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School Location 

The Politecnico di Torino main campus is a large complex of buildings in Corso Duca degli 

Abruzzi. It was opened in November 1958, after the former Industrial Museum was 

completely destroyed during World War II. The construction of the new Cittadella Politecnica 

in Corso Castelfidardo began in 1997 when Politecnico di Torino acquired the former Officine 

Grandi Riparazioni. The Cittadella is a single integrated complex of buildings of high 

architectural and urban value whose spaces are used by companies and management services, 

University and individual citizens 

How to reach Politecnico di Torino 

The easiest way to reach the conference location is by entering the Cittadella Politecnica of 

the Polytechnic University of Turin from the parking entrance located in Corso Castelfidardo 

42bis, underneath the south bridge. It is ten minutes from the Porta Susa train station.  

In alternative, you can take the Metro line from either Porta Susa or Porta Nuova train stations 

and get off at the "Vinzaglio" stop. Inside the Politecnico you will find signs carrying the 

Plasmonica 2022 logo pointing to the conference rooms (Classrooms P). Support staff will 

eventually assist you to reach the conference site. 
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Bound states in the continuum in dielectric metasurfaces

Gloria Conte1,2, Simone Zanotto2, Laurent Belleries3, Amadeu Griol3, Daniel Navarro-Urrios4,
Alessandro Tredicucci1,2, Alejandro Martínez3 and Alessandro Pitanti2

1Dipartimento di Fisica, Università di Pisa, Italy, gloria.conte@phd.unipi.it
2NEST Lab., CNR - Istituto di Nanoscienze and Scuola Normale Superiore, Pisa, Italy

3Nanophotonics Technology Center, Universitat Politècnica de València, Spain
4MIND-IN2UB, Departament d’Electrònica, Facultat de Física, Universitat de Barcelona, Spain

Bound states in the continuum (BICs) [1] are modes that reside inside the continuum, but remain per-
fectly localized without radiating energy away. BICs are a general wave phenomenon that has been iden-
tified even in optical systems [2], including photonic crystal slabs [3] and metasurfaces [4]. BICs result
from interference effects and therefore can be found interrogating the system at precise frequencies and
wavevectors. While pure BICs have infinite Q factors and are therefore invisible to external probes, in close
proximity to them narrow resonances can be found and experimentally investigated (quasi-BICs). Signature
of the presence of the BIC is the line-narrowing effect moving from a quasi-BIC towards a pure BIC. A
simulation depicting this effects is shown in Figs. 1(a) and 1(b) for a Si metasurface.
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Figure 1: (a) Reflectivity map of a completely suspended silicon metasurface (see panel c). Two modes
appear with a line narrowing towards θ = 0°, see cross-sections in (b). Sketch of a silicon (c) and a silicon
nitride (d) metasurface device. In the inset of panel c a SEM image of one Si metasurface is shown [5]; the
white scale bar is 1 µm.

We experimentally investigated BICs in mechanically compliant devices, namely all suspended Si and
Si3N4 metasurfaces. While the former shows non-trivial coupling between the BIC resonance, substrate
Fabry-Perot fringes and mechanical action of the membrane (see Fig. 1(c)) [5], the latter (see Fig. 1(d))
can be a platform for the investigation of the pure optomechanical coupling between BICs and membrane
modes.
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[4] T. C. W. Tan, E. Plum and R. Singh, Adv. Opt. Mater. 8, 1901572 (2020).
[5] S. Zanotto, G. Conte, L. C. Belleries, A. Griol, D. Navarro-Urrios, A. Tredicucci, A. Martínez and A. Pitanti, Phys. Rev. Appl.

17, 044033 (2022).



Coherent photon sources based on 2D Al periodic nanostructures

Mirko Trevisani1, Diego Piccotti1, Giuseppe Pirruccio2, Tiziana Cesca1, Giovanni Mattei1
1University of Padova, Padova, Italy, mirko.trevisani@phd.unipd.it
2Universidad Nacional Autonoma de México, Mexico City, Mexico

Keywords: Nanolaser, Plasmonics, Nanophotonics.

Nowadays, the request of highly coherent and miniaturized laser sources has been increased according
to the fabrication of faster and smaller devices. Plasmonic nanolasers are one of the most innovative types
of laser, thanks to their low lasing threshold, high directionality and small device volume. The combination
of all those peculiar properties makes them attractive for several applications ranging from biosensing, to
quantum information. [1] These devices are based on periodic array of plasmonic nanoparticles that shows
hybrid resonant modes, called "Surface Lattice Resonances" (SLR), which act as optical feedback for lasing
emission when the structure is coupled to a quantum emitter. Depending on the geometry, dimension and
shape of nanoparticle and surrounding, the optical and lasing properties can be easily tailored. [2–4]

In this work we used an hexagonal array of Aluminium nanocones with lattice constant a = 475nm and
particle height and diameter of h = 150nm, d = 150nm, respectively. The array was fabricated by EBL on
a quartz substrate and on top, a layer of 300nm of PMMA containing an organic dye was deposited via
spin coating. Figure 1(a) displays the optical band structures of the periodic array, performed by angle-
resolved transmission measurements along the high-symmetry directions (ΓM). Finite Element Method
(FEM) simulation with the software COMSOL Multiphysics were used to investigate field distribution and
the modes’ properties. According to the dye optical properties, the resonant energy exchange with SLR
modes occurs at the Γ point, so too the lasing emission. Figure 1(b)-(c) show the lasing emission peak at
about 600nm when a 18 ps-pulsed laser at 532nm with TE polarization and incidence angle θ = 18.1° is
used with fluence F above 0.51mJ/cm2. Angular measurement has been performed confirming the high
directionality of the peak emission with a value of 1.2° around the Γ point comparable to the angular
resolution of our optical setup. The FWHM of the emission peak at 0° is 0.7nm, thus demonstrating a high
degree of monochromaticity of the laser beam. The remarkable temporal coherence of the emission (above
0.5mm) has been confirmed by a Michelson-Morley interferometer.

The reported results prove that these types of device are very good candidates for the development of
nanolaser with increased performance and decreased dimensions.

Figure 1: A) Extinction map of Al nanocones array taken in TE mode along the direction Γ−M with the
Rayleigh anomalies superimposed (black lines) and labelled with the corresponding Miller indexes. B)
Peak height of the emission at 600nm as a function of the pump fluence (threshold). C) Angular emission
map excited with a fluence of 0.8mJ/cm2 (above lasing threshold) and incidence angle θ = 18.1°.
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3D Helix-based Metamaterial Arrays for Femtomolar Biodetection 
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The continuous progress in the nanostructure manufacturing broadened several application areas for  

nanophotonics. In such a frame, realizing chiral nanostructures, though technologically challenging, can 

enable novel degrees of freedom in optical engineering through polarization control. Chiral engineering can 

be applied at a material level with the definition of specific compositional layouts, or at a geometrical level, 

with the spatial arrangement in the three dimensions, given the availability of suitable technology. 

In this contribution we will show our activities on the multiple level engineering of chiral objects at the 

nanoscale, by the exploitation of focused ion beam technique. In particular, we studied new strategies for 

shaping metal-dielectric core-shell systems, either exploiting directly the liquid ion source of the system in 

combination with a metal organic precursor, or by post-growth conformal coating with polymeric layers.  

We also investigated the diffractive coupling regime among multiple elements, along the in-plane and out of-

plane directions, to achieve control over the circular dichroism (CD) signature through 3D lattice  parameters.  

The results of the study are applied to innovative sensing concepts based on chiral platforms based on circular 

dichroism measurements, for highly sensitive and selective biomolecular detection, in different environments, 

such as biological fluids. 

 
Figure 1. (a) SEM image of nano-helix array. The magnification of a SEM image area (b) displays the geometrical 

parameters of helix the array: the vertical period (VP), the wire diameter (WD) 120nm, the external diameter (ED) 310nm, 

and the lateral period (LP) 500nm. 
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Surface-enhancement of ultra-broadband mid-IR plasmonic waveguides  

for liquid spectroscopy applications 
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Mid-infrared (mid-IR) spectroscopy is a powerful tool for probing the fingerprint absorptions of 

molecules in gas and liquid phase, particularly important for the chemical and biomedical fields. Thanks to 

the development of high-performance quantum cascade lasers (QCLs) and detectors (QCDs), new 

analytical methods can be developed to enable a new class of miniaturized sensors. While allowing to 

penetrate thicker layers of the liquid analyte through powerful QCLs, the typical experimental setups are 

still rather big and bulky[1]. Thus, the next generation of compact sensors needs to implement novel 
integration concepts. Previous work demonstrated mid-IR plasmonics as a suitable concept for monolithic 

photonic integrated circuits (PICs) [2], including for liquid sensing. Based on this approach, we present in 

this work the realization of the next generation of highly-sensitive plasmon-based mid-IR sensors. Our 

experiments are conducted on ultra-broadband Ge/Au semiconductor-loaded surface plasmon polariton 

(SLSPP) waveguides [3]. We present in this work the implementation of two novel concepts, which lead 

to an enhancement of the sample surface of the Ge-based SLSPP waveguides, enabling their use in a much 

wider range of applications. The first experiment exploits the surface-passivation based on high-quality 

atomic layer deposition (ALD) coatings, deposited on ultra-broadband Ge/Au-based long-wave infrared 

plasmonic waveguides [3] (see Fig. 1(a)). As shown in Fig. 1(b), various additional materials can be used 

for that purpose and protect the Ge surface from water, when submerging the whole chip into the liquid. In 

the second experiment we functionalize such waveguides by covering them with suitable mesoporous 

membranes like, e.g. Titania (Fig. 1(a)). As sketched in Fig. 1(c), this yields an enrichment of the analyte 
in a liquid close to the sensitive plasmonic surface, significantly increasing the plasmonic sensor limit of 

detection by more than two order of magnitude.  

 

Figure 1: (a) Sketch of a typical Ge/Au SLSPP waveguide structure including ALD coating when 

submerged into DI-H2O. (b) Characterization results after the submersion experiment. (c) Sketch of a 

mesoporous membrane coated Ge surface submerged into a liquid analyte. The enrichment of the 

molecule under investigation close to the sample surface is indicated.  
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Excitonic light scattering in atomically-thin optical elements 
 

Ludovica Guarneri1, Qitong Li2, Jung-Hwan Song2, Mark Brongersma2, and Jorik van de Groep1 
1 Institute of Physics, University of Amsterdam, Amsterdam, The Netherlands, l.guarneri@uva.nl 

2 Geballe Laboratory for Advanced Materials, Stanford University, Stanford, USA 
 

The interest in monolayers transition metal dichalcogenides (TMDC) stems from the combination of their two-
dimensional structure together with the remarkably strong exciton resonances they exhibit in the visible spectral 
range. Quantum confinement and reduced dielectric screening enable tightly bound excitons that dominate the 
optical spectra of these atomically thin semiconductors – even at room temperature. Leveraging these remarkable 
excitonic properties in conjunction with smart cavity engineering has recently led to unprecedent results, namely 
near unity light absorption [1] and a large excitonic reflectivity up to 85% [2] with a single layer of atoms at 
cryogenic conditions. In addition to strong light-matter interactions, these geometry-independent resonances are 
also highly tunable in the visible spectral range. This has resulted in the first demonstration of large-area and 
tunable flat optics at ambient conditions, albeit with very low efficiency [3]. To fully exploit exciton resonances 
in tunable flat optics, it is essential to obtain a detailed understanding of the fundamental efficiency limit of 
atomically-thin elements and the role of the exciton therein. 

Here, we study the direct link between the exciton properties and the optical efficiency of atomically-thin optical 
elements using temperature-dependent optical experiments. We pattern large-area and high-quality exfoliated 
monolayer WS2 into an atomically-thin zone plate lens (Fig. 1a) and diffraction grating (Fig. 1b) using electron-
beam lithography and reactive-ion etching. Using a custom-built imaging system, we carefully analyze the optical 
efficiency spectra across a portion of the visible spectral range (570 – 670 nm) as a function of temperature to 
explore the role of the exciton decay rates in the optical efficiency. 

 
 

Figure 1: 500 μm diameter zone plate lens with f ~ 1 mm (a) and 500×500 μm2 diffraction grating with  
1.3 μm period (b) directly carved out of a monolayer WS2 on sapphire. (c) Experimentally measured focusing 
efficiency spectrum of the zone plate lens at room temperature. 

 

At room temperature the focusing efficiency spectrum (Fig. 1c) of the of 500 μm diameter zone-plate lens, yields 
a strongly asymmetric line shape. This shape mirrors the optical susceptibility of the material, dictated by the 
presence of the exciton resonance superimposed onto a nearly linear background [3]. Despite the clear exciton 
fingerprint on its line shape, the focusing efficiency of the lens remains quite low at ambient condition. To explore 
the fundamental efficiency limit of excitonic light scattering and the dependence of the lens efficiency on the 
exciton dynamics, we cool the sample to cryogenic temperatures (<10K). In this regime, phonons are suppressed 
and we expect the exciton to become radiation-limited as a result of low non-radiative and dephasing rates. By 
analyzing the efficiency spectra, we directly relate the quantum mechanical properties of the exciton to the 
efficiency limit of atomically-thin classical optical elements.  
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Thermooptical conversion of SHG radiation from semiconductor nanodimers

Olesia Pashina1, Kristina Frizyuk1, George Zograf 1, Mihail Petrov1

1School of Physics and Engineering, ITMO University, St. Petersburg, Russia, 197101
olesiya.pashina@metalab.ifmo.ru

In recent years, thermooptical effects arising from laser excitation of resonant nanostructures and ac-
companying heating have opened up wide possibilities for light control at the nanoscale [1]. These processes
are associated with pronounced dependence of the material refractive index on the temperature.
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In this work, we theoretically study the phenomenon of photothermal conversion of the second har-
monic generation (SHG) radiation pattern from a semiconductor nanostructure [2]. In the proposed geom-
etry (Fig. 1a), a pulsed near-IR laser excites SH radiation from the AlGaAs dimer, while its temperature
changes from room (25oC) to elevated one (325oC) due to optical heating by CW visible laser. Upon
heating, a spectral shift of the resonant spectral lines occurs due to the described thermorefractive effect,
which causes rearrangement of the SH far-field radiation patterns. For more significant reshaping we chose
a cylindrical-prismatic dimer that demonstrates a two-peak resonant spectral dependence of the second
harmonic near wavelengths of 1500-1650 nm (Fig. 1b). Increasing the temperature results into switching
between these resonant peaks separated by a spectral gap of 50 nm. While the long-wavelength SHG res-
onance corresponds to a wavelength of 1565 nm at room temperature, the short-wavelength peak passes to
this wavelength at elevated temperature. This spectral shift is accompanied by a strong change in the shape
of the SH far field due to different responses of the cylindrical and prism structures, which contribute to the
long-wavelength and short-wavelength peaks. For the two most dominant directions of restructuring, the ra-
tio of SH intensities I|325oC / I|25oC = 0.5 and I|325oC / I|25oC = 23.7 for points 1 and 2, respectively, during
the transition from room temperature to elevated one (Fig. 1c). In this case, the average second-harmonic
generation amplitude for different directions can be considered approximately the same for two temperature
regimes of the nanodimer, in contrast to a single nanoresonator, which allows a significant rearrangement
of the radiation pattern only in conjunction with a sharp decrease in intensity [3]. This effect is achieved
precisely due to the dimeric design of the nanostructure, which allows the close location of two resonant
SH peaks that can thermally transform into each other.

Thus, in this work, we have proposed an approach to manipulating the directivity of SH radiation due
to the thermooptical switching of resonant optical states in the dimeric resonant nanostructure without the
significant loss in the SHG value. We believe that our results will pave the way for near-IR thermally-
tunable nanoscale optical devices.
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Light harvesting platforms and technologies are necessary in view of the compelling energy and 

environmental global challenges. Among the viable solutions plasmonic nanoantennas can be very 

attractive due to their capability to strongly confine electromagnetic fields at the nanoscale, and to enhance 

light scattering. Notably these peculiar properties can be exploited in photochemical processes [1] with a 

promising application in waste water treatment and energy storage (exploiting a water splitting process). 

However, for this kind of applications it is crucial to develop fabrication techniques that are usable over 

large-areas. Specifically in this work self-organized plasmonic nano-arrays are homogeneously fabricated 

over macroscopic areas (cm2) by combining the defocused ion beam irradiation [2] and the physical 

deposition at glancing angles. In this way tilted Au nanostripes arrays with controlled cross section are 

formed in a single maskless step over large areas. The nanostripes support Localized Surface Plasmon 

Resonances (LSPR) [3,4] which can be tuned over a broad range of the Visible and Near-Infrared spectrum 

by varying the deposition’s conditions. 

As a demonstration of the surface’s functionalization, we test the plasmonic efficiency of these templates 

into a prototypal photochemical reaction: the photobleaching of the Methylene Blue (MB). We investigate 

this effect by exciting the system with a monochromatic light source, useful to study in a quantitative way 

the interaction between the LSPR and the photobleaching of the molecules [5]. We observed a strong 

increase of the MB’s photobleaching when the LSPR is tuned in resonance with the maximum optical 

absorption of the molecule. This observation highlight the crucial role of the self-organized plasmonic 

arrays  to promote photon harvesting in photochemical processes and energy conversion.  

These results pave the way to the optimization of the self-organized plasmonic templates for applications 

such as waste water treatment by tuning the plasmonic mode in resonance to the absorption of the target 

molecule. Additionally, applications can be developed in the broader context of nanophotonics, solar energy 

harvesting, and sensing. 
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Optical forces are generated using electromagnetic field gradients and have proven to be a powerful tool 

for manipulating micro- and nano-objects [1].  

An effective way to generate such gradients is to use the phenomenon of surface plasmonics, that is the 

amplification of the electromagnetic field due to the resonant interaction between a light beam and an 

interface between a dielectric and a metallic material [2]. By appropriately designing such plasmonic 

structures, it is possible to 

engineer the electromagnetic 

field distribution for effective 

manipulation of nano-objects. 

Thanks to these characteristics, 

plasmonic structures have 

many applications, especially 

in the medical and biological 

fields [3]. Moreover, in the last 

few years a line of research has 

developed in the aerospace 

sector aimed at designing 

plasmonic structures useful for 

generating optical propulsion 

for micro/nanosatellites. In this 

context, a very interesting 

structure is the one proposed 

by Rovey's group at the 

University of Illinois [4,5], in 

which two gold rectangular 

trapezoids are separated by a 

gap and placed on a glass substrate. When light illuminates this structure, the electromagnetic field resulting 

from plasmonic effects (in particular, from the combination of Localized Surface Plasmon and Surface 

Plasmon Polaritons) is such as to generate forces capable of ejecting nanoparticles (propellant) and thus 

inducing propulsion. In addition, the geometry of these structures allows the organization of elementary cells 

in an array configuration, i.e., to replicate them in a serial manner in order to amplify the force and obtain 

intensities suitable for the displacement of macroscopic objects. The array configuration, however, involves a 

spatial distribution of the force that is not optimal for maximising propulsion performance. In fact, in order to 

obtain effective ejection, it is necessary to induce a strong initial boost to the nanoparticles.  
Therefore, we will discuss a new type of plasmonic structure that overcomes the above limitations. In 

particular, the proposed system consists of two gold scalene trapezoids separated by a variable gap and placed 

on a glass substrate. The generated asymmetric field distribution will be analysed as a function of the 

geometrical parameters of the structure and compared with field distributions generated by structures reported 

in the literature. The field distribution generated by linear and circular array configurations will also be 

described. Finally, the procedure to identify the optimal values for the design of an array structure that 

maximises the force and velocity output parameters for space applications will be illustrated. 
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Figure 1: (a) a sketch of the gold scalene trapezoids structure with 

a glass substrate in array configuration. (b) 2D plot of electric 

field amplitude at wavelength 830nm in a scalene trapezoids 

structures.  



In-silico design of graphene plasmonic hot-spots 
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Plasmons are able to confine light down to the nanometer scale and, in turn, to produce an enhancement of
the electric field under the effect of an external electromagnetic radiation.1

Single molecule detection becomes possible when huge enhancements arise in very precise region of space
(i.e. hot spots).2 Such a confinement is usually obtained by exploiting specific geometrical arrangements of
plasmonic substrates, like metal nanoparticles (MNPs).2

However,  such behavior  has  not  been confirmed for  graphene nanostructures,  although graphene shows
extraordinary optical properties due to the formation of highly localized surface plasmons.3 In fact, pristine
graphene has been used as a substrate for the so-called Graphene Enhancement Raman Scattering (GERS),
but the measured enhancement in the molecular Raman signal is orders of magnitude lower than for MNPs.4

Therefore, the use of graphene as plasmonic substrate for single molecule detection is being hampered by its
low enhancement factors.

In this contribution, we propose a computationally driven design of geometrical arrangements, specifically
engineered to maximize the field enhancement in graphene-based nanostructures. Our model is based on a
fully atomistic approach that we have recently developed.5,6

In  particular,  we  focus  on  enhancements  effects  arising  close  to  edge  defects  and  grain  boundaries  in
polycristalline  graphene  (PCG).  Also,  we  consider  geometries  inspired  by  nanocavities  allowing  single
molecule detection on metal substrates.1

In  all  test  cases,  enhancement  factors  are  comparable  to  noble  metal  substrates  due  to  the  creation  of
localized nanocavities, thus potentially paving the way for single molecule detection from graphene-based
substrates.
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2. Langer, J. et al., Acs Nano, 2019, 14(1), 28-117
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6. Giovannini, T., Bonatti, L., et al., J. Phys. Chem. Lett., 2020, 11(18), 7595-7602
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Assembly of gold nanoparticles in two-dimensional monolayers brings to new nanostructures with 

very interesting optical and electrical properties, opening the way to applications in optoelectronic and 

optothermal devices, sensors and so on. The self-assembly at water/hexane interface is one of the simplest 

and cheapest strategy to obtain highly ordered closed-packed gold nanoparticles monolayers [1]. Among 

the myriad of possible Au nanoparticles shapes, the cubic one having six planar facets and a strong 

plasmonic field localized on their sharp edges [2], are an ideal candidates as building blocks for the 

preparation of ordered 2D monolayers. 

Gold nanocubes were synthesized by an optimized seed mediated growth approach [3], assembled in 

close-packed 2D array at water/hexane interface, using ethanol to destabilize the colloidal aqueous 

dispersion and 1-dodecanethiol to promote in-situ nanoparticles ordering [4,5], and then deposited on ITO 

or glass substrates using a modified drain-to-deposit approach [6]. The as-obtained macroscopic films 

(figure 1 a, b) characterized by UV-Vis spectroscopy, electronic microscopy (SEM), and X-Ray 

diffraction have shown promising properties for use both as metal-enhanced fluorescence substrates and 

as opto-thermal transducers. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 
     

 

 

 

Figure 1: Optical image of a self-assembled monolayer of gold nanocubes deposited on ITO glass 

showing a gold coloration if observed in reflectance mode (a), and a dark blue coloration if observed in 

transmittance mode (b). Representative SEM image of a typical gold nanocubes self-assembled 

monolayer (c). 
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Functionalization of metasurfaces is gaining increasing interest for application in 

molecular and nanofluidic sensing [1-2]. In particular, the capability to engineer highly 

ordered arrays of antennas launching Rayleigh Anomalies (RAs), Localized Plasmon 

Resonance or guided modes represents a promising route to improve detection sensitivity, 

especially when the optical modes are tuned in resonance [3-4].  

Here we demonstrate the versatile nanofabrication of a novel nanofluidic platform based 

on a free-standing Si3N4 membrane functionalized with plasmonic nanostripe gratings. 

Changing the pattern periodicity via high resolution electron beam lithography, is 

possible to introduce a shift of the photonic modes and the optical response of the array 

can be tuned across a broadband Visible and Near-Infrared spectrum. The high degree of 

control, provided by the top-down technique, allows to achieve precise tailoring of the 

nanogratings shape and periodicity, with an effective tuning of narrow-band optical 

modes which leads to the generation of guided modes in the supporting free-standing 

membrane thickness (200 nm). Moreover, with a proper geometry those guided modes 

interact with the broad plasmonic excitation of the nanostripes and exhibit an increased 

photonic response. Particular interest is thus dedicated to the creation of multiple patterns 

with different periods on a single free-standing membrane, leading to the observation of 

multiple, narrow absorption peaks corresponding to guided modes of different order. The 

spectral position of the guided modes is strongly influenced by the external surrounding 

medium, due to the evanescent behaviour of the field, therefore variations in refractive 

index at the interface can be detected tracking the spectral shift of such narrow guided 

modes [5]. Introducing different liquids in contact with the membrane, in consequence, 

one can observe a straightforward application of the system as a nanofluidic refractive 

index sensor with good RI sensitivity (180nm/RIU), measured collecting the transmitted 

signal in a simple optical microscopy configuration, competitive with respect to the state 

of art nanofluidic sensors. Perforation of the free-standing SiN membrane with arrays of 

nanoholes opens another route for functionalizing microfluidic devices with controlled 

mass flow in the active region of the membrane, where a modified photonic response is 

enabled by the plasmonic functionalization. 
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The mid-infrared (mid-IR) spectral range is highly suitable for selective and sensitive probing of molecules, 

by addressing their fundamental fingerprint absorptions. Liquids analysis in this wavelength range was long 

time limited to bulky detection systems like Fourier-Transform Interferometer (FTIR-)based sensors and 

liquid films on the order of a few micrometers only. This often resulted in time-consuming offline analytics.  

For this purpose, we present a novel monolithic high-performance mid-IR QC laser and detector (QCLD) 

device, enabling the next generation of liquid sensing. It is based on pioneering quantum cascade (QC) 

technology combined with novel mid-IR plasmonic concepts (Fig. 1(a)) [1–2]. The result is a monolithic, 

fingertip-sized optical sensor, highly suitable for liquid sensing [3]. In contrast to state-of-the-art systems, 

it allows real-time analysis of dynamical processes in liquids including inline and in-situ measurements. 

We demonstrate its breakthrough performance in analytical chemistry, through on-chip measurements of 

the time-dependent conformational changes of the model-protein bovine serum albumin (BSA, Fig. 1(b)) 

[3]. Time-resolved measurements are performed by combination with a custom-made 60-μl flow cell for 

inline measurements at  = 1620 cm−1 (Fig. 1(b)). We use a D2O matrix for reduced background absorption, 

while maintaining comparable protein unfolding results as in biophysical buffer, i.e. H2O. BSA unfolds 

irreversibly from α-helix to antiparallel β-sheets when heated from 20°C to 90°C (Fig. 1(b)). In our 

experiments we obtain the typical protein denaturation curves, following a sigmoidal Boltzmann equation 

(”s-shaped”) with increasing temperature (Fig. 1(c)). In good agreement with literature, we observe a 

decreasing transition temperature with increasing BSA-concentration [4]. By additionally directly 

submerging the sensor into a beaker with the protein-analyte and monitoring its absorbance vs 

concentration curve (calibration line), we can extract the important figures-of-merit of our on-chip detector. 

A comparison with a state-of-the-art attenuated total reflection (ATR-)FTIR reference system reveals the 

superior performance of our ultra-compact sensor with: 55-times higher absorbance, 120 times lower LOD 

(LODQCLD ∼75 ppm) and coverage of more than three order of concentrations of 0.0075 % to 9.23 %. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: (a) Sketch of submerged QCLD-sensor (layers indicated). (b) Spectral changes during BSA 

denaturation process, when heating from 30°C to 90°C. (c) Normalized concentration-dependent 

denaturation curves (= sigmoidal Boltzmann fit to the experimental data), measured at ~1620 cm-1 [4]. 
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Abstract - Photothermal expansion nanospectroscopy with a tunable quantum cascade laser is employed 
to study the morphology and quantify the secondary structure of subwavelength-size protein aggregates 
relevant for neurological diseases. Individual oligomers down to 100 nm diameter and 10 nm thickness are 
targeted at subsequent steps of the protein aggregation pathway. 

 
Introduction - Protein aggregation is a common phenomenon in nature occurring both in physiological 

and pathological conditions. Self-assembly of proteins into oligomers within cerebral tissues has been linked 
with neurodegeneration, such as Alzheimer’s disease [1]. Notwithstanding, the study of both morphology and 
secondary structure of these oligomers is challenging due to their transient nature and nanometer dimension 
[2]. The introduction of infrared (IR) nanospectroscopy techniques based on the use of high-resolution atomic 

force microscopy (AFM) led to a breakthrough in the study of proteins at the nanoscale. The sensitivity of IR 
nanospectroscopy is well beyond the light diffraction limit and as such enables to study the morphology and 
the secondary structure components (α-helix, β-sheet, turn, and random coil) of individual protein oligomers 
[3]. Here, we study the aggregation pathway of the transactive response DNA-binding protein 43 (TDP-43) 
by using the AFM-IR technique based on the photoexpansion effect (Fig. 1a). The aim is to target the 
structural heterogeneities among individual TDP-43 protein oligomers formed at different times. 

 
Results - To obtain structural information as the aggregation proceeded, we deposited the TDP-43 protein 

oligomers on the gold surfaces at different times between 0 and 48 h (where t=0 h is the defrosting time). As 
a preliminary step, we performed a pure AFM topographic characterization of the samples (Fig. 1b). With the 
aim of characterizing the TDP-43 aggregation pathway, the AFM-IR spectra acquired on individual 
oligomers were fitted over the entire range (1450-1900 cm-1). In the case of the Amide-I band related to C=O 
stretching mode of peptide bonds, we used five Lorentzian components centered at 1634, 1644, 1664, 1680, 

and 1690 cm-1. Each Lorentzian component can be assigned to a different secondary structure component 
according to its frequency position (see inset of Fig. 1c). As TDP-43 protein aggregation continues, 
modifications with statistical significance are found in the Amide-I band indicating an increase of both 
parallel and anti-parallel β-sheet components, together with a decrease of the α-helix component (Fig. 1c). 
 

 

 

 
Figure 1: (a) Schematic depiction of the AFM-IR setup, (b) Representative AFM topography maps of isolated 
TDP-43 protein oligomers, (c) Trend of the percentage of Amide-I band components over aggregation time (0 
to 48 h). Inset: Secondary structure deconvolution of Amide-I band related to one of the TDP-43 oligomers. 
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Polarization control through all-dielectric metasurfaces holds great potential in a wide variety of fields, 

such as quantum optical communications, biochemistry and holography. In particular, nonlinear metasurfaces 
yielding a high degree of circular dichroism, which indicates the degree to which these platforms couple to 
either left or right circularly polarized light, would enable the investigation of the chiro-optical properties of 
matter. This enables applications including chiral biosensing, polarization conversion, spin-controlled wave-
front shaping, and chiral detectors. We have recently designed a silicon metasurface for third-harmonic 
generation (THG) featuring a high quality factor (Q). By performing back focal plane imaging, we observed a 
rich variety of linear polarization states of the nonlinear diffraction by the metasurface, thereby demonstrating 
the possibility of tailoring the polarization of the generated nonlinear diffraction orders [1]. Following a 
similar paradigm, by selecting resonances supported by specific meta-atoms geometries, the optimal coupling 
condition can be satisfied to achieve sizable enhancement of the circular dichroism [2]. We designed an 
asymmetric Si-embedded-in-SiO2 metasurface featuring resonances with high Q and strongly selective 
response to the circular polarization state, resulting in a near-unity dichroism of the THG efficiency. 
Numerical simulations show that the nonlinear conversion factor (=THG power/cube of the pump power) of 
THG can reach values up to 10-2 W-2 by engineering Q (>105). This is obtained by optimizing the design of 
the metasurface to support quasi-bound states in the continuum, which also allows one to control both the 
linear and nonlinear circular dichroism [3]. Here we will show preliminary experimental results on a 
prototype of this metasurface fabricated according to the optimized parameters identified in [3]. To verify that 
the realized metasurface complies with the original design, we measured the transmission of both linearly and 
circularly polarized light in the linear regime. We first acquired linear polarization spectra identifying narrow 
polarization-selective resonances in the near infrared (NIR) (i.e. where the excitation for THG measurements 
will occur), which can be ascribed to high Q modes. We also performed circular dichroism measurements 
from the same metasurface in the linear regime. The observed dissymmetry factor for the circular 
polarization, although entangled with a large degree of linear dichroism that is always to be expected in such 
planar systems, is sufficiently large to be detected and shows spectral features in the NIR. After confirming 
these first results, we will address circular dichroism in the nonlinear regime. 

 
 
 
 

References 
[1] K. I. Okhlopkov, A. Zilli, A. Tognazzi, D. Rocco, L. Fagiani, E. Mafakheri, M. Bollani et al, Nano Lett. 21, 10438 (2021). 
[2] K. Koshelev, Y. Tang, Z. Hu, I. Kravchenko, G. Li, Y. Kivshar, arXiv:2202.12041 (2022). 
[3] M. Gandolfi, A. Tognazzi, D. Rocco, C. D. Angelis, and L. Carletti, Phys. Rev. A 104, 023524 (2021). 

 
 

mailto:yigong.luan@polimi.it


Electrical Modulation of the Optical Response of an Al-doped ZnO Thin Film 

 
Riccardo Magrin Maffei1,2, Alessandro di Bona1, Maria Sygletou3,4, Francesco Bisio3,4, Sergio D’Addato1,2, 

Stefania Benedetti1 
1CNR-Istituto Nanoscienze, via G. Campi 213/a, 41125 Modena, Italy, riccardo.magrinmaffei@unimore.it 

2Dipartimento di Scienze Fisiche, Informatiche e Matematiche, Università di Modena e Reggio Emilia, 

Via G. Campi 213/a, 41125 Modena, Italy 
3OptMatLab, Dipartimento di Fisica, Università di Genova, via Dodecaneso 33, 16146 Genova, Italy 

4CNR-SPIN, C.so Perrone 24, 16152 Genova, Italy 

 

        Al-doped Zinc Oxide (AZO) belongs to the family of Transparent Conductive Oxides (TCOs), which are 

a class of materials that displays a rare union of high optical transparency with high electrical conductivity. 

Their properties make them very interesting materials for optoelectronics, photovoltaics and infrared-

plasmonic applications [1,2]. While the electrical and optical properties of this kind of materials can be 

widely tuned by modulating dopant concentration, a big challenge is their control by external excitation. A 

possible way is to exploit field effect by applying an external bias to an AZO thin film, and a proposed 

architecture for achieving that is a MOS capacitor [3]. The active medium is deposited on top of a BaTiO3 

(BTO) film, which is a high-κ dielectric and bestows a high capacitance to the system. Applying bias to the 

capacitor results in the creation of an accumulation or depletion zone at the interface between AZO and BTO, 

depending on the sign of the applied potential. This is expected to strongly change the dielectric permittivity 

of the AZO film near the interface with BTO [4,5]. 

The capacitors have been fabricated via Electron Beam Lithography (EBL) and their capacitance was 

measured by a precision impedance analyzer. They displayed a capacitance around 610-660 pF. The effect of 

charge injection/depletion in an epitaxial 30 nm thick AZO film deposited by magnetron sputtering has been 

investigated by means of in operando Spectroscopic Ellipsometry (SE) versus applied gate voltage. We have 

verified that an AZO epitaxial film displays far better electrical properties with respect to a polycrystalline 

one, and this improving is particularly pronounced at low thicknesses. We have observed a clear effect on the 

ellipsometric angles upon gating, that increases with applied voltage. According to preliminary calculations 

based on the Poisson equation, the accumulation/depletion zone width should be of the order of few 

nanometers, while the charge density variations should induce a change in the refractive index of around one. 

These changes will reflect on the shift in the crossover frequency and in the plasmonic response of the AZO 

film. 

 

 

Figure 1: Proposed MOS capacitor architecture                                      Figure 2: Four capacitors and one Hall 

for gating of the AZO film.                                                                      probe fabricated via EBL. 
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Magnetoplasmonics is a subfield of active plasmonics where the Surface Plasmon Resonance is actively 

controlled by an external magnetic field.[1] Magneto-optical properties of plasmonic materials can be 

analysed and used in refractometric biosensing. The Localized Surface Plasmon Resonance (LSPR) present 

in gold nanoparticles (Au-NPs) was studied and the magnetic modulation amplitudes are found to be weak 

[2]. Indium Tin Oxide nanoparticles (ITO-NPs) exhibit LSPR in the NIR region and are optically 

transparent. Interestingly ITO-NPs show a strong magnetic modulation compared to Au-NPs since the 

effective mass of electron (m*) is lower than that in Au-NPs. Our group has assessed the superior 

magnetoplasmonic response of non-magnetic ITO NPs compared to metal-based NPs. [3]. For ITO-NPs it 

is possible to be co-doped with magnetic cations improving the magnetic modulation of LSPR provided 

that there is coupling between the magnetic cations and the charge carriers. The synthesis method employed 

is the thermal decomposition of organometallic precursors of Sn, In and the magnetic cations: Fe, Tb, Gd 

and Cr. The process was developed in our laboratory as a refinement of previously reported synthetic 

procedures [4]. Two series of co-doped ITO NPs (10% Sn) are compared: 5% and 2.5% of co-dopant. The 

sizes of particles are in the range 8-10 nm in all cases (Fig.1). LSPR properties of the samples were 

investigated by means of UV-Vis-IR spectrophotometry. We found that the Fe-ITO NPs present the lowest 

LSPR energy in both the series and it can be seen that Fe-doping has introduced a red shift in the LSPR 

energy in comparison with that of pristine 10% ITO-NPs. This could be result of the reduction of Fe (III) 

to Fe (II) absorbing free electrons, lowering the plasma frequency [5]. All other dopants introduce a blue 

shift in the LSPR with respect to the Pristine sample. The highest LSPR energy are those of Gd-ITO (2.5%) 

and Cr-ITO (5%). The Q factor of the LSPR signal, an important metric for potential application in 

refractometric biosensing follows the trend: Fe<Tb<Cr<Gd. Interestingly, the Q factor of Gd-ITO NPs is 

slightly higher than that of pristine ITO NPs. A paramagnetic nature is observed in the magnetometry 

analysis (Fig.2). Magnetic Circular Dichroism spectra (MCD) at room temperature were acquired using the 

5% series. Fe-ITO NPs have the highest effective doping in both concentrations but broadening of the MCD 

signal is a disadvantage (Fig.3) The MCD results denote the possibilities of co-doping of Gd and Tb cations 

in ITO for better magnetic modulation. Low temperature MCD experiments are needed to study the 

magneto-optical nature of these particles to determine if magnetic coupling occurs between dopants and 

free carriers, which would result in a strong, temperature dependent magnetoplasmonic effect.  
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Fig.1: TEM image Gd-ITO 5% 
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Two-dimensional transition metal dichalcogenides (TMDCs) can be coupled with plasmonic 

nanostructures in order to obtain new functionalities. In particular, Mo- and W-based sulphides and 

selenides possess optical properties ruled by excitons even at room temperature thanks to their high binding 

energies [1]. Since their atoms are almost exclusively on the surface, 2D TMDCs are very sensitive to their 

surrounding environment, but their extreme thinness weakens their light absorption. Plasmonic 

nanostructures are interesting because of their high optical absorption and their capability of manipulating 

and enhancing at the nanoscale the electromagnetic-field (EM). The integration of these two materials is a 

promising strategy to obtain heterostructures with a high interaction with light and a great sensitivity [2]. 

The system analysed is an heterostructure made of WS2 flakes on top of a densely-packed array of gold 

nanoparticles (NPs). The optical response is measured as a function of the temperature, in the 75-350 K 

range, by means of variable-temperature micro-transmittance spectroscopies. What emerges is a weak 

interaction between the excitons of WS2 and the localized surface plasmon resonance (LSPR) of the 

nanoparticles. The explanation we propose for this kind of interplay is the limited spillout of the 

electromagnetic field due to the close packing of the NPs array [3].  

Figure 1:  (a) Absorbance spectra of the hybrid systems and its components at room temperature; (b) 

Absorbance spectra as a function of the temperature of the plasmonic substrate and of ML-WS2 without 

nanoparticles; (c) Absorbance spectra as a function of the temperature of the hybrid system made of ML-

WS2 and the array of Au NPs. 

 

References 
[1] Wang, G. and Chernikov, A. and Glazov, M. M. and Heinz, T. F. and Marie, X. and Amand, T. and Urbaszek, B. Colloquium: 
Excitons in atomically thin transition metal dichalcogenides. Rev. Mod. Phys. 2018, 90, 021001. 

[2] Yan, S. and Zhu, X. and Dong, J. and Ding, Y. and Xiao, S. 2D materials integrated with metallic nanostructures: 

fundamentals and optoelectronic applications. Nanophotonics 2020, 9, 1877–1900  
[3] Ferrera, M. et al. Optical Response of CVD-Grown ML-WS2 Flakes on an Ultra-Dense Au NP Plasmonic Array. 

Chemosensors 2022, 10, 120 



Raman scattering with near infrared excitation selectively resonant with the 

indirect bandgap of bulk MoSe2 

 
Simone Sotgiu1, Tommaso Venanzi1, Francesco Macheda2, Elena Stellino3, Paolo Postorino1, Michele 

Ortolani1 and Leonetta Baldassarre1  
1University of Rome, La Sapienza, Physics Department, 00185 Rome, Italy 

2Istituto Italiano di Tecnologia, Graphene Labs, I-16163, Genoa, Italy 
3Department of Physics and Geology, University of Perugia, via Alessandro Pascoli, Perugia, Italy 

 

Keywords: FT-Raman 

 

      Raman scattering is a powerful spectroscopic technique which enables the study of the vibrational and 

electronic excitations in solid-state systems. In particular, when the incoming laser energy matches a real 

electronic transition, i.e. resonance Raman scattering, the Raman process cross-section is strongly 

enhanced, leading to a higher visibility of otherwise hidden modes and of high-order Raman modes [1,2]. 

Here, we report Raman scattering with infrared excitation energy (1.16 eV) so to be in resonance with the 

indirect bandgap of bulk MoSe2 (1.14 eV).  

     We have measured the Raman spectra (Figure 1a) of MoSe2 in the visible (2.33 eV) and in the near-IR 

(1.16 eV). For the near-IR excitation energy we find a huge enhancement in the high-order Raman modes, 

together with a completely different lineshape, with respect to visible measurement (grey regions in Figure 

1a). To confirm the resonant origin of these modes, we have evaluated the MoSe2 phonon dispersion and, 

consequently, calculated the two-phonon density of states (2ph-DOS), i.e. the phonon DOS obtained as the 

sum of two phonons. We compare the 2ph-DOS evaluated along the entire Brillouin Zone (BZ) with the 

spectrum taken at 2.33 eV (Figure 1b, upper curves). The excellent agreement between the two curves 

allows us to assign at least the 580 cm-1 modes to sum of two phonons. We also compare the spectrum 

obtained with near-IR excitation energy with the 2ph-DOS restricted to the wavevector q* of the indirect 

electronic transition between  and T points of the BZ (see Figure 1c). The qualitative agreement between 

the lineshapes and the relative weights of the peaks (see Figure 1b lower curves) are a clear indication that 

the 580 cm-1 modes originate from a resonance Raman process. We can thus assume that the resonant 

Raman process we are measuring is the following: an electron from the top of the valence band is excited 

and then scattered by a phonon with a wavevector q* ≈ T which allows the transition to the conduction 

band minimum. Then, a second phonon with opposite wavevector -q* brings the electron to the starting 

point of the BZ and it can relax radiatively emitting a photon (see Figure 1c). 

        

 

Figure 1: (a) Raman spectra measured on bulk MoSe2 at different excitation energies, indicated in 

figure. (b) Zoom of the 580 cm-1 modes for 2.33 and 1.16 eV excitation energy, compared with DFT 2ph-

DOS evaluated over the entire BZ (2.33 eV) and restricted to the phonons with wavevector q* (1.16 eV). 

(c) Scheme of the resonant process. 

 

     As a future step we aim to couple layered semiconductor materials in their monolayer form with infrared 

plasmonic antennas. By exploiting the strong field enhancement provided in the antenna’s hotsposts, we 

will be able to increase the Raman signal of the thin material, in a SERS-like experiment, using infrared 

excitation energies [3]. 

 

References 
[1] Martin, R. M., and L. M. Falicov. Light scattering in Solids I (1983): 79-145. 
[2] J. M. Calleja and M. Cardona. Physical Review B, vol. 16, no. 8, pp. 3753, 1977 

[3] Giordano, Maria Caterina, et al. ACS Applied Materials & Interfaces 12.9 (2020): 11155-11162. 



Infrared nanospectroscopy study of light-sensitive proteins with a plasmonic probe 

 
Maria Eleonora Temperini1, 2,Raffaella Polito1,Leonetta Baldassarre1,Michele Ortolani1 and Valeria Giliberti2  

1 Dipartimento di Fisica, Sapienza Università di Roma, Rome, Italy, mariaeleonora.temperini@uniroma1.it 
2Istituto Italiano di Tecnologia, Center for Life Nano- & Neuro-Science, Rome, Italy 

 

Keywords: Spectroscopy and nano-imaging 

 

 Infrared (IR) spectroscopy in the mid-IR range (wavelength 5-20 m) is broadly applied for the 

study of functional processes of biomolecules, as it can provide a label-free sensitivity to chemical bond 

orientation and length due to the specificity of vibrational fingerprints. However, the IR techniques are 

limited in terms of sensitivity and they require large quantities of molecules to probe, while preventing the 

possibility of investigating the intrinsic heterogeneity of the biological matter at the nanoscale. In the last 

years, various approaches have emerged to bring the IR spatial sensitivity at the nanometer size, taking 

advantage of plasmonic scanning probes. Here we present the photothermal-induced resonance (PTIR) 

method, also called AFM-IR, that couples the radiation emitted by a quantum cascade laser in the mid-IR 

range and a gold-coated tip of an atomic force microscope (AFM).  The laser beam is focused on the AFM 

probe, which operates in contact mode with the sample. The laser emission wavelength is scanned in the IR 

range of interest (here 5 to 11 µm) and the thermal expansion generated by the local IR absorption results in a 

wavelength-dependent change of the indentation depth ∆δ (Fig.1a) that is proportional to the IR absorption 

spectrum of the object under the AFM tip [1]. We apply the AFM-IR method to study two light-sensitive 

proteins, the Bacteriorhodopsin (BR) and the Channelrhodopsin-2 (ChR2). The latter are transmembrane 

proteins embedded in the lipid cell membrane that are involved in functional process of the host organism 

since they act, respectively, as proton pump and ion channel in response to the absorption of visible light at a 

specific wavelength. We investigate single membrane patches loaded with light-sensitive proteins and 

deposited on an ultraflat gold surface to exploit the plasmonic field enhancement in the nanogap between the 

gold-coated tip and the metallic surface (Fig.1b), reaching the sensitivity of monolayer samples (5 nm). The 

difference nanospectroscopy results we get are benchmarked with conventional micro-FTIR measurements 

and they display common features known to be related to the vibrational modes involved in the protein 

activity (Fig.1c) [2,3]. We conclude that the protein activity is preserved and measurable with our 

nanospectroscopy approach at the level of the single membrane patch. 

 

Figure 1: (a) Schematic sketch of AMF-IR technique. (b) Electromagnetic simulation of the IR radiation 

enhancement in the plasmonic nanogap. (c) Difference-absorbance results obtained on ChR2 sample with 

FTIR and AFM-IR measurements. 
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Light-responsive polymers have in recent years attracted increasing attention due to their potential 
applications in areas such as fabrication of micro-structured surfaces, adaptive optics, and biology. For 
applications necessitating anisotropic deformations, sidechain azopolymers have been of particular interest, 
as some of them tend to deform along the axis of linear polarization of the incoming light. For example, 
directional deformation of azopolymer pillars on a glass substrate has been demonstrated to induce 
anisotropic behavior in attached living cells [1]. A major limitation of this type of microstructure is the 
limited reversibility of the induced plastic deformations. In a recent work carried out by Ryabchun et. al., 
the reversible deformation of azopolymer domains sparsely dispersed in a SEBS elastomer matrix was 
observed, reobtaining pristine domain shapes by heating or irradiation with circularly polarized light [2].  
 
Here, we study the deformation and reversibility of a light-responsive substrate patterned with a hexagonal 
lattice of cylindrical pillars, prepared by dispersing azopolymers in SEBS at high concentrations (30 %wt.) 
and molding with a soft master. Figure 1a shows the displacement (magenta) resulting from the irradiation 
of the central area (yellow) with a horizontally linearly polarized CW green laser (561 nm, ~3W/cm2) of a 
confocal microscope operating in continuous scanning mode. Enhanced contrast insets exemplify the local 
displacement of brighter spots, which extends also outside the directly irradiated region. An analysis in the 
Fourier space allows to estimate the shifts of the peaks related to the periodic pattern. In this way, the 
expansive and compressive strain along the polarization and the perpendicular directions can be quantified, 
(Figure 1b). Subsequently, the recovery of the initial shape after continuous scanning with circular 
polarization can be measured, allowing to quantitatively address in-plane expansion effects. 

Figure 1: a) B/W: raw transmission image of substrate top surface with hexagonal pillar array. 
Magenta: pixels of raw transmission image after irradiation with horizontal polarization (initial image 

subtracted). Yellow: Zone of irradiation. Green: Enhanced contrast regions. b/c) Arrows showing 
displacement of peaks in Fourier space before and after irradiation with linear polarization (b) and before 

and after a complete cycle (linear + circular polarization) (c). Arrow magnification: x10. 

 
In the future, we aim to explore the use of similar substrates for biological applications, where we believe 
that locally stretching zones through direct or indirect irradiation can be particularly advantageous. 
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Resonant plasmonic nanoparticles hold great promise in circular dichroism (CD) spectroscopy for 

enhancing the otherwise weak CD signals of molecules. In addition to enhancing the molecular CD 

signal, which is primarily in the UV range, the interaction of chiral molecules with achiral plasmonic 

particles can induce a CD signal at the resonance modes of the nanoparticles, which are typically in the 

visible-infrared range [1,2]. This effect, termed plasmon-induced CD, opens up new possibilities for 

detecting chiral molecules in the visible spectral range, thus allowing for the development of easier and 

more straightforward read-out approaches. However, the implementation of such plasmon-induced chiral 

samples remains poorly explored, as the strength of the induced CD signal is heavily affected by various 

factors, such as the spectral separation between the resonance of the nanoparticle and the chiral 

molecules, or the form and thickness of the molecular layer [3,4].  

Here, we investigate the influence of nanoparticle shape on the plasmonic CD signal by comparing 

nanospheres, nanorods, and nanocubes functionalized with chiral ligands (Fig.1). We find that 

anisotropically shaped nanoparticles lead to a stronger plasmonic CD response than isotropically shaped 

ones. In particular, nanocubes exhibit larger CD values than nanospheres or nanorods, which we initially 

attribute to the presence of higher order modes on the edges of the cube. These results allow for a better 

choice of nanoparticles for plasmon-induced CD samples, and thus the development of more sensitive 

methods to detect molecular chirality in the visible spectral range. 

 

 

Figure 1: Plasmon-induced circular dichroism from a layer of chiral molecule covering gold 

nanoparticles of different shapes: (a) nanospheres, (b) nanorods, (c) nanocubes. Sketch of the gold 

nanoparticles coated with chiral molecules (upper row). Simulated CD and extinction cross-section 

spectra (lower row).  
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Determining the optical properties of Au nanorods using the metal 

nanoparticle boundary element method 

The nanoscale morphology of metal nanostructures directly defines their optical, catalytic 

and electronic properties and even small morphological changes can cause significant 

property variations. With the development of single-particle (ultrafast) optical spectroscopy 

techniques and advanced electron microscopy these optical properties and morphology can 

be correlated on the single-particle level at the femtosecond temporal and atomic spatial 

scale, respectively. Electromagnetic simulations can play a key role in explaining the effect of 

these morphological differences on the optical properties of metal nanostructures. In this 

work, we used the metal nanoparticle boundary element method (MNPBEM) to deduce the 

optical properties of Au nanorods. The effect of parameters such as the discretization, 

dielectric function and substrate were studied. Finally, a comparison between an idealized 

model and electron tomography data confirmed the validity of our simulations. 
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The control of chemical reactions by plasmon-driven catalytic processes is a highly active field in the chemical 

community. In this regard, the Kurouski group performed in-depth TERS studies of 2-nitro-5-thiolobenzoic acid (2-

N-5TBA) surface-immobilized on either gold or palladium-coated gold nanoparticles (AuNPs and Au@PdNPs). 

Depending on the experimental setup, branching pathways yielding different products (and yields), e.g. various azo-

species obtained upon dimerization. Therefore, a comprehensive understanding of the underlying mechanism is 

necessary to control the selectivity on the plasmon-driven reaction. 

We aim at modeling the chemical interaction of a plasmonic gold and palladium surface with 2-N-5TBA. In this 

way, we study how plasmonic-hybrid systems behave and how plasmons cause different reactions that result in product 

variations. The driving forces for various pathways and the directionality of light-driven charge transfer allowed us to 

elucidate the production braching at a quantum mechanical level. 

Density functional theory (DFT) as implemented in the GPAW code [1] with the ASE interface was used. The 

optB88-vdW functional is employed on a real space grid. The Au and Pd slab is represented by 4x4x3 Au(111) and 

Pd(111) surfaces resulting in 3 layers of 16 metal atoms with two-dimensional periodic boundary conditions. 

Furthermore, the electronic nature of photo-processes in resonance upon 633-nm photoexcitation (1.96 eV) of the 

plasmonic-hybrid system(s) were investigated at the non-periodic time-dependent DFT (TDDFT) level of theory using 

the Gaussian 16 program [2]. In particular, the photoinduced redox chemistry between the metal cluster (Au or Pd) 

and the respective substrate (educt, intermediate, product state) were assessed. The electronic character, i.e. local 

excitation of the substrate as well as charge transfer excitation between the substrate and the metal cluster, was 

evaluated based on charge density differences (CDDs).  

 

Figure 1: 2-N-5TBA dimerizes to bi-carboxyl-DMAB through a series of redox reactions, forming different 

intermediates. 
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Aluminium doped zinc oxide (AZO) is a cost-efficient, highly earth-abundant, conductive, transparent
and chemically-, mechanically- but most importantly photo-stable material which additionally exhibits non-
linear optical phenomena such as third- and second harmonic generation. These properties make it an
attractive material for photocatalysis, optoelectronic devices and nanolasers [1].

Plasmonic systems such as gold nanoparticles (Au NPs) can amplify the optical response of a photonic
material as the localised surface plasmon resonances (LSPRs) strongly enhance the near-field. This phe-
nomenon is for example taken advantage of in photo-detectors with an increase in their photo-sensitivity [2].

In this project we develop the synthesis of Au@AZO core@shell nanomaterials using both a bottom-up
colloidal method and a top-down single-particle approach.

The colloidal synthesis is based on a modified hydrothermal procedure used to prepare Au@ZnO
nanoparticles [3]. The top-down approach, exploits the plasmonic photothermal heating of a gold nanoparti-
cle under focused laser irradiation while being immersed in an aqueous AZO precursor solution. We follow
the shell formation by monitoring the increase in the scattering cross-section of the nanoparticles and a
red-shift in their resonance wavelength [4].

Our approach has the potential to generate hybrid plasmonic nanostructures with controlled levels of
aluminum doping and tailored shell thicknesses for opto-electronic applications.

Figure 1: a) Scanning electron microscope image of Au@AZO core@shell nanoparticles obtained by col-
loidal hydrothermal synthesis. b) UV-Vis spectrum of colloidal Au@AZO reaction solution before and
after hydrothermal synthesis. c) Dark-field microscope image of 70 nm Au nanoparticles before and after
illumination with a 532 nm laser. d) Single-particle scattering spectra of a 70 nm AuNP before and after
AZO shell growth.
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Optical heating of resonant nanostructures is an important feature in semiconductor nanophotonics
which depending on application could have either positive or negative effect on device operation. Al-
though linear heating regime has been extensively studied for both plasmonic and all-dielectric resonators,
there is still no rigorous approach to estimate high-intensity light irradiation of semiconductor particles. In
this work we are focusing on describing the systems which intrinsic material properties change under laser
beam excitation because of temperature increase. We develop simple analytical model for this problem and
provide numerical simulation for nonlinear heating of nanoparticle supporting quasi bound in continuum
state mode (quasi-BIC or so-called ’super-cavity mode’). Efficient light-to-heat conversion in such non-
linear systems is accompanied with thermo-optical bistability which could find applications in all-optical
sensors, detectors and opto-electronic devices.

Analytical model of optical heating is based on the coupled mode equation [1] for a single resonator
which allows to calculate stored energy inside of the nanostructure by knowing its eigenmode parameters.
If the complex refractive index depends on temperature and, hence, on the field amplitude, then eigenfre-
quency and losses rate should be modified and equation becomes self-consistent. This results into three
possible states and hysteresis-like response of the system (Fig. 1b). By analyzing temperature dependence
of the resonator on pump intensity and laser detuning from the eigenfrequency position one could obtain
width Wh and height Hh of the hysteresis area and also reveal the nonlinear critical coupling condition. In
contrary to classical linear case this condition implies counterintuitive spectral mismatch between laser and
’cold’ resonator frequency necessary to achieve maximal heating efficiency (Fig. 1c).
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Figure 1: Bistability in single nanoresonator. a) Schematic view of super-cavity excitation by cylindrical
vector beam. b) Mode intensity as a function of pump intensity. Red curve indicates hysteresis-like thermal
response of the system. c) Mode intensity map as a function of laser detuning and pump intensity. Black
dashed line depicts critical coupling condition in nonlinear system [2].

Since light-to-heat conversion efficiency strongly depends on resonator quality factor, we search for
quasi-BIC eigenmode in silicon nanocylinder so as to suppress radiative losses of the system [3]. Nonra-
diative losses are compensated by doping the structure and increasing imaginary part of refractive index
according to Drude model [4]. The nanoparticle is then irradiated with azimuthally polarized vector beam
and resulting temperature is evaluated (Fig. 1a). Numerical simulations also provide us with hysteresis re-
sponse of the output temperature which is in perfect coincidence with the results of analytical model. Bista-
bility regime appears at relatively low incident intensity around 1 mW/µm2 and, therefore, discovered
phenomenon is perspective for various nanophotonic applications. Moreover, we believe that developed
approach is quite universal and could be applied to other types of nonlinearity.
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Noble metal plasmon nanoparticles (NPs) exhibit unique optical properties arising from the local surface
plasmon resonance (LSPR) effect. These properties make them very attractive for many applications, such
us sensing, catalysis and solar cells. However, the life time of electron-hole pairs in metal plamsonic NPs is
ultrashort[1], resulting in very low charge separation efficiencies. A solution that has been widely explored
is to hybridize plasmonic NPs (donors) with semiconductors (acceptors). At the interface the Fermi levels
are aligned and the so called Schottky barrier is formed. The hot electrons are injected in the semiconductor
by means of different mechanisms resulting in a dramatic reduction of charge recombination in the metal.
In this project we want to dive into the charge transfer mechanism. The redistribution of the hot carriers
strongly depends on the quality and electronic nature of the interface. By fine tuning the semiconductor
(QDs) energy levels, the Schottky barrier can be controlled to achieve the optimal trade off between forward
and back electron transfer.

In this project we aim to investigate and possibly quantify charge transfer efficiency at a single particle
level. Optical properties, obtained through dark field scattering (DFS) and photoluminescence (PL) and
performed in a single particle optical set up, are correlated to the exact morphology investigated by electron
tomography on the exact same single hybrid nanosystem. The final goal is to correlate optical properties
to exact morphology and tune the latter to achieve the optimal efficiency of charge transfer. First optical
measurements of charge transfer have been carried out for two gold nanorods (AuNRs) separated by short
distances, as shown in Figure 1. The two NRs have been brought in closed vicinity by exchange the CTAB
for a Benzene-1 4-dithiol (BDT). This molecule has a quite high conductivity (106S/m), allowing charge
transfer to happen by means of hopping for bigger distances compared to vacuum.

Regarding hybrid nanostructures, AuNR-ZnS have been chosen as first system. First attempt to elec-
trochemically grow ZnS[2] only in the hot spot of the plasmonic NPs by making use of the hot electron
created in the hotspot upon plasmon decay[3] have been carried out.

Figure 1: TEM images of AuNRs dimers after ligand exchange with BDT
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Caffeine is a common micropollutant and one of the most abundant xenobiotics due to its high daily 

consumption across the globe. The use of caffeine is not only limited to food industries, but it is also extensively 

used in the pharmaceutical industry. Studies report that when mussels were exposed to caffeine concentrations 

usually found in water samples, they stopped producing a protein that protects their DNA, exposing them to a risk 

of genetic mutation [1]. Researchers also indicated the presence of caffeine in the tissue of fishes and other marine 

organisms. Thus, it is imperative to ensure that the water discharged into the rivers and oceans have been treated 

for caffeine removal.  

Most of the traditional methods for the treatment of wastewater are easy to handle and reusable [2]. However, 

various commonly used techniques such as activated sludge, ion-exchange and coagulation have low treatment 

efficiencies and they are not cost effective in the long run. Even the advanced techniques such as membrane 
filtration faces a serious drawback of fouling that increases energy consumption and lowers the separation 

efficiency. To overcome these obstacles, we have developed a method for the activation of ZnO nanoparticles 

using solar light. This method significantly reduces the operating costs as solar light is inexpensive compared to 

the UV light. We engineer nanoparticle shapes to achieve the best photocatalytc activity at a low ost. To the best 

of our knowledge, this is the first report to study the comparative solvent induced morphology-dependent 

photocatalytic mechanism of action of ZnO nanostructures. 

In this study, we obtained different shapes of ZnO nanoparticles by varying the type of solvent used [3]. We 

could tune the amount of reactive oxygen species (ROS) and metal ion (Zn2+) generation from nanostructures, 

which in turn dictates their activity. ZnO nanostructures 

were fabricated via facile wet chemical method by 

varying the type of solvents.  From the SEM images 

(Figure 1a–c), ZnO appears as well-defined 
nanospheres, nanorods and nanopetals under the 

influence of different solvents. PEG400 gives rise to 

spherical morphology; for water, we obtain petals 

attached to each other and for toluene, we obtain 

nanorod like structure.  

From the TEM images (Figure 1d–f), nanospherical 

ZnO are the smallest of all structures with an average 

diameter of 10.18 nm. Nanorods exhibited a mean 

width of 157 nm and a length of 1.43 µm while 

nanopetals have an average thickness of 31.85 nm. The 

ROS and Zn2+ ions generated by these nanostructures 
were mainly responsible for the nanoparticle activity. 

The ROS consisted of O2- and OH● while H2O2 was 

found to be insufficient to show any photocatalytic activity. The morphological parameters are listed in Table 1. 

 
Table I: Characterization of ZnO nanostructures [3] 

 

Sample Average Particle 

diameter (nm) (TEM) 

BET specific 

surface area (m2/g) 

Total pore 

volume (cc/g) 

Average pore 

diameter (nm) 

Point of zero 

charge 

Sphere 10.18 92.22 0.15 6.64 4.90 

Petal 31.85 (petal thickness) 12.02 0.03 10.70 6.00 

Rod 157.00 nm (diameter) 6.60 0.01 10.26 6.80 

 

 

After the adsorption equilibrium was reached, the samples were exposed to 250mW/cm2 of simulated solar 

light and 1.0 g/L nanoparticle dosage for the photocatalytic experiments. The photocatalytic data was fitted to 

pseudo-first order and pseudo-second order kinetic model, as shown in Figure 2. It was seen that the experimental 

data can be suitably represented by both the kinetic models with high correlation coefficients. The rate constants 

for ZnO sphere falls with the rise in amount of caffeine. ZnO spheres exhibited the highest value of degradation 

rate constant at the lowest caffeine concertation of 10 ppm (k1-1.323min-1, k2-1.74 g/mg min). This is about 1.1 

Fig. 1. SEM (a-c) and TEM (d-f) images of ZnO nanomaterials 
synthesized in different solvents (a) PEG400 (b) water (c) toluene [3] 

 



times (k1 and k2) higher than that achieved by petals whereas 1.6-(k1) and 2.2-(k2) times higher than the 

degradation achieved by ZnO rods. At highest concentration, ZnO spheres are 1.4-(k1) and 2.8-fold (k2) higher 

than ZnO petals whereas 2.6-(k1) and 2.5-fold (k2) higher compared to ZnO rods. 

 

  

 

 
Thus, we see that there is a correlation between the shape of nanoparticles and their photocatalytic activity. While 

this is a specific case of effect of nanoparticle shape on caffeine degradation, yet the theory that nanoparticle 

morphology affects its activity can be extended to almost all applications of nanoparticles known till date. 
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Fig. 2. Kinetic model for the adsorption of caffeine on ZnO nanostructures at (a–c) various caffeine concentrations and (d–f) different 
light intensity. (—) and (- - -) represent pseudo-first-order and pseudo-second-order models, respectively [3] 
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Second-harmonic generation (SHG) from metallic nanoparticles (MNPs) is a promising strategy for 

optical sensing. Indeed, in centrosymmetric materials SHG mostly originates from the breaking of 

symmetry at the interface, providing a sensitive way to probe surface effects. In MNPs, SHG can 

additionally be enhanced by plasmonic effects, with the best improvements being obtained in structures 

supporting resonances at both the fundamental and harmonic wavelengths. [1]  

Owing to these properties, biosensing devices based on these properties have been proposed in several 

works in the recent years, e.g. mercury in water and blood [2] or single molecules of rhodamine 6G [3]. In 

particular, Ghirardini et al. [4] showed that an array of such multiply resonant particles (fig. 1a), could 

achieve significantly better figures of merit at the SH compared to the fundamental wavelength (fig. 1b), 

despite a very low SH absolute yield. In this previous study, the main limiting factor was the cancellation 

of SH signal in the far field, due to the subwavelength pitch of the array that only allowed the 0th diffracted 

order. 

 

Figure 1: (a) Scanning electron microscopy image of the L-shaped particles studied in [4], supporting 

orthogonally-polarized plasmonic resonances at the fundamental and harmonic wavelength. (b) Figure of 

merit (FOM, calculated as (Δ𝐼/𝐼𝑟𝑒𝑓)/Δ𝑛, where 𝐼 and 𝐼𝑟𝑒𝑓  are the intensity of reflected/emitted light from 

the pad of interest and its corresponding reference, respectively) of the array response at both the pump 

and SH wavelength, each pad corresponding to a different particle size (135 to 285 nm). All figures 

reproduced from [4]. 

 

 Our strategy to improve the performance of this platform is then to attune the emission pattern of the 

individual particles with the collective response of the array. In this work, we started by numerically 

calculating the far-field SH radiation pattern of a single antenna, before optimizing the pitch of the array to 

improve the SH extraction. 
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Photodetectors are semiconductor-based devices that convert absorbed photons into electrical signals and 
thereby measure the information carried by light. Conventional bulk photodetectors are limited by the materials’ 
properties and require additional filters and optical elements to retrieve multi-dimensional components 
including color, polarization, and incidence angle. To this end, resonant semiconductor nanostructures are a 
promising platform to tailor a detector’s spectral responsivity and polarization sensitivity, without the need for 
external filters [1]. Moreover, optical coupling of the resonant modes can be designed to facilitate angle-
dependent absorption and scattering [2]. However, utilizing such geometrical resonances for actively tunable 
devices proves challenging, because these are fixed in the fabrication stage and offer only weak electrical 
tunability.  

 

 
Figure 1: (a) Schematic of a monolayer (1L) WS2 photodetector functionalized with Si nanowires (NWs) for 
angle-selective detection. Photocurrent is extracted from the WS2 channel with the applied source-drain voltage 
(Vsd), while the detection angle is modulated by the gate bias (VG). (b) Few-layer WS2 photodetector prototype. 
(c) The photodetector’s external quantum efficiency (EQE) probes absorption and is dominated by the exciton 
resonances (A, B, C). 

 
Here, we leverage geometry-independent exciton resonances in atomically thin WS2 to realize actively tunable 
angle sensors. The photodetector is comprised of Au electrodes and monolayer WS2 in a metal-semiconductor-
metal geometry, capped by a thin layer of insulating hBN to prevent degradation of the monolayer’s 
optoelectronic properties due to fabrication and environmental adsorbates (Fig. 1a). To this end, we use a 
deterministic dry-transfer technique to assemble devices from tape-exfoliated WS2 and hBN flakes. The first 
prototype consists of few-layer WS2 transferred onto an oxidized Si substrate with prepatterned electrodes 
fabricated by e-beam lithography (Fig. 1b). Under illumination, photocurrent is extracted from the WS2 channel 
by the applied source-drain voltage (Vsd) and is modulated with the gate voltage (VG). The device’s external 
quantum efficiency spectrum clearly probes absorption in the nanolayer and without gating it is dominated by 
the excitons (Fig. 1c).  
 
Angle sensing is accomplished by functionalizing the photodetector with a high quality-factor, non-local 
metasurface. We design a subwavelength grating comprised of Si nanowires with the period and fill-factor 
tailored to control leaky modes guided along the surface. At the detection angle, free-space light can couple to 
the structure’s quasi-guided mode by matching of the in-plane wave vector. The mode profile is designed to 
overlap with the WS2 A-exciton and thus drastically enhance light absorption at resonance. Electrical gating 
alters the exciton resonance and this changes the mode index, thereby allowing active variation of the detection 
angle. These results pave the way for the development of next-generation, highly compact and tunable 
photodetectors. 
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