk will 
introduce new optical features of designer 2D materials [1-4] with a focus on atomic 
substitution in monolayer WS2 [1]. The engineering of 2D materials presents unique 
opportunities for optoelectronic device and quantum information platform. When 
designing optoelectronic devices of 2D materials, spectroscopic permittivity of 2D 
material is a key parameter. While ellipsometry has been used to measure permittivity, it 
requires simple device structure, non-trivial parameter fitting, and special setup. This talk 
will also present a new machine-learning assisted approach to measure permittivity of 2D 
materials embedded in complex device structures without model fitting, which can 
facilitate a quick, accurate, and in-situ characterization of 2D and other thin film 
materials [5].  
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An important trend in nonlinear photonics is to improve the energy-efficiencies of 
devices by moving towards small-scale and integrated components. This challenge is 
difficult to solve by conventional nonlinear material platforms, motivating to search for 
alternatives. Nonlinear metasurfaces have recently emerged as a promising candidate to 
enable nanoscale/flat nonlinear optics [1,2]. Here, we discuss our work to develop more 
efficient nonlinear metamaterials by using high-Q-factor collective lattice excitations 
known as surface lattice resonances (SLRs) [2]. 

The SLRs are associated with very narrow spectral features (Q~1000), while their 
properties can be intuitively understood by using the lattice-sum approach (LSA). Here, 
we show how the conventional LSA formalism can be extended to multipartite arrays, 
arbitrary angles of incidence, and hybrid lattice–waveguide structures. We will also show 
how by placing metasurfaces inside waveguiding structures, the coupling between 
nanoparticles can be dramatically increased providing a clear route towards higher Q-
factors. In addition, the associated waveguide modes become strongly dispersive near their 
cut-off frequencies (Fig. 1a), providing a novel mechanism to further increase the 
attainable Q-factors (Fig. 1c). This is particularly interesting, since it may enable to 
experimentally realize ultrahigh-Q-factor metasurfaces (Q > 23 000, see Fig. 1b) with 
smaller number of nanoparticles. 
 

 
Figure 1. a) Effective indices associated with rectangular metal–insulator–metal waveguide modes [waveguide 
dimensions are 300x500nm2 (blue), 600x1000nm2 (violet)]. By waveguide and metasurface design (aluminum spherical 
nanoparticles, radius 37 nm, lattice period 4000 nm), the SLR can be made to coincide with the cut-off frequency of the 
waveguide near 880 nm (blue), considerably increasing the mode dispersion of the associated mode and the Q-factor of 
the SLR. b) The estimated Q-factors of the SLRs clearly increase near the vicinity of the cut-off frequency, reaching 
ultra-high values >23 000. c) The dependence of the Q-factor on the mode dispersion for the studied SLRs. Here, in total 
nine SLRs of increasing order was studied (violet: 1st-order, blue: 9th-order).  

 
References 
[1] M. S. Bin-Alam, et al. “Ultra-high-Q resonances in plasmonic metasurfaces,” Nat. 
Commun., 12, 974, 2021.  
[2] N. Vermeulen, et al. “Post-2000 nonlinear optical materials and measurements: Data 
tables and best practices” J. Phys. Photonics, accepted, 2022. 



          Nonlinear Chiro-optics. Chiro-optical Parametric Amplification and Oscillation 
 

                                         F. Jonsson(1), G. Agrawal(2) and C. Flytzanis(3) 

1a Mycronic AB, SE-183 03 Täby, Sweden, 1b Division of Electricity, Dept of Electrical      
     Engineering, University of Uppsala, SE-751 03 Uppsala, Sweden 
2 The Institute of Optics, University of Rochester, Goergen 515, Rochester, NY 14627-0186, USA 
3   Laboratoire de Physique, Ecole Normale Supérieure, Paris 75231 Paris Cedex 05, France 
 
        Chiral media are involved and studied in many disciplines including optics and photonics. 
The optical chirality endows a chiral medium with intriguing properties resulting from specific 
nonlocal features of its interaction with an electromagnetic field and nonlocal quantum optical 
aspects. Their real impact on transverse features of the propagation modes results in phenomena 
such as optical activity, rotatory dispersion, polarization state changes and issues related to 
reciprocity and the breakdown of spatial inversion symmetry allowing for outstanding 
discrimination from the background and having strong impact on their couplings and with the 
environment. The nonlinear optical effects are very sensitive to these issues and are attracting 
growing interest at both the fundamental and applied levels.  
 
        Here we present an analysis of the chiro-optical parametric amplification and oscillator 
RSHUDWLRQ�LQYROYLQJ�LQWHUDFWLRQ�RI�WKUHH�OLJKW�ILHOGV�RI�IUHTXHQFLHV�Ȧp��Ȧs DQG�Ȧc , the pump, signal 
and idler respectively  ZLWK�Ȧp Ȧs�Ȧc. The equations governing the propagation and evolution of 
the three fields in the transparency region of an optical active crystal are derived extending the 
analysis of Armstrong et al. [1] to include effects of optical activity [2]: this splits each plane 
wave mode into two left and right circularly polarized modes with different k-vectors, their 
difference resulting from the gyrotropy leading to double phase matching requirements[3][4].     
  
      The analysis is carried out for the case of waves propagating along the optic axis of a crystal 
of point symmetry 32, specifically[4] NaClO3 and NaBrO3, with particular attention to the phase 
mismatch issue, a quintessential nonlocal feature in nonlinear optics, that has crucial impact on 
the efficiency of nonlinear optical processes.  We have analyzed the case of a singly resonant 
chiroptical parametric oscillator which involves a cavity and accordingly intracavity feedback 
interactions [5] and evaluated the impact of the doubling of the phase mismatch. The case of the 
backward chiro-optical parametric oscillator presents interesting features with a double 
configuration for a chiral crystal, but its realization is hampered by serious problems as in the 
case of achiral crystals [6]. The parametric fluorescence [5] too shows interesting aspects in the 
context of quantum chiro-optics. 
 
       It is clear from above considerations that nonlocality is an essential feature in chiro-optics 
and its impact is enhanced in nonlinear chiroptical effects, with increasing complexity for higher 
order effects such as those involving the optical Kerr effect, degenerate four wave mixing, chiro-
optical solitons and emitters with new applications combined with chiral quantum optical and 
optomechanical aspects.  
 

 



References 

[1] J. A. Armstrong, N. Bloembergen, J. Ducuing and P.S. Pershan, Interactions between light  
     waves in a nonlinear dielectric, Phys. Rev. 127, 1918–1939, (1962). 
[2] L.D. Landau and E. D. Lifshitz. Electrodynamics of Continuous Media (Pergamon Press   
     1959) Chapt 10. 
[3] F. Jonsson, G. Agrawal, C. Flytzanis, to be published 
[4] P. P. Bey and H. Rabin, Coupled-Wave Solution of Harmonic Generation in an Optically Active    
      Medium Phys. Rev. 162, 794 (1967); H. Rabin and P. P. Bey, Phase Matching in Harmonic  
      Generation Employing Optical Rotatory Dispersion, Phys Rev 156, 1010 (1967); H. J. Simon and      
      N. Bloembergen, Second-Harmonic Light Generation in Crystals with Natural Optical Activity,   
      Phys Rev R 171, 110 (1968). 
[5] See for instance Y. R. Shen, The Principles of Nonlinear Optics (Wiley 2002), Chapt. 9. 
[6] S. E. Harris, Proposed Backward Wave Oscillation in the Infrared, Appl Phys Lets 9,114   
     (1966); K.H. Yang, P.L. Richards and Y.R. Shen, Generation of Far-Infrared Radiation by  
     Picosecond Light Pulses in LiNbO3, Appl Phys Lets 19,320 (1971) 



Strategies for enabling optical tweezers as a tool for environmental monitoring and 
biomedical applications. 

 Pedro A. S. Jorge,1,2, Joana Teixeira1,2, Vicente Rocha1,2, Felipe Coutinho1,2, José A. 
Ribeiro3, Nuno A. Silva1,2  

1 Departamento de Física e Astronomia, Faculdade de Ciências da Universidade do 
Porto, Portugal. 2 INESC TEC, Centre for Applied Photonics, Porto, Portugal.               
3 CIQUP/IMS, Department of Chemistry and Biochemistry, Faculty of Sciences, 

University of Porto, Rua do Campo Alegre 687, 4169-007, Porto, Portugal. 

 

The ability to select, separate, manipulate and identify single cells or other type of 
microparticles is a critical ability for modern biotechnology. In the biomedical field, for 
instance, sensing at the single cell level can provide insights into its dynamics and 
heterogeneity, yielding information otherwise unattainable with traditional biological 
methods where average population behavior is observed. When analyzing environmental 
samples, on the other hand, identifying and discriminating different types of living cells 
such as algae or different types of microplastics, can be an asset for better understanding 
ecosystem dynamics at the microscale. 

To attain such capabilities, minimum invasive techniques are required and 
trapping and accurate manipulation without physical contact is an important requirement. 
Presently some of the most attractive solutions available rely on the use of optical 
trapping techniques using single beam optical tweezers [1]. While many different 
approaches have been reported and successfully applied for in vitro, and even some in 
vivo assays, there are still many challenges to overcome before this can be considered a 
standard tool.  

In this work the combination of several instrumental and processing technologies 
for the implementation of intelligent optical tweezers, are described. Different strategies, 
including interferometry, automation and machine learning, are used in synergy, enabling 
a more robust manipulation, and identification of different type of microparticles and 
cells. Validation results will be presented with different types of targets, including 
microalgae, molecularly imprinted polymers and biofunctionalized nanoparticles. 
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Liquid crystals are essential components of many optoelectronic devices, from large displays to 

flexible thin screens, waveplates, smart glasses and AR/VR systems. When developing new 

applications or extending the functionalities of the existing liquid crystal devices, an important 

aspect to consider is that the modification of a specific property can impact other, so that the 

overall performance of a device is, therefore, determined by the interplay of a large number of 

parameters, such as voltage threshold, voltage holding ratio, elastic constants, viscosity or optical 

quality.  Some parameters, such as anchoring energy or pretilt angle particularly important in 

devices with active alignment materials as photosensitive layers or structured substrates that can 

change their electrical or alignment properties as a function of the incident light intensity or 

frequency.  In addition, capturing such static and dynamic properties is most useful when carried 

on an actual, final working cell or modulator, and done in a non-invasive way.  

We present a versatile method that successfully captures static and dynamical properties of 

either pure or doped liquid crystals, including those in optically thin cells, and modulators driven 

by a photovoltaic unit. The underpinning measurement methodology is based on cross-polarised 

intensity (CPI) measurement, coupled to an Ericksen-Leslie model of the liquid crystal alignment 

[1-2]. The measurement process consists of detecting the intensity of a monochromatic light that 

propagates through a cell sandwiched between two cross-polarisers as a function of the amplitude  

                                 

Figure 1: CPI measurements (dotted lines) and corresponding fitted line (solid lines) at 532nm of 

PM6:ICBA PSLMs filled with E7 (left panel performed at different optical densities (OD). The strong 

shift of the CPI from OD3 to OD0 conditions is due to the additional DC voltage generated by the 

PVU upon illumination in OD0 conditions (left panel). OD0 corresponds to full light intensity 

(2.2mW over a 6mm2 area) and OD3 is in the dark, corresponding to 0.1% of the previous intensity. 

Photovoltage distribution of a PSLM over a 3.5mm2 area (right panel) 

 



and frequency of the voltage applied to the cell. The experimental trace is then fitted to the 

prediction of the model, estimating a range of liquid crystal and device parameters: the three liquid 

crystal elastic constants, bend, twist and splay [2], the liquid crystal rotational viscosity [1], the 

polar alignment angle and anchoring energy at the surface and the cell thickness. The method is 

applicable to doped liquid crystals [3] and cells with optical thickness DV�VPDOO�DV�ʌ�>�@�� 
Photovoltaic spatial-light modulators (PSLMs) use an organic photovoltaic unit as an 

integrated power source to drive and control light transmission in liquid crystal modulators [5] 

and can operate as self-powered devices. The structure of the modulators includes a twisted 

nematic liquid crystal layer and an organic donor-acceptor bulk heterojunction, the latter being in 

contact with the liquid crystal and also acting as a molecular alignment layer. Under illumination, 

the photovoltage can be sufficiently strong to partially reorient the liquid crystals and thus change 

the optical transmittance of the modulator, without requiring an external power source.  

The optical method presented here was successfully extended to determine the core 

parameters of such PSLMs: apart from characterising the main liquid crystal parameters, it is also 

capable of capturing the photovoltaic properties, such as the photovoltage generated and 

photoconductivity (figure 1 left panel). The analyser also proved invaluable in monitoring of 

aging of PSLMs. In addition, it can probe either a single spot or a large area of the PSLMs. This 

allows us to map spatial changes in pre-tilt, anchoring, and uniformity of the alignment across the 

whole panel of the modulator (figure 1 right panel). 

While this optical method is ideal for the characterisation and monitoring of performance 

of devices with nematic liquid crystals, different approach is needed for the cases of structured 

liquid crystals. For example, liquid crystals with complex gratings, patterns or with dispersed azo-

functionalised gold nanoparticles, assembled using layer structure or defect points and lines. The 

analysis of such complex patterns was successfully achieved [6] using a mathematical method, 

based on topological data analysis and learning, to detect the stability, characterise complex, 

dynamic processes and quantify their dimensional and structural characteristics.   
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Optical trapping is a widely used technique allowing for remote and precise manipulation of 
particles and measurement of the forces acting on them. Optical forces can be enhanced when 
particle resonantly interact with light, like in case of e.g. plasmonic and high-index dielectric 
nanoparticles. These particles have the cross section for the light-matter interaction much larger 
than their physical size. This makes them perfect nanoantennas for bio-sensing, SERS, local 
temperature measurements, and heat-therapy. It also allows for efficient transfer of spin and orbital 
angular momentum of light for realization of fast nanorotors. We show that the circularly polarized 
Laguerre-Gaussian beam allows to simultaneously rotate a gold nanorod about its symmetry axis 
ZhiOe UeYROYe iW aURXQd Whe beaP¶V V\PPeWU\ a[iV. [1] We aOVR VhRZ WhaW Whe WUaSSed Silicon 
nanorods can be rotated at high frequencies comparable to plasmonic particles. Analysis of strong 
Raman scattering of Si and rotation motion of Si nanorod allows to estimate the temperature 
increase of the trapped particle and its surrounding. [2] 
From the other hand, strong interaction of resonant nanoparticles with light makes their optical 
trapping in 3D challenging and limited to a narrow size range due to the strong radiation pressure. 
We developed a novel optical trapping configuration based on counter-propagating laser beams 
generated through focus splitting in a uniaxial birefringent crystal and reflection from a mirror. We 
demonstrate this application by trapping and rapid rotation of gold nanorods that are impossible to 
trap in 3D using conventional laser tweezers. We also show that the counter-propagating laser 
beams interfere and form standing wave pattern, which allows to trap nanoparticles in different 
fringes. [3] 
Presented studies can be connected in a platform, which allows one to investigate micro-
rheological properties of complex fluids in different spatial arrangements and at different 
temperatures. One of the interesting complex fluid is a polymer network with azo-benzene groups 
attached to its chain or chrominic liquid crystals with addition of azo-benzene dye.  
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Abstract 
We present a detailed study of the dynamical evolution of cholesteric helical self-

assembly and defect formation in the bulk of extraordinarily thick cholesteric liquid 
crystals under various applied electric field conditions, and a thorough exploration of 
how applying fields of vastly different frequencies can eliminate and/or prevent 
formation of unremovable defects and to control the alignment of cholesteric helices in 
the entire bulk. We have developed a room-temperature dual-frequency field assembly 
technique that enables robust room-temperature fabrication of stable well-aligned 
cholesteric liquid crystals to unprecedented thickness (over 2 mm thick containing 
nearly10000s of grating periods). The method entails first a low-frequency field to create 
hydrodynamical instabilities and mesh the CLC mixture to a state with completely 
randomized orientation of the cholesteric helices, and then a high- frequency electric field 
to reorient all the helices into uniform standing helices.   

(a) (b)
 

Figure 1. (a) Photograph of a SN-CPC made with cholesteric liquid crystals; (b) schematic 
depiction of orthogonal polarization states switching and ultrafast [femtoseconds] laser pulse self-
compression with SN-CPC. 
 

Optical properties of a photonic crystal depend strongly on the period number N 
[thickness/pitch of the spiral]. With a very high N (usually, thousands), a photonic crystal 
exhibit properties approaching one with infinite periods. These super-high N chiral 
photonic crystals (SN-CPC) with maximal density of states open up new and broad 
spectral bands where the transmission can be near unity while the optical responses are 
highly efficient, contrasting greatly with the less desirable operation regime near the 



photonic band-edge with low transmission and high optical dispersions. They thus offer 
many new possibilities for fundamental pursuits and applications impossible with their 
thinner counterparts [1-4]. For example, in ultrafast (nonlinear) all-optical 
modulation/switching with picosecond ± femtoseconds pulsed lasers, one can expect to 
realize polarization switching, pulse shaping, and other processes with much lower 
activation thresholds than using inorganic photonic crystals or metasurfaces; in 
conjunction with the circular birefringence, SN-CPC¶V enable rotation/switching of the 
polarization states of complex laser vector fields to their orthogonal states, c.f. Fig. 1. The 
operation spectral regime can be extended from the visible to the mid-infrared regime 
that is beyond the reach of existing or developing CPC. 

As a single mm-thick planar optical element that is highly transmissive and 
requires no additional optical/electronic accessories, SN-CPC are highly promising 
compact alternatives to bulky optics used in conventional free-space ultrafast pulse 
modulation systems. 
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Whether one likes it or not, but there has been a rising wave of renewed interest to time modulated 
optics (previously known and understood as parametric processes) where strong modulation of 
permittivity begets such  appealing concepts  as nonreciprocity, synthetic dimensions, time 
reflection and time crystals and so on.  Many of these concepts have been successfully 
demonstrated in the low frequency, RF domain, while in the optical domain the progress has been 
less spectacular, which is no wonder, given that modulation of refractive index in time domain 
(unlike in space domain)does not conserve energy, i.e., one needs to introduce a certain amount of 
energy per unit volume to change the refractive index[1]. There exist many methods of index 
modulation, starting with Pockels and Kerr electro-optic effects, acousto-optic and opto-
mechanical effect, optical nonlinearities, thermal, carrier injection/depletion, etc. and virtually all 
of them had been invoked in the quest for efficient time modulated photonics. While the methods 
differ in terms of speed, required footprint and many other important characteristics, to the best of 
my admittedly limited knowledge, no rigorous comparison of energy requirements has been 
performed in the literature. In my talk I will try to fill this gap and provide a comprehensive 
analysis that will show that independent of the modulation technique, one must supply and 
maintain (but not necessarily dissipate) anywhere between few times 103 and 105 J/cm3 of energy 
in order to achieve relative index change on the order of 50-100% (with energy requirements 
increasing in sync with the increase of operating frequency). The power requirements for most 
time modulated schemes can be derived from the energy requirements, as power demand differ 
greatly as functions of frequency of modulation, footprint, and whether various resonant 
enhancement schemes can be employed.  The general conclusion is that unless radically new 
material systems are developed, the improvement of the performance of existing modulation 
techniques will have evolutionary rather than evolutionary character with no order of magnitude 
improvement in sight. I will try to argue for using collective effects and fast phase transitions to 
achieve future breakthroughs and hope that I will be heard.  
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Metal-halide perovskite nanomaterials are highly promising for in solar cells and 

light emission in recent years, and their layered low-dimensional counterparts 
demonstrated increased stability and even greater tunability due to the huge variety of 
molecules available for the organic phase.1 The band gap and emission wavelength is 
mainly determined by the choice of the halides and exciton confinement in the inorganic 
layers, and single or double octahedra-layer structures show strong confinement and large 
exciton binding energies. However, the band gap and exciton recombination dynamics 
depend also sensitively on the choice of the organic cations in the layered architecture,2, 3 
since the binding of the organic cations can induce lattice distortions that modify the band 
gap, and also affect the electron-phonon coupling in carrier relaxation to the band edge 
states.4 

 
Fig. 1 (a,b)	Angle-	and	polarization-dependent	phonon	modes	in	two-dimensional	perovskites.	(c)	Vibrational	
schemes	and	their	directionality.	(d)	Temperature-dependence	of	band-edge	and	broadband	emission. [4]	 	
	

In this talk we present a detailed study of the emission properties of metal halide 
perovskites in the strong confinement regime. We investigate the symmetries and 
directionality of the fundamental phonon modes of the inorganic lattice in single- and 



double-layer metal halide perovskites, and relate our results to the structure, band gap and 
light emission of these materials.2, 5, 6 We show that angle-dependent polarized Raman 
spectroscopy in the ultralow-frequency range (from 10 to 200 cm-1) provides detailed 
insights on the nature of the vibrational modes, and analyse the observed symmetries by 
group theory and density functional theory modeling. We chose lead-bromide single layer 
Ruddlesden-Popper perovskites with different organic spacer molecules,2 and low-
dimensional silver-bismuth double perovskites7 for our study, and discuss modes with 
isotropic, dipolar, and quadrupolar behavior, their temperature dependence, and relation to 
crystal phase transitions. Understanding the vibrational modes in these materials elucidates 
the dynamics of their light emission, and provides crucial information to control their 
emission color and efficiency. 
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Spontaneous electric polarization  of solid ferroelectrics follows the direction of 
crystallographic axes. Domains of differently oriented polarization are divided by 
boundary defects, called domain walls (DWs), which are predominantly flat. Here we 
demonstrate that DWs in a ferroelectric nematic (NF) liquid crystal, which is a fluid with 
no crystallographic axes, are shaped either as  solitons [1] or as conic sections 
(parabolas, hyperbolas and ellipses), depending on the surface anchoring [2]. The conics 
bisect the angle between two neighboring polarization fields to avoid electric charges. 
The remarkable bisecting properties of conic sections, known for millennia and exploited 
in geometrical optics, find their material realization as intrinsic features of fluid 
ferroelectrics. Switching of DWs by the electric field leads to new propulsive modes of 
ferroelectric nematics. The findings could be helpful in designing patterns of electric 
polarization and space charge. The work is supported by NSF grant ECCS-2122399. 

 

Fig.1. Parabolic (left) and hyperbolic (right) domain walls in a ferroelectric nematic. 
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The increasing interest in metallic nanoparticles (NP) is motivated by their 
potential applications in photonics, information storage, detection systems, therapeutics, 
diagnostics, photovoltaic and catalysis. Their size and shape (nanospheres, nanorods, 
nanostars…) affect significantly their physical and chemical properties, especially their 
optical response. These nano-objects display high quadratic nonlinear optical responses, 
which strongly depend on nanoparticle geometry and surface state. We report here a 
systematic investigation of the influence of nanoparticle surface area and symmetry on 
hyperpolarizability ȕ values, as measured via the Harmonic Light Scattering technique[1] 
in colloidal NP solutions. Here we use a fundamental laser source at 1.064 nm, the 
second harmonic wavelength at 532 nm coming close to plasmonic resonances of Au and 
Ag nanoparticles. 

First we investigate the influence of surface area of noble metal nanospheres and 
nanorods on their ȕ values. Gold and silver nanospheres, with diameters ranging from 3 
to 80 nm have been characterized in order to explore the limits of validity of the purely 
dipolar origin of E values. Moreover, by studying gold and silver nanorods (Fig. 1a) with 
different surface areas, we will evidence the predominance of these surface effects over 
shape factors, leading us to revisit previous studies on the NLO properties of these 
nanorods [2]. 

                                   
               (a)                      (b)                               (c)                             (d) 

Figure 1: TEM images of Au nanorods (a), Pt nanoflowers (b), sharp (c) and smooth (d) 
Au nanotriangles  

Second, we have synthesized and characterized platinum ³nanoflowers´ (PtNFs 
(Fig. 1b) with different controlled sizes. These PtNFs display exceptionally strong first 
hyperpolarisabilities, higher than those of gold nanoparticles of similar size. Particle 
surface corrugation is shown to be the dominant factor governing these exceptionally 
high ȕ values, with a very limited contribution from plasmonic effects that are negligible 
in the visible range [3].  



In a third part, a single ± step growth of gold nanoprisms (GNPs) was achieved by 
seedless growth. Their second harmonic response has been investigated experimentally 
and theoretically with edge length ranging from 40 to 116 nm and for different curvature 
radii at corners [4]. Their experimental ȕ values are found to display a linear dependence 
with the surface area as reported for other metallic nanoparticle shapes, and also a strong 
influence of their corner sharpness on the corresponding nonlinearities. For this purpose, 
we have defined a quantitative sharpness factor depending on the external triangle side 
length Lext and the triangle corner curvature radius R according to : SF = (Lext- 2R)/Lext.  

 

Figure 
2 : (Left) : Values of the first hyperpolarizability (ȕ) fRU VhaUS´ (UeVS. ³VPRRWh´) AX 
triangles (orange (resp. grey) disks) and for Au nanospheres (blue disks, nanospheres of 
ref [2]) in water solution, plotted as a function of the surface area of nanoparticles. 
(Right) Plot of ȕ values as a function of the prism sharpness factor. Dotted lines are 
least-square linear fits of ȕ values with respect to surface area or sharpness factor. The 
correlation factors (R2) and slopes s of each linear plot are displayed with the 
cRUUeVSRQdiQg cRORU. The aYeUage cXUYaWXUe UadiXV Rf ³VhaUS´ QaQRSaUWicOeV iV 4.4 QP, 
ranging from 3.2 to 5.4 nm. The curvature radii of smooth nano-prisms vary from 8.9 nm 
to 24 nm. 

Systematic calculations performed on gold nanoprisms with various edge lengths 
and corner radii do confirm this trend. Therefore, the influence of corner sharpness seems 
to dominate over centrosymmetry breaking. These results shed new light on the SHG 
properties of acentric, sharp corner gold nanoparticles, and open the way to the 
investigation of various noble metal nanopolyhedra (e.g. nanocubes) to develop new 
families of highly nonlinear metallic nanostructures making use of an increased number 
of facets and of the sharpness of related geometric singularities 
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AQ HOHFWULFDOO\ WXQDEOH OLTXLG FU\VWDO OHQV ZLWK VHDPOHVV SURJUHVVLRQ RI OHQV SRZHU EDVHG 
RQ QHPDWLF OLTXLG FU\VWDOV(LC) LV LQYHVWLJDWHG DQG GHPRQVWUDWHG. TKH JHQHUDO FRQFHSW RI 
WKH VWUXFWXUH LV GHSLFWHG LQ FLJ. 1. TKH SKDVH SURILOH LV FRQQHFWHG E\ PDQ\ VHJPHQWV IURP 
LC OD\HUV. TKH SURSRVHG OHQV ZLWK VHDPOHVV SURJUHVVLRQ RI OHQV SRZHU, RU VR-FDOOHG 
SURJUHVVLYH LC OHQV, FRXOG EH D SRVLWLYH RU D QHJDWLYH OHQV ZLWK D FRQWLQXRXVO\ WXQDEOH 
IRFDO OHQJWK.  TKH SURJUHVVLYH LC OHQV VKRZV WKH VSDWLDOO\ GLVWULEXWLRQ LQ OHQV SRZHU 
UDQJLQJ IURP +4D WR -4D HYHQ WKRXJK WKH OHQV SRZHU RI WKH LC OHQV VHHPV RQO\ -0.87D a 
+0.87 D FDOFXODWHG XQGHU SDUDEROLF ZDYHIURQW DSSUR[LPDWLRQ. TKH H[SHULPHQWDO UHVXOWV 
DUH VKRZQ LQ FLJ. 2. TKH VXUSULVLQJ UHVXOWV ZH SUHVHQW LQ WKLV SDSHU JLYH LC OHQVHV DQ 
LQVLJKWIXO DVSHFW DQG RYHUUXOH WKH WUDGLWLRQDO VWDWHPHQW RI WKH OLPLWDWLRQ RI OHQV SRZHU VHW 
E\ WKH RSWLFDO SKDVH GLIIHUHQFH LQ JUDGLHQW-LQGH[ LC OHQVHV. IW DOVR SDYHV D ZD\ LQ 
RSKWKDOPLF DSSOLFDWLRQV. 
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FLJ. 1 GHQHUDO FRQFHSW RI WKH LC OHQV ZLWK D PHWKRG RI D VSDWLDOO\ H[WHQGHG SKDVH 
GLVWULEXWLRQ. (D) WLWKRXW DSSOLHG YROWDJH, WKH LC PROHFXOHV LQ LC OD\HU DUH SDUDOOHO WR [-
D[LV. TKH SODQH ZDYH RI HQWHULQJ [-OLQHDUO\-SRODUL]HG OLJKW UHPDLQV XQPRGXODWHG. 
(E)WKHQ DSSOLHG YROWDJHV H[FHHG WKH WKUHVKROG YROWDJHV, WKH SODQH ZDYH RI HQWHULQJ [-
OLQHDUO\-SRODUL]HG OLJKW LV PRGXODWHG E\ D JUDGLHQW GLVWULEXWLRQ RI RSWLFDO SDWK GLIIHUHQFH 
FRQWULEXWHG IURP DOO LC OD\HUV. TKH UHG OLQHV UHSUHVHQW WKH ZDYHIURQWV. 

 



 

 

FLJ. 2 TKH LC OHQV ZLWK D PHWKRG RI D VSDWLDOO\ H[WHQGHG SKDVH GLVWULEXWLRQ (WZR OD\HUV, DSHUWXUH 
VL]H: 20 PP).(D) OSWLFDO SDWK GLIIHUHQFH RI WKH LC OHQV. TKH OHQV SRZHU, DQ LQYHUVH RI WKH IRFDO OHQJWK, DV D 
IXQFWLRQ RI [-SXSLO FRRUGLQDWH DW (E)(20VUPV, 6 VUPV, 2200H],15 VUPV, 5 VUPV, 15 VUPV, 10H]) DQG (F) (1 VUPV, 

20 VUPV, 200H], 5 VUPV, 30 VUPV, 30 VUPV,10H]).  IPDJH SHUIRUPDQFH DW (G) YROWDJH RII, (H) WKH HOHFWURQLF 
FRQGLWLRQ RI (E), DQG (I) WKH HOHFWURQLF FRQGLWLRQ RI (F). 
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Passive radiative cooling technologies 
are highly attractive in pursuing 
sustainable development. However, 
current cooling materials are often 
static, which makes it difficult to 
manage thermal comfort in all weather 
conditions. To overcome this 
limitations, a different strategy was 
adopted to design  flexible membranes 
made of thermoplastic polyurethane 
nanofibers (Es-TPU) by 
electrospinning, realizing in-situ, 
solvent-free reversible switching between radiative cooling and solar heating via 
mechanical actuation. In its radiative cooling state (0% strain), the Es-TPU membrane 
shows a high and angular-independent reflectance of 95.6% in the 0.25–2.5 μm 
wavelength range and an infrared emissivity of 93.3% in the atmospheric transparency 
window (8–13 μm), reaching a temperature drop of 10 °C during the day, with a 
corresponding cooling power of 118 W/m2. The excellent mechanical properties of the 
Es-TPU membrane allow continuous adjustment of reflectivity by reversible elongation, 
reaching a minimum reflectivity of 61.1% at an elongation of 80%. In this heating state a 
net temperature increase of 9.5 °C above ambient of an absorbing substrate and an 
equivalent power of 220 W/m2 are observed. The strong haze, hydrophobicity, and 
outstanding aging resistance exhibited by this scalable membrane are promising for 
achieving uniform illumination with adjustable strength and efficient thermal 
management in practical applications. 
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Abstract: Random masks including random spatial masks and random spatiotemporal 

masks allow for encoding and decoding of image information that is challenging to 

retrieve using conventional approaches. Several examples are discussed. The use of 

dynamic particle assemblies as encoding masks is presented. It is shown that a multi-shot 

approach implemented by using reconfigurable particle assemblies can significantly 

improve the reconstruction quality. Ultrafast imaging using random spatiotemporal masks 

is also discussed. It is shown that a single-shot capture of a time-integrated signal can be 

decoded to reconstruct several frames of an ultrafast event. Additionally, non-line-of-

sight imaging off a scattering surface is investigated. Both experimental results and 

simulations are presented. ADMM and machine learning based reconstructions are 

discussed. 
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In this study, we investigate how light affects the rotational speed of a thin photomobile 
film [1]. Our experiments are conducted using a single-axis acoustic levitator operating at 
40 kHz, where a 50 ȝm thick photomobile polymer film (PMP) is suspended in air at one 
of the nodes of a stationary acoustic field. By perturbing this equilibrium, the film starts 
rotating at its natural frequency, which is detected in real time by monitoring the light 
from a low power He-Ne laser that impinges on and reflects off the film. To induce 
changes in the rotational motion, we use an external laser source to illuminate the PMP 
film, causing it to bend and the rotational speed to change by approximately 20 Hz [2]. 
This non-contact, long-distance interaction provided by the acoustic levitator is an ideal 
platform for developing and studying electro-optic devices under microgravity and low-
friction conditions. We believe that this technology has potential applications in fields 
such as 3D dynamic displays and aerospace applications [3-5]. 
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Quantum walks are simple quantum-evolution 
processes that can reproduce the key qualitative features 
of many interesting complex real systems. Hence, these 
processes are at the root of many quantum simulations. 
A quantum walk can be for example carried out using 
photons in a variety of possible experimental 
architectures. The most straightforward and versatile 
concept is using “real space” for the walk degree of 
freedom, as in waveguide networks of integrated optics. 
However, in the last few years my coworkers and I have 
demonstrated an interesting alternative approach for 
which the walk degree of freedom is encoded in the 
internal mode structure of a single light beam [1]. The 
walk is then physically realized by letting the light beam 
propagate through a sequence of suitable optical 
elements exploiting Pancharatnam-Berry phases to 
couple modes and polarization [1]. An important 
practical advantage of this approach is that no 
interferometric stability is needed. Moreover, the 
required resources scale linearly with the number of steps, and it is particularly easy to introduce 
time-varying actions and external parameters [1]. 

Initially, we used the orbital angular momentum (OAM) of the light beam, a naturally discrete 
variable, to give rise to a discrete-time quantum walk on a 1D lattice. This has allowed us, for 
example, to explore experimentally the topological features of certain 1D single-particle systems 
[2,3]. Next, we moved to a different approach that enabled us to simulate 2D lattice systems and 
their fascinating physics: a discrete set of slightly tilted overlapping Gaussian waves [4]. We then 
tested this setup in a truly quantum regime, involving single photons and photon pairs [5]. Most 
recently, we developed a new method to simulate the effect of very long quantum walks with only 
few optical elements [6], which allowed us to break all previously existing records of number of 
steps for a quantum walk simulation. In this presentation, I will review these progresses on photonic 
quantum walk simulations, mainly focusing on the latest results. 
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Pattern of liquid crystal cell used to optically 
reproduce the overall evolution of a 5 steps 
2D quantum walk. The colors correspond to 
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Carbon nanodots (CNDs) are the nanostructures of multiple possible applications ranging from 
optoelectronics to bioimaging. In the frame of our studies we explore the non-linear optical 
properties of CNDs and their effective use in doping to the myelin structures.  
Myelin sheath, exhibiting liquid crystalline properties, plays a crucial role in the propagation 
of action potential [1-2] . Many studies have focused on the importance of relevant model 
systems to better understand the behavior of biological membranes [3]. Therefore, the 
combination of luminescent nanomaterials with diverse biological components, such as 
phospholipids [4] , gains considerable attention for their potential applications in bioimaging.  
In this work, we discuss the formation of synthetic myelin figures (MFs) made of 
phosphatidylcholines and doped with blue- and green-emitting carbon nanodots. To get 
insight into the details on the morphology of the multilamellar structures, we used the 
combination of polarized light and fluorescence microscopy techniques. Moreover, our 
studies indicate two-photon excited fluorescence microscopy (2PEFM) as a powerful method 
to study a three-dimensional view of the distribution of CNDs within MFs. Taking advantage 
of 2PEFM, we showed that the multilamellar tubes with dopants can be excited by 
wavelengths lying in the near-infrared region that corresponds to the first biological window, 
thereby providing deeper penetration depth and preventing strong photobleaching [5].  
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Core-shell architecture provides unique features to microparticles (MPs) by 
accurately selecting the employed materials. MPs with a mesogenic core and a metallic 
shell of gold nanoparticles (NPs) have been realized. The core is obtained by UV induced 
polymerization of reactive mesogens droplets in a chloroauric acid aqueous solution, 
whilst gold nanoparticles precipitation happens at the same time, covering the MPs 
surface. The MPs optical properties are modified by the gold shell, in the Bragg onion 
resonator condition when a chiral core is utilized, improving the laser emission stability 
compared to the MPs without shell. The proposed strategy, due to both the method and 
the versatility of the materials, suggests a new route to realize microdevices with wide 
control in term of intensity, polarization, generation [1]. 

The development of efficient micromachines is a challenge for applied and 
fundamental research. Light is a worthy mean to remotely displace micro-objects by 
inducing forces and torques. Rotational dynamics of core-shell MPs having ellipsoidal 
shape and nematic core is studied, and in particular a peculiar synchronous spin-orbital 
motion when the MPs are irradiated by a simple Gaussian beam. The observed effects 
RUigiQaWe fURm Whe cRXSliQg Rf Whe meWallic NPV¶ RSWical UeVSRQVe aQd Whe cRUe 
anisotropies. The rotation performances strongly improve when trapping wavelength lie 
inside the plasmonic resonance range. In that case, spin kinetic energy achieves values 
two orders of magnitude larger than the one obtained from the bare MPs. The proposed 
approach bears important insights for design optimization in the MPs light driven motion, 
giving benefits to applications in microfluidics, microrheology, and micromachining that 
imply rotational dynamics [2]. 
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Marangoni bursting results from spontaneous spread of an alcohol/water drop over oil 
surface. This is accompanied by fingering instability that generates the thousands of 
³daughter´ droplets making spectacular dynamic flower-like phenomenon, firstly 
described in Phys.Rev.Lett. (2017) by Keiser et al.[1]. To improve the visibility of this 
emulsification process, the small amount of methylene blue dye is added to the mixture. 
Alcohol evaporation followed by water evaporation leaves on the oil surface the remnants 
of the dye. Fast formation of ³daughter´ droplets opens a possibility to grow nanocrystals 
or nanoparticles of some organic substances that are well soluble in alcohols and insoluble 
in water and oil. In order to explore this possibility we chose the well-known organic 
nonlinear optical dye (3-(1,1-dicyanoethenyl)-1-phenyl-4,5-dihydro-1H-pyrazole) [2], 
abbreviated as DCNP, which is soluble in isopropanol (IPA) and insoluble in water.  
 The crystals of DCNP are quite unusual, showing interesting luminescent 
properties that come from trapping states and in parallel they are noncentrosymmetric, 
showing large second order nonlinear optical properties [3], like second harmonic 
generation (SHG) of light or Pockels effect. We will describe spectroscopic properties of 
DCNP, SHG effect and a newly developed technique of photofragmentation of micrometer 
size DCNP crystallites using resonant SHG [4]. Nd:YAG laser (O = 1064 nm) frequency 
doubling  produces harmonic light at 532 nm that is reabsorbed producing 10 ns short 
thermal stresses that lead to microcrystals fragmentation into nanocrystals. Nanocrystals 
remain to show SHG light but their luminescence was attenuated [4]. 
 This result prompted us to use Marangoni bursting phenomenon for producing 
DCNP nanocrystals in a different procedure, e.g., due to fast crystallization of nanograms 
of this compound left in each daughter droplet on the oil surface. Surprisingly, a few days 
after Marangoni bursting process in oil bath we have noticed, using microscope, elongated 
fibrils  (up to 1.5 cm long and 20 -30 Pm wide). When Marangoni bursting took place on 
solid substrate we observed DCNP crystallization into small nanometric branched 
structures. Investigation of fibrils extracted from oil was performed using two-photon 
excitation technique with pulsed fs laser with a center wavelength O = 780 nm. These fibrils 
generally showed red luminescence characteristic for micrometer size DCNP crystals but 
also a blue luminescence, the latter appeared at some places of these fibrils. The 
luminescence band centered at 430 nm was never observed in DCNP crystals, however  



 
 
Fig. 1. a) Jablonski diagram for DCNP molecule showing mechanism of red luminescence from 
the structural traps. b) Photograph captured from movie of Marangoni bursting of 
isopropanol/water binary mixture with small amount of dye and about 1600 small separated 
droplets moving on the oil surface. c) and d) A single DCNP fibril when illuminated by fs pulses 
at 790 nm wavelength shows both second harmonic of incident light at 395 nm, fluorescence 
emission from J aggregates at 430 nm and red fluorescence emission characteristic for DCNP bulky 
crystals. The blue and red luminescence are located at the opposite ends of the fibril which suggests 
that rapid solution evaporation favors small aggregate formation and slower favors formation of 
crystals.  
 
quantum chemical calculations predicted that molecular J aggregates of DCNP may exhibit 
luminescence in this spectral region [3,5]. Aggregation-induced emission (AIE) is an 
intriguing phenomenon in which molecular aggregates exhibit stronger fluorescence than 
isolated molecules. Ab initio  quantum chemical calculations demonstrate that cross section 
for two photon absorption in DCNP dimer can be quite large and reach around 100 GM 
[6]. Therefore, one can conclude that DCNP fibrils are built from crystalline parts and 
molecular aggregates. The formation of DCNP aggregates takes place probably due to 
dipole-dipole interactions of DCNP molecules in oil phase and the tendency to growth into 
polar structure known from single crystals [7] in which molecules having permanent dipole 
moments are parallel to each other.  
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Three-dimensional (3D) Additive Manufacturing (AM), better known as 3D printing, has been 
a breakthrough in many fields such as tissue engineering, regenerative medicine, aerospace, 
optical components, and many others. 3D printing technologies consist of selectively adding 
material point-by-point or layer-by-layer to build three-dimensional objects. Various AM 
methods have been developed, using different materials, such as Stereolithography (SLA) 
based on liquid photopolymers proposed by Charles Hull in 1986, direct laser writing (DLW), 
heating or melting powders as in selective laser sintering (SLS) or selective laser melting 
(SLM), extruding liquid material as direct ink writing (DIW), or extruding thermoplastic 
filaments such as fused filament fabrication (FFF) . 
 
Conventional 3D printing works by printing an object in layers, which means that a three-
dimensional object is obtained by a 2D extended process (2D + 1D). In contrast, layer free 3D 
technologies do not rely on a layer after layer deposition. Such technologies are termed 
volumetric additive manufacturing (VAM). Two-photon Polymerization is such a VAM 
method that relies on 2 photon absorption. Recently VAM methods relying on single photon 
absorption have been developed: rotation-based via reverse tomography [1,2], where an entire 
three-dimensional object is simultaneously solidified, Xolography[3]. Light-Sheet 3D 
Printing[4]. 
 
 
Inspired by computerized tomography (CT) scanners, a series of images are taken from 
different angles around the body and are then used to reconstruct a 3D image by digital 
processing. The reverse process has been implemented for constructing a 3D object. Here, 2D 
light patterns are computed from a desired 3D object using the Radon Transform and then 
sequentially projected in a container of photocurable resin from different angles, as shown in 
Figure 2a. 
The cumulative projections generate a 3D dose distribution. Once the light dose exceeds the 
gelation threshold, the resin solidifies. In this approach, a one-photon absorption (1PA) process 
is sufficient to cure all the voxels in parallel to create the entire object simultaneously without 
the need for supports. 
 
In tomographic printing, the Radon transform is digitally computed to produce angular 
projections followed by computing the Filtered back-projections (FBP). The FBP produces 
positives and negative values for the intensities. The projection patterns are thresholded to keep 
only positive values for the actual physically projected patterns, which means that we are 
producing an approximation of the target object. 
 
 

Volumetric Bioprinting: a new light-based tool for producing artificial tissue models



 

 
b) 

 
 

a) c) 
Figure 1. Volumetric Additive Manufacturing by reverse tomography assisted by feedback from 
scattered light. a) correction in a scattering resin  [5]. b) The improvement in printing accuracy is 
shown by integrating a feedback system. The featureless printed part is shown in c and the 
improvement in features and resolution is shown in f. The scale bars are 5mm. Reproduced from [2], 
c) Feedback using optical scattering imaging.  Reproduced from [5]. 

 
However, these new approaches only work with homogeneous and relatively transparent resins 
so that the light patterns used for photo-polymerization are not scrambled along with their 
propagation. We will illustrate a method that considers light scattering in the resin prior to 
computing projection patterns. Light scattering in resins having a high cell density (> 4 million 
cells /mL) is severe and we will show that scattering correction method allows to print high-
resolution structures (figure 1a). 
We will show that this printing technology is well suited to print convoluted structure in which 
living cells are directly embedded.  Several examples of complex 3D tissue models including 
bone, liver and a pancreatic cancer tissue. This scattering correction extends the capabilities of 
conventional light-based volumetric printing which opens up promising perspectives for 
bioprinting cell-laden constructs. 
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Figure 2: (left) Printed perfusion 3D construct that contain functional liver organoids [6] 
(Right) Demonstration of 3D printable lumen (colored part) in a highly scattering cell loaded 
construct (right) [7] 
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Metasurfaces, ultrathin subwavelength nanostructures with exceptional light 
manipulation capabilities, have the potential to revolutionize traditional optics. Our group 
has previously demonstrated various metasurface devices, such as invisibility cloaks and 
space-time-modulated one-way mirrors. However, standard fabrication methods for 
metasurfaces, like electron beam lithography and focused ion beam milling, are slow, 
expensive, and lack scalability. To address these challenges, we have developed a cost-
effective, scalable design and fabrication approach for large-scale meta-optical devices, 
as demonstrated by our construction of a single-lens telescope using a wafer-scale 
metasurface lens. Furthermore, although metasurfaces are ultrathin, their reliance on free-
space light excitation has limited the compactness of optical systems. We have resolved 
this issue by creating a hybrid architecture that combines subwavelength metaphotonic 
structures with photonic-integrated waveguide platforms, leading to a fully integrated 
platform with a range of functionalities. These capabilities encompass steering and 
focusing guided waves into free space, projecting holograms with controlled phase and 
amplitude, and generating laser emission with orbital angular momentum. Our research 
lays the groundwork for comprehensive light control across integrated photonics and 
free-space platforms, opening new avenues for the development of agile, multifunctional 
flat optics devices. 
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Organic (opto)electronic materials have been explored in a variety of applications in 
electronics and photonics, driven by several advantages over traditional silicon technology, 
including low-cost processing, fabrication of large-area flexible devices, and widely 
tunable properties through functionalization of the molecules. Over the past decade, 
remarkable progress has been achieved in understanding physical mechanisms and in 
developing guidelines for the material design, which boosted the performance of organic 
devices that rely on photophysics and/or (photo)conductive properties of the material [1]. 
However, further improvements in device performance are desirable, and challenges 
related to (photo)stability of organic devices need addressing.  

One of the major thrusts in developing new organic materials and device concepts has 
focused on materials exhibiting singlet fission, which is a process where one photon can 
generate two pairs of charge carriers and enable, for example, enhanced power conversion 
efficiencies in solar cells. Nevertheless, fundamental questions pertaining to exciton 
physics in singlet fission materials, and how it can be manipulated by material design and 
external parameters, remain [2].  

Strong exciton-photon coupling that occurs when an organic film is placed in a 
microcavity, enabling formation of a light-matter hybrid state (polariton), represents a 
largely unexplored potential to control photophysics, photochemistry, and optoelectronic 
characteristics in singlet fission materials and devices using polaritons [3-4]. In this 
presentation, we summarize our efforts aiming to understand and tune exciton and polariton 
properties in model singlet fission organic materials, towards exploiting these properties in 
optoelectronic devices and controlling photochemical reactions responsible for 
photostability.  
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Since the emergence of the metamaterial field in the 2000s¶, nano-optics has 
relied on assembled sub-wavelength artificial optical resonators, which interact strongly 
with light. This presentation aims at pointing out how colloid- and polymer-based 
chemical engineering offers exciting routes to tailor the optical response, including 
polarizabilities, frequency bandwidth and scattering diagram of such resonators; and 
transmission and absorption of their planar assemblies. We will discuss examples where 
bottom-up synthesis and assembly of tailored metallic nanoresonators leads to promising 
optical properties, specifically using self-assembled soft matter systems such as 
emulsions and copolymers. 

Densely-packed spherical colloidal clusters of metallic nanoparticles have 
garnered a lot of interest recently, because they involve localized resonant inclusions that 
are assembled into a Mie resonator. We show that the multiscale resonant nature of these 
colloidal resonators provides specific spectral and angular scattering characteristics. In 
particular, they present strong magnetic resonances, outperforming previously obtained 
complex colloidal nanoresonators [1,2]. 

Fig 1. TEM images of a 
representative (a) Ag-cluster 
and (c) Au-cluster. Scale bars 
are 100 nm. Logarithmic polar 
plot of the experimental 
differential scattering cross-
section for (b) Ag-clusters at 
wavelength 662 nm and (d) 
Au-clusters at wavelength 751 
nm. Lines are guides for the 
eye. Experimental scattering 
color pattern representing the 
differential scattering cross-
section values of (c) Ag-PVP 

clusters and (e) Au-clusters as a function of the scattering angle ș and of the Zavelength 
Ȝ. Measures Zere onl\ made for positive values of ș but Ze assumed that differential 
cross-section values are identical for ș and -ș. All differential scattering cross-section 
values are represented in nm2 per steradian units.  



We synthesized clusters of gold or silver nanoparticles using an emulsion-based 
formulation approach. Each cluster comprises a few hundreds or thousands of 
nanoparticles, depending on the formulation parameters. Using polarization-resolved 
multi-angle light scattering measurements, we conducted a comprehensive angular and 
spectroscopic determination of the complex colloid optical resonant scattering in the 
visible wavelength range [3]. We report and discuss experimental evidence of strong 
optical magnetic resonances and directional anisotropic scattering patterns (see Fig. 1).  

In a second example, we aimed at producing thin light absorber layers, using 
bottom-up technologies. To this end, Au nanoresonators possessing heights from 5 - 15 
nm with sub-50 nm diameters were engineered by block copolymer (BCP) templating. 
The Au nanoresonators were fabricated on an alumina spacer layer and a reflecting Au 
mirror, in a film-coupled nanoparticle design. The BCP nanopatterning strategy was 
tailored to achieve near-perfect absorption at § 600 nm [4].  

Fig 2. Electron 
microscopy images of 
the gold metasurface. 
(a) STEM image of 
the Au metasurface 
revealing the cross-
sectional profile of the 
fabricated bilayer 

absorber comprised of an Au reflector layer, Al2O3 spacer layer and the rounded Au 
dots. (b) Top-view SEM image of the Au nanoresonators (15 nm height).  

These experimental approaches allow for the large scale production of 
nanoresonators and resonant thin films with potential uses for optical metasurfaces. 
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We will discuss how iterative reconstruction methods can benefit from the use of physics 
constraints. We use a machine learning approach which is trained with a loss function that is designed to 
VaWiVf\ Ma[Zell¶V eTXaWionV. We Zill pUeVenW e[peUimenWal UeVXlWV demonVWUaWing Whe meWhod. 
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A physical unclonable function or PUF, is a physical object that for a given input and condi-
tions (challenge), provides a physically defined output (response) that serves as a unique identi-
fier. The most promising application is in the field of cyber physical security for authentication
or anticonterfeiting. PUFs are characterized by the uniqueness of their microstructure that de-
pends on random physical factors that are present in any natural or manufactured system. These
factors are unpredictable and uncontrollable, which makes it practically impossible to duplicate
or clone the structure.
Optical PUFs rely on a random optical multiple-scattering medium, which serves as a token [1].
Due to their unmatched entropy, complexity, and security level, optical physical unclonable
functions (PUFs) currently receive a lot of interest in the literature. One PUF limitation, so far,
has been that their physical configuration is either fixed or can only be permanently modified,
and hence allowing only one token per device. We show that it is possible to overcome this lim-
itation by creating a reconfigurable structure made by light transformable polymers, in which
the physical structure of the unclonable function itself can be reversibly reconfigured, allowing
a large number of PUFs to co-exist simultaneously within one and the same device [2]. The
physical transformation of the structure is done all optically in a reversible and spatially con-
trolled fashion. Our novel technology provides a massive enhancement in security generating
more complex keys containing a larger amount of information. At the same time, it allows for
new applications, for example serving multiple clients on a single encryption device and the
practical implementation of quantum secure authentication of data.
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[2] S. Nocentini, U. Rührmair, M. Barni, D.S. Wiersma, F. Riboli. “Physical Realization of a
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To capture the properties of photonic devices from first principles, any 
consideration must start with analyzing the materials from which these devices are made. 
For molecular materials that we aim to consider in this presentation, this requires to use 
time-dependent density functional theory to study the response of an individual molecule 
to an external illumination on the grounds of quantum chemistry. Then, a multi-scale 
modeling approach needs to be put in place that allows for coarse-graining, meaning that 
the output from these quantum chemical simulations needs to be converted so that they can 
be considered in macroscopic optical simulations. In these simulations, we face the 
challenge of solving Maxwell’s equations for spatially structured molecular materials. 

In this presentation, we outline our contributions along these lines of research. By 
calculating a transition (T-) matrix for an individual molecule in linear response theory, we 
can consider it subsequently in photonic simulations in the framework of scattering theory 
[1]. In this T-matrix based technique, disordered and periodically arranged scatterers can 
be considered to describe the optical response from many photonic materials [2]. Also, an 
explicit homogenization is possible where we can assign actual material properties to the 
molecular medium [3]. Currently, we consider a description of the molecular materials up 
to bi-anisotropic constitutive relation, but also non-local extensions are possible.  

Then, we can consider the molecular materials to design complex photonic devices. 
Examples that we discuss at the conference concern molecular materials integrated into 
photonic cavities for the purpose of observing strong coupling or structured photonic 
materials made from chiral molecules that intrinsically enhance the circular dichroism.  
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The way light can apply forces to a microscopic object is easily understood as an 
exchange of momentum between the light beam and the object. This applies both to 
linear momentum and to angular momentum exchange and constitutes basis of optical 
tweezers. Methods based on these phenomena promise high flexibility and an opportunity 
for using this technology for super-resolution imaging, quantitative and extremely precise 
measurements of forces, torques and positions as well as modelling of the trapped objects 
in biological cell, polymer based optically driven micro and nanomachine, or chemical 
emulsions or being used for stimulation of nervous system in mammalian models. A 
combination of the optical tweezers with other techniques such as fluorescence imaging, 
fluorescence resonance energy transfer spectroscopy, selective plane illumination 
microscopy and correlation spectroscopy provide unprecedented tool for sophisticated 
studies of complex out of equilibrium systems.  

In this talk we will present an overview of the field and outline the latest exciting 
results.  
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Organic semiconductors have the potential to be attractive laser materials.  For example, in 
addition to simple processing, they have strong optical transitions enabling high gain, and 
broad spectra enabling tuneability.  Many optically pumped lasers have been demonstrated.  
However, electrical excitation is very challenging because of the low mobility of the 
materials, together with losses to triplets, polarons and contacts.  We will discuss and 
compare approaches to electrically driven lasing.   Approaches that separate charges from the 
gain medium can potentially address the main challenges, though bring their own challenges.   
For example indirect electrical excitation by an organic LED would require an OLED  with 
world-record light output.   Recent advances in this direction will be presented. 

 



Modeling of Photoinduced Grating Growth on Preoriented Azopolymer Films 
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In modern engineering, a special interest is evoked by a unique opportunity to 
control the deformations of thin azopolymer films depending on the light irradiation 
pattern. The optical restructuring is used to produce the surfaces with tunable wettability, 
anisotropic templates for living cells, multiplexed gratings for photonic applications. 
Many theories are developed to explain the appearance of surface relief gratings (SRG), 
but only a few of them consider the features of underlying molecular architecture. We 
have also worked on this problem by pursuing the orientation approach, which 
establishes a clear relation between the light characteristics and the molecular properties 
of azopolymers. Recently we provided crucial evidence that reorientation of polymer 
backbones along the light polarization direction is the main reason of photoinduced 
deformations in azopolymer films [1].  

 

In this talk, the viscoplastic modeling of SRG inscription under irradiation with 
intensity and polarization interference patterns will be presented. In particular, we explain 
the influence of initial orientation of polymer backbones on the SRG appearance [2]. The 
effects of photo-softening and self-induced polarization rotation [3] are also considered. 
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Bio-phonons are a frequency based treatment similar to bio-photons, in a different 
frequency range.  Bio-phonons have been utilized to improve or heal many medical 
diseases, even medical problems believed to be DNA anomalies.  Examples include 
multiple sclerosis1, cystic fibrosis2, Down’s syndrome2, and paralysis2.  Organs have been 
regenerated utilizing a particular form of bio-phonon treatment termed Linguistic Wave 
Genetics2.  Listening to personalized bio-phonon treatments created from pictures taken 
in childhood health can bring an organism back to health3.   
 

In the Acupuncture Five Phases system of medical treatment, one ‘Phase’ 
is dominant in most people; to treat illness, and needles are employed to bring the 
individual ‘In-Phase’ 4.  Each ‘Phase’ is associated with a specific bio-phonon.  
Therefore a bio-phonon treatment can be utilized to bring a person ‘In-Phase’ 
without the use of needles.   Scientific studies to examine the effectiveness of 
listening to a Bio-phonon In-Phase Treatment (BIPT) targeted for the individual 
to improve or heal medical diseases have not been published in the English 
language scientific literature.  In Western medicine, BIPT is a novel treatment. 

 
 This presentation will explore some, but not all, of the theoretical mechanisms 

underlying frequency healing with bio-phonons on the cellular/genetic level.  
Mechanisms with which bio-photons work together with bio-phonons will be discussed.   
Then, the presentation will discuss original research regarding BIPT effectiveness. 
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Liquid Crystal Polymer Optics in Astronomy
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Novel planar optical components made of patterned liquid crystal polymers are 
enabling new types of astronomical observations Several of these techniques have 
already been deployed in optical instruments mounted on ground-based telescopes, and 
further advances will someday allow these approaches to be used on space-based 
telescopes. Here a brief summary of some of these new instrumental modes is provided. 

One of the most rapidly growing fields of astronomy is the search for  planets 
around nearby stars (i.e., “exoplanets”), and observational techniques are being pushed to 
yet greater sensitivity, so as to be able to detect and measure spectra of terrestrial-analog 
exoplanets. As observation of such exoplanets is the highest priority of the most recent 
Astronomy decadal report, astronomers are considering the instrumental approaches 
needed to see Earth-like exoplanets using a large space telescope, such as the proposed 
Habitable Worlds Observatory.  

In projection on the sky, such exoplanets are located very close to their much 
brighter host stars, making them very difficult to pick out of the stellar glare. Indeed for 
terrestrial planets around solar-type stars, the planet to star contrast ratio is roughly a part 
in ten billion. In order to overcome this huge contrast ratio, it is necessary to suppress the 
much brighter starlight with a coronagraph, which selectively blocks or redirects the on-
axis starlight, while letting the slightly off-axis exoplanet light through. One of the most 
promising coronagraphs is the optical vortex coronagraph, in which an optical vortex 
phase plate is centered on a very well-corrected stellar diffraction pattern, but the level of 
starlight rejection needed to enable terrestrial exoplanet spectroscopy requires phase 
plates of extremely high accuracy. These can be provided by liquid crystal polymer 
optics, in which the fast axis orientations closely follow the azimuthal pattern of a 
geometric-phase-based vortex, and the layer thickness very accurately provides a half 
wave of retardance. Improvements in device manufacture over the past several years  
have thus far allowed demonstrations of “starlight” rejection in the lab at roughly the part 
in a billion level, i.e., within an order of magnitude of the needed performance level..

Other phase-based devices open up other observational modes, such as high-
efficency spectropolarimeters based on diffractive waveplates, and both pupil-plane 
apodizers and wavefront sensors that are based on geometric-phase. In some cases such 
devices provide a significant improvement over classical optical approaches, while in 
other cases, completely novel functionalities arise.



Near-Zero-Index Materials for Nonlinear Optics and Beyond
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Very few scientific fields have become as pervasive in basic research and 
everyday life as nonlinear optics which ushered in tremendous achievements in areas like 
attosecond physics, ultra-broadband optical communication, and high-resolution sensing. 
The utility of nonlinear optics has therefore been a compelling motivator to increase 
generally weak light-matter interactions. In this pursuit, novel materials have been 
explored including materials where in a particular spectral region the real part of the 
permittivity epsilon is near zero (ENZ) and materials whose losses in that spectral region 
are also low leading to a near-zero-index (NZI). ENZs and NZIs increase light-matter 
interactions via the enhanced fields at the interface between the ‘normal’ and ENZ 
materials, the “slow-light” effects and relaxed phase matching conditions. One important 
class of novel ENZ/NZI materials is transparent conducting oxides (TCOs) whose low-
losses and high-tunability have made them a leader in NZI-enhanced nonlinear optics like 
Kerr-nonlinearities [1,2] and frequency generation [3]. More recently, transparent 
conducting oxides have provided pioneering contributions to ultrafast optically-
modulated nonlinear optics, opening the door to exotic time-varying media phenomena, 
such as negative refraction [4,5], time refraction [6,7], time reflection, and photonic time 
crystals [8-10]. 

References

[1] M. Z. Alam, et al., Science v. 352, 795 (2016)
[2] L. Caspani, et al., Phys Rev Lett v. 116, 233901 (2016). 
[3] A. Capretti, et al., Opt Lett v. 40, 1500 (2015).
[4] S. Vezzoli, et al.,Phys Rev Lett v. 120, 043902 (2018). 
[5] V. Bruno, V., Phys Rev Lett v. 124, 043902 (2020). 
[6] A. M. Shaltout, et al., In Optics InfoBase Conference Papers; doi:10.1364/
CLEO_QELS.2016.FF2D.6  (2016)
[7] Y. Zhou, Nat Commun v. 11  2180 (2020).
[8] A. M. Shaltout, et al, In CLEO; Optica Publishing Group. doi.org/10.1364/
CLEO_QELS.2016.FM1D.4 (2016)
[9] M. Lyubarov, et al., Science v. 428, 425 (2021).
[10] S. Saha, et al., Optics Express v. 31, 8267 (2023)



Scanning Wave Photopolymerization: Molecular Alignment Technology for 
Designing Optical Functions

Atsushi Shishido1,2

1Laboratory for Chemistry and Life Science, Institute of Innovative Research, Tokyo 
Institute of Technology, Yokohama 226-8503, Japan, 2Living Systems Materialogy (LiSM) 

Research Group, International Research Frontiers Initiative (IRFI), Tokyo Institute of 
Technology, Yokohama 226-8501, Japan

Hierarchical control of two-dimensional (2D) molecular alignment patterns over 
large areas is essential for designing high-functional organic materials and devices.1 
However, even by the most potent current methods, dye molecules that discolor and 
destabilize the materials must be doped in, complicating the process. We present a novel 
molecular alignment technique, termed a scanning wave photopolymerization (SWaP), 
that achieves a spatial light–triggered mass flow to direct molecular order using scanning 
light.2 This enables the generation of macroscopic, arbitrary 2D alignment patterns in 
various optically transparent polymer films from various polymerizable anisotropic 
molecules with high birefringence by single-step photopolymerization without alignment 
layers or polarized light sources.2,3 SWaP also produces microscale well and canal 
structures in the polymer surface.4 This dye-free inscription of microscopic, complex 
alignment patterns over large areas provides a new pathway for designing higher-
performance optical and mechanical devices.
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Discerning the painter's hand: machine learning on 3D topographic images 
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Machine learning (ML) analysis of artwork is receiving increasing attention aimed 
at advancing connoisseurship, the main method for determining attribution of works of art 
and other aspects of artistic style.  Most of these studies have applied ML to high-resolution 
photographic images of paintings.  Here we will describe our research into the application 
of ML analysis to surface topographical images of painted works for attribution in a 
painting workshop milieu.  These images were created by high-resolution profilometers.  
Our studies are focused on whether this surface topography includes information on the 
“intrinsic style” since we assume the painter is unaware of the surface profile at the cm 
down to microscopic level.   

In our initial study, student painters created a set of paintings with common 
materials and subjects.   Three images from each of four students were divided into square 
patches of various dimension, randomized, and used as training and verification data in a 
convolutional neural network (CNN) in order to classify each patch according to artist.  
Results on attribution accuracy are shown below indicating over 95% accuracy. 

In a second study, we report on the analysis of the Baptism of Christ (below with 
hypothetical art historian attribution) by the workshop of the early modern master El Greco.  
In this study, we developed a statistical method to apply to an unsupervised CNN to test an 
assortment of areas of this complex work attributing various areas to members of El 
Greco’s workshop.  This analysis shows agreement to the number of hands and rough 
agreement to art connoisseurs’ attribution. 
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density of states and anomalously confined wave propagation, which have demonstrated to have a 
profound impact at the intersection of classical and quantum optics. This talk will review how we 
inverse design and engineer metasurfaces that support hyperbolic dispersion and epsilon-near-zero 
(ENZ) regimes for biophotonic applications. The fundamental focus of this work remains the control of 
the interaction between light and matter at deeply subwavelength scale by harnessing excitonic physics, 
strongly correlated phenomena and light-induced forces in optomechanics1-6. 

 

 
 

Figure: 2D Metasurface based on Transition Metal Dichalcogenides 
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Usually in the quantum framework formed by light-matter coupling the 
interaction between an atom and a cavity follows a single feedback channel: the exciton 
relaxation is observed by the emission of a photon that will be stored in the cavity for 
several roundtrips. After that, another exciton can be created after the photon re-
absorption and so on. Until now the possibility that the excited system could relax 
through other channels, belonging to different regimes has not been considered.  

We prepared a photovoltaic cell specifically engineered to behave as an optical 
cavity tuned to the excitonic transition of the embedded active material (CH3NH3PbI3 
perovskite) in order to study how the cooperation of the strong coupling regime and the 
photovoltaic effect can lead to the an enhancement of the External Quantum Efficiency 
(EQE), i.e the wavelength-dependent photocurrent conversion efficiency,  

We studied the angular dispersion of such photovoltaic cell and observed that the 
strong coupling regime is achieved when the cavity mode approaches the energy of the 
exciton, as demonstrated from the significant enhancement of the EQE respect to a 
classic configuration serving as a benchmark.  

This constitute a proof-of-principle experimental demonstration of how the 
generation of polaritons can positively influence the properties of a photovoltaic cell. 
Nonetheless, such a peculiar cooperating dual-light-matter interaction could be exploited 
in future polaritonic photovoltaic architectures 

Coexisting and cooperating light-matter interaction regimes in a
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Spectrally selective materials are of great interest for optoelectronic devices in 
which wavelength-selectivity of the photoactive material is necessary for applications 
such as multi-junction solar cells, narrow-band photodetectors, transparent photovoltaics, 
and tailored emission sources. Colloidal quantum dots are a particularly promising 
material for these applications due to their tunable absorption throughout the near-
infrared; their earth-abundant materials basis; and their amenability to a variety of 
solution-processed, scalable fabrication methods, all of which enable their applications in 
multi-junction solar cells, color-tuned devices for building-integrated photovoltaics, and 
flexible electronics [1]. Here, we discuss several avenues for achieving controlled 
transparency or opacity within multiple wavelength bands in the absorption, reflection, 
and transmission spectra of colloidal quantum dot films, as well as multi-modal spatially-
resolved characterization methods that can be used to train machine learning models for 
parameter prediction in materials and devices. 

 Controlled spectral properties are difficult to achieve in traditional 
semiconductors that typically absorb at all energies above their electronic band gap. We 
demonstrate an alternate to the use of external bandpass filters for achieving spectral 
selectivity in optoelectronic thin films: the use of photonic band engineering within the 
absorbing region of a semiconductor in which resonant photonic bands are strongly 
coupled to the external reflectivity and transmission spectra [2]. We use optical 
simulations to systematically study the effect of material absorption on the properties of 
the photonic bands in a photonic crystal slab structure, finding that the radiating photonic 
bands induce strong Fano resonance features in the transmission and reflection spectra, 
even in the presence of material absorption, due to coupling between the bands and 
external electromagnetic plane waves. These resonances can be tuned by adjusting the 
photonic crystal structural properties to induce spectral selectivity in the absorbing region 
of semiconductors. Furthermore, we develop a supervised machine-learning-based 
inverse design methodology which allows tailoring of the PbS-CQD film optical 
properties [3]. We demonstrate this tuning method experimentally by fabricating a proof-
of-principle photonic structure consisting of a structured PbS CQD film that displays 
simultaneous near-infrared absorption enhancement and visible transparency 
enhancement. 

In addition to intentional effects due to physical structuring, the morphology, 
chemical composition, and electronic uniformity of thin-film solution-processed 
optoelectronics are believed to greatly affect device performance. Although scanning 
probe microscopies can address variations on the micrometer scale, the field of view is 



still limited to well under the typical device area, as well as the size of extrinsic defects 
introduced during fabrication. We demonstrate a micrometer-resolution 2D 
characterization method with millimeter-scale field of view which simultaneously 
collects photoluminescence spectra, photocurrent transients, photovoltage transients, and 
other optoelectronic measurements of interest [4]. This high-resolution morphology 
mapping is used to quantify the distribution and strength of the local optoelectronic 
property variations in colloidal quantum dot solar cells due to film defects, physical 
damage, and contaminants across nearly the entire test device area, and the extent to 
which these variations account for overall performance losses. We then employ the 
massive data sets produced by this multi-modal characterization method to train machine 
learning models to predict complex materials parameters from simple illuminated 
current-voltage curves [5]. We trained several neural networks— based on the ResNet 
architecture—to demonstrate for the first time this type of predictive framework for solar 
cells based on real, experimentally measured data. We validated the performance of our 
models by predicting the materials parameters of several different PbS colloidal quantum 
dot thin film solar cells. This new approach reduces the amount of time needed to fully 
characterize a solar cell, which usually requires the measurement of complex materials 
parameters such as current-voltage curves, carrier mobility, photoluminescence, trap state 
densities, etc., all of which must typically be measured independently by performing 
several different techniques which can lead to enormous time and cost commitments. Our 
method requires only simple current-voltage curve measurements to extract all materials 
parameters of interest and could be applied to any materials system, speeding up 
development times for solar cells and other complex optoelectronic devices. 
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The behavior of lyotropic chromonic liquid crystals (LCLCs) in confined microfluidic 
environments still awaits exploration, with multiple key variables to be uncovered and 
understood. As micro-scale networks offer distinct interplays between the surface effects, 
geometric confinement, and viscosity parameters, one expects rich and unique 
interactions emerging at the LCLC-microfluidic channel interfaces [1-2]. We report our 
studies on the behavior of pure and chiral doped nematic Sunset Yellow (SSY) 
chromonic microdroplets produced through microfluidic flow focusing device. The 
continuous production of SSY microdroplets with controllable size, from 10 up to 
hundreds of microns, gives the possibility to study the topological microdroplets textures 
according to their size. We observed enhanced chirality in our system, and we were able 
to obtain all the topologies that are typical of common chiral thermotropic LC, even 
though working with LCLCs. Being able to obtain well defined optical textures in LCLC 
microdroplets is the first crucial step towards their use for technological applications in 
biosensing and anticounterfeiting.  
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In this work we present a model able to describe the time-evolution of the coupling between
spherically symmetric metal nanoparticles and externally pumped gain elements. As in the
case of the traditional steady state approach, the size of the particle and the amount of energy
provided by the gain elements are key parameters dictating the behavior of these systems.

It is well known, in fact, that while a quasi-static approximation can be used to model
nanoparticles when they are much smaller than the exciting wavelength, a more complete scat-
tering theory is necessary to discuss larger nanoparticles. In a previous work, we demonstrated
that also when the gain level is enough to drive the system to emission, an emergent mode
cascade breaks any attempt to model the system using a quasi-static approach.

In the model we present here both the fields and the polarizations are projected on the Mie
vector spherical harmonics. This way, we are able to describe the time evolution of any of the
Mie scattering coefficient, effectively transcending the limitation in particle size.

Although the presented approach does not fully describe the emission regime yet, it cer-
tainly represents a first step which will eventually allow to give a satisfactory description of
the plasmonic emissive regime. Meanwhile it already allows to identify interesting phenomena
below the emission threshold.

As an example of the potentialities of this new method, we show how it is in principle
possible to enhance a negligible higher mode turning it into the dominant one by wisely choose
the emission center-line of the gain material.

1



    
the electromagnetic spectrum 
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Along with dipoles, loops are among one of the simplest and most fundamentally 
basic of all antennas. Despite this fact, however, the mathematical complexity of the 
associated radiation integrals has hindered the understanding and modelling of such 
structures. Recently, a full analytical theory for the radiation properties of loop antennas 
has been derived for both circular [1-3] and more general elliptical geometries [4], [5] 
which is able to bridge this gap and provide a basis for better understanding the behavior 
of these antennas across all frequency ranges of the electromagnetic spectrum. Further, 
these analytical models have been extended to include the effects of loading [6] and 
coupling [7]. The loading of antennas greatly expands the design space by making 
otherwise challenging performance goals more easily realizable. It is demonstrated that 
by pairing the analytical theory of loop antennas with a powerful global optimizer, 
previously unidentified designs can be discovered that offer significant radiation pattern 
shaping in both the radio frequency and optical regimes [6], [8]. Moreover, this analytical 
formulation has been recently employed to reveal interesting properties such as 
superdirectivity and high gain (i.e., remarkably high radiation efficiency) over a broad 
bandwidth at optical wavelengths [9] by enabling rapid parametric studies and 
optimizations to be carried out. Finally, we suggest how this broadband high gain 
property of loop antennas could potentially be exploited to enable highly capable optical 
communication platforms.  

 

 

Figure 1: Directivity of a 3000 nm circumference gold nanoloop as a function of its electrical size (kb). 
Red shows a thicker ȍ = 8 loop exhibiting broadband directivity (inset of radiation pattern at 350 THz). 
Green shows a thinner ȍ = 12 loop with superdirective radiation bypassing the Chu and Geyi limits (inset 
of radiation pattern is at 118 THz). ȍ = 2OQ(2ʌb/a) where b is the loop radius and a is the wire radius.  

A unified theory for loop antennas and its applications across
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Microstructured photonic crystal fibers filled with liquid crystals (LCs) offer a 
high level of tunability due to significantly improved control of their spectral, polarizing, 
and guiding properties [1]. Due to high electric field sensitivity as well thermo-optic 
properties, they are still promising novel optical materials for developing modern 
photonic sensors and in-fiber telecommunication devices, providing simultaneously 
interesting tunable properties. Nevertheless, photonic LC-based microstructures possess 
significant limitations, especially in optical communication, such as not fast enough 
response times under applying an external electric field and a necessity to use high 
driving voltage due to a relatively large cladding distance between electrodes. However, 
metallic nanoparticles-doped nematic liquid crystals may significantly lower threshold 
voltage and speed up response times of the microstructured photonic liquid crystal fibers 
to a few milliseconds [2]. 

Blue Phase Liquid Crystals (BP LCs) are composed of liquid-crystalline 
molecules with a specific arrangement creating self-assembling 3D cubic structures and 
exhibit in three structurally distinct types that appear in order of decreasing temperature 
from the isotropic to cholesteric phase and naturally exist in a relatively narrow 
temperature range (0.1-5.0 K). BP LCs are characterized by outstanding properties such 
as 3D Bragg reflections, optical isotropy, no need any alignment layers, ultra-fast 
switching reaction times (less than 1 ms), and polarization insensitivity in a macroscopic 
scale for the wavelengths outside their resonance bands [3]. 

 
Fig. 1. LC-based photonic microstructure with fiber probes on both sides. 

Gold nanoparticles (Au NPs) dispersed in LCs can induce reduction of local order 
parameter in functional materials, that might be tuned by altering composition of ligand 
shells surrounding Au NPs enabling modification of thermal stability of the functional 



materials. It has been shown that mixtures of colloidal particles and a nematic liquid 
crystal solvent can influence both phase separation [4,5] as well 3D crystalline structures. 
Additionally, it has been demonstrated that it is possible to create periodic structures by 
either stabilizing the periodic phase separation or periodically varying Au NPs 
concentration induced by the nematic-isotropic phase transition in composites confined in 
microcapillaries. 

In this work, optical properties of the selected photonic microstructures doped 
with Au NPs based either on nematic or BP liquid crystals (Fig. 1) are discussed. It has 
been shown that the Au NPs-doped photonic microstructures can provide promising 
tunable optical properties simultaneously enhancing temperature stability of the LC-
system [6]. This is due to the presence of Au NPs with an appropriate organic coating in 
the LC matrix. Moreover, it has been demonstrated that the selected BP LC-based 
photonic microstructures seem to be very promising optical materials for realizing 
electro-optical modulation and switching as well tunable filter applications and sensing 
capabilities providing better transmission properties. 
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TKH SFA LV GHVLJQHG WR PHDVXUH VXUIDFH IRUFHV EHWZHHQ WZR UHIOHFWLYH F\OLQGULFDO 
VXUIDFHV WKDW FUHDWH D FXUYH RSWLFDO FDYLW\ ZLWK DSSUR[LPDWH VSKHUH-SODQH JHRPHWU\ 
DURXQG D VLQJOH FRQWDFW SRLQW (FLJ. 1). RHVRQDQW FDYLW\ PRGHV DUH H[FLWHG XVLQJ D ZKLWH 
OLJKW EHDP XQGHU QRUPDO LQFLGHQFH. B\ XVLQJ QDQRVFDOH DFWXDWRUV DQG DQDO\]LQJ WKH 
LQWHUIHUHQFH SDWWHUQ WUDQVPLWWHG E\ WKH FDYLW\, WKH SFA URXWLQHO\ DFKLHYHV VXE-QDQRPHWHU 
FRQWURO RI WKH VXUIDFH GLVWDQFH DV ZHOO DV PHDVXUHPHQWV RI WKH RSWLFDO SURSHUWLHV LQ WKH 
VXUIDFH JDS >1@. :H UHFHQWO\ LQWURGXFHG WKH SFA DV D FRQYHQLHQW DQG YHUVDWLOH SODWIRUP WR 
ILQHO\ WXQH WKH UHVRQDQW PRGHV RI D PHWDO-GLHOHFWULF-PHWDO FDYLW\ XVLQJ UDSLG DQG 
FRQWLQXRXV YDULDWLRQV RI WKH FDYLW\ WKLFNQHVV >2@. TKH WDON ZLOO IRFXV RQ WKH JHQHUDWLRQ RI 
SRODULWRQV GXH WR VWURQJ FRXSOLQJ EHWZHHQ FDYLW\ PRGHV DQG PROHFXODU H[FLWRQV LQ D G\H-
GRSHG SFA FDYLW\ >3@ (FLJ. 1G). :H IRXQG WKDW WKH SRODULWRQV LQKHULW WKH HSVLORQ-QHDU-]HUR 
(EN=) FKDUDFWHU RI FDYLW\ PRGHV, L.H., WKH HIIHFWLYH SHUPLWWLYLW\ YDQLVKHV DW D UHVRQDQFH. 
MRUHRYHU, SFA PHDVXUHPHQWV UHYHDOHG D RDEL VSOLWWLQJ SURSRUWLRQDO WR WKH VTXDUH URRW RI 
WKH QXPEHU RI SKRWRQV DQG H[FHHGLQJ 100 PH9, KLJKOLJKWLQJ WKH FROOHFWLYH QDWXUH RI 
VWURQJ FRXSOLQJ. 

FLg. 1. (D) SLQJOH-FRQWDFW 
JHRPHWU\ EHWZHHQ FURVVHG 
F\OLQGHUV. (E) MHWDO-
GLHOHFWULF-PHWDO FDYLW\ ZLWK 
VSKHUH-SODQH JHRPHWU\. R = 2 
LV WKH FXUYDWXUH UDGLXV, U LV 
WKH ODWHUDO GLVWDQFH IURP WKH 
FRQWDFW SRLQW O DORQJ WKH 
ERWWRP F\OLQGHU D[LV, DQG 
WD(U) t d LV WKH QRQ-XQLIRUP 
WKLFNQHVV RI WKH GLHOHFWULF 
ILOP. (F) TUDQVPLWWHG 
LQWHQVLW\ IRU D QRQ-DGVRUELQJ 
IOXLG PL[WXUH RI HWKDQRO DQG 
SRO\YLQ\O DOFRKRO. (G) 
PRODULWRQ JHQHUDWLRQ LQ D 
PL[WXUH GRSHG ZLWK 
IOXRUHVFHQW UKRGDPLQH-6 
DGVRUELQJ DURXQG 530 QP. :Q  
LV WKH RDEL VSOLWWLQJ IRU WKH 
FDYLW\ PRGH ZLWK RUGHU Q. 
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Recent advances in picometer scale visualization and localization techniques with 
electron beams and topologically structured light allow the detection of atomic level 
displacements in opto-mechanical systems1 and the study of dynamics and statistics of 
their picometre scale thermal and driven movements2. This opens opportunity to develop 
pico/nano-opto-mechanical systems, in particular flexible plasmonic metamaterial arrays 
as a powerful platform to investigate classical many-body effects in the strongly 
correlated regime induced by light. It complements the cold atom and spin platforms 
where many-body quantum states of bosonic or fermionic matter can be studied.   

Among these many-body strongly correlated systems is the time crystal that is an 
eagerly sought phase of matter with broken time-translation symmetry. Quantum time 
crystals with discretely broken time-translation symmetry have been demonstrated in 
trapped ions, atoms and spins while continuously broken time-translation symmetry has 
only been observed in an atomic condensate inside an optical cavity.  

Recently we demonstrate experimentally that a classical metamaterial nanostructure, a 
two-dimensional array of plasmonic metamolecules supported on nanowires, exhibit 
complex picometer scale dynamics in presence of light3. It can be driven to a state 
possessing all the key features of a continuous time crystal: continuous coherent 
illXminaWion b\ lighW resonanW ZiWh Whe meWamolecXles¶ plasmonic mode Wriggers a 
spontaneous first order phase transition to a superradiant-like state of transmissivity 
oscillations, resulting from many-body interactions among the metamolecules, 
characterized by long-range order in space and time. The continuous time crystal state 
results from synchronization of picometer scale stochastic thermal movements of the 
nanowires that is driven by light-induced interactions of plasmonic metamolecules. In 
interpretation of these experiments, we discuss different routes to synchronization 
including the Kuramoto-like mechanism that rely on nonlinearity of the mechanical 
sub-system of the array and the mechanism involving non-reciprocal non-Hamiltonian 
forces of light pressure.  

We argue that the continuous time crystal state is of interest to applications in all-
optical modulation, frequency conversion, timing and all-optical computing. 
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TKH VHYHUH DFXWH UHVSLUDWRU\ V\QGURPH FRURQDYLUXV 2 (SARS-CRV-2) SDQGHPLF DQG 
COVID-19 GLVHDVH KDYH SODFHG DQ XQSUHFHGHQWHG EXUGHQ RQ ZRUOGZLGH KHDOWKFDUH. TKH 
GHYHORSPHQW RI UDSLG GHWHFWLRQ WHFKQLTXH ZLWK KLJK VHQVLWLYLW\ DQG KLJK DFFXUDF\ IRU SARS-
CRV-2 LV RI JUHDW LPSRUWDQFH WR SUHYHQW DQG FRQWURO RI HSLGHPLF. AW SUHVHQW, D VHULHV RI GHWHFWLRQ 
PHWKRGV IRU SARS-CRV-2 YLUXV KDYH EHHQ GHYHORSHG. APRQJ WKHP QXFOHLF DFLG WHVWLQJ IRU 
SARS-CRV-2 KDYH EHFRPH WKH PDLQVWUHDP WHFKQRORJ\. HRZHYHU, WKH DVVD\ SODWIRUP LV 
ODERUDWRU\-EDVHG, DQG UHTXLUHV H[SHUWLVH LQ YLUDO RNA H[WUDFWLRQ DQG SRO\PHUDVH FKDLQ UHDFWLRQ 
(PCR) ZKLFK LV WLPH-FRQVXPLQJ DQG UHTXLUHV VNLOOHG SHUVRQQHO. IQ WKLV VWXG\, ZH UHSRUW D ODEHO-
IUHH WHVWLQJ SODWIRUP WKDW FRPELQHV VXUIDFH-HQKDQFHG RDPDQ VSHFWURVFRS\ (SERS) DQG PDFKLQH 
OHDUQLQJ IRU WKH UDSLG DQG DFFXUDWH GHWHFWLRQ RI SARS-CRV-2. WH ILUVW SUHSDUHG WKH SERS 
SODWIRUP E\ XVLQJ WKH OLTXLG/OLTXLG LQWHUIDFLDO VHOIဨDVVHPEO\ RI JROG QDQRSDUWLFOHV (AX NPV) LQ 
WROXHQH/ZDWHU. AQG WKHQ WKH SERS VSHFWUD RI GLIIHUHQW YLUXVHV (SARS-CRV-2, HCRV-OC43 DQG 
SARS-CRV-2 OPLFURQ YDULDQW) ZHUH FROOHFWHG DIWHU VSUHDGLQJ WKH YLUDO VROXWLRQV RQWR WKH AX 
NPV VXEVWUDWHV. TKH YLUXV GHWHFWLRQ UDQJH ZDV GHWHUPLQHG WR EH 102-105 TCID50/PL LQ SKRVSKDWH 
EXIIHU VROXWLRQ. SXEVHTXHQW SULQFLSDO FRPSRQHQW DQDO\VLV (PCA) RI WKH SERS VSHFWUD SURYLGHG 
WKH NH\ RDPDQ EDQGV WR HQDEOH HIIHFWLYH LGHQWLILFDWLRQ RI WKH SARS-CRV-2. NRW RQO\ FDQ RXU 
WHFKQLTXH DFFXUDWHO\ GLVWLQJXLVK EHWZHHQ GLIIHUHQW YLUXVHV, EXW LW FDQ DOVR ILW IRU TXDQWLWDWLYH 
GHWHFWLRQ RI YLUXV. OXU UHVXOWV VKRZ WKDW WKH FRPELQDWLRQ RI SERS DQG PCA FRXOG VHUYH DV D 
SURPLVLQJ WRRO IRU GHWHFWLRQ RI COVID-19. 
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Bound states in the continuum (BIC) are confined, non-radiative states that lie within, but are
orthogonal to the radiation continuum in wave propagation systems [1]. Dielectric metasurfaces
are being intensely investigated as low-loss components for electromagnetic wave manipulation
at the subwavelength level. When combined, these two paradigms provide an unprecedented
platform for strong field confinement and high-quality factor resonances in a new generation
of flat-optics devices, e.g., for sensing, lasing, and enhanced non-linear phenomena [2]. Here,
we provide a brief introduction in the field and highlight some recent developments in the de-
sign and experimental demonstration of BIC dielectric metasurfaces resonating in the near-
infrared spectrum [3, 4]. The metasurfaces are composed of silicon-slot structures, which allow
for strong field enhancement in slotted areas, further enhanced by the physical mechanism of
quasi-BIC resonances. Refractometric sensing is investigated, as a promising application that
leverages the intense light-matter interaction in the proposed metasurface platform [5].
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AbVWUacW: 
 
 A QHZ PHWKRG IRU bORRG WHVWLQJ LV VKRZQ, WKaW LPSOHPHQWV WKH FaSabLOLW\ RI PLFURIOXLGLFV Oab-
RQ-FKLS ZLWK RSWLFV WR SHUIRUP RaPaQ VSHFWURVFRS\ RQ IORZLQJ VaPSOHV. IQ WKLV Za\ WKH ZKROH 
YROXPH RI bORRG IORZLQJ WKURXJK WKH FKLS FaQ bH aQaO\]HG, ZKLOH aW WKH VaPH WLPH SHUIRUPLQJ a 
IaVW aQG FRPSOHWH aQaO\VLV RI WKH VaPSOH. 
 
SXPPaU\:  
 
 BORRG FRQWaLQV a ZHaOWK RI YaOXabOH LQIRUPaWLRQ WKaW, LI aFFXUaWHO\ GHWHFWHG aW aQ HaUO\ VWaJH, 
FaQ SUHYHQW HYHQ WKH PRVW VHULRXV GLVHaVHV. BORRG WHVWLQJ LV QRZ a URXWLQH SaUW RI a SaWLHQW'V 
LQLWLaO KHaOWK VFUHHQLQJ aQG Pa\ bHFRPH PaQGaWRU\ WR FRQILUP WKH SUHVHQFH aQG HIILFaF\ RI 
WUHaWPHQW IRU PaQ\ GLVHaVHV; KRZHYHU, GXH WR WKH ORQJ aQaO\VLV WLPHV QHHGHG IRU FRPSOHWH 
VFUHHQLQJV, KRVSLWaOV RIWHQ RQO\ SHUIRUP aQaO\VLV RQ aQ LQFRPSOHWH VHW RI SaUaPHWHUV. AV a UHVXOW, 
WKHUH LV a ULVN WKaW GLVHaVHV WKaW FRXOG KaYH bHHQ GHWHFWHG ZLWK a FRPSOHWH aQaO\VLV aUH QRW 
SUHYHQWHG. IW LV WKHUHIRUH QHFHVVaU\ WR KaYH a WHFKQLTXH FaSabOH RI aQaO\]LQJ PRUH SaUaPHWHUV 
VLPXOWaQHRXVO\, ZKLOH aW WKH VaPH WLPH UHGXFLQJ WKH WLPH GXUaWLRQ RI aQaO\VLV. 
 RaPaQ VSHFWURVFRS\ VHHPV WR bH WKH LGHaO FaQGLGaWH WR IXOILOO WKLV SXUSRVH [1]. TKaQNV WR LWV 
KLJK VHQVLWLYLW\, LW KaV aOUHaG\ 
bHHQ WHVWHG IRU UHFRJQL]LQJ 
PaUNHUV RI YaULRXV GLVHaVHV [2]. 
MRUHRYHU, XQOLNH RWKHU 
WHFKQLTXHV, LW LV a OabHO-IUHH 
PHWKRG aQG WKHUHIRUH GRHV QRW 
UHTXLUH aQ\ SUH-WUHaWPHQW RI WKH 
VaPSOH, LQFOXGLQJ WKH XVH RI 
IOXRURSKRUHV WKaW FaQ bH WR[LF. 
HRZHYHU, WRJHWKHU ZLWK WKLV KLJK 
VHQVLWLYLW\ WKHUH aUH aOVR VRPH 
GUaZbaFNV, UHOaWHG WR WKH ZHaN 
VLJQaO, WKH ORQJ LQWHJUaWLRQ WLPH 
QHHGHG IRU PHaVXUHPHQWV, aQG WKH 
SRVVLbLOLW\ RI OaVHU LQGXFHG 
SKRWRGHJUaGaWLRQ RI bLRORJLFaO 
VaPSOHV.  
 OQH SRVVLbOH VROXWLRQ Pa\ bH 
WKH aQaO\VLV RI PRYLQJ VaPSOHV. 
SRPH VWXGLHV LQ WKH OLWHUaWXUH [3]  
IRFXV RQ WKH XVH RI FaSLOOaULHV IRU WKLV SXUSRVH, aOWKRXJK WKH\ GR QRW HOLPLQaWH VRPH GUaZbaFNV. 
IQ RUGHU WR aYRLG FORJJLQJ, RQO\ FaSLOOaULHV ZLWK a GLaPHWHU OaUJHU WKaQ 100 ȝP FaQ bH XVHG. 
HRZHYHU, GXH WR WKH FRUSXVFXOaU QaWXUH RI bORRG, WKH SHQHWUaWLRQ OHQJWK RI OLJKW LV UHGXFHG WR 

FLJXUH 1 6FKHPDWLF RI WKH VHWXS. 7KH EORRG LV IRFXVHG RQ WKH FHQWHU RI WKH RXWHU 
FKDQQHO, ZKHUH LV H[FLWHG E\ WKH IRFDOL]HG ODVHU EHDP. 7KH VFDWWHUHG OLJKW LV WKHQ 
FDSWXUHG E\ WKH REMHFWLYH OHQV DQG VHQW LQWR D VSHFWURPHWHU. FURP WKH CCD 
LPDJH, ZH FDQ UHWULHYH WKH 5DPDQ VSHFWUXP RI WKH DQDO\]HG VDPSOH. 

RaPaQ VKLIW (FP-1) 

H\GURG\QaPLF IRFXVLQJ 

50 [ 

0.8 NA 

                    RaPaQ VSecWURVcRS\-baVed PeWhRd fRU high WhURXghSXW

          aQal\ViV Rf ZhRle blRRd aVVa\V



RQO\ 10 PLFURQV, UHGXFLQJ WKH YROXPH RI DQDO\]HG EORRG WR D VPDOO SHUFHQWDJH RI WKH WRWDO YROXPH 
IORZLQJ LQ WKH FDSLOODU\ (IHZ SHUFHQW), GUDPDWLFDOO\ ORZHULQJ WKH HIILFLHQF\ RI WKLV PHWKRG. 
 HHUH ZH VKRZ D QHZ ODE-RQ-FKLS EDVHG PHWKRG IRU IDVW DQG PRUH HIILFLHQW 5DPDQ DQDO\VLV RI 
ZKROH EORRG DVVD\V. 7KDQNV WR WKH FLICE ()HPWRVHFRQG /DVHU ,UUDGLDWLRQ IROORZHG E\ &KHPLFDO 
(WFKLQJ) IDEULFDWLRQ WHFKQLTXH D 3D K\GURG\QDPLF IRFXVLQJ JHRPHWU\ KDV EHHQ UHDOL]HG WKDW LV 
FRPSOHWHO\ EXULHG LQVLGH D IXVHG VLOLFD VXEVWUDWH ()LJXUH 1). 7KH XVH RI IOXLG IRFXVLQJ IRU WKLV 
SXUSRVH EULQJV VHYHUDO DGYDQWDJHV. FLUVWO\, WKH VKHDU VWUHVV EHWZHHQ EORRG DQG WKH EXIIHU LV 
UHGXFHG, UHVXOWLQJ LQ D PRUH XQLIRUP GLVWULEXWLRQ RI FHOOV ZLWKLQ WKH VWUHDP. MRUHRYHU, WKH IORZ 
UDWH FRPSDUHG WR WKH FDSLOODU\ LV VLPLODU, PHDQLQJ WKDW WKH VDPSOH FRQVXPSWLRQ FDQ EH NHSW 
UHODWLYHO\ ORZ DQG, VLQFH WKH VSHHG PDVVLYHO\ LQFUHDVHV FRPSDUHG WR WKH FDSLOODU\, WKHUH LV WKH 
SRVVLELOLW\ RI XVLQJ KLJKHU ODVHU SRZHUV (DQG WKXV PDNLQJ IDVWHU PHDVXUHPHQWV), ZLWKRXW WKH ULVN 
RI EXUQLQJ WKH VDPSOH. 
FLQDOO\, WKLV VSHFLILF JHRPHWU\ DOORZV XV WR PDWFK WKH IRFXVHG IORZ VL]H WR WKH YR[HO VL]H RI WKH 
REMHFWLYH OHQV. IQ WKLV ZD\ LW DOORZV XV WR FROOHFW WKH VLJQDO FRPLQJ IURP WKH HQWLUH VDPSOH 
YROXPH, PDVVLYHO\ LQFUHDVLQJ WKH FROOHFWLRQ HIILFLHQF\, FRPSDUHG WR WKH FDSLOODU\. 
 
IQ FRQFOXVLRQ, WKH SRWHQWLDO RIIHUHG E\ WKH FRPELQDWLRQ RI PLFURIOXLGLFV DQG 5DPDQ 
VSHFWURVFRS\, FDQ VLJQLILFDQWO\ SXVK IRUZDUG WKH GHYHORSPHQW RI IXOO\ LQWHJUDWHG GHYLFHV FDSDEOH 
RI PDNLQJ KLJK WKURXJKSXW, KLJKO\ VHQVLWLYH DQDO\VLV RI ZKROH EORRG DVVD\V, FDSDEOH RI GHWHFWLQJ 
HYHQ VPDOO YDULDWLRQV RI EORRG FRPSRVLWLRQ. 
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The development of new anti-counterfeiting systems is a constant challenge that involves several 
research fields. The most secure systems are based on the Physical Unclonable Function (PUF) key 
paradigm [1,2]. In this work, new strategies based on electrospinning and electrospraying techniques 
are used for the fabrication of flexible films that embed different PUF keys. Keys are obtained 
exploiting the characteristics of the fabrication techniques as well as the properties of different 
materials as polymers and fluorescent dyes.  

The proposed labels are based on three encryption levels:  

i) a map of Whe flXoUeVcenW pol\meU dUopleWV pUodXced WhUoXgh elecWUoVpUa\ing, ZiWh 
compleWel\ Uandom poViWionV, on a denVe \aUn of pol\meU nanofibeUV, fabUicaWed XVing 
elecWUoVpinning;  

ii) a chaUacWeUiVWic flXoUeVcence VpecWUXm foU each label; 
iii) a challenge-UeVponVe paiUV (CRPV) idenWificaWion pUoWocol baVed on Whe inWUinVic 

UandomneVV inWUodXced b\ Whe depoViWion WechniTXe.  

The labels show characteristics such as non-clonability, ease of reading, low cost and eco-friendly 
feasible production. Overall, thanks to their multi-level security, these labels can be used for the 
protection of many daily life products as clothes, luxury goods and personal documents. 



 

Figure 1: (a)  First level, the authentication of the map of points; (c) second level, fluorescence spectrum of the Tag 
shown in (a); (d) third level, CRPs identification. 
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Reducing its environmental footprint represents one of the main challenges for future 
photonic technologies.[1] The pathway towards such an achievement requires a complete 
paradigm shift where solid state, bulk cavities are replaced with soft, planar alternatives 
and inorganic semiconductors based on Pb or Cd are replaced with a biologic counterpart. 
Luminescent proteins like the famous Green Fluorescent Protein (GFP) offer a valid 
alternative to inorganic semiconductors and can be expressed by bacteria, whose 
proliferation can provide exceptionally large amounts of gain materials with no chemical 
synthesis efforts. However, producing photonic structures with bacteria-viable materials 
is challenging. In this work, we successfully achieve such a task by replicating 



sophisticated photonic structures via soft-lithographic processes using either classic LBA 
growth media or blended with xylan for improved replica fidelity and solubility. We 
replicate photonic structures from the micro- to the deep sub-micron scale, demonstrating 
exceptional optical properties, viability for GFP-labeled bacteria, and water solubility. 
We also engineer surface wettability through micro-structuration and demonstrate that the 
replicated structures can be easily endowed with plasmonic properties. 

       

References 

[1] V. Caligiuri, G. Tedeschi, M. Palei, M. Miscuglio, B. Martin-Garcia, S. Guzman-
Puyol, M. K. Hedayati, A. Kristensen, A. Athanassiou, R. Cingolani, V. J. Sorger, M. 
Salerno, F. Bonaccorso, R. Krahne, J. A. Heredia-Guerrero. " Biodegradable and 
Insoluble Cellulose Photonic Crystals and Metasurfaces" ACS Nano (14), 9502, 2020. 

 



Hybrid anticounterfeiting tag with camouflaged multi security levels   

Antonio Ferraro1,2, Giuseppe Emanuele Li,3,4,5, Mauro Daniel Luigi Bruno1,2, Sara 
Nocentini4,6, Maria Penelope De Santo1,2, Diederik Sybolt Wiersma4,5,6, Francesco 

Riboli3,4, Roberto Caputo1,27 and Riccardo Cristoforo Barberi1,2 

1Consiglio Nazionale delle Ricerche, Institute of Nanotechnology, CNR-Nanotec, Rende 
87036, Italy 

2Department of Physics, University of Calabria, Rende 87036, Italy 
3 Consiglio Nazionale delle Ricerche - National Institute of Optics CNR-INO, Sesto 

Fiorentino (FI), 50019, Italy 
4 European Laboratory for Non-Linear Spectroscopy (LENS) University of Florence, 

Sesto Fiorentino, 50019, Italy 
5Physics Department University of Florence, Sesto Fiorentino, 50019, Italy 

6Istituto Nazionale di Ricerca Metrologica (INRiM), Turin 10135, Italy 
7 Institute of Fundamental and Frontier Sciences, University of Electronic Science and 

Technology of China, Chengdu 610054, China 
 

The rise of counterfeiting is promoting a thriving research on different materials 
and technologies to prevent and limit such a phenomenon by developing new anti-
counterfeiting identification tags. 
Herein we report on the experimental demonstration of multi-level anticounterfeiting 
Physical Unclonable Function (PUF) tags realized on a flexible and conformable office 
paper substrate.  

 

Figure 1: Camouflage anticounterfeiting tag with multi security level. 



The first security level is guaranteed by the printing of a QR code which is hidden by a 
successive deposition of a metal/insulator/metal/insulator (MIMI) metamaterial.  The QR 
code information can be read only by retro-illuminating the tags enabling a variation of the 
characteristic structural color exhibited by MIMI metamaterials. Then, the proposed tags 
are attached to a liquor bottle and tested with a smartphone proving its reliability and easy 
operation.  
Furthermore, the QR code has a twofold function. It can be not only a descriptor including 
a ³h\SeUlink´ Wo Whe meUchandiVe infoUmaWion bXW alVo Whe fiUVW idenWificaWion leYel inclXding 
an alphanumeric hashed code (SHA256). 
Thanks to the intrinsic random morphologies of a paper substrate producing characteristic 
VSeckle SaWWeUnV, a WhiUd ³forensic” level is enabled by using a challenge response pair 
interrogation protocol proving their strong nature as physical unclonable function. This 
level works for the seller like a sample survey where, in case of doubt about the 
merchandise, he can ask to a forensic laboratory to test if the produced challenge response 
pairs are enrolled in the central authority.  
 
The proposed camouflage paper-based physical unclonable functions exhibits three 
different security levels based on QR code and color reading and speckle analysis. These 
are intended to different possible users: the first and second one are accessible to customers 
and not specialized persons with a double check on the label genuineness by interrogating 
a specific repository where all the information, e.g Qr code and color association, are 
stored. 
The third is a forensic level because require sophisticated apparatus and experts in the field 
and can be adopted for legal actions. 
The proposed physical unclonable functions represent an ideal candidate for the protection 
of goods thanks to their low cost and large-scale production possibilities 
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The skill of calabrian Opuntia ficus-indica bioactive extract to autofluorescence 
upon UV illumination was explored by fluorescence spectroscopy enabling to investigate 
the kind and distribution of phenolic compound within green cladodes (Figure 1).  
The spectroscopic analysis of the extract dissolved in toluene showed a significative red 
fluorescence, suggesting an abundance of phenols in the sample [1]; the chemical 
characterization and quantification by Liquid Chromatography-Mass Spectrometry (LC-
MS) confirmed their rich distribution [2, 3]. 

Fluorescence results proved pronounced features in the visible range (400-800 
nm) with a very large Stokes shift, when excited in the UV region. The experiments were 
performed also in the case of polymers, such as poly(methyl methacrylate) (PMMA), 
poly(vinylpyrrolidone) (PVP) and polyvinyl alcohol (PVA), mixed with the OFI extract. 
The results showed a signal intensity four times greater than the extract itself (Figure 2).  
The rich phenols extract imparted new properties to polymers, making them fluorescent 
materials, and this could be useful in several applications spanning from nano-optics to 
anti-counterfeiting and bioimaging [4]. 

 
 

 

 

 

 

Figure 1: Cladodes of Opuntia ficus-indica. Figure 2: Fluorescent spectrum of OFI extract 
in toluene. The picture reports also the results 
obtained for PMMA, PVP and PVA.  
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The emergence of antibiotic-resistant bacteria has become a major public health 

concern, leading to a growing interest in alternative antimicrobial agents. The 
antibacterial activity of metal nanoparticles (NPs) has been extensively studied, and it has 
been shown that can effectively inhibit the growth of various bacteria, including both 
Gram-positive and Gram-negative strains.  

The presence of a protein corona, formed by the adsorption of proteins onto the 
NPs surface in biological fluids, can significantly affect their toxicity. Understanding the 
effect of the protein corona on the antimicrobial activity of metal NPs is crucial for their 
effective use as antimicrobial agents. In this study, the antimicrobial activity of noble 
metal NPs, such as platinum (Pt), silver (Ag) and gold (Au) with and without human 
serum albumin (HSA) protein corona against Escherichia coli strains, was investigated. 

 In addition, the plasmonic photothermal effect related to the AuNPs, which 
resulted to be the most biocompatible compared to the other considered metals, was 
evaluated. The obtained results suggest that the HSA protein corona modulated the 
antimicrobial activity exerted by the metal NPs against Escherichia coli bacteria. These 
findings may pave the way for the investigation and development of innovative nano-
approaches to face antibiotic resistance emergence. 
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Laser-induced breakdown spectroscopy (LIBS) is a well-established analytical 
technique based on the spectroscopic analysis of the radiation emitted by a laser induced 
plasma. Each emission line can be ascribed to a specific element allowing to obtain the 
elemental composition of the ablated matter at the laser focal spot. With the adequate 
laser and optical setup, this technique can produce high resolution surface composition 
maps as well as in depth composition profiles, with minimum sample destruction, and 
very little to no preparation [1]. 

These features make LIBS a very attractive technique and explain its widespread 
use in many fields of research and industry, going from ore grading in mining 
applications and real time analysis of molten steel, to the study of delicate cultural items 
in heritage applications, the profiling of micro and nanocoatings and the detection of 
nanoparticles. 

Presently, some major challenges of LIBS applications include establishing 
adequate strategies to ensure an accurate identification and quantification of elements 
when analyzing complex samples. In this context, the use of advanced computational 
tools contributes for an enhanced performance, providing adequate processing 
algorithms, visualization tools, and automation strategies that ensure a stable operation 
and a more efficient extraction of information from the raw data. 

In this work, computational tools for LIBS analysis of complex samples will be 
described. Several examples of improved compositional mapping will be shown, from 
complex mineral samples of geological interest to the analysis of thin organic coating for 
quality control in industry. 
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   Anti-counterfeiting methods are developed in response to the counterfeiting activities 
that continue to cause damage around the world. Several approaches are emerging for the 
fabrication of new anti-counterfeiting tags, combining the use of new techniques and 
materials, in order to make it more difficult to reproduce. 

We focus on the combination of different materials such as polymers, fluorophores, metals, 
etc. for the realization of multi-level security tag. We used PVA as a flexible material added 
with fluorescent dye and dielectric material. 

The first step is the manufacture of a flexible thin film using polyvinyl alcohol (PVA) and 
Titanium dioxide (TiO2) to serve as a label substrate. The flexible nature of the label will 
facilitate the integration on the product's packaging. The fluorescent dye, previously mixed 
with Polymethyl methacrylate (PMMA) for easy adhesion to the PVA-TiO2 film, is 
sprayed on the label, thus creating a random deposit of droplets.  

 

FLJXUe 1: MaQXfacWXULQJ SURceVV Rf aQWL-cRXQWeUfeLWLQJ WaJV, fURP fabULcaWLRQ WR UeadLQJ. 



The fabricated tags with fluorescent droplets are illuminated by UV light and photographs 
are collected for generating a security code. Indeed, the label photos are analyzed using the 
SIFT algorithm, which will extract character unique features, thus forming a first level of 
security for the anti-counterfeiting label. 
Further levels of security will then be investigated (e.g., morphology, color etc. of the 
fluorescent dye droplets) to produce an ideal and inexpensive security key for asset 
protection. 
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Plasmonics is a branch of optics that deals with the study of surface plasmons. These plas-
mons can be used to manipulate light at the nanoscale, allowing for the development of novel
devices for applications in sensing, imaging, and information processing. One important appli-
cation of plasmonics is the development of plasmonic biosensors, which can detect and quantify
the presence of molecules as biomarkers with high sensitivity and specificity. It is well known
that pathological tissues release a whole series of compounds into the vascular system, such as
circulating DNA, extracellular vesicles, proteins, metabolites and so on. Going for early detec-
tion of these analytes in blood or other body fluids could allow to detect a disease when it is
really in an early stage, giving the possibility to intervene promptly. For this reason, it is nec-
essary to develop sensing platforms capable of detecting very small concentrations of analyte,
that are of the order of femtomolar or even in the attomolar range. Plasmonic metasurfaces
play a key role in the development of the next-generation nanophotonic biosensors, which can
detect and quantify the presence of molecules with high sensitivity and specificity. The metal
surface is typically patterned with nanoscale features, such as nanoparticles or nanoholes, that
can support surface plasmons. These sensors work by measuring the changes in the plasmon
resonance of a metal surface caused by the binding of analyte molecules. The shift in plasmon
resonance can be measured using various optical techniques, such as reflectance or transmission
spectroscopy, and can be used to detect and quantify the presence of analyte molecules. The
highest sensitivity for a plasmonic biosensor can be achieved by optimizing the design of the
sensor to maximize the interaction between the analyte molecules and the plasmonic field. Our
research group addresses this challenge by developing next-generation nanophotonic biosensors
based on surface plasmons and metamaterials.
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Liquid crystalline photo-curable resins, also known as reactive mesogens (RMs) 
can be employed to microfabricate polymeric devices presenting both the mechanical 
properties of polymers and the optical properties of liquid crystals. [1-3]. Among different 
manufacturing technologies, Two-Photon Lithography (TPL) exhibits several benefits for 
the precise fabrication of complex 3D structures at the nanoscale level [4] and could be 
effectively employed for anti-counterfeiting solutions [5-6]  

We demonstrate that, when applied to RMs, TPL is an effective technique to locally 
adjust physico-chemical and optical characteristic of 3D printed microstructures, (i.e. order 
parameter, alignment, etc.), without the need of other external controls (i.e. temperature, 
voltage, etc.). 

In particular, we show that the birefringence and the optical axis of a nematic RMs 
film could be deliberately modified, depending on the exposure parameters (i.e., direction, 
spacing, speed, power of the scanning laser beam). Furthermore, we demonstrate that the 
photonic band gap of a photo-curable cholesteric RMs mixture [6] can finely tuned across 
the whole visible range, simply tuning the delivered energy dose in a single-step fabrication 
session. Eventually, examples of 4D microstructures which can be employed as security 
devices will be provided. 

References 

[1] H. Zeng et al. Adv. Mater. 26, 15, 2319 (2014).  
[2] A. M. Flatae et al., Light Sci. Appl. 4, 4, e282 (2015). 
[3] R. Wei et al. Macromol. Rapid Commun. 34, 4, 330 (2013). 
[4] S. Engelhardt, Direct Laser Writing. In Laser Technology in Biomimetics; V. Schmidt, 
M. R. Belegratis, Eds.; Springer-Verlag, Berlin/Heidelberg 2013. 
[5] C. A. Spiegel et al., Adv. Funct. Mater. 1907615 (2020) 
[6] T. Ritacco et al., Adv. Optical Mater. 2101526 (2021). 
 
* Author for Correspondence: pasquale.pagliusi@fis.unical.it 



Intercalation or external binding: How to torque chromonic Sunset Yellow  

Spina Lorenza1,2, De Santo Maria Penelope1,2, Tone Caterina Maria1,2, Michela Pisani3, 
Francesco Vita3, Barberi Riccardo1,2, Ciuchi Federica1 

 

1 Phys.Dept. University of Calabria, Arcavacata di Rende (CS), Italy, 2 CNR Nanotec c/o 
Phys.Dept. University of Calabria, Arcavacata di Rende (CS), Italy, 3 SIMAU Dept. 

Marche Polytechnic University, 60131 Ancona, Italy. 

Being able to obtain well-defined optical textures is the first fundamental step 
towards using chromonic liquid crystals confined in microspheres for practical 
applications [1]. It is well known that Frank-Pryce textures, similar to those observed in 
thermotropic liquid crystal microspheres, can be obtained by doping the chromonic 
chromolyn with a high-twist amino acid [2]. 

In this work, we report recent progresses in understanding the supramolecular 
arrangement and chirality induction in the chromonic liquid crystal Sunset Yellow. In 
addition to the formation of structures typically found in chiral thermotropic liquid 
crystals (Layer-like, Toron-like), for the first time, it was observed the Frank Pryce 
texture in Sunset yellow doped with an L-peptide and confined in spherical geometry by 
preparing an emulsion using PDMS [3]. Our findings on the ability to control the delicate 
thermodynamic equilibrium between chromones, chiral dopants and water may open up 
new perspectives for using these materials in optical and sensing applications. 

 
Fig.1 Chiral chromonic microsphere in an emulsion showing: a) Toron-like texture, b) Layer-like 
texture, c) Frank-Pryce texture. 
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Circular Dichroism Spectroscopy (CD) contribute to obtaining structural information of a several number 
of organics and biological molecules. CD define the phenomenon of a different absorption of circularly 
right-handed and left-handed polarized light given by a chiral molecule [1].  
In biomedical context the interaction between light and chiral matter is significant not only for the 
influence on biological basic functions; using different enantiomeric forms of chiral biomolecules as 
biological markers permit the identification, the prognosis, and the monitoring of different diseases. 
However, the biological molecules size is small compared to the wavelength of the incident light and as 
consequence the dichroic signals obtained are usually weak and difficult to measure [1]. 
This aspect is improved by considering the interaction of chiral biological molecule with plasmonic 
nanoparticles which enhance the dichroic signal (superchirality) and cause a shift of the CD bands in the 
visible region of the electromagnetic spectrum [2].  
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In recent years, many new methods of optical manipulation of microparticles have 
been developed. One among these methods is laser-induced assembly of microparticles 
(MPs) gathered in a water droplet. [1,2] In our work [3] we have described formation of 
microparticle chains in droplet of water containing micrometric size polystyrene spheres 
by illumination reservoir of MPs close to droplet edge by focused laser beam. This 
microparticles were ejected by light forming a moving chain of MPs. This chain was 
stabilized by pure optical forces due to formation of an optical waveguide with a core of 
touching particles. In this work we will present microparticle chain formation and its 
propagation in water from a hydrodynamic point of view.   

To analyze hydrodynamic drag forces acting onto the moving straight microparticle 
chain toward the droplet center we performed numerical simulations of chain movement 
by modeling a stationary MPs chain in a tube of water with constant velocity flow. 
Simulations were performed within COMSOL Multiphysics 5.6 programming platform. 
Schematic of simulation geometry model is shown in Fig. 1. The velocity of water flow 
was set being the same as velocity of microparticle movement observed in experiment. We 
performed calculations for three sizes of MPs, which were used in experiment (with 
dLaPeWeUV 0.518 ȝP, 1.05 ȝP aQd 2.5 ȝP) aQd fRU dLffeUeQW OeQgWhV Rf chaLQV cRPSRVed Rf 
N particles.   

 
Fig. 1 Schematic of hydrodynamic simulation geometry. 

 
The numerical simulations allowed us to calculate the values of viscous stress 

tensor acting on each particle. By summing tensor coefficients along the fluid flow 



direction we were able to calculate the hydrodynamic drag force and friction coefficient Ȗ 
acting both onto each microparticle Ȗn  in a chain and for the whole chain of  N 
microparticles. The friction coefficient distribution in the chain is shown in Fig. 2a. The 
largest friction value was observed at the first and the last particle in the chain. For the 
particles situated in the middle of the chain, the friction coefficient Ȗn was lower than for 
Ȗ1 and ȖN and was weakly dependent on the position of a particle in the chain. Furthermore, 
the friction coefficient of the whole microparticle chain, obtained for summing up all 
friction coefficients shows linear increase with increased length of the chain. However, the 
total friction coefficient ȖN is proportional to the number N of a given particle size in chain, 
which is shown in Fig. 2b.  

 

 
Fig. 2 a) FUicWion coefficienW Ȗn of each paUWicle ZiWh diameWeU 0.518 ȝm. BlXe ciUcle ± single 
microparticle, orange square ± 5 MPs in a chain, green diamonds ± 10 MPs in a chain.  
b) Friction coefficients of the whole chains of  different lengths given by number of MPs 
for three different MP diameWeUV 0.518 ȝm (blXe), 1.05 ȝm (oUange), 2.56 ȝm (gUeen). 
 
 With the information about the friction coefficient obtained from hydrodynamic 
simulations and the data collected from optical simulation we could estimate the laser 
power necessary to obtain the formation of microparticle chains. Moreover, we were able 
to compare the results of simulations with experimental findings, which lead to better 
understanding of the whole process. In conclusion, numerical hydrodynamic simulations 
are helpful tool in analyzing hydrodynamic forces: FN = JNÂv acting onto MPs chains 
composed of N spheres moving in liquid with a constant velocity v.  
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