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Introduction 

Introduction 

Monitoring and identifying biomolecules and nanoscale particulate matter represents a 
relevant technological challenge with deep social and environmental implications, requiring 
smart sensing solutions to enable multifactorial and high sensitivity measurements. In this 
thesis I investigate original approaches derived from nanotechnology for collecting and 
concentrating airborne particulate matter on a miniaturised custom chip, which enables 
elemental identification and assessment of the particles size distribution. In addition to this, 
leveraging on concepts derived from nanophotonics, by doping the active surface of chip 
concentrators with specially tailored plasmonic nanoantennas, I study the possibility of co-
localised and spatially resolved detection of submicrometric airborne particles, with high 
resolution and sensitivity which reaches the molecular level. 

Relevance of particulate matter detection 

Different categories of aerosols, defined as a suspension of liquid and solid particles in a gas1, 
are present in our environment, varying in sizes typically from tens of nanometers to tens of 
microns. A subdivision in three groups can however be done, defining ultrafine particles 
(diameter below 0.1 µm), fine particles (diameter between 0.1-2.5 µm) and coarse particles 
(diameter above 2.5 µm). The denomination of Particulate Matter, or PMx, is therefore used 
to distinguish airborne particles discriminating their dimension. The term PMx, in particular, 
refers to a subdivision of particles based on their ability to pass through size-selective 
systems where the efficiency presents a cut-off at “x” µm diameters, defining common 
particles as PM1, PM2.5, PM10 2, though it is usually accepted the use of these terms – in a 
broader way – to define particles with size below 1, 2.5 and 10 µm respectively.  

The presence of PM in the atmosphere is related to different sources, including both human 
activities like industries, domestic heating, and transport or natural sources (e.g. pollen, sea 
spray)3. Residential, commercial and institutional energy consumption, in particular, are the 
principal anthropological sources of coarse particular matter (PM10) and fine particular 
matter (PM2.5) generation3. 

Once in the atmosphere, aerosols interact with radiation leading to consequences on climate 
due to three main effects: the promotion of cloud formation due to the increased number 
of particles acting as cloud condensation nuclei, the scattering and absorption of radiation 
(both incoming and outgoing) and changes in the surface albedo resulting from the 
deposition of particles (typically black carbon) on ice and/or snow covered regions4,5. It is 
clear, however, that the impact of aerosol on climate is not just related to the size of 
suspended particles, but also to their chemical composition, an aspect that is only partially 
analysed in ordinary PM monitoring strategies.  

Together with the impact on climate changes, arising from the interaction with radiation in 
the atmosphere, several clinical studies demonstrated in the last decades the negative 
influence of aerosols on human health6–8. A clear example of this issue is the work conducted 
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in the U.S. by Dockery et al.9 which examined more than 8000 citizens coming from different 
regions, between 1970 and 1990, representative of the risks associated with air pollution in 
the whole country. The study demonstrated a positive linear correlation between mortality 
and PM exposure which was even stronger when considering exposure to PM2.5 alone, 
independently from risk factors such as age, sex, cigarette smoking and occupational 
exposure. 

It is thus clear the need of instruments and measurement techniques, in this historical 
period, capable of monitoring the concentration of particles and provide a wider set of 
measurements for their full characterization. The technology involved in the analysis can 
strongly vary depending on the property that is to be determined. In their review, Amaral et 
al. identified the particle concentration as the most relevant property to measure for air 
quality purpose10. However, standard European measurement technique for the 
determination of PM10 and PM2.5 concentrations in ambient air11 refer to gravimetric or 
optical detection methods, strongly influenced in the first case by ambient conditions 
(humidity, temperature)12 or in the latter case by the assumptions of particle uniform shape 
(spheres) and density as well as the dependency of the smallest detectable particle diameter 
on the laser wavelength13. The previous considerations thus make clear that there is an 
urgent need of developing innovative sensors, able to explore wider set of PM parameters 
other than concentration and size distribution.  With this respect the exciting and challenging 
goal is to develop a novel approach to investigate functional characteristics of particulate 
matter combining on the same instrumentation particles collection and counting, size 
distribution analysis, elemental mapping with EDX microanalysis, and structural 
identification with a powerful spectroscopic technique such as Raman scattering.  

Nanophotonic approaches to high sensitivity detection of molecules and 
particulate matter 

A fundamental requirement for the optical detection and the application of microscopy 
techniques to micro- and nanoparticles is that the studied objects should be in the order of 
the wavelength of used light. This is not always verified in the case of nano-scale particles, 
which typically display sub-wavelength dimensions and thus require, for the observation, 
techniques capable of increasing the confinement of light. Nanophotonic approaches 
address this challenge by manipulation of light at the nanoscale, employing nanostructured 
materials with tailored shape and composition to achieve unconventional sensitivity, making 
possible detection at the level of  single molecules14–17. 

When incident visible light interacts with sub-wavelength metallic structures, indeed, 
coherent oscillations of the conduction electrons are excited within the material. This 
phenomenon, known as plasmonic resonance, is characterized by a frequency strongly 
dependent on size, shape and material of the involved nanostructure18,19. The plasmon 
resonance leads to local displacement of mobile electron charges with respect to fixed ionic 
cores, and consequently induces a large enhancement of electromagnetic fields, surrounding 
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the metallic particle. Nanostructures separated by a few nanometres support coupled 
plasmons, with hot-spot regions of extremely high field intensity in the gaps between the 
structures, drastically enhancing optically driven processes20 and allowing  detection of 
nanometer scale objects 21–23. 

Doping sensing substrates with plasmonic nanostructures is therefore a potential route 
toward the disclosure of unconventional sensitivity in PM monitoring devices24–26, paving the 
road for miniaturized and portable sensors27. Nanophotonic methods and instruments can 
be in perspective applied, in parallel with standard monitoring methods regulated by 
international standards, to enable ever-increasing complexity of the information obtained 
by collected samples. 

As objective of the thesis, I propose the application of plasmonic nanostructures to the 
functionalization of miniaturized substrates for the collection of aerosol particles, 
conjugating nanophotonics solutions with the point of view of particulate matter detection 
at the nanoscale. Applying versatile and stable substrates, moreover, it would be possible to 
perform different spectroscopic analysis co-localized on the collected particles28–30,  
investigating not only the concentration, size, and shape of the micro- and nanometric 
objects (by electron microscopy), but also their chemical composition (elementary EDX 
analysis) and molecular structure (vibrational Raman spectroscopy), assuming a key-role 
potential as complementary approach in parallel with standard environmental monitoring 
methods. 

The thesis is therefore organized in 6 chapters, as follows: 

In chapter 1 the fundamental properties of plasmonic resonances and their application to 
the enhancement of spectroscopic techniques are introduced, together with the state-of-art 
technologies for concentrating analytes in sensing platforms and combining co-localized 
measurements. In conclusion of the chapter, the idea of fabricating a particle sampling 
substrate based on free-standing membranes is presented. 

Chapter 2 is dedicated to the nanofabrication techniques applied during the thesis for the 
realization of the presented samples. Besides electron beam lithography, the main 
nanofabrication technique developed for this investigation, I also explored the possibility to 
adopt different large area methods for the fabrication of periodic gratings and the self-
assembled growth of high-density nanostructures. 

In chapter 3, I provide more technical details regarding the nanofabrication processes and 
the setups employed. I suggest the reader to consider this section as complementary to the 
following chapters, where the discussion is focused more on the ideas and results rather than 
instrumental parameters and recipes. 

In chapter 4, the nanofabrication of PM collection substrates based on free-standing Si3N4 
membranes is discussed. Together with the design of the fabricated chip, I report here the 
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development of a collection prototype and the study of airborne particles production, 
leading to the validation of the proposed device referring to standard PM collection 
techniques. 

Chapter 5 is focused on the application of fabricated membranes to the co-localized 
characterization of collected particles. Moreover, functionalization with plasmonic 
nanostructures is demonstrated to enhance the signal of spectroscopic techniques on the 
free-standing surface. 

In chapter 6 is presented a parallel application of plasmonic structures to flat-optics sensing 
of liquid solutions. Two different configurations are reported, one on large-area samples 
where the structures periodicity is employed to couple localised plasmonic and lattice 
excitations, the other a miniaturized version designed on the free-standing membrane, 
where the nanostructures are applied to launch guided modes into the thin substrate. In 
both cases the plasmonic arrays are employed for sensing liquid samples in terms of their 
refractive index.  

In the appendix is reported a work done in the frame of an international collaboration, 
regarding the application of the large area nanopatterning processes described in Chapter 6 
in a different context. The aim here is to fabricate large area templates functionalized with 
anti-reflection nanopatterns, to be employed as supporting substrates in thin film organic 
solar cells featuring increased conversion efficiency. 

List of related publications 

 Mennucci, C., Chowdhury, D., Manzato, G., Barelli, M., Chittofrati, R., Martella, C., 
Buatier de Mongeot, F., Large-area flexible nanostripe electrodes featuring plasmon 
hybridization engineering. Nano Res. 14, 858–867 (2021); 

 Chowdhury, D., Giordano, M. C., Manzato, G., Chittofrati, R., Mennucci, C., Buatier 
de Mongeot, F., Large-Area Microfluidic Sensors Based on Flat-Optics Au Nanostripe 
Metasurfaces. J. Phys. Chem. C 124, 31, 17183–17190 (2020); 

 Manzato, G., Giordano, M. C., Barelli, M., Chowdhury, D., Centini, M., Buatier de 
Mongeot, F., Free-standing plasmonic nanoarrays for leaky optical waveguiding and 
sensing, Optics Express 30, 10, 17371-17382 (2022); 

 Chowdhury, D., Mohamed, S., Manzato, G., Siri, B., Chittofrati, R., Giordano, M.C., 
Hussein, M., Obayya, S.S.A., Hameed, M.F.O., Stadler, P., Scharber, M. C., Buatier de 
Mongeot, F., Broadband Photon Harvesting in Organic Photovoltaic Devices Induced 
by Large-area Nanogrooved Templates, under submission to ACS App. Nano Mat.; 

 Manzato, G., et al., Nanofabricated Silicon Nitride Membranes for Miniaturized 
Airborne particle sampling and co-localized EDX-Raman analysis, in preparation for 
submission; 

 Manzato, G., et al., Plasmonic functionalization of silicon nitride nanosieves for 
Raman-SERS detection of sub-micrometric particles, in preparation for submission. 
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Chapter 1 – Plasmon Enhanced spectroscopies and 
concentrating sensors 

In the last decades, a significant fraction of the scientific and technological advances in 
Materials Science have been driven by the possibility to achieve a wide range of non-
conventional physical and/or chemical properties in nanostructured materials. These non-
conventional properties, induced in the material thanks to manipulation of the constituent 
atoms at the nanometer level, can be applied to modify and engineer a broad range of 
fundamental properties governing the interaction of a substrate/material with its 
environment (e.g. super-hydrophobic properties induced by biomimetic texturing31, relevant 
in self-cleaning functionalization of surfaces; or broadband antireflection effects induced by 
biomimetic “moth-eye” nanotexturing32,33, relevant in energy conversion applications). The 
ability to manipulate light/matter interaction at the nanoscale level turns out to be crucial 
also in the broader context of advanced spectroscopy and sensing applications. In recent 
years a very intense research activity has been oriented at understanding and exploiting the 
extraordinary properties of noble metal nanostructures supporting Localised Surface 
Plasmon resonances which enable light manipulation at the nanoscale34–38. Thanks to the 
strong plasmonic near-field confinement, an extraordinary sensitivity can be achieved in 
plasmon-enhanced spectroscopies such as Surface-Enhanced Raman Spectroscopy (SERS)39–

42, capable of detecting weak vibrational signal emitted by a single molecular layer. Similarly, 
the strong localization of electromagnetic fields in the nanogaps formed between a surface 
and a special metallic tip, which supports plasmonic modes, is at the base of the extreme 
spatial resolution obtained in Tip-Enhanced Raman Spectroscopy (TERS)43–46. The 
combination of spectral and spatial resolution achieved by this peculiar nanospectroscopy 
represents the key ingredient at the basis of innovative devices suitable to handle 
biomolecules such as DNA (flow through nanopores, labelled functional surfaces) or probing 
novel atomically thin materials47–50.  

Focusing our attention on the detection of disperse and/or low signal analytes, 
nanostructures can be exploited to induce phenomena as concentration of electromagnetic 
fields or selective capture of particles, improving drastically the amount of information that 
can be obtained when the analyte is available in small volumes or highly diluted conditions. 
Plasmonic nanoantennas represent a promising opportunity in this direction providing the 
possibility to resonantly enhance weak signals emitted by the analytes lying in their proximity 
(hot spots). In parallel novel strategies based on nanopatterned templates can be developed 
to locally increase molecular concentration, further improving the overall molecular 
sensitivity.  

In this first chapter I will focus my attention on the possibility to enhance the signal of 
measurements by either concentrating the electromagnetic (EM) field (paragraph 1.1) or 
concentrating the analyte itself (paragraph 1.2), placing the emphasis on the innovative 
solutions derived from nanotechnology, exploiting the plasmonic effects of metal structures. 
In paragraph 1.3, moreover, I will discuss the possibility of exposing concentrated samples 
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to different techniques, increasing even more the quantity of information that one can 
extract from a sample. In conclusion of the chapter, in paragraph 1.4 I present the idea of 
fabricating a particle sampling substrate based on free-standing membranes and suitable for 
co-localized observations. 

 1.1 EM field enhancement: Plasmonic resonance in metallic structures 

Plasmonic resonances take place when a metallic nanostructure is excited by an external 
electromagnetic (EM) field. The free electron gas of a nanoscale metallic structure can be 
driven in oscillation while the heavier positive nuclei remain stable in their position due to 
their higher inertia. Once the negatively charged electron cloud is displaced, a restoring force 
between electrons and nuclei forces the system to recover its minimum potential 
configuration, so that in a simple approximation the dynamics of the system can be treated 
as that of a forced oscillator. When the characteristic oscillation frequency of the system 
matches with that of the incident EM wave, the condition for resonant plasma oscillations is 
satisfied leading to a Localised Surface Plasmon Resonance (LSPR). 

A broad range of effects relate to this peculiar behaviour of metallic nanoparticles. In fact, 
the resonant oscillation of the electron cloud can result in strong absorption and 
redistribution of the energy delivered by the incident EM wave. Moreover, during oscillation 
a large net charge is confined in proximity of the nanostructures' surfaces leading to a large 
enhancement of the local EM field (near-field regime), in the immediate vicinity of the 
nanoparticle surface with respect to its free-space value. These effects are particularly 
evident for gold and silver nanoparticles whose plasmon resonance frequencies fall into the 
visible spectrum and for which damping effects due to carrier scattering are minimised 
leading to very sharp resonances. LSPRs are non-propagating excitations that can be excited 
by direct light illumination. 

For what concerns the non-propagating modes, these phenomena were theoretically 
analysed in the framework of electrodynamics by Gustav Mie who managed to resolve 
Maxwell’s equation for a spherical metallic nanoparticle. He found a general expression for 
the extinction optical cross section as an infinite summation of coefficients 𝑎  and 𝑏  given 
by spherical Bessel functions51: 

[eq. 1.1] 

σ  =  σ  + σ  

σ =
𝜆

2𝜋𝜀
(2𝑛 + 1)(|𝑎 | + |𝑏 | ) 

σ =
𝜆

2𝜋𝜀
(2𝑛 + 1)𝑅𝑒{(𝑎 + 𝑏 )} 

In the simplest approximation the LSPR can be described in the limit where the particle is 
much smaller than the incident wavelength (𝑑 << 𝜆). It is the so-called Quasi Static 
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Approximation or Dipole Approximation since the problem is reconducted to that of a 
particle exposed to an electrostatic field and spatial-retardation effects within the volume of 
the sphere can be neglected. In this approximation the nanoparticle acts as an electric dipole, 
resonantly absorbing and scattering incident EM fields and the limit is valid for particles with 
dimension below 100 nm illuminated by visible or near infrared radiation. In this 
approximation the cross-section can be obtained interrupting the infinite series (eq. 1.1) at 
the first order in the term (𝑑/). Within this approximation we have: 

[eq. 1.2] 

σ =
𝑘

6𝜋
|𝛼|  

 

σ = 𝑘 𝐼𝑚{𝛼} 

Where 𝛼 is the complex polarizability and 𝑘 is defined as: 

𝑘 =
2𝜋𝜀

𝜆
 

For a spherical particle of volume 𝑉, the polarizability 𝛼  is given by the Clausius-Mossotti 

equation (considering only dipolar contributions): 

[eq. 1.3] 

𝛼 = 3𝑉
𝜀 − 𝜀

𝜀 + 2𝜀
 

Where 𝜀 =  𝜀  +  𝑖𝜀  and 𝜀  are the dielectric function of the nanoparticle and the host 
medium, respectively.  

It is worth to notice that, since polarizability depends on particle volume 𝑉, it implies a 
dependence on 𝑉  of scattering cross section and on 𝑉 of absorption cross section. Quasi 
static approximation tells us that for very small metallic particle absorption is stronger than 
scattering. Moreover, when the denominator of the polarizability function is minimized, a 
strong enhancement in absorption and scattering cross sections is found, corresponding to 
the LSPR excitation. It happens when, for small values of the imaginary part  , at a specific 
wavelength   is satisfied the equation: 

[eq. 1.4] 

𝜀 (𝜆) + 2𝜀 = 0 

This relation, also known as Fröhlich condition, clearly represents how the plasmonic 
resonance frequency is determined by particle properties, through , and local surrounding 
medium, through  . For what concerns the dielectric function of the metallic particle in the 
approximation of quasi-free electrons, we can recur to Drude model to find its expression: 
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[eq. 1.5a] 

𝜀(𝜔) = 1 −
𝜔

(𝜔 + 𝑖𝛾𝜔)
    ;    𝜔 =

𝑛𝑒

𝑚𝜀
 

Where   is the plasma frequency of metals, 𝑛 and 𝑚 are the conduction electron density 
and effective mass, respectively, and  is the conduction band electron relaxation rate (𝛾 =

 1 ⁄ 𝜏).  

If we solve the Fröhlich condition (eq. 1.4) for a metallic sphere with 𝑑 <<   in air (  =

 1) we understand that the free electron gas can resonate with an external field at frequency:  

[eq. 1.5b] 

𝜔 =
𝜔

√3
 

A reference work in this field is the paper of Otto Muskens et al.52 where they demonstrate, 
by recurring to the mentioned equation, that resonance wavelengths of noble metal 
nanoparticle redshift because of increasing the matrix dielectric constant   embedding the 
particle. 

An interesting case to study is represented by non-spherical particle, in which polarization 
dependent effects come into play. We now consider the case of an ellipsoidal shape whose 
size is sufficiently small to guarantee quasi static approximation validity. In sake of simplicity, 
we consider a prolate spheroid with a long axis 𝑎 and identical short axes 𝑏 = 𝑐 (see sketch 
in Fig.1.1). 

For ellipsoidal nanoparticles, the polarizability 𝛼  along one of the axis directions assumes 
the following expression51: 

[eq. 1.6] 

𝛼 (𝜔) =
𝑉

4𝜋

𝜀(𝜔) − 𝜀

[𝜀 + 𝐿 (𝜀(𝜔) − 𝜀 )]
     ;      𝑛 = 𝑥, 𝑦, 𝑧 

Where 𝐿  is the depolarization factor which depends on the spatial direction and considers 
geometrical shape of the particle (e.g., for a sphere 𝐿 =  𝐿 =  𝐿 = 1/3). 
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Figure 1.1: Resonating wavelength variation in relation with the variation of the particle 
aspect ratio. Following the curves, the resonance condition varies differently for 
polarization parallel (red) or perpendicular (blue) to the long axis (a) of the particle. 
Adapted from52. 

Similarly to the case of the spherical particle (eq.1.5a), the resonance condition of the 
spheroid appears as: 

[eq. 1.7] 

𝜀 (𝜆 ) +
1 − 𝐿

𝐿
𝜀 = 0 

Eq. 1.7 introduces a degeneracy in the LSPR spectral position with the n-axis. In Figure [1.1] 
are plotted the resonance wavelengths, 𝜆 , for the gold prolate spheroid of volume 𝑉 as a 
function of the particle aspect ratio, 𝑐/𝑎, and for incident light polarized along and across 
the long axis, 𝑎. As the 𝑐/𝑎 value approaches 1, the particle is reduced to a sphere which 

resonates at  = 540 nm independently from the incident polarization. If the aspect ratio is 
decreased, a red and a blue shift of the resonance are instead predicted for light polarized 
along and across the long axis respectively. That introduces the possibility to tune the 
spectral position of the LSPR of a particle by means of modification of its aspect ratio. In the 
presented equations, moreover, interesting effects concerning plasmonic resonances have 
been briefly explored including their local sensitivity to the dielectric function of the 
surrounding medium. This last aspect is of particular importance in view of experiments that 
will be presented in Chapter 5. 

1.1.1 Coupling of periodic plasmonic structures 
We have seen that the localized plasmon resonance of a single metallic nanoparticle can be 
shifted in frequency from the Fröhlich frequency defined by (eq 1.4) via alterations in particle 
shape and size. In particle ensembles, additional shifts are expected to occur due to 
electromagnetic interactions between the localized modes. For small particles, these 
interactions are essentially of a dipolar nature, and the particle ensemble can in a first 
approximation be treated as an ensemble of interacting dipoles. I will now describe the 
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effects of such interactions in ordered metal nanoparticle arrays. Here, we assume that the 
particles of size 𝑎 are arranged within ordered one – or two – dimensional arrays with 
interparticle spacing 𝑑. We further assume that 𝑎 ≪ 𝑑, so that the dipolar approximation is 
justified, and the particles can be treated as point dipoles.  

One can intuitively see that interparticle coupling will lead to shifts in the spectral position 
of the plasmon resonance compared to the case of an isolated particle. Using the simple 
approximation of an array of interacting point dipoles, the direction of the resonance shifts 
for in-phase illumination can be determined by considering the Coulomb forces associated 
with the polarization of the particles. As sketched in Fig.1.2a, the restoring force acting on 
the oscillating electrons of each particle in the chain is either increased or decreased by the 
charge distribution of neighbouring particles. Depending on the polarization direction of the 
exciting light, this leads to a blue-shift of the plasmon resonance for the excitation of 
transverse modes, and a red-shift for longitudinal modes. 

 

Figure 1.2: Adapted from34. (a) Schematic of near-field coupling between metallic 
nanoparticles for the two different polarization; (b) experimental observation of 
dependence of the spectral position of the plasmon resonance on interparticle distance. 

Using one-dimensional arrays of 50 nm gold particles with varying interparticle distance, 
these shifts in resonance energy were experimentally demonstrated using far-field extinction 
spectroscopy53. The dependence of the spectral position of the plasmon resonance on 
interparticle distance is shown in Fig.1.2b both for longitudinal and transverse polarization. 
Due to the strong scaling of the interaction strength, particle separations more than 150 nm 
are sufficient to recover the behaviour of essentially isolated particles. 

Where two or more metallic nanostructures are in proximity, anyway, the possibility exists 
for interaction between the modes of the individual nanostructures to form new hybrid 
modes. The case of two interacting particles has been extensively studied. For multiple 
nanostructures there is also the possibility of coherent interaction arising from multiple 
scattering. Light that is scattered to propagate in the plane of the particles will undergo 
multiple scattering by the regularly spaced particles. A geometric resonance arises when the 
wavelength of the scattered light is commensurate with the periodicity of the array, which, 
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when it occurs in the same spectral range as the LSPR, may lead to a dramatic modification 
of the measured optical extinction. 

In the coupled dipole approximation, each particle is modelled by a dipole of polarizability 
𝛼. The particles studied have been described in chapter 1.1 as ellipsoids (semiaxes a, b, and 
c, volume V), for which the static polarizability (eq. 1.6) can be written as:  

[eq. 1.8] 

𝛼 ∝ 𝑉
𝜀 − 𝜀

3𝜀 + 3𝐿(𝜀 − 𝜀 )
 

with 𝜀  and 𝜀  the relative permittivities of the metal and surrounding medium, 
respectively, and 𝐿 a shape factor. When the particle size is of order 50 nm or more, this 
expression needs to be modified to account for dynamic depolarization and radiative 
damping — the so called modified long wavelength approximation. We do so by introducing 
an effective polarizability 𝛼  and considering the (homogeneous) surrounding medium 
which has refractive index 𝑛.  

When excited by an electro-magnetic wave at frequency 𝜔, a dipole re-radiates a scattered 
wave in proportion to its dipole moment. The net field on every dipole is therefore the sum 
of the incident field plus the radiation from all other dipoles, which leads to a system of 
coupled equations to be solved self-consistently for the total field. Assuming an infinite array, 
the general solution can be expressed as an effective polarizability 𝛼* for every 
(indistinguishable) particle: 

[eq. 1.9] 

𝛼∗ =
1

1
𝛼

− 𝑆
 

where an array factor 𝑆 embraces the contribution from the other dipoles and is only 
dependent on geometrical parameters. In the case of normal incidence, and for a square 
array of dipoles, this factor is: 

[eq. 1.10] 

𝑆 = 𝑒
(1 − 𝑖𝑘𝑟)(3 cos 𝜃 − 1)

𝑟
+

𝑘 sin 𝜃

𝑟
 

𝜃 being the in-plane angle between the dipole locations. The poles of the effective 
polarizability define the resonances and result from an interplay between the particle 
properties and the geometrical array factor. When the imaginary part of 𝑆 is negative, a 
partial cancellation of the radiative damping has been predicted, thus improving the quality 
factor of localized surface plasma resonances.  
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1.1.2 Rayleigh Anomalies and plasmonic lattices 
When arranged in the right geometry condition, arrays of gold nanoantennas support 
collective modes related to their periodic distribution, called Lattice Surface Modes (LSMs), 
resulting from the coupling of multipolar plasmonic resonances with specific geometrical 
conditions of the lattice.  

The surface and its interaction with an incident EM wave can be schematically summarised 
as reported in Fig. 1.354: 

 

Fig. 1.3: Sketch of an incident beam illuminating a periodic lattice, and the resulting 
diffraction modes. 

The lattice surface is represented by a periodic function f(x) with a maximum height YM and 
a minimal height Ym, with distribution characterized by a periodicity D. Starting from the 

lattice periodicity, it is possible to define 𝐾 = . Are furthermore defined the angle θ as 

the incidence angle of the light beam respect to y-axis and the angle θ𝑛 as the angle of the 

diffracted beam respect to the y-axis. The 𝑘 and 𝑘n vectors, in conclusion, being the related 
wave vectors. The periodic nature of the interface allows an impulse exchange between the 
interface and the incident wave. More precisely, it is possible to add or subtract to the 
impulse component of the incident wave parallel to the interface an integer of impulses 

associated to the lattice (𝐾). Starting from this assumption, it is possible to obtain an 
expression for the value of the impulse parallel to the surface of the resulting wave. Such 
relation is defined as: 

[eq. 1.11] 

 𝑘  =   𝑘  +  𝑚𝑘 

Where the terms referred to the EM wave momentum parallel to the surface can be 
expressed in relation to the wave total momentum. Assuming that the total momentum is 
unvaried, one can obtain the following relation: 
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[eq. 1.12] 

𝑘 𝑠𝑖𝑛(𝜃 )  =  𝑘 𝑠𝑖𝑛(𝜃 )  +  𝑚𝐾  

Stating, finally, the wave momentum module in relation to the light beam wavelength (𝑘 =

𝑛 , where 𝑛 stands for the refractive index of the surrounding medium of the wave) and 

applying the explicit expression for K. the following relation is obtained, known as grating 
equation55: 

[eq. 1.13] 

𝑛 𝑠𝑖𝑛(𝜃 ) = 𝑛 𝑠𝑖𝑛(𝜃  ) + 𝑚
𝜆

𝑑
 

Where 𝑛  represents the refractive index of the medium where the light is travelling before 
the interaction with the lattice, while 𝑛  is the refractive index of the interface located in the 

light diffraction region. Assuming that the final angle is equivalent to 90° or 270°, 
corresponding to the Rayleigh condition for evanescence, and that the refractive index of the 
interface before the interaction with the lattice is equal to 1, the following equation is 
obtained: 

[eq. 1.14] 

𝑚𝜆 = 𝑑(𝑛 ± 𝑠𝑖𝑛(𝜃 )) 

From the last obtained relation, it is clear to the reader that one is able to tune the resonant 
wavelength by modification of three parameters: the incidence angle respect to the plane of 
illumination, the lattice periodicity and the refractive index 𝑛 . Such property enables the 

realization of simple and versatile systems in the field of “flat optics”, where the thickness of 
the active material is confined to the nanoscale.  

The term 𝑛 , in the case of structures with high aspect ratio, has to be exchanged with a term 

𝑛  which represents the effective refractive index for the diffracted wave propagation. 

This distinction is relevant as two effective refractive indices can be identified for the lattice. 
One in proximity of the external surface of the lattice, and the other corresponding to the 
interface between the lattice and the underlying substrate. The presence of two effective 
refractive indices associated to the lattice enables the observation of two distinct Rayleigh 
modes. The one related to the external surface, in particular, resulting as strongly dependent 
from the refractive index of the surrounding medium and thus finding application in 
refractive index sensing (an application that will be discussed in depth in chapter 6). 
Moreover, despite the weak coupling of multipolar resonances to radiation, LSMs originating 
from multipolar resonances can significantly enhance the emission of fluorophores. In 
particular, one can find in literature works56 that testifies tenfold enhancement of the 
emission of dye molecules coupled to lattice surface resonances that arise from the 

diffractive coupling of 3 𝜆
2 antenna resonances. This enhancement opens the possibility for 

fluorescence spectroscopies, with large nanoantennas, which are easy to fabricate, that can 
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be used to enhance signals at shorter wavelengths through the coupling of high-order 
multipolar plasmonic resonances in arrays. 

1.1.3 Plasmonic amplification of the electric field 
We have stated that the excitation of LSPR induces, among the other effects, amplification 
of the electric field inside and in proximity of the resonating nanostructure, and thus 
becomes extremely interesting to define the geometry of the phenomenon in view of 
applications in nano spectroscopies enhancement.  

Let’s consider an isotropic and homogeneous sphere of radius 𝑎, placed in the origin of our 

reference system and inside a constant electrostatic field �⃗� = 𝐸 �̂� (see Fig.1.4). The sphere 
is surrounded by an isotropic, non-adsorbing medium with dielectric constant 𝜀 . The 
response of the sphere is described by the dielectric function 𝜀(𝜔) which we will consider as 
a complex number 𝜀. 

Solving Laplace equation ∇ 𝜙 = 0 for the sphere we obtain the electric field spatial 

distribution �⃗� = −∇ 𝜙 as expression of the potential inside and outside the sphere: 

[eq. 1.15] 

𝜙 = −
3𝜀

𝜀 + 2𝜀
𝐸 𝑟 cos 𝜃 

𝜙 = −𝐸 𝑟 cos 𝜃 +
𝑝 ∙ 𝑟

4𝜋𝜀 𝜀 𝑟
 

Where 𝑝 represents the electric dipole momentum of the sphere equivalent to 

[eq. 1.16] 

𝑝 = 4𝜋𝜀 𝜀 𝑎
𝜀 − 𝜀

𝜀 + 2𝜀
�⃗�  

𝑝 = 𝜀 𝜀 𝛼�⃗�  

And 𝛼 is the electrical polarizability of the sphere, already defined in eq. 1.3. 

 

Figure 1.4: sketch of a homogeneous spherical particle of radius 𝒂, immersed in an electric 
field and surrounded by an isotropic, non-adsorbing medium with dielectric constant 𝜺𝒎. 
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From eq. 1.9 one can express again the Frölich condition for the excitation of the LSPR, and 

from the potential definition in eq. 1.8 the behaviour of the electric field inside (�⃗� ) and 

outside (�⃗� ) the spherical particle can be calculated:  

[eq. 1.17] 

�⃗� =  
3𝜀

𝜀 + 2𝜀
�⃗�  

�⃗� =  �⃗� +
3𝑛(𝑛 ∙ 𝑝) − 𝑝

4𝜋𝜀 𝜀
 

1

𝑟
 

These equations demonstrate how, in correspondence of resonance excitation, the electric 
field amplification occurs outside the particle as well as inside it, with a propagation length 
fading exponentially and thus defining a close-proximity limit to the field enhancement. 

The plasmonic resonance modification of the electric field can be detected by various 
spectroscopy techniques (SNOM, SERS or photoluminescence) and leads to particularly 
interesting applications in light harvesting57–59, signal amplification60–62, photo thermal 
treatments for medicine, photo catalysis. In the context of the thesis, we focus the attention 
of the reader on plasmon enhanced fluorescence and Raman-SERS, where the amplification 
of the EM field enables signal improvement up to three-four orders of magnitude. 

1.1.4 Plasmon enhanced fluorescence and Raman-SERS 
The Raman effect is the inelastic scattering process between a photon and a molecule, 
mediated by a vibrational or rotational mode of the latter. Due to the energy exchange 
during the scattering, the energy of the incoming photon, ℎ𝜈 , is shifted by a quantity ℎ𝜈 , 
which corresponds to the energy of the vibrational state. This energy shift can either 
decrease or increase the energy of the photon respectively depending on weather the 
involved molecule is in its vibrational state (Stokes scattering) while in the second case the 
de-excitation of the molecule induces an energy gain for the photon (Anti-Stokes scattering). 
The frequencies of these two Raman bands are respectively: 

[eq. 1.18] 

𝜈 = 𝜈 − 𝜈  

𝜈 = 𝜈 + 𝜈  

In general, the photons involved are not resonant with the molecular levels and the 
transition is a pure scattering process which takes place via virtual levels. The Raman 
transition is a pure scattering process even if the incoming photon is resonant with the 
molecular level of the molecule (i.e., Resonant Raman Scattering), however in this case the 
emission results to be amplified but its efficiency is still much weaker than that of fluorescent 
transitions. Moreover, the Raman scattering is a spontaneous linear process where the total 
power of the inelastically scattered (𝑃 ) beam scales linearly with the intensity of the 
excitation beam (𝐼(𝜈 )). For instance, the power of the Stokes process scales as34: 
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[eq. 1.19] 

𝑃 (𝜈 ) = 𝑁𝜎 𝐼(𝜈 ) 

Where 𝑁 is the number of scatterers and 𝜎  the scattering cross-section. 

The intensity if the Raman emission, which is generally very weak, could be enhanced if the 
Raman-active molecules are placed within the amplified near field of a metallic 
nanostructure. In this case the process is called Surface Enhanced Raman Scattering (SERS). 
The Raman amplification could be achieved by exploiting a chemical or, alternatively, an 
electromagnetic effect. In the first case the Raman cross section 𝜎  is modified due to a 
change in environment of the molecules and we expect, from theoretical modelling, a 
maximum enhancement of the order of 10034. 

On the other side a much more important contribution comes from the increased 
electromagnetic field in the near vicinity of metal nanoparticles due to the excitation of 
Localized Surface Plasmon (LSP) resonances and to a crowding of the electric field at the 
metal interface (i.e., lightning rod effect). The first effect strongly depends on the frequency 
of the incoming excitation, which excites the resonance only for a minimum of the 
nanoparticle’s polarizability, while the second is a purely geometric phenomenon induced 
near a sharp metallic feature. In both the cases, the nanoparticles act for the external exciting 
field as real antennas and for this reason are often called Optical Nano-Antennas (ONAs). 

The local field enhancement could be evaluated in terms of the enhancement factor 𝐿(𝜈), 
which is defined as: 

[eq. 1.20] 

𝐿(𝜈) =
|𝐸 (𝜈)|

|𝐸 |
 

Where |𝐸 | is the local field amplitude at the Raman active site. In this way we can write 
the field enhancement factor 𝐿(𝜈) in terms of the contribution from LSP resonances and 
lighting rod effect as: 

[eq. 1.21] 

𝐿(𝜈) = 𝐿 (𝜈) 𝐿  

It is further to note as in SERS the amplified near field can play a two-fold role: on one side 
enhancing the excitation field (i.e., excitation field enhancement) and on the other the 
Raman emission (i.e., re-radiation field enhancement) which takes place in a resonant 
wavelength range. We can hence write the total power of the Stokes SERS emission as: 

[eq. 1.22] 

𝑃 (𝜈 ) = 𝑁𝜎  𝐿 (𝜈 ) 𝐿 (𝜈 ) 𝐼(𝜈 ) 

Since the difference in frequency 𝜈 − 𝜈  between the incoming and scattered photons is in 
general much smaller thanthe spectral range where a LSP resonance is excited we can 
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approximate |𝐿(𝜈 )| ≈ |𝐿(𝜈 )| obtaining that the electromagnetic contribution to the total 
SERS enhancement is proportional to the fourth power of the field enhancement factor, the 
so called 𝐸  𝑎𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑖𝑜𝑛. 

The enhancement of the power of the Stokes beam can hence be written as63: 

[eq. 1.23] 

𝑅 =
|𝐸 |

|𝐸 |
 

SERS active substrates could be prepared exploiting a wide range of functionalization 
approaches. Arrays of disconnected nanowires can be exploited 60,62 in order to amplify the 
Raman signal of Methylene Blue molecules via Localized Surface Plasmon excitation. The 
selective excitation of an LSP along the wires, behaving as nanoantennas, is expected to 
induce near-field amplification effects, which are further enhanced if the width of the wire-
to-wire nanogap is reduced to the nanometre range and the nanostructures are near field 
coupled. 

In chapter 5 I will discuss a possible approach to this phenomenon, in an application example 
where metallic structures of size in the order of 50 nm are separated by nanogaps of 10 nm, 
thus coupling efficiently analyte particles inside the enhanced electric field for spectroscopy 
signal amplification. 

1.2 Nanotechnologies for concentrating sensors 

In the application of nano-spectroscopies to low concentrated samples, collection of the 
analyte itself is a key aspect of its own to be discussed. Depending on the method of analysis 
taken in consideration, preparation of quantitatively meaningful samples can require days of 
particle accumulation on large area filters, a standard procedure for collection of airborne 
particles aiming to gravimetric analysis or chromatography in environmental physics64–66. 
While on the one hand this kind of observation is strongly reliable and regulated by 
international standards67,68, it refers to integrated information arising from large numbers of 
different particles, and therefore lacks the possibility of discrimination between different 
particles. 

Referring to high resolution microscopy and micro-spectroscopy techniques such as Scanning 
Electron Microscopy (SEM) eventually coupled to X-ray microprobe (EDX) or micro-Raman 
spectroscopy, the typical fields of view measure hundreds of micrometres on the surface of 
a sample, with spot resolution well below the micrometre. As stated in the previous chapter, 
surface functionalization with sensitizers such as plasmonic nanoantennas can be exploited 
in some instances to increase the signal extracted from the analytes and sensitivity (thus 
lowering the detection limit).  

The combination of plasmonics and Raman spectroscopy has led to extraordinary success of 
SERS and TERS in detecting even individual molecules by concentrating optical radiation 
energy in hot spots with areas of just a few nm2. Such hot spots are however active only in 
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the optical near-field region, localised within a few nanometres from the surface, and 
unfortunately in most practical applications the nanoparticles or molecular targets are 
dispersed in the bulk volume of the carrier fluid where they are free to diffuse, residing most 
of the time far from the active surface sites. 

Conversely large-area sampling filters conventionally employed in air or liquid sampling 
applications are endowed with a high geometrical cross-section which enables sampling of 
high volumes of fluid, but at the price of poor signal-to-noise ratio when spectroscopic 
techniques are employed to analyse the deposited particles since only a small portion of the 
sensitive area is actively investigated. The reduced sensitive area in a nanospectroscopy 
application, limited to a few hundred nm2, thus renders the encounter between the 
molecules and nanosensor very unlikely. As has been demonstrated69,70, when the 
concentration of the solution is close to femtomolar and the linear size of the sensor is in the 
range of a few tens of nanometres, the accumulation time for the detection of a few 
molecules is on the scale of days. In other words, nanosensors cannot be used for low-
concentration detection (below picomolar concentrations) because the accumulation time 
is far beyond practical timescales. 

The previous considerations suggest the crucial importance of developing new sampling 
schemes that aim to increase the concentration of the probe molecules/nanoparticles on the 
active area of the detector. One can e.g. mention approaches based on the use of 
functionalized plasmonic nanoparticles which spread and diffuse in  the solution and bind  
with  the target molecules, in a different approach the fluid to be probed is forced to flow 
through microfluidic channels that drive the molecules towards the active  surface sites 
concentrated in small area; in a similar approach some groups have proposed to employ 
perforated membranes  that force molecules to pass through nanopores acting as sieves71,72.  

In a particularly significant example propagating Surface Plasmons Resonances excited in thin 
metallic films are exploited to monitor the interaction of the activated surface with the 
surrounding medium (as seen in the equations of chapter 1.1). Biacore73 pioneered 
commercial Surface Plasmon Resonance (SPR) biosensors offering a unique technology for 
collecting high-quality, information-rich data from biomolecular binding events. Since the 
release of the first instrument in 1990, researchers around the world have used Biacore’s 
optical biosensors to characterise binding events with samples ranging from proteins, nucleic 
acids, small molecules to complex mixtures, lipid vesicles, viruses, bacteria, and eukaryotic 
cells. 

Biacore’s optical biosensors are available in several models, displaying slightly different levels 
of automation and simultaneous analysis capability, but are overall designed around three 
core technologies: (1) An optical detector system that monitors the changes in plasmonic 
signal brought about by binding events in real time; (2) An exchangeable sensor chip upon 
which one of the interacting biomolecules is immobilised or captured, with a bio specific 
surface where biomolecular interactions occur; (3) A microfluidic and liquid handling system 
that precisely controls the flow of buffer and sample over the sensor surface.  
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When a change in mass occurs near the sensor chip surface, e.g. as a result of a binding event 
of analyte on the bio specific surface, the angle of reflected light at which SPR occurs shifts 
due to a change in refractive index near the sensor chip surface. A linear sensor records any 
changes in SPR angle in real time, with responses measured in resonance units (RU, 1RU = 
0.0001° shift). These systems are contained within the processing unit, in most cases with 
robotic operation, and communicate with a computer equipped with control and data 
evaluation software for self-driven operation of full cycle analysis. 

A completely different approach, demonstrated by E. Di Fabrizio and co-workers for liquid 
samples74, is based on the idea of exploiting nanotechnology to modify the wettability of a 
sampling substrate (following a biomimetic approach known as Lotus effect75) to concentrate 
diluted analytes on the functionalized sensing areas (Fig.1.5a). Super-hydrophobic surfaces 
allowed them to drive and concentrate molecules over a functionalized sensing nano-area 
(Fig.1.5b, Fig1.5c), where plasmonic electric-field hotspots were used to carry out molecule 
detection at the single-molecule level in highly diluted solutions, even at femto- or attomolar 
(10 − 10  𝑚𝑜𝑙 𝑙 ) levels. The diffusion limit can then be overcome, and time 
accumulation reduced to a few minutes, allowing spectroscopic detection experiments 
based on fluorescence and Raman scattering even for concentrations at attomolar levels. 

Once the analytes are successfully concentrated in a micro- or nanoscale area of the sensor, 
the subsequent step is to univocally determine the nature of the particles and eventually 
their position and/or size distribution. In several cases, it turns out that a simple 
identification of the particulate matter recurring to an elemental composition analysis (e.g., 
X-ray fluorescence or EDX) is not sufficient to univocally determine the phase of the material. 
In those cases, it would be highly desirable to study the sample with different analysis 
techniques, possibly located in different experimental setups or laboratories. This last 
example highlights the need of a reproducible sample or sample holder which allows to 
define a stable coordinate reference making possible co-localized experiments performed in 
different setups. 

 

Figure 1.5: Sketch representing the high contact angle and evaporation process with no 
pinning of the drop and no solute left on the substrate during drop concentration, adapted 
from74. 
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1.3 Co-localized experiments for micro-spectroscopic detection of 
analytes 

The overall understanding of complex samples requires a large variety of scientific 
instruments based on different techniques29. The structural, elemental, chemical, biological, 
optical, electrical, and mechanical properties of a sample can be imaged at different scales, 
e.g. from the macroscopic, down to the nanoscopic level, recurring to a variety of scientific 
instruments and techniques which provide crucial knowledge when they can be combined in 
a colocalized manner. Taking as an example the trend observed in the study of biological 
systems, the initial focus has been shifted from simple morphological observation provided 
by optical microscopy (or by transmission electron microscopy) adding new and 
complementary information like e.g. the fluorescence signal from tagged regions of the 
samples. More recently the degrees of freedom have been expanded exploiting the 
possibility to correlate several other modalities including atomic force microscopy (AFM)76–

78, super-resolution microscopy79, and Raman microscopy80. 

A similar trend is taking place in other contexts pertaining to material science, environmental 
science, nanotechnology and condensed matter physics etc. Some modality couplings have 
developed rapidly in recent years, such as the coupling of scanning electron microscopy 
(SEM) and Raman microscopy, the former technique providing remarkable structural and 
atomic information, the latter providing complementary chemical information (examples in 
Fig.1.6). 

To perform observations on the same regions of interest (ROI) using different techniques, 
scientists have developed various approaches. One approach is to rely on observational skills: 
navigating over the sample with different instruments, recognizing some given patterns, and 
recording images in the same ROI. It is then possible to use software that performs precise 
registration of the images obtained by the different modalities81. However, in some cases, 
the images of a given ROI are very dissimilar between two instruments, because their 
modalities are sensitive to very different properties of matter, and visual recognition is 
difficult and unreliable. This is the case, for example, for the combination of SEM and 
fluorescence microscopy. In all cases, visual spotting of the same ROIs is a tedious and time-
consuming process. In other cases, the fields of view of the instruments can be too dissimilar 
to achieve reliable visual recognition of ROIs. Another difficulty comes from the fact that the 
different instruments may be in different locations, operated by different specialists, making 
visual recognition still more unreliable and impractical. As a consequence, scientists have 
worked out several solutions to allow observations to be performed on the same ROIs with 
different instruments. 
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Fig 1.6: Overlay of SEM (grey scale) and Raman (coloured) co-localized images, on organic 
(a) and inorganic (b) samples. Adapted from 82. 

Instrument manufacturers also have crafted solutions to make the process of co-localization 
between instruments easier. One solution was to create hybrid instruments so that two or 
more modalities were applied to the same sample, as for example the RISE (SEM-FIB-Raman) 
instrument produced by TESCAN82, which enables electronic, ionic and light beams to scan 
the sample extracting different information in a single chamber. This can be very helpful 
when the three modalities should be used simultaneously or within a short period. However, 
the vision of bringing “the best of two worlds” to the same instrument is often confronted 
by the reality that the instrument constraints are added. This also tends to be costly, making 
the hybrid instrument more expensive, and less productive, compared to two separate 
instruments that can be operated simultaneously by two users.  

A different – and far way cheaper – option proposed by instrument manufacturers is the 
application of sample holders (shuttles) that fit on their different instruments with fiducials 
realising a sample coordinate frame. An example is from BrukerBioMAT Shuttle Stage83  
which allows to colocalise AFM with Optical microscopy modes in upright configuration (e.g. 
brightfield, fluorescence, confocal laser scanning, FLIM FRET, FRAP, FCS, IR and Raman).  

In the next section I will introduce a radically simplified concept in which a nanofabricated 
sampling chip, allows at the same time low-cost collection and concentration of the analyte 
and co-localization of particles, generically compatible with standard characterization 
instruments (SEM, TEM, EDX, Raman). 

1.4 Nanofabrication for particle sampling 

While aiming at the identification of disperse analytes we can define two key-points as 
relevant for the sample design: (1) the identification of individual particles or clusters, 
together with the measurement of their size, that can be performed with SEM or TEM; (2) 
the identification of elementary composition and/or phases of the analyte units, that can be 
achieved with Energy Dispersive X-ray Spectroscopy (EDX) and micro-Raman spectroscopy. 
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In transmission electron microscopy, a typical substrate used to handle samples during the 
analysis in transmission is an electron transparent, silicon-based, micrometric substrate 
commercially available under the definition of TEM grid or TEM membrane. Different TEM 
grids can be acquired from manufacturers, with different possible materials composing the 
surface and the supporting element (e.g. carbon or polymeric film as surface, supported by 
a copper grid for mechanical stability) or the geometry of the surface itself, that can be flat 
and continuous or, for different applications, randomly or periodically porous (e.g. holey 
membranes by Norcada84or TedPella85).  

In any case, the common aspect is the presence of a thin, electron transparent window (or 
multiple windows) surrounded by a thicker frame, usually silicon, which can be handled with 
tweezers and inserted in instrument holders (see Figure 1.7). This geometry is ideal not just 
for transmission microscopy, where electron transparency is needed for clear reasons, but 
many works has been published applying them as low-scattering substrates for EBL86, spin-
coating the resist film directly on top of the transparent window and thus creating a 
condition where quasi-zero scattering is produced below the polymeric film, strongly 
reducing proximity effects and enabling extremely dense patterning87. The same principle 
applies to EDX measurements, where the reduced scattering leads to low background-noise 
and improved lateral and vertical resolution. 

 

Figure 1.7: (a,b) schematic of a windows array and cross sectional sketch of a 100 micron 
square membrane. (c) SEM image of a membrane chip, with the central window exposed 
by diagonal selective etching of the silicon frame. 

In the last ten years a great research effort has been done to explore the application of similar 
systems as filters for the collection of airborne particulate matter – in analogy with our case 
study – typically taking advantage of the ready-to-use and relatively low-cost electron 
microscopy chips88–93 (e.g. Figure 1.8a) or in other cases, mainly in the field of molecular 
transport through membranes, fabricating functionalized collection substrates with the 
desired properties (e.g. Figure 1.8b)94–98. 
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Figure 1.8:  (a, b) From Anders Brostrøm et al.88, (a) drawings of a stage and jet of a micro 
inertial (MINI) impactor system, with (b) a square mesh nickel TEM grid99 with thickness 
19±5 µm; (c, d) From Franck Montagne et al.97, (c) SEM picture of a 100 nm-thick free-
standing membrane (with a logo in the middle), the scale bar is 200 µm; (d) SEM picture of 
the nanopores, the scale bar is 1 µm.  

The idea of nanofabricating a specifically functionalized membrane chip arises great interest 
in the development of a collection substrate capable of concentrating nanometric particles 
(whose dimension would be determined by the pores size) on small areas and will be the 
focus of the thesis in chapter 4 and 5. With recent advances in microfabrication techniques 
it has become possible to use lithography to produce well defined nanometre-scale pores 
with improved chemical and physical properties in comparison with commonly applied 
polymeric filters94, and Si-based platforms are particularly attractive due to their chemical 
and thermal stability, biocompatibility, and potential for precise lithographic control of pore 
diameter and thickness. Moreover, silicon pores carry potential interest since they have 
adjustable surface properties through chemical functionalization and are readily integrated 
into lab-on-a-chip devices100–104. 

In chapter 2 I will introduce several fabrication techniques capable of engineering custom 
substrates for collection, with a combination of different nanostructure geometries and 
functionalized properties. In chapter 3 are summarised the details about the instruments 
and technical aspects that the reader can recall at need, while chapters 4, 5 and 6 – which 
are focused on the ideas and results of the experimental work – will present the 
nanofabrication of nanosieve concentrators, the application of such nanosieves as 
functionalized nanosensors in optical spectroscopies and the realization of plasmonic 
gratings for refractive index sensing application.  
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Nanofabrication defines in essence the production of nanostructures, generally supported 
on the surface, independently from the specific technique – or the combination of 
techniques employed to design the features involved in the various possible applications of 
interest. There is currently neither a widely accepted definition of nanofabrication nor a 
definition of where the boundaries between nano- and microfabrication lie. Although one 
would be tempted to define nanofabrication as the process of making things that are in the 
single-digit nanometres, in practice a much wider range of dimensions are accepted as nano. 
The term “nano” started to emerge in the popular and scientific media as the size of 
electronic devices started to drop below 1 μm105. Component sizes that used to be several 
micrometres gave way to single-digit micrometres, then hundreds of nanometres, and finally 
down to a few nanometres where they are today. What used to be called “microfabrication” 
was rebranded as nanofabrication, although many of the basic principles and techniques 
have remained essentially the same. Although the main driver of this technology has been 
the manufacture of integrated circuits, there have been tremendous fallout benefits to other 
areas, including photonics and sensing. 

The range of nanofabrication routes toward functional structures is almost as diverse as the 
materials, applications, and geometries needed for next-generation applications. The 
approaches can in principle be compartmentalised by separation into either a top-down or 
bottom-up definition.  

Top-down fabrication refers to methods where one begins with a macroscopically 
dimensioned material, such as a thin film, into which are placed nanostructured features, 
thus referring to approaches such as Electron Beam Lithography or Focused Ion Beam 
lithography. In these cases, either focused electrons or ions are used to carve nanostructures 
out of larger structures. Alternatively, in the bottom-up approach, one begins to assemble 
nanostructures from smaller units. Examples include colloidal synthesis, where the colloids 
are literally assembled from single ions in chemically neutralised solution. Such processes 
are frequently used for the creation of plasmonic metal nanoparticles or semiconductor 
quantum dots. Bottom-up assembly also refers to the assembly of larger hierarchical 
structures, where, for example, colloids self-assemble into larger structures for a particular 
purpose106. 

Top-down Electron Beam Lithography, or EBL, is mostly applied – commercially – in the 
production of masters for photolithography107 but remains a cutting-edge technology for 
nanofabrication of high resolution, geometrically complex and high density nanostructures. 
At the beginning of my doctorate, an EBL module was acquired by the research group to 
upgrade an existing electron microscopy setup, giving me the possibility to define processes 
and parameters, eventually making the instrument operational as a resource for the 
laboratory. Several applications of the technique to different materials and substrates have 
led to interesting experiments that will be discussed in chapters 4, 5 and 6, leading to 
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different results that share a common starting point and are deeply connected with 
nanofabrication. 

 2.1 Nanofabrication by Electron Beam Lithography (EBL) 

Nanoscience and nanotechnology have become keywords for scientific development in 
many areas of research. In the race to build devices with resolution better than 100 nm, the 
electron beam lithography (EBL) has been one of the most widely used techniques. Among 
its biggest advantages are the resolution, the registration accuracy, and the large depth of 
focus. Structures with dimensions smaller than 100 nm can be routinely obtained using 
conventional resists, and structures even smaller than 20 nm are achieved when special 
resists and field emission gun (FEG) sources are used108. Combining it with its ability to form 
arbitrary two-dimensional patterns down to the nanometre scale, nowadays EBL is one of 
the most important techniques in nanofabrication. In short, it involves the exposure by a 
highly focused electron beam to precisely modify the solubility of a resist material during a 
subsequent development step.  

EBL in its original form was developed using scanning electron microscopes to which a 
pattern generator and beam blanker are added to control which areas of the viewing field 
are exposed to the electrons. To this definition corresponds the instrument involved in the 
thesis experimental work (see chapter 3, nanofabrication methods section, for further 
information on our EBL setup) but more specialised EBL tools are nowadays common in 
lithography labs, fully dedicated patterning systems that employ high brightness electron 
sources for faster throughput, and high-resolution mechanical stages to be able to expose 
step-by-step large substrates maintaining the narrow field of focus of the electron beam. 
These direct write systems have the advantage of extremely high resolution and the ability 
to create arbitrary patterns without a mask. Their disadvantage is the long-time necessary 
to write large, complex patterns. Efforts to overcome this challenge include projection EBL 
and the use of massively parallel beams. Our interest in this chapter, however, relies on the 
technique adopted during the doctorate thesis and thus we will focus on the single beam, 
scanning EBL technique.  

The key objectives of EBL writing are to achieve arbitrary patterns in the resist with high 
resolution, high density, and high reliability. These characteristics are interrelated in a 
complex fashion. The key determinants will be the quality of the electron optics (e.g., the 
ability to create a finely focused spot), the choice of resist, substrate and developer, and the 
process conditions regarding electron beam energy and dose, development time and 
temperature. Additionally, depending on the selected parameters, more complications can 
occur as the delocalization of electrons due to the scattering generated in the interaction 
with the substrate (proximity effects), collapse of the pattern after development due to 
swelling and capillarity forces, and fluctuations in the sizes of features (line edge roughness). 
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2.1.1 Patterning and development parameters 
The first requirement for a high-quality beam is a stable, high brightness electron source, 
such as one employing thermal field emission. The quality of the spot is determined by the 
electron optics and degree of focus, it is thus necessary to have high positional accuracy with 
limited astigmatism and small spot size. The electron column is under vacuum to reduce gas 
scattering of the beam, but divergence of the electron trajectories results from their mutual 
electrostatic repulsions, which is more pronounced at higher currents and lower energies. 
However, commercial EBL systems can usually deliver a spot size of just a few nanometres109–

111. Unfortunately, other factors such as scattering will usually limit the final pattern 
resolution on the resist: as the electrons enter the film, they begin a series of low energy 
elastic collisions, each of which will deflect the electron slightly. This forward scattering 
broadens the beam by an amount that increases with thickness, and this effect is more 
pronounced at low incident energies (see Fig. 2.1). In addition to forward scattering, there is 
also backscattering to consider: typically, most of the electrons pass entirely through the 
resist and penetrate deeply into the substrate, but a fraction of those electrons will 
eventually undergo enough large angle collisions to re-emerge into the resist at some 
distance from the point at which they left it. At higher energies, these backscattered 
electrons may cause exposure microns away from where the beam entered, and this leads 
to the so-called proximity effect112 where electrons writing a feature at one location increase 
the exposure at a nearby feature, eventually causing pattern distortion and overexposure. 
The density of features becomes an important factor in determining the writing parameters 
in relation to proximity effects, and backscattering is usually minimised as much as possible 
by modification of the beam conditions or, in some cases, modifying the pattern geometry 
to compensate the broadening of the features (e.g. reducing the lateral size of a dense array 
of stripes113). Another electron transport phenomenon to be considered is the production of 
secondary electrons, low energy electrons (a few eV to a few tens of eV) generated by 
ionizations resulting from inelastic collisions of the primary incident electrons. Because of 
their energy, secondary electrons travel shorter distances in the sample (several 
nanometres) but may ultimately limit the resolution achievable with EBL. A final issue, 
related to the selected substrate geometry, treatments and material, is electrostatic 
charging114. Particularly when writing onto an insulating substrate, if there exists no pathway 
for the absorbed electrons to dissipate, charge will build up and defocus the electron beam. 
In such cases, a thin metal or conductive polymer layer is required above or below the resist. 
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Figure 2.1: From108: Electron beam broadening due to forward scattering in the resist at (a) 
3 keV and (b) 10 keV of incident energy. Shown is a predicted cross-section of resist 
exposure for two parallel lines.  

Exposure of the resist polymer causes in the film inelastic collisions of electrons with the 
polymeric chains, resulting in their ionisation (secondary electron generation), which is 
accompanied by physico-chemical changes in the resist as increased solubility in a solvent (in 
the case of positive resists). Just as with optical lithography, EBL can employ two classes of 
resist: positive tone resists undergo a conversion from low to high solubility upon exposure 
to electrons, the classic example is PMMA (poly-methyl methacrylate) which is characterised 
by a long chain polymer that is broken into smaller, more soluble fragments during the 
exposure to the electron beam. In a negative tone resist, in the opposite way, electrons 
convert the material to low solubility. The prime example here would be HSQ (Hydrogen 
silsesquioxane) which undergoes a cross-linking reaction to combine smaller polymeric 
chains into larger, less soluble ones.  

After exposure, the resist is typically immersed in a liquid developer to dissolve the fragments 
(positive tone) or non-cross-linked molecules (negative tone). Temperature and duration 
become important parameters here as the hotter/longer the development, the farther along 
the continuum of solubility the dissolution extends. For example, cold development of 
PMMA freezes out the development of all but the very smallest fragments, resulting in very 
high resolution as much of the scattered electrons cause insufficient exposure to reach this 
threshold.  

Exposure and development are interrelated as short exposure with long or aggressive 
development can be equivalent to heavier exposure with short development. As the required 
resolution increases, the kinetics of the dissolution process becomes quite important to the 
optimization of EBL, necessitating understanding of these factors at a detailed level. Often a 
mix of solvents (such as 1:3 methyl isobutyl ketone with isopropyl alcohol for PMMA) is used 
to tailor dissolution behaviour. An issue that arises if the resist is overdeveloped is the 
degradation of the resist-substrate bond and the capillarity forces that result as the solvent 
is removed. These lead to the mechanical failure of the resist structure resulting in pattern 
collapse, with adjacent linear features particularly vulnerable to this problem, especially for 
thick resists. Figure 2.2 shows examples of underexposed/underdeveloped structures 
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(Fig.2.2a, Fig.2.2b), pattern collapse (Fig.2.2e, Fig.2.2f) and optimized fabrication (Fig.2.2c, 
Fig.2.2d) in PMMA. 

 

Figure 2.2: PMMA grating structures in cross-section (top) and plan view (bottom) SEM 
images. (a,b) underexposed or underdeveloped structures; (c,d) optimized writing dose / 
development time; (e,f) collapsed patterns due to overexposure and/or 
overdevelopment115,116. 

2.1.2 Application of metallic back-etch masks 
Application areas such photonics, nanoelectronics, and bio-nano-electromechanical systems 
(bio-NEMS) require fabrication of large, macroscopic-scale arrays of nanoscale features, 
often involving fabrication of transparent nanostructured masters107. Dielectric materials 
appropriate for this purpose present a difficulty when employing EBL for their 
nanostructuring, as said, because unlike with conducting and semiconducting substrates, 
lead to charging phenomena and consequent deflection of electron trajectories. The 
solutions revolve largely around usage of conducting anti-charging layers117. An example 
where a metallic anti-charging layer is located underneath the resist is given in Fig.2.3. In this 
approach, usually referred to as Back-etch lithography, a UV transparent fused silica (FS) 
substrate is initially coated with a sputtered 30 nm Al film, followed by spin coating a 60 nm 
layer of PMMA resist on top of it. In this PMMA/Al/FS scheme, the Al layer works as a charge 
conduction layer during e-beam exposure, and subsequently works as a hard mask for 
pattern transfer into the FS substrate via glass etching, enabling high resolution on the 
insulating silica master.  
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Figure 2.3: From108: dielectric mask fabrication schemes. (a) The insulant substrate is 
coated with Al and PMMA; (b,c) patterns are generated by e-beam exposure in the PMMA; 
(c) the pattern is transferred to the Al layer using dry etch with PMMA acting as the etch 
mask; (d) final etching of the pattern into the glass substrate, with the Al layer acting as a 
hard mask before its removal from the fused silica surface. 

The metallic mask can be then removed from the substrate using suitable chemicals that 
affect only the coating film (e.g. Aqua regia for gold, PAN solution for aluminium). A negative 
side effect of this method is the edge roughness that occurs because of the granular nature 
of the film, formed during metal film deposition by sputtering. Although the grain size can 
be decreased by carefully selecting the conditions of deposition and the metal, the roughness 
in the released fused silica pattern caused by the metallic grains is a quite common challenge 
of this approach. Of course, the grain effect is absent when applying a layer of conducting 
polymer instead of a metal layer, in which case the multi-layer is spin coated with the 
polymer on top of the EBL resist (conductive coating/PMMA/FS scheme).  

EBL is thus a complex nanofabrication process, with many interrelated parameters that affect 
the quality of the resulting nanofabricated structures and the robustness of the process. So 
far, I presented the key-elements which led to some critical decisions that have been faced 
during the fabrication of the samples involved in the thesis, whose details will be discussed 
thoroughly in chapters 3 and 4. 

2.2 Large area nanofabrication by Laser Interference Lithography 

While we already defined in detail the advantages of a top-down nanofabrication method as 
EBL for the fabrication of features concerning our interests, it is worth mentioning a different 
top-down technique, which finds its strength in fabrication of large area samples. 

Laser interference lithography (LIL) is a method to produce periodic structures using two 
interfering, highly coherent light beams, with resulting structured areas reaching square 
centimetres118. Typically, light from a source is divided and recombined, forming a periodic 
intensity pattern that can be recorded by the exposure of a photosensitive substrate. Thomas 
Young first demonstrated the interference of light in 1801, his famous interference 
experiment gave strong support to the wave theory of light showing interference fringes 
created when a coherent light source (a flame) was shining through double slits. Nowadays, 
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lasers produce intense beams of monochromatic (single frequency) light, where all the waves 
across the beam are in phase. If we use a laser beam to illuminate two slits, which are narrow 
to ensure adequate diffraction, the diffracted beams from the two slits overlap causing the 
superposition of two light waves, which appears on the screen as alternate dark and bright 
bands, called interference fringes. The bright fringes are caused by constructive interference 
and the dark fringes by destructive interference. 

 

Figure 2.4: Interference of two coherent light waves and the resulting intensity profile in a 
photoresist layer. The intensity of light impinging on the photoresist is depicted as a 
sinusoidal curve along the surface. 

For lithographic applications, the most intuitive way to form a set of interference fringes is 
simply to split a beam into two, and then recombine the two beams. The intensity 
distribution of a superposition of two plane-waves will give a spatial structure that is non-
uniform, known as sinusoidal form (Figure 2.4). Under the assumption of symmetry of 
incidence angle, the periodicity of the fringe pattern of two interfering beams can be simply 
described with Eq. 2.1, where λ is the wavelength of the beams and θ is the half angle 
between the two incidence beams: 

 

[eq. 2.1] 

𝑝 =
𝜆

2 𝑠𝑖𝑛 𝜃 
 

Where 𝑝 corresponds to the periodicity of the obtained pattern, 𝜆 is the wavelength of the 
laser and 𝜃 the angle calculated between the incidence axis and the surface of the sample. 
This means that by rotating the stage where the sample is mounted (or shifting the incidence 
direction of the laser) one can finely tune the periodicity of the formed interference pattern 
and thus the duty cycle of the lithographic pattern. 

With this simple relation, periodic and highly ordered nanostructures can be fabricated on 
large area samples using a simplified configuration of a Mach-Zehnder Interferometer119. A 
UV laser is split in two arms which are recombined using a set of mirrors. Spatial filters in 
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each arm serve to expand the beams for dose uniformity over a large area and to remove 
the spatial frequency noise. Due to the long propagation distance and the lack of additional 
optics after the spatial filters, the beams interfering at the substrate can be accurately 
approximated as spherical. A set of sensors and a compensation system are used to correct 
the phase errors. The whole setup should be placed on an actively damped optical table in 
order to filter the vibrations. 

However, accurate positioning and precise alignment are required to produce a single grating 
structure with Mach-Zehnder Interferometer. When the grating periodicity has to be 
changed, a complete and time-consuming re-adjustment of the whole optical setup has to 
be pursued, which limits the flexibility of Mach-Zehnder Interferometer in many cases. 

In a recent paper published with my contribution120, we addressed fabrication issues applying 
an alternative variant of LIL which enables the production of plasmonic structures 
periodically arranged over large area (cm2 scale) on low cost, transparent and flexible 
substrates (e.g., soda-lime glasses or polymer films like AryliteTM). The implied setup is a 
rather simpler alternative to the Mach-Zehnder Interferometer since it uses a single mirror 
to recombine the laser emission directly in front of the sample surface. More details about 
the setup components can be found in the dedicated section of Chapter 3. 

Among all possible geometries, in this work we explored the fabrication of 1D-periodic 
gratings. The pattern fabricated in this configuration can be applied as a mask for the 
evaporation of metallic nanostripes but can also work as anisotropic transparent electrodes 
when contacts are placed at the edge of the sample in the longitudinal direction of the wires. 
In particular, we have fabricated structures directly on glass or polymer substrates, typical 
transparent window layers employed in photovoltaic or bio-sensing applications. We also 
demonstrated that the LIL nanofabrication process can be extended in the third dimension 
to produce dimeric plasmonic structures consisting of vertically stacked (Au/SiO2/Au) 
nanostripes separated by nm-scale dielectric gap (see Fig. 2.5). Thanks to the homogeneity 
and stability of the resulting LIL structures, the three material layers can be evaporated 
subsequently without removal of the mask, undergoing mounting in different deposition 
chambers, and being exposed to a non-controlled atmosphere. 
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Figure 2.5: From120: (a) sequential steps of the nano-dimer formation process; (b) SEM 
image acquired through backscattered electrons channel demonstrating the lateral 
thickness and periodicity of the structures; (c) SEM micrograph on the cross-section of the 
Au/SiO2/Au sample. 

Thanks to the highly periodic lateral arrangement of the plasmonic nanostripes obtained 
with LIL fabrication, it is possible to engineer coherent light scattering from the array into 
sharp optical modes related with the pattern periodicity, leading to strong amplification of 
the local electromagnetic field121 and qualifying the transparent electrodes also as 
multifunctional templates featuring enhanced photon harvesting in the NIR spectral range 
with possible applications ranging from nanospectroscopy and biosensing to photovoltaics. 

Another application of LIL-fabricated samples studied during the period of my PhD is the 
functionalization of transparent substrates for nanofluidics and, more precisely, RI sensing 
performed exciting Plasmonic Lattice modes. More details about this matter will be given in 
Chapter 6, where this work with LIL and a new application of EBL on membranes are 
presented. 

2.3 Self-organised nanofabrication  

As mentioned above, top-down fabrication approaches have the advantage of locally and 
precisely modifying the surface of a sample, achieving high resolution and control on the 
morphology of nanostructures whose typical size could be reduced until the range of 
nanometers. On the other side, anyway, top-down methods present limitations due to the 
high cost of the processes and to the long time required to pattern large areas. Alternatively, 
bottom-up techniques induce the formation of nanopatterns over large areas by exploiting 
the physical and/or chemical properties of atoms and molecules on the surface. In this way 
large area patterns can be obtained in a cost-effective way, with a strong advantage in terms 
of scalability of these templates to real-world applications.  
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However, a crucial aspect of the “bottom-up” method is the control of the size, shape, and 
order of the nanopatterns tailoring the chemical and/or physical variables that drive the 
pattern formation. In this context particularly relevant are the physical nanopatterning 
approaches based on the self-organisation. Indeed, by exploiting the physical properties and 
the interactions of the atoms at the surface, a strong control of the local morphology can be 
achieved over uniform large-area templates. In this way ordered arrays of nanostructuctures 
can be fabricated going beyond the conventional bottom-up random nanoparticles 
ensemble, typically achieved by conventional chemical approaches. In this section a brief 
overview of the self-organised nanopatterning approaches studied during the thesis is 
provided.   

2.3.1 Ion beam sputtering  
Among the range of self-organised physical approaches, the use of defocused ion beam 
sputtering (IBS) has gained a growing attention due to the ease of implementation, the 
flexibility and the scalability over macroscopic substrate areas employing standard industrial 
equipment. A wide range of planar substrates, after irradiation with noble gas ions at energy 
from few hundreds of eV to several tens of keV develop ordered nanoscale patterns over 
large surface areas. When the ion fluence exceeds 1016-1017 ions/cm2, a rich variety of 
nanostructures can be observed depending on the material and the sputtering conditions, in 
particular on the incidence angle of the ions122. 

IBS with a defocused, low energy ion beam provides a very useful tool for synthesising 
nanoscale periodic structures. Depending on sputtering conditions, different morphologies 
such as ripples or dots are induced by the self-organisation process. The model proposed by 
Bradley and Harper in 1988 explains, starting from Singmund’s theory of sputtering, the 
evolution of ripple pattern on amorphous surfaces under ion beam irradiation. The starting 
idea is that the sputtering rate of material in a point is proportional to the power dissipated 
there by the incoming ions. They transfer their kinetic energy to the atoms of a thin surface 
layer generating secondary collisions. A small fraction of the atoms is sputtered away while 
adatoms and vacancies are formed in a surface layer which is amorphized. The erosion 
velocity in a generic point depends on the energy released locally which is higher for valleys 
(local positive curvature) than for through (local negative curvature). On the other side 
thermal and/or ion induced diffusion of the mobile species (i.e. adatoms, vacancies) reduce 
the interface width. The evolution of an ordered ripples profile is hence due to the interplay 
between the ion induced roughening and the relaxation mechanism on the surface. 

In a work from A. Toma et al.123, is reported the development of an application of this rippling 
phenomenon for the physical synthesis of laterally ordered self-organised arrays of metallic 
nanowires, supported on nanostructured dielectric templates (Fig.2.6). The method, based 
on a combination of nanoscale patterning of the glass substrate by ion beam sputtering with 
shadow deposition of the metal nanoparticles, provides a viable alternative to time 
consuming serial nanopatterning approaches. Far-field optical characterization 
demonstrates that the nanowire arrays exhibit tunable anisotropic properties in the visible 
range due to the excitation of localised plasmon resonances. 
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Figure 2.6: Adapted from123. (a) AFM morphology of the nanostructured glass substrate 
after Ag deposition (scale bar 600 nm). The inset shows a 3.5x zoom of the NW array. (d) 
Experimental geometry adopted for the shadow deposition of the Ag NWs: the nucleation 
takes place preferentially near the top of the illuminated regions.36 

2.3.2 Self-assembled growth of plasmonic features 
In the case of very thin or organic substrates, such as polymeric thin films or membranes, ion 
beam sputtering is precluded by the intrinsic mechanical stability of the material. To 
fabricate equivalent self-organised structures on such substrates is therefore necessary to 
take on a non-damaging approach, as can be the idea of exploiting self-shadowing of the 
growing film (in the sub-monolayer state) to create structures, instead of the geometrical 
shadowing related to topographical features discussed in the previous paragraph. 

The technique of glancing angle deposition (GLAD) allows the production of highly porous 
thin films which may enable applications in the production of catalytic surfaces, microsensor 
elements, micro sieves, low dielectric materials, and optical circuitry components124. The 
design and engineering of GLAD films for specific applications will require a thorough 
understanding of the dependence of the film morphologies on the details of the deposition 
process, including the deposition rate, the angular distribution of the incident vapour flux, 
the film and substrate temperature, the energetics of the surface-substrate interface, and 
the partial pressure of residual gases in the deposition chamber. 

Essential features of GLAD film morphology may be explained by the two competing 
mechanisms of self-shadowing and temperature-dependent surface diffusion125. 

In a key study performed at Toyota in 1989, a number of metal oxide films were deposited 
over the range 0° ≤ 𝜃 ≤ 80°, where the angle 𝜃 is the angle subtended by the incoming flux 
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and the outward substrate normal. If the angle remains highly oblique (𝜃 ≥ 80°) during 
deposition of a film, significant porosity may be achieved. 

During the growth of obliquely deposited films, the highest features of the film will 
geometrically shadow other surfaces from direct impingement by the incoming vapour flux. 
Surfaces which have been shadowed in this manner may subsequently grow only by some 
mechanism other than direct impingement, for example, by indirect impingement by vapour 
atoms which have been previously scattered, reflected, or desorbed, or by surface diffusion 
of adatoms from a non-shadowed surface. The self-shadowing mechanism leads to voiding 
within the film and, under conditions of collimated vapour flux, elongated columnar 
structure. Self-shadowing and diffusion length become the predominant mechanism in 
determining morphology at high incident angles. 

Most theoretical and practical studies on GLAD and, indeed, on obliquely deposited films, in 
general, have been concerned with deposition on initially smooth substrates. In this case, 
film nucleation takes place at random locations on the substrate, and the resulting film 
structure becomes one of randomly distributed columns. Strong growth competition among 
the unevenly sized columns leads to column broadening and extinction, as well as to 
variations in the film porosity125,126. However, for many GLAD applications, a periodic 
distribution of the columns is required, and even in applications that strictly do not need 
periodic orientation of the columns, the inter-column competition and randomization of 
column diameters remain undesirable growth effects. To introduce regularity and periodicity 
into GLAD films, substrates must be prepared with a topography that stimulates nucleation 
at specific sites. Invariably, this involves the fabrication of arrays of small bumps—or 
“seeds”—on the substrate prior to the GLAD process. 

 

Figure 2.7: From127, (a) When GLAD is performed on a smooth substrate, the initial flux 
nucleates randomly on the substrate, resulting in a film with randomly distributed 
structures; (b) when GLAD is performed on a substrate with a seed layer, the seeds and 
their shadows enforce periodic nucleation, and yield a periodic film structure. 

The principle of periodic GLAD thin films is to replace random nucleation on a smooth surface 
with enforced nucleation on a layer of seeds, where the raised height of each seed 
precipitates nucleation of the obliquely incident flux (see Fig.2.7). When GLAD is performed 
on a smooth substrate (Fig.2.7a), the initial flux nucleates randomly on the substrate, 
resulting in a film with randomly distributed columns. However, when GLAD is performed on 
a substrate with a seed layer (Fig.2.7b), the seeds and their shadows enforce periodic 
nucleation, and yield a periodic columnar film structure. The size and shape of the seeds are, 
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thus, critical, whereas the composition is of little importance and independent of the GLAD 
film material being deposited. The ideal periodic GLAD film consists of one column growing 
off each seed, with no film growth occurring between seeds, and to achieve this the seed 
patterns must be designed to match the intended film structure while taking into account 
the growth effects inherent in the GLAD process. Since GLAD is performed on low-
temperature substrates, the impact of thermal effects on adatom transport and column 
growth is negligible, and only geometrical effects have to be considered. 

In chapter 5 a similar process will be discussed, where the glancing angle deposition of gold 
𝜃 = 80° without periodic seeds was performed to create randomly disconnected sub-
monolayer films. Such structures are capable of sustaining plasmonic excitations and 
therefore performing local concentration of EM field on top of surfaces that could not be 
nanofabricated by ion beam sputtering modification. 

The peculiar optical properties of metasurfaces described within the present chapter, and 
their application in combination with optical spectroscopies, will be crucial for the core 
activity of my thesis focused on the development of novel functional sensors with impact in 
photonics, biosensing and environmental detection. To reach this final goal an intense work 
of nanofabrication has been performed exploiting and optimising both the high-resolution 
top-down techniques (EBL) and the latter large scale, self-organised approaches. 
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Chapter 3 – Nanofabrication methods 

In this chapter are collected technical information regarding the fabrication setups implied 
in the thesis. Since a remarkable effort has been dedicated during my doctorate to the 
development of new processes and the design of custom setups, this separated section – 
focused on quantitative and specific information – is a supplement to the following chapters, 
where more emphasis is dedicated to the discussion of ideas and results.  

3.1 Vacuum chamber for thin film deposition 

The ultra-high vacuum (UHV) chamber implied for the deposition of metallic/dielectric films 
during the thesis is a custom chamber built and equipped with several tools for sample 
preparation, and a manipulator which permits three dimensional shifts in x-y-z and rotation 
movement around the z-axis in order to face the sample towards the various instruments 
and also sample annealing up to 500°C using resistive sample heaters embedded in the 
copper sample holder. As shown in Fig.3.1, in the bottom part of the chamber are located 
two custom built evaporation crucibles for thermal sublimation of metals (physical vapour 
deposition), while in the top part of the vacuum vessel a quartz crystal microbalance allows 
to monitor the evaporation flux. The chamber also houses a high flux ion gun based on a 
microwave ECR plasma source (by Tectra®) for defocused Argon ion beam sputtering and 
nanopatterning applications. The vacuum in the chamber is obtained combining a 
preliminary low vacuum stage (reaching pressures of about 10-2 mbar) based on a dual stage 
rotary pump (Leybold Trivac B), with the high vacuum stage based on a 360 l/s turbo 
molecular pump (Leybold TURBOVAC360) with nominal vacuum limit in the order of 10-10 

mbar. Chamber vacuum is monitored with a Pirani sensor in the low vacuum range and an 
ion gauge measuring high vacuum between 10-3 and 10-10 mbar. During metallic film 
deposition experiments, the typical operation conditions imply base pressure of about 10-7 

mbar. For ion beam sputtering, starting from an analogous base pressure, Argon gas is 
introduced in the chamber by means of a fine leak valve, reaching the operating pressure of 
4 in 10-4 mbar necessary for the ignition of the plasma of Ar+ ions. 
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Figure 3.1: Components of the sample preparation UHV chamber. (a) Front-view image of 
the open chamber, with labels indicating the manipulator entrance, ion gun, microbalance, 
optical fiber and evaporator; (b) lateral-view picture of the closed chamber, with label 
indicating the sample manipulator and a clear view of the optical fiber connection to the 
chamber. 

A fundamental component for monitoring in real-time the experiments reported in the thesis 
is the in-situ optical characterization module (labelled in Fig.3.1b). A pair of optical fibers, 
coupled to a solid-state spectrometer (Ocean Optics® HR 4000) and a broadband Deuterium-
Halogen light source (DH-2000-BAL Ocean Optics) are connected to the vacuum chamber via 
collimating lenses which form a collimated beam (diameter 4mm) in coaxial configuration 
for transmission measurements. The optical beam enters the vacuum chamber through two 
CF40 ConFlat viewports located at an angle of 45° and crosses the centre of the spherical 
chamber along one of the diameters protected by magnetic shutters (Fig.3.2a). Thanks to the 
four degrees-of-freedom of the sample manipulator it is possible to align the sample holder 
plate orthogonally with respect to the optical beam, so that the optical beam is centred 
coaxially with a 5mm hole which traverses completely the holder allowing safe mounting of 
a sample for optical measurements in transmission configuration, as reported in Fig.3.2b and 
Fig.3.2c. This feature enables monitoring in-situ and in real-time the optical properties of the 
nanostructures during the modification of samples, allowing a fine tuning of the desired 
optical properties.  
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Figure 3.2: In-situ optical characterization module of the UHV chamber. (a) sketch of the 
geometrical position for the manipulator allowing transmission of light through mounted 
samples; (b) picture of the manipulator rotating plate, with a sample mounted on the 
transmission hole, and (c) detail of a membrane chip mounted on the hole. 

3.2 Laser Interference Lithography (LIL) 

The Laser Interference Lithography nanofabrication process presented in chapter 2.2 has 
been developed in the laboratory as a custom-built prototype. The setup has been conceived 
as a compact and low cost version of a Mach-Zehnder Interferometer in Lloyd configuration 
(see Fig.3.3a) with the sample application of a perpendicular mirror recombining the light 
with periodic interference phenomena directly onto the sample surface (Fig.3.3b,c), creating 
a highly-homogeneous pattern (Fig3.3d). 

 

Figure 3.3: Sketch of LIL setup used for large area nanopatterning of polymeric thin films 
(thin green slab) spin coated on the sample (glass or polymer). (b)–(d) are the consecutive 
steps to be taken to complete the patterning process: firstly, a thin photoresist film is spun 
on the substrate coupled to a neutral density filter through matching fluid (b), afterwards 
interference fringes are recorded into the resist layer (c) and thanks to wet development 
of the resist layer a final rippled morphology is obtained (d). 
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Au nanostripe arrays were fabricated on top of large area (cm2 scale) low-cost glass slides 
with this setup, as schematically shown in Figure 3.4. In particular, a soda lime glass substrate 
was first cleaned with a series of ultrasonic baths of acetone and isopropyl alcohol (Fig.3.4a). 
A positive tone photoresist film (AZ 701 MIR) diluted in the AZ-EBR solvent (ratio 2:1) was 
then spin coated on top of the substrate at a speed of about 2 krpm for a time interval of 60 
s (Fig.3.4b), followed by a soft baking at 100 °C prolonged for 300 s. The so-formed thin 
polymeric layer was then exposed to the ultraviolet (UV) radiation by using a Lloyd’s mirror 
interference setup aligned to a diode-laser source (wavelength (λ) of 406 nm coupled to a 
spatial filter. Exposure of the photoresist takes place with an impinging energy density rate 
of 0.77 mJ × cm−2 s−1 prolonged for 20 s (i.e., total dose incident on the substrate of 15.4 mJ 
cm−2), followed by a post baking of the sample (100 °C) and resist development (AZ 726 MIF 
developer for 5 s) (Fig.3.4c). After blowing the sample with a dry nitrogen flux to dry the 
surface, AFM microscopy reveals the formation of periodic interference fringes which are 
homogeneously distributed on the sample over a large cm2 area (Fig.3.4d). 

In order to avoid the formation of a vertical standing wave pattern in the resist layer, because 
of interference between incident and reflected light from the substrate, we developed an 
optimized LIL nanofabrication exploiting (i) the photoresist layer thickness reduced below 
λ/2 (∼180 nm) and (ii) a neutral density filter (NDF in Fig.3.4c; optical density = 4), capable 
of absorbing the incident light while coupled to the back interface of the substrate by means 
of a matching fluid (Cargille, OHGL nD). 

 

Figure 3.4: schematic process for LIL-based fabrication of gold nanostripe arrays. (a) 
cleaning of the surface in solvents; (b) spin coating of the photoresist polymer film; (c) 
exposure of the film to the light interference fringes generated with the application of an 
orthogonal mirror; (d) development of the exposed areas in a specific solvent; (e) 
evaporation of gold in the UHV chamber; (f) gold nanostripes resulting after the polymer 
mask lift-off. 

3.3 Electron Beam Lithography (EBL) 

Electron beam lithography (EBL) is currently considered the gold standard among the 
different nanofabrication methods, as described in chapter 2. Recently, shortly before the 
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beginning of my PhD thesis, the laboratory which hosted me upgraded an existing scanning 
Electron Microscope (Hitachi SU3500) by adding an EBL nanolithography module, consisting 
of a so-called pattern generator (Elphy Quantum from Raith®) and a beam blanker (Deben 
PCD beam blanker). The nanolithography software allows to design the pattern to be 
exposed on the resist layer, defining the electron dose delivered to each pixel, and 
controlling the fast-actuating electromagnetic beam-blanker needed for blanking off the 
beam.   

The addition of the new instrument to the fabrication facilities of the research group 
required a considerable investment in manpower for the development of new recipes and 
methods in the design of complex geometries. I therefore had the chance and responsibility 
of developing such new EBL nanolithography processes on the free-standing Si3N4 
membranes which are the subject of my research work. 

Just before the beginning of my activity, the EBL setup and the nanofabrication process have 
been preliminarily tested on reference silicon substrates, obtaining some test results aiming 
at assessing the functionality of the instrument (at that time features with a lateral resolution 
below 200 nm were obtained), but the technique had not yet been implemented at its 
resolution limits. The possibility to perform the EBL nanofabrication process on the 
freestanding Si3N4 membranes, on one side, represents a challenge since the standard 
recipes developed for bulk silicon substrates had to be updated and modified; on the other 
side performing the EBL process on the ultrathin membranes guarantees a reduced electron 
background from backscattered and secondary electrons, potentially ensuring an increase in 
spatial resolution. The electron beam lithography for membrane patterning has been 
optimised for the PMMA resist employed in previous preliminary tests (E-Beam Resist AR-P 
679 by AllResist®), spin coated at a speed of 4k rpm for 1 minute and then heated on a hot 
plate at 150°C for 3 minutes, with resulting thickness of 160 nm. Different geometries and 
conditions were explored to find the optimal recipe for the specific system and to optimize 
the spatial resolution. Figure 3.5a shows several geometries which are reproducibly obtained 
with the EBL technique, including dots, square features and lines of different lateral 
thickness.  

As reported in figures 3.5b,c, the features which we have obtained on the free-standing 
membrane are characterised by a spatial resolution improved by about 20%  with respect to 
previous silicon-based experiments, with minimum typical size of 170 nm. Improvement in 
size-control was indeed expected due to the reduction of electron back-scattering from the 
membrane: reduction of proximity effects that usually play an important role in defining the 
minimum lateral size permits the use of high energy beams (30kV) which are characterised 
by a sharper resolution. Further optimization of the EBL process is expected to deliver an 
even higher resolution, at levels which are not essential for the goals of my thesis. 
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Figure 3.5: SEM images of geometries reproduced on the free-standing membrane via 
electron beam lithography. (a) circles, dots, squares and lines fabricated with high energy 
electron beam (acceleration voltage 30kV); (b, c) high resolution features demonstrate  
minimum lateral width of 170 nm.  

3.3.1 Development of a fabrication process for perforated membranes 
After optimization of the patterning by EBL of a holey mask on a PMMA film (supported by 
the Si3N4 membrane), one must proceed to a further nanofabrication step in order to 
perforate the membranes. The erosion of the membrane, necessary for the fabrication of 
nano-hole arrays, is performed via Reactive Ion Etching (RIE) using a chemical active gas (SF6) 
which interacts strongly with silicon nitride (circa 140 nm/min of erosion rate at 300W) and 
weakly with metals (negligible erosion for evaporated gold). 

Erosion of holes in the ultra-thin membrane can be then performed fabricating a protective 
metallic hard mask to shield the membrane during the etching process, with an approach 
similar to the one presented as a solution for charging issues in chapter 2 (back-etch mask). 
With this aim, a thin gold film has been deposited on the membrane via physical vapour 
deposition at normal angle (40 nm of gold on titanium layer to promote adhesion). PMMA 
resist has been spin coated above the metal, using the same recipe adopted on the bare 
membrane, and then exposed to the electron beam lithography with no evident loss in 
resolution related to the presence of the thin metallic layer. Proximity effects arising from 
the scattering of electrons in the metallic film are most likely negligible in the geometry 
conditions of the experiment, where a 10 nm error in the diameter of holes (ranging from 
400nm to 700nm) wouldn’t be noted. 
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Figure 3.6: SEM images of the pattern before and after wet etching of the gold film above 
the membrane. (a) bright signal of the gold film emerges from the patterned polymer 
resist; (b) without polymer, bright signal of the patterned gold film is in contrast with the 
low-signal free-standing membrane. 

After development of the impressed polymer, with specific developer (Developer X AR 600-
55/1 by AllResist®) and applying propanol as a stopper (40 seconds developing + 15 seconds 
stopping), chemical wet etching has been performed through the EBL geometrical features 
transferring the geometry to the gold film (Figure 3.6a,b). For that purpose, a commercial 
solution of iodine and potassium iodide (7% / 5% in water) has been applied to the sample, 
diluted in proportion 2:1 with de-ionized water, chemically removing the exposed metal in 
about 3 to 5 seconds before being washed away in the propanol bath. With such a high 
erosion rate, the time-control is critical, and the precision of the etched area is challenging 
to calibrate: comparing the two panels of figure 3.6, it can be easily seen how the erosion 
process broadens the pattern, with the risk of connection between holes. A further 
optimization has been achieved applying the same recipe in a cold bath (iodine solution kept 
at 4°C with ice surrounding the vessel) decreasing the erosion rate and enabling experiments 
lasting about 10 seconds, drastically improving the control as demonstrated by Fig.3.7. 

 

Figure 3.7: Cold wet-etch process of gold and related erosion control improvement. (a) SEM 
image of a wet-etch step performed at 21°C, with the eroded area (dark large circles) 
extending below the patterned hole in the polymer (small inner circles); (b) wet-etch step 
performed at 4°C, without broadening of the holes geometry (scale bars 5 µm). 
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Reactive ion etching is then easily guided by the metal mask, completely eroding vertically 
the silicon nitride thin membrane in about two minutes and leaving the mask thickness 
unchanged. The applied recipe is based on a single step of erosion performed at low power, 
2:15 min at 50W (ICP) with a gas mixture of SF6 (70 sccm) and O2 (20 sccm). In figure 3.8a,b 
is reported the result of such a process applied to a test pattern where periodically spaced 
holes of diameter below 800 nm have been reproduced in a 100 nm-thick membrane every 
2,5 μm. The recipe applied to this sample can be modified in terms of size and spacing of the 
holes inside the array, simply changing the geometry of the EBL pattern impressed in the 
resist layer, granting the capability to fabricate different designs and tune in that way the 
conduction properties of the membrane.  

 

Figure 3.8: SEM images of nano-holes fabricated in the free-standing membrane via RIE. 
(a) periodic, ordered array of nano-holes in the membrane, high contrast is granted by the 
gold film still present on the membrane; (b) high-resolution image of the nano-holes, 
obtained diameter around 800 nm. Smaller low-signal dots are related to granular features 
of the gold film. 
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Chapter 4 – Nanofabricated free-standing membranes as 
concentrators of airborne particulate matter 

As explained at the end of chapter 1, one of the advantages of adopting TEM membranes as 
substrates for nanometric-particle analysis is the membrane's high transparency to 
electrons, which enables high resolution lithography and low-background electronic 
spectroscopies. To better understand the potential application of this feature, here I describe 
the fabrication of free-standing perforated membranes optimised for concentrating and 
capturing nanoscale particulate matter in air suspension. In the first part of the chapter, I 
quantitatively assess the limits of detection of elemental EDX applied to submicrometric 
scale test nanostructures, fabricated by electron beam lithography on the membrane chip, 
demonstrating the advantages of choosing free-standing membranes as substrates for 
particle collection. In the second part of the chapter, a prototype setup for the collection of 
airborne particles is presented. In the last two parts of the chapter, generation and collection 
of micro- and nano-particulate is discussed.  

4.1 Optimized perforated membranes 

Nanodisc arrays of gold, with controlled sub-micrometric diameter, have been fabricated by 
EBL on top of 200 nm and 30 nm thick free-standing Si3N4 membranes, and on reference 
Si3N4 membranes supported on a Si frame, in order to study the EDX detection limits and 
signal-to-noise (S/N) level compared to bulk substrates, and also the effect of membrane 
thickness on the quality of the signal. The nanofabrication has been performed via Electron 
Beam Lithography on a single layer PMMA resist film, applied as a mask on the Si3N4 
membrane. Following electron irradiation and development of the pattern, as described in 
more detail in Chapter 3, gold deposition is obtained via PVD and then removed in acetone. 
As shown in Figure 4.1, one corner of the free-standing window is selected as geometrical 
reference and multiple nanodisc arrays are written both on the membrane and on the silicon 
frame to statistically ensure the presence of at least one disc for every diameter of the 
sequence. In the selected design, nanodisc diameter varies from 200 nm to 2 µm but the 
interest of the observation is mainly dedicated to nanoparticles of typical size in the range 
200 – 600 nm, roughly corresponding to the size of sub-micrometric particles that will be the 
object of the following study. 
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Figure 4.1: Fabrication of gold structures on a TEM membrane chip. (a) sketch of the chip 
geometry, in cross-section and top view; (b) EBL fabrication process, including pattern 
writing (1), resist development (2), gold layer PVD through the polymeric mask (3) and lift-
off (4); (c) low magnification SEM image of the chip and (d) detail of the gold structures 
fabricated both on free-standing window (black area, bottom) and silicon frame (grey area, 
top). 

The application perspective, as explained previously, regards the investigation of airborne 
particles and the idea of co-localization of different techniques to identify particle 
components and determine their nature. With this goal in mind, we study the advantages of 
working with free-standing membranes in terms of improved resolution and signal of 
spectral mapping measurements, adopting sub-micrometric particles as reference targets. 
Taking advantage of the Energy Dispersive X-Ray Spectroscopy module (EDX Thermo Fisher 
Scientific, NORAN SYSTEM 7) integrated with the laboratory’s electron microscope, we can 
directly acquire the spectral response of the fabricated structures to the illumination with a 
high current electron beam.  

For each measure the beam is scanned across a single object, acquiring the signal arising 
from a fixed square area, thus simulating the acquisition of a spectral map with a single 
particle in the field of view. The results of this observation are shown in Figure 4.2, which 
demonstrates the capability to detect a substantial amount of information. In the first panel 
(Fig.4.2a) two SEM reference images display the EDX acquisition from square areas, repeated 
in sequence over the sub-micrometric gold discs. The investigated structures are defined by 
scaling the nanodisc diameter from 600nm to 200 nm (from left to right) and are located 
both on the thick silicon frame (top, labelled as “frame”) and free-standing membrane 
(bottom, labelled as “free”). This peculiar configuration allows at first glance a comparison 
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between the signal extracted illuminating a structure on the frame and one supported by the 
membrane (see Fig. 4.2b). The background signal observed on the frame, produced in the 
underlying material, is significantly higher (grey spectrum, hundreds of counts between 0,5 
and 1,5 keV) and negatively affects the detection of low signal peaks as the one of aluminium 
(weak signal arising from the mounting support of the chip). In an opposite manner, in the 
case of the free-standing disc a very low background signal is detected (red spectrum, tens 
of counts between 0,5 and 1,5 keV) thanks to the complete absence of underlying material, 
thus strongly increasing the detection sensitivity to low intensity signal. 

This effect is better defined through the observation of how the EDX signal scales with the 
diameter of the discs, reported in Figure 4.2c. In the graph, the absolute signal of the primary 
gold EDX peak (located at 2.4keV) is shown for different sample configurations: discs 
fabricated on a 200 nm-thick membrane corresponds to red square symbol, filled in the 
“frame” case and empty in the “free” case. Similarly, the structures fabricated on a 30 nm-
thick membrane correspond to blue triangles and are divided in filled and empty symbols for 
the “frame” and “free” cases. As expected, the signal decreases for smaller objects 
approaching zero for 200 nm discs located on the silicon frame and increases for larger 
objects with higher signal detected in free-standing conditions thanks to the low background 
effect. The fact that the thicker membrane displays an overall slightly higher signal is 
motivated by the increased amount of scattering events happening in the material below the 
gold disc. Indeed, as discussed in more detail in the paragraph, passing through the 
membrane, electron trajectories are deflected by interaction with the substrate atoms and 
may be scattered back to the gold layer, increasing the number of photons generated in the 
metallic disc. As discussed in chapter 2 this phenomenon is playing a similar role also in the 
context of EBL resolution limits, which are defined by the implied material atomic number 
and by its thickness. 

It is important to highlight that the method of EDX acquisition which has been chosen, 
integrated signal over selected micrometer scale areas larger than the nanodisc itself does 
not correspond to the maximum signal that can be extracted from the sample. The EDX 
spectrometer, in fact, can also be configured to focus the electron beam on a single pixel 
position for an extended span of time (“point and shoot” mode), acquiring all the photons 
emitted from a single illuminated spot. In this case a higher EDX signal is granted with respect 
to the measure of an integrated area because the electron beam is continuously stimulating 
the X Ray emission from the target atoms of the nanostructure. Our choice is based on the 
fact that, also neglecting the difficulties related to drift in sample position for stable 
investigation of sub-micrometric objects, to perform the “point and shoot” analysis one must 
know in advance the position of a specific particle of interest, which is not granted in the 
case of an experiment aiming at sampling of randomly deposited particulate matter. This 
means that the Limit of Detection (LoD) deduced by the scaling intensities of Fig.4.2c is 
substantially larger than the LoD derived from a point-and-shoot measurement. This 
statement can be easily demonstrated by comparing the signal obtained with the beam 
scanning a square area (as before) and the signal extracted illuminating a circular area 
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roughly corresponding to the area of the nanodisc, as can be seen in Figure 4.2d. A single 
200 nm particle located on the free-standing membrane is there illuminated for the same 
time in the two modalities, first with a square scanning area of lateral size about 3µm (green 
curve) and then right on top of the object (blue curve). In this mode, the gold peak signal is 
drastically increased by more than an order of magnitude thanks to the continuous 
interaction of the beam with the Au structure. However, also the overall background signal 
is more than doubled due to the increased electron scattering and X-Ray generation from 
the high Z-number Au structures.  

The spectroscopic EDX signal obtained with the square scanning spectral map corresponds 
in other terms to a good compromise between, on the one hand, high signal level from the 
nano object and low background level, and, on the other hand, reduced requirements for 
positioning accuracy and for drift control (compared to point and shoot spectroscopy). 
Thanks to the presence of the electron-transparent membrane in most of the illuminated 
surface, even the very low X-ray signal generated by a small nano object in the 100 nm range 
can be thus detected. In light of these considerations, I thus re-analyze the signal from the 
nanodiscs no more in terms of the absolute counts of the peaks, but as the ratio between 
the peak counts l and the baseline statistical noise (defined as the square-root of the baseline 
counts). The Signal to Noise Ratio (S/N) thus expresses in a straightforward way the detection 
capability of the system. 

The symbols displayed in Fig.4.2e follow the same labelling adopted in the graph of Fig.4.2c, 
with different membrane thickness and different supporting conditions represented by 
colours and shape. Here, the thin-30nm-membrane displays the overall higher S/N values 
thanks to the extremely low background in comparison not just to the silicon frame 
measurements but also to the free-standing 200nm-thick membrane, especially at the 
smaller diameters. This last observation is the core message of the plot in Fig.4.2f, where the 
two free-standing membranes (200 and 30 nm) are compared focusing the attention on the 
S/N gain arising respect to the silicon frame condition, as a function of the scaling Au 
nanodisc diameter. The plot highlights in a clear way how critical the choice of a thin, free-
standing membrane is when EDX analyses are done on small particles in the 100 nm range 
or below. 
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Figure 4.2: Influence of membrane geometry on EDX sensitivity. (a) Structures fabricated 
on silicon frame (top) and free-standing membrane (bottom), with disc diameter scaling 
600-200nm from left to right; (b) comparison of EDX spectra of identical gold discs (d=600 
nm) measured on silicon frame (grey) and free-standing membrane (red); (c) gold signal 
scaling with nanodisc diameter in different configurations, varying membrane thickness 
and position of the structures; (d) comparison of EDX spectra of the same structure 
acquired integrating a larger square area (green) and a circular area inside the disc (blue); 
(e) gold signal to noise ratio (S/N) of the measurements displayed in panel (c); (f) S/N gain, 
calculated as the S/N ratio of  structures free-standing and those located on the frame. 

The application of membrane chips in concentrated collection experiments, anyway, 
requires functionalization of the central free-standing window with arrays of pores to ensure 
the flux of airborne particles directly through the membrane. Such fabrication requirements 
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bring its own physical limits, related in first place to the mechanical stability necessary to 
withstand high pressures during air sampling. Referring to the commercial Si3N4 membranes 
available on the market, perforated free-standing membranes are only found with thickness 
of 200 nm or larger due to mechanical stability issues. Though in terms of X-ray background 
the optimal choice would be to fabricate a perforated 30 nm membrane, we opted for a 
compromise between mechanical stability and reduced fluorescence background and focus 
our attention on 100nm-thick membranes. 

To understand the improvement in EDX signal obtained fabricating membranes with 
thickness 100 nm instead of 200 nm, we rely on quantum Monte Carlo (QMC) simulations 
(Casino software package) to investigate the interaction between electrons and a realistic 
sample during EDX analysis, in the hypothesis of Si3N4 membranes of increasing thickness 30 
nm, 100 nm and 200 nm. The QMC package allows us to estimate the influence of membrane 
thickness on the electron-sample interaction and the consequent X-ray photon emission. In 
Fig.4.3a is reported a simulation of the electron trajectories in a multi-layered system 
approximately equivalent to the nanodisc array sample. Here the electrons interact with an 
80 nm-thick flat film of gold (same thickness as the nanodiscs but simplified as an extended 
film) supported by 100 nm of silicon nitride and by a 10 µm thick silicon frame. Red lines 
represent the path of Back-Scattered Electrons (BSE), which undergo enough scattering 
deflections to emerge from the sample surface, while blue lines represent trajectories of 
electrons which dissipate all their energy in scattering events, generating energy relaxation 
phenomena as secondary electrons and the X-Ray photons detected in EDX. As evident in 
the lower part of panel 4.3a, a relevant number of collisions takes place in the silicon layer, 
which explains the higher fluorescence background observed for bulk samples and when the 
Si3N4 membrane is supported on the Si frame. For the same reason a strong suppression of 
background fluorescence is expected when working with free-standing samples, since no 
material is located below the silicon nitride membrane and therefore the number of 
scattering events is drastically reduced. Similar QMC simulations have been performed for 
all membrane thicknesses and the results are summarised in Fig.4.3b: a schematic report of 
the EDX intensities calculated for gold, silicon and nitrogen displays how the signal arising 
from the three elements is affected by the thickness of the membrane (horizontal axis) in 
frame and free configuration (filled or empty symbols). The simulated data confirm a 
significant decrease of signal generated in silicon and nitrogen for 100 nm-thick membranes 
in the free-standing configuration, while the signal of gold remains stable meaning that the 
S/N detection capability of the system is already improved decreasing the silicon nitride 
thickness from 200 nm to 100 nm.  
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Figure 4.3: Simulated interaction (Casino simulation128) of the electron beam with samples 
of different thickness. (a) Calculated trajectories of the electrons (backscattered in red, 
secondary in blue) in the case of a 80nm gold film (yellow) supported by 100nm silicon 
nitride membrane (green) and a 10µm silicon frame (grey); (b) calculated EDX intensity of 
samples where the membrane simulated thickness is varied. Gold (red), silicon (green) and 
nitrogen (blue) signals are calculated on the frame (filled symbols) and on the free-standing 
membrane (empty symbols). Frame/free symbols of gold are overlapped at this scale. 

This information supports further our decision to adopt a sample thickness of 100 nm, 
looking for a compromise between mechanical stability and detection sensitivity. The 
geometry of pores, anyway, plays an equally important role in determining the performance 
of samples for environmental sampling application. In the development of the fabrication 
process, we initially designed dense arrays of pores with square lattice symmetry, incurring 
in systematic mechanical failure of the free-standing window after the application of 
relatively low stress, as the manipulation of the frame with a tweezer or the pressure drop 
occurring during fabrication steps in vacuum chambers. In Figure 4.4a, I show an example of 
this casualty: the SEM image refers to a membrane broken during the dry etch transfer of 
the pattern to the free-standing window. The irregular surface morphology of the supporting 
glass, visible below the free-standing area, is a channel produced to avoid trapping air below 
the membrane chip. Looking at the detail images in Fig.4.4b and Fig.4.4c, one can clearly 
understand that the failure of the free-standing membrane has been promoted by the 
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presence of the square symmetry of pores, which causes concentration of the stress in the 
lattice as a linear distribution of point defects and guides the membrane rifting across the 
holes (see for example the pattern border in Fig.4.4c). During my work, I thus tested an 
optimised pore geometry consisting in a honeycomb array which alternates perforated 
regions and intact areas which allow to redistribute mechanical stress.  As can be seen in 
Figure 4.4d, for this kind of perforated membrane we intentionally applied stress up to the 
breaking point by pressing a tweezer on the frame (and eventually breaking the frame itself). 
As can be seen in the detail of Fig.4.4e, the rift line runs across the free-standing membrane 
without developing a preferential path aligned along the fabricated holes. The same 
conclusions can be derived considering the image of Fig.4.4f, taken from another sample 
where the mechanical failure has been induced by applying a high pressure-drop in the 1 Bar 
range across the membrane. Also in this case, the tearing line follows a path external to the 
pores, ensuring that under the typical environmental sampling conditions (pressure drops 
below 100 mbar) the 100 nm-thick membrane has the required mechanical stability.  

 

Figure 4.4: Comparison of failure events in the case of different hole-array geometry 
nanofabricated 100 nm thick Si3N4 membranes. (a) SEM image of a failed membrane with 
square distribution of holes and details (b, c) of the broken membrane, where the rift line 
propagates among the pores; (d) SEM image of a test chip with hexagonal optimized 
distribution of holes, cracked by stressing the frame. Details (e, f) of the rift line no longer 
propagating among the holes. 

The challenge of fabricating in-house our own nanofunctionalized membranes for air 
sampling and co-localised particle analysis arises as a specific response, complementary to 
the conventional solutions available in the market. For this reason, our system properties 
were set up referring to commonly used materials like Polycarbonate Track-Etched (PCTE) 
filters (Cyclopore™ Track Etched Membrane, 0.4µm Polycarbonate (hydrophilic), 47mm 
diameter by Whatman®, Cat. No. 7060-4704), widely used in the field of environmental 
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physics67,129, highly efficient for collection of sub-micrometric particles68,130 and compatible 
with SEM imaging assessment131. In particular, they are characterized by a nominal pore 
diameter of 0.4µm (±20%), a thickness of 10µm and a total filter diameter of 47mm. The 
pores are randomly distributed on the surface and in many cases partially overlapped 
resulting in elongated apertures in the filter (see Fig.4.5a), with an estimated open area filling 
factor of 15%. The pores density and filling factor is up to 30 % higher in the case of perforate 
Si3N4 TEM membranes available on the market, as the 200nm-thick membrane shown in 
Fig.4.5b. In the latter case, the close hexagonal packing of 0.4 µm holes has the aim of 
supporting samples for TEM analysis with maximised transparency. In the fabrication of our 
functionalized membranes, therefore, we seek a compromise between the geometry 
defined in the previous section of the chapter and the emulation of PCTE filters properties. 
Keeping in mind that the thickness of our free-standing membrane is two orders of 
magnitude lower with respect to the PCTE filter, we design the fabricated holes to minimize 
the flow impedance without significant losses in mechanical stability, with a resulting open 
area ratio of about 10%. The optimized pores geometry is reported in Fig.4.5c, with pore 
diameter of 600 nm (panel A) that can be reduced to about 400 nm (panel B) modifying one 
processing step at the price of lower quality in shape and homogeneity of pores.  

The nano-functionalization of membranes is achieved with a multi-step lithography process 
(details in methods, scheme in Fig.4.5d) involving EBL pattern writing with a PMMA film spin-
coated over a thin gold layer (1), followed by resist development (2), wet-etch transfer to the 
metallic film (3), resist film removal in acetone (4) and dry-etch transfer to the free-standing 
membrane using RIE technology (5). At the end of the nanofabrication process, the 
functional area covers about the 70% of the free-standing window, extending over a 
400x400µm area (Fig.4.5e) and the pore size distribution matching a range of diameters 
compatible with the pores of PCTE and 200nm membranes. The honeycomb structure 
additionally ensures the required mechanical stability. 
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Figure 4.5: Fabrication of optimized porous membranes. (a) Reference PCTE filter with 
random distribution of pores; (b) 200nm-thick membrane with high density pores; (c) 
100nm-thick membranes fabricated with optimized geometry and different pore diameter 
(A=650nm ±50 nm, B=425 nm ±75 nm); (d) fabrication process, including pattern writing 
in back-etch configuration (1), resist development (2), wet etch transfer to the metallic film 
(3), resist lift-off (4) and dry etch transfer to the free-standing substrate (5); (e) SEM image 
of a fabricated free-standing window; (f) size distribution statistics, extracted from SEM 
images of 100nm thick (blue, magenta), 200nm thick (green) and PCTE (red) pores. 

4.2 Collection unit prototype  

To demonstrate the detection improvement in our optimized collection samples, the first 
challenging task is the realization of a sampling system. The application of free-standing 
membranes into a real situation of particle sampling requires the integration of these 
micrometric systems into a bigger, dirty (in terms of particles) and sometimes unpredictable 
context. To do so, we designed a custom holder on which to mount the membrane chip with 
a clean thermal wax (TEDPella® Quickstick135). The coin-size, perforated support, allows to 
integrate the delicate free-standing membrane into a complex flux line avoiding the risky 
manipulation of the frame. After sampling the same coin-size support is also used for moving 
the membrane into the spectroscopic instruments or in the vacuum chambers. 

In the panels of Figure 4.5 are presented the two objects that enable the integration of 
membrane chips into flux-lines: the coin-size “chip holder” and its scaffold, defined as “chip 
housing”.  

The chip holder (Fig.4.5a, Fig.4.5b) is a perforated aluminium disc with a central, circular 
depressed slot where a membrane chip can be fitted. The use of a thermal mounting wax 
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ensures the complete adhesion of the chip frame to the chip holder thus avoiding any 
possible flow loss. On both sides of the disc, the thickness is reduced with a step that 
maintains the chip holder in position when clamped into the chip housing, avoiding 
displacement also if held upside-down or in case of accidental clashes with keys or other 
parts. When performing a collection experiment, several chip holders can be prepared in 
advance with the membrane chip mounted in place and then easily inserted one after the 
other in the chip housing to perform a set of measures.  

The chip housing unit is essentially a connection of the external flux line with the porous 
membrane (see Fig.4.5c, Fig.4.5d). Attached to external parts with universal connectors 
(Swagelok® 1/6”), the housing is composed by a lower supporting half and an upper closing, 
held by a set of screws and airtight thanks to a double O-ring system which ensures the 
passage of air only through the membrane pores. The chip holder is blocked in a circular 
lowering of the supporting part (see Fig.4.5e) and pressed vertically on the lateral steps by 
the bare surface of the closing part, pressing at the same time the inner O-ring below the 
chip holder together with the outer O-ring surrounding it. 

 

Figure 4.5: In-house built unit for insertion of the fabricated membranes in a flux line. (a, 
b) project drawing and picture of the removable coin-size chip holder unit, with the 
membrane chip (highlighted in red) mounted and aligned with the central hole; (c, d) 
schematic representation of the chip housing system, depicted as closed (c) and open (d); 
pictures of (e) an old prototype chip holder inserted in the docking position and (f) the 
closed chip housing system, ready for connection to a flux line. 

With the chip housing available, the nanofabricated porous membranes can be inserted in a 
flux line and tested in view of their application. To obtain the same reference sampling 
conditions of the Cyclopore polymeric filters, we designed our flux line scaling the 
parameters to fit our nanofabricated filters. In conventional sampling conditions, PCTE filters 
with 47 mm diameter are employed with air fluxes of 16,6 l/min, requiring massive pumping 
systems and macroscopic lines. The use of nanostructured membranes for air filtration with 
remarkably lower active area on which the particles are concentrated, results however in a 
scaled equivalent flux of 5ml/min. For this range of small fluxes, it is possible to employ 
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miniaturized membrane pumps, notably reducing the system cost and dimension. In Figure 
4.6 are presented two prototype configurations used to perform the experiments of the 
thesis, suitable to deliver fluxes in the range between 1-6 ml/min to the chip housing system. 
The first prototype (Fig.4.6a) is a reasonably compact system composed of a membrane 
pump, a software-operated mass-flow-controller (MFC, by Brooks® SLA5800 Series) 
connected to a laptop and a pressure-meter (GE Druck DPI 705-IS Pressure Indicator) 
attached to the back of the chip housing to monitor the pressure drop applied to the free-
standing membrane. The second prototype (Fig.4.6b) is essentially the miniaturized version, 
equivalent to the first one, where the pump unit is substituted with a miniaturised 
membrane pump (Fig.4.6c, Xavitech V100-5V) and instead of the digitally controlled MFC a 
mechanical flowmeter (Rotameter Pr. No. 23324 by Supelco®) is installed, reducing the 
whole line to a portable system that can be fitted in a suitcase. As shown in the scheme of 
Fig.4.6d, anyway, the elements composing the setup are basically the same, and provide all 
the requirements for the full operation of experiments. In these conditions, the response of 
the different membranes to fluxing can be tested connecting the chip housing to the end of 
the flux-line. As reported in Fig.4.6e, a set of samples has been mounted in the line, including 
a 200nm-thick membrane, two different 100nm-thick membranes and a cropped portion of 
a commercial PCTE filter mounted over a silicon frame chip. The resulting pressure drops, 
measured for increasing fluxes, give information about the flow impedance of the different 
porous systems. Under this point of view, the experimental observation is in complete 
agreement with the expectations, since the two fabricated 100 nm membranes cover the 
whole range of impedances. The chip fabricate with a lower hole filling factor leads to a 
higher flow impedance: this is the case of 100 nm membranes with 400 nm pores (case of 
100 nm B, magenta line), with larger pressure drops respect to the ones measured for PCTE 
(red line) and 200nm-thick membranes (green line) at equivalent fluxes. At the same time, 
chips fabricated with a higher hole filling factor on 100nm thick membranes (600 nm 
diameter pores - blue symbols 100nm B) demonstrate lower impedance to flux, right below 
the values of the 200nm membranes which display a significantly higher open-area ratio.  

As a general observation, these flux-testing experiments demonstrated not only the 
possibility to mount our free-standing membranes inside complex fluxing systems, but also 
their applicability in sampling conditions where different sources of stress (pressure drops, 
particle collisions, variations of temperature) could have compromised the chip integrity. 
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Figure 4.6: In-house built, portable flux-line, reported in (a) with its initial components and 
in (b) with portable pump and flux control units; (c) detail of the miniaturized pump, with 
a coin for reference; (d) Scheme of the line modules, with pumping unit, pressure drop 
regulation and control systems for flux and pressure; (e) measured flux (x-axis) as response 
to increasing pressure drop (y-axis) with different porous systems, where slope 
corresponds to the observed impedance. 100nm-thick membranes, with 600 nm pores 
(blue line) and 400nm pores (magenta line), cover the whole range of impedances including 
the values of both 200nm-thick membranes (green line) and PCTE filters (red line). 

4.3 Generation of Airborne Micro- and Nano-particles  

Straightforward observations and testing of the membrane collection capability can be 
performed by sampling, with the custom developed setup, a calibrated suspension of 
nanoparticles. To enable high-contrast images in SEM, to avoid overlapping of peaks in EDX 
spectroscopy, and to ensure the repeated use and regeneration of the membranes, we select 
pure, chemistry-grade sodium chloride (NaCl) nanoparticles as test analyte. After sample 
collection, once the chip holder is transferred in the SEM microscope, in order to extract 
statistical information about the particles’ abundance and size distribution I acquire a set of 
six SEM images with predefined field of view (96x128 µm) and resolution (5120x3840 pixels) 
from the active area of each membrane, recording an overall surface area (290x260 µm) 
which covers almost completely the free-standing membrane portion. Given the large 
number of particles  collected under the typical sampling conditions employed ( in the range 
of  104) I employed a digital image processing program (ImageJ)  to analyse the full set of 
images, so defining the statistical distribution of the geometrical parameters which represent  
the nano objects. The nanoparticle population is then represented in compact form as 
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histograms of particulate size distribution. During my thesis I developed and used three 
different setups for generating nanoparticles in air suspension. 

In a first proof-of-concept system, defined as dust generator, solid grains of NaCl are milled 
to decrease the average size of crystals and the resulting powder is inserted in a small 
chemistry-lab flask which acts as a suspension chamber during the sampling experiment. 
Inside the flask a magnetic stirrer rotates in proximity to the bottom, keeping a fraction of 
powder constantly in suspension. As depicted in Fig.4.7a, the particle generation system is 
physically connected via a bent, long ⅛” stainless steel tube to the chip housing which holds 
the membrane, mounted in its core. The flask is sealed with a rubber plug and made airtight, 
with dry air entering through a syringe filled with silica gel. The air suspension is extracted 
from the flask using a thin-walled stainless steel tube with 2.1 mm inner bore diameter (see 
Fig.4.7b). The fraction of particles which survive flight in the small size tube are finally 
trapped and concentrated on the microfabricated Si3N4 membrane. The resulting collection 
is then analysed by SEM images of the porous area as the one of Fig.4.7c, where irregularly 
shaped agglomerates of particles are clearly visible and can be easily measured by the ImageJ 
processing tool. Since the nanoparticles are produced by mechanical milling their shape is 
always irregular and equilibrium shape cubic crystals are never observed.  

The size distribution of the collected suspension presented in Fig.4.7d, summarised as 
counted particles per ranges of equivalent diameter, is the result of a 5 min collection test 
performed sampling through the membrane with a flux of 5ml/min, equivalent to standard 
fluxes used on 47mm filters scaled to the miniaturized active area size. The statistical data 
reveal a great number of particles in the 0,1-1,0 µm range, but also a relevant quantity of 
objects above one micrometer. The histogram shape can be associated with the distribution 
of airborne dust, with a predominant fraction of volatile, small particles and a decreasing tail 
of counts related to bigger particles, gradually increasing in weight. At the lower limit, below 
200 nm, the bin counts are drastically suppressed, due to agglomeration of smaller particles 
combined with the limit of detection in the analysis procedure of ImageJ where particle 
counts are triggered above a defined pixel’s threshold. At the upper limit, the number of 
particles is gradually decreased as expected from hydrodynamic considerations since the 
narrow, bent tube cuts down bigger particles due to collisions with the inner walls. The 
distribution of collected particles is, therefore, the result of a cutting action of the connecting 
tube on the powder suspension generated inside the glass flask, where a random distribution 
of agglomerates and smaller objects is kept in motion by the magnetic agitator. 
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Figure 4.7: In-house designed, suspended particle generation system from solid powder 
(Dust generator). (a) Scheme of the overall configuration, with the chip housing unit of the 
portable flux-line attached to the dust generator; (b) picture of the chemistry-lab flask 
where a magnetic stirrer generates a cloud of suspended, small fraction powders; (c) SEM 
image of a collection test performed on a 100nm-thick membrane and (d) size distribution 
histogram calculated from SEM images of the collected sample. 

A step forward in the controlled generation of particles is achieved with the design of a 
custom Aerosol desiccation pipe, a system where sodium chloride crystals are formed from 
the dehydration of saline aerosol droplets. The suspension of water droplets produced by 
the pneumatic nebulizer (Aerosol mini neb 1000, by Microlife®) turns out to have diameters 
in the range of a few micrometres. As described in ref. 4, the lifetime of such small size 
droplets at ambient temperature and humidity is limited to a few hundred milliseconds. This 
implies that already a few centimetres away from the source the droplets have evaporated, 
leaving the dry residue consisting of NaCl crystals. Different experimental parameters such 
as the concentration of the starting solution, the flow velocity inside the desiccation pipe and 
the length of the pipe itself can be tuned to achieve different distribution of particles. As 
schematically depicted in Fig.4.8a, when the inlet of the chip housing is placed at the end of 
the desiccation pipe (length of about 1 m), the porous sampling membrane is exposed to a 
stream of dried NaCl crystals released in the air flow by the medical aerosol generator. The 
speed of the resulting air flux exiting from the pipe is monitored by an anemometer placed 
at the end of the tube (in correspondence with the chip housing position) and can be 
regulated by varying the voltage supplied to the fan at the other end of the tube. In this way 
also the concentration of the NaCl nanoparticles per litre of air can be modified. Collection 
tests are performed with the chip housing placed in a reproducible position (see Fig.4.8b) 
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and optimized parameters including concentration of the NaCl solution (10% m/m in milliQ-
grade de-ionized water), fan speed (0,5m/s flow) and collected volume (45 seconds at 
3ml/min flux).  

The results of this fast concentrated collection are summarized in Fig.4.8c and Fig.4.8d, with 
SEM images acquired on the sample revealing the formation of regular, multi-sized cubic 
crystals of sodium chloride resulting from the desiccation of droplets with different starting 
volume. Size-distribution histograms extracted from the images reveal a high number of 
small particles, in the range between 200-300nm, and a fast decrease of counts for bigger 
particles, most likely imputable to the fact that we are collecting a small fraction of particles 
from a macroscopic stream which flows out of the pipe with turbulent trajectories. In 
comparison with the 5m/s flux speed measured with the anemometer, the flux conveyed 
into the collection line is considerably slower. Also in this case, hydrodynamic arguments 
support the observation that smaller crystals are collected more efficiently than larger ones 
which get trapped on the tubing walls132,133. 

 

Figure 4.8: In-house designed, suspended particle generation system from liquid solution 
(Aerosol desiccation pipe). (a) Scheme of the overall configuration, with continuous aerosol 
generation and flux monitoring inserted among the desiccation air stream; (b) picture of 
the desiccation system and detail of the chip housing placed at the end of the tube; (c) SEM 
image of NaCl particles collected on a 100nm-thick functionalized membrane and (d) 
resulting size-distribution histogram of the NaCl crystals, calculated from SEM images of 
the membrane surface. 

Finally, I also tested the membrane sampling efficiency recurring to a reference state-of-art 
technology for generation of particles available in the INFN environmental physics research 
labs jointly run by the group PM_TEN s.r.l., a spinoff of the University of Genova. The 
atmospheric simulation chambers, there available, allowed the study of various atmospheric 
processes under realistic but controlled conditions. In collaboration with PM_TEN, we had 
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access to this technology in a system called ChAMBRe (Chamber for Aerosol Modelling and 
Bio-aerosol Research)134,135. In an atmospheric chamber, we are able to reproduce stable 
particle suspensions and maintain them over extended spans of time. After injection of an 
aerosol of NaCl solution (using a Blaustein Atomizing Modules (BLAM) aerosol generator) 
into the cylindrical chamber of the instrument, desiccated droplets are kept in motion by the 
action of a stirring fan, rotating at the bottom of the cylinder. The suspended particles are 
thus continuously moved along the inner wall of the chamber, giving rise – on long timescales 
– to atmospheric ageing phenomena of the airborne objects136, eventually leading to the 
narrowing of the size-distribution measured curves around a value determined by the initial 
aerosol concentration and the ageing (or ripening) parameters. 

As schematically summarized in Fig.4.9a, the chamber is equipped with a particle monitoring 
unit (Optical Particle Sizer (OPS) 3330 by TSI®) constantly recording the particle density and 
size-distribution, and features extraction valves where our chip housing can be connected to 
the inner volume and the particles suspension (see Fig.4.9b). SEM imaging of the membrane 
after sampling, Fig.4.9c, demonstrates concentration of particles in registry with the 
hexagonal geometry of the pores. The resulting collection sample quantitatively analysed in 
terms of the size distribution and the histograms shown in Fig.4.9d, demonstrate that 
following aerosol generation substantial ripening takes place. The revealed particles are 
comprised in the range between 100 nm and 1µm, with the complete suppression of counts 
above 1,2 µm due to gravimetric sedimentation and an approximative balance of the smaller 
columns of the histograms demonstrating coalescence of the smaller objects into bigger 
ones. 

 

Figure 4.9: UniGe INFN environmental labs atmospheric simulation chamber for stable 
suspension of particles from liquid solution aerosols (ChAMBRe). (a) Scheme of the overall 
configuration, with initial injection of aerosol and continuous monitoring of the stable 
aerosol conditions; (b) picture of ChAMBRe with the chip housing unit connected to one of 
the chamber extractions valves (detail); (c) SEM image of the resulting collection on a 
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100nm-thick, porous membrane and (d) size-distribution histogram of the submicron 
particles, ranging from hundreds of nanometers to one micrometer. 

4.4 Test and validation of airborne particle collection on nanofabricated 
membranes  

The fact that our nanofabricated membranes and the miniaturised sampling setup are 
suitable for the collection of submicrometric airborne particles represents a success in its 
own for applications aiming at the development of imaging techniques for high-resolution 
observation of particulate matter characteristics. The resulting measurements, however, 
have to be - in perspective - applied in parallel to standard collection systems regulated by 
international standards and directives (see e.g. the European Directive 2008/50/EC). Is 
therefore necessary to determine the relation of our collection results with the ones 
obtained by other filtering/sampling systems which are certified according to reference 
standards, to understand and evaluate the information extracted by our samples in the 
context of particulate matter analysis. The final goal in this context is thus to define a transfer 
function which allows to determine quantitatively the density of particulate matter in the 
sampled air volume, reproducing in our system conditions analogue to standards. Thanks to 
the availability of the atmospheric simulation chamber of INFN, in first place, we can 
reproduce distributions of suspended reference particles, with ideal spherical geometry and 
monodispersed in size, chosen in the dimensional range of interest. Polystyrene (PS) spheres 
are a typical example of such reference particles, usually sold in the form of a liquid 
suspension that can be injected by a pneumatic nebulizer inside the simulation chamber and 
then allowing for the collection of particles on filters.  

We dispersed 0.7µm PS spheres in ChAMBRe, with an initial concentration of about 700 
#/cm^3 and monitored their concentration and size distribution with the available OPS 
particle counter. The optical particle sizer has an almost a real time measurement rate (1Hz), 
since the particle distribution is based on diffuse optical scattering from the microparticles 
distributed in size in the range between 0.3-10 µm (see e.g. Figure 4.10.d). The size of the 
particles and their distribution is determined according to an optical model of scattering 
according to Mie theory which assumes a reference value for the refractive index of the 
particles. The downside of this approach is, therefore, an uncertainty related to variations of 
the refractive index and shape of the particles, which can lead to a slightly shifted reading of 
the particle sizes when e.g., liquid droplets are still present in the monitored volume. This 
error must be taken in account when analysing the histograms reported in the following, 
resulting as shifted counts among size-distribution statistics. 

After sampling the polymeric particles on the membranes, we conducted standard Imaging 
in the scanning electron microscope. For this specific kind of particles, a conductive gold 
coating had to be applied prior to SEM imaging, since the insulating Polystyrene particles 
become electrostatically charged by the electron beam and tend to be deflected and blur the 
scanning beam. As shown in Fig.4.10a, after particle collection and immobilization on the 
membranes, we deposited 40nm of gold (at a glancing incidence angle of 45 degrees) to 
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establish a conductive coating above the spheres and, at the same time, to highlight their 
geometrical features thanks to their projected shadow (see Fig.4.10b). We performed 
reproducible tests by extracting the air sample from the chamber at 5ml/min rate for 8 
minutes, collecting in total several hundreds of PS spheres as visible in Fig.4.10c. The 
comparison of the particle size distribution derived from the OPS reading, recorded in real-
time during the experiment, with the distribution resulting on the membrane confirms the 
collection capability of our nanofabricated perforated filtering systems and the almost 
monodisperse PS particle distribution, peaked in the range of 0.7 µm. 

 

Figure 4.10: Collection efficiency of 0.7µm PS particles with respect to the OPS reference. 
(a) Scheme of the gold coating required for analysis of polystyrene spheres, picture of the 
gold-coated chip holder; (b) detail of a 0.7µm PS sphere and its deposition shadow; (c) SEM 
image of a 100nm-thick membrane with the collected PS spheres; (d) OPS reading of 
particle-density distribution in ChAMBRe during the collection and (e) collected particle 
distribution measured from SEM images of the membrane. 

In addition to the reference measurement provided by the OPS setup, I also tested the 
nanoparticle suspension by sampling an equivalent volume of air driven from the chamber 
on commercial large area polymeric Cyclopore PCTE reference filters. Sampling took place in 
parallel with the collection performed on the Si3N4 membrane by attaching to the extraction 
valves parallel collection lines. The sampled particulate matter collected on the PCTE filter 
has then been analyzed quantitatively recurring to SEM analysis as discussed above. 
Following this approach, I have been able to determine quantitatively the transfer function, 
and the hydrodynamic size cut-off determined by the tubing and connections to the 
membrane with respect to a recognized standard. 
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The same sampling volume per unit surface of the membrane is fluxed in the two systems, 
based on international standards for atmospheric particulate matter collection procedures 
applied to the 47mm PCTE filter. This means that while a flux of 16,6l/min is conveyed to the 
polymeric filtering setup, an equivalent volume of 5ml/min is calculated scaling respect to 
the active area of the fabricated Si3N4 membrane. The collection is performed for 8 minutes, 
and the results are shown in Fig.4.11a and Fig.4.11b, respectively on 100nm-thick Si3N4 
perforated membrane and PCTE commercial filter, highlighting how the active area of the 
custom fabricated membrane is confined in correspondence to the hexagonal geometry of 
the patterned region, where the particles are concentrated leaving almost blank the space 
between the holes. A qualitative comparison of the resulting collection (Fig.4.11c), anyway, 
reveals comparable efficiency with respect to the Cyclopore PCTE filter for particle sizes 
above 700 nm (the relative sampling efficiency for particles in the range 720nm-1,12um 
amounts to 60-70%), while a lower efficiency (around 40-50%) is found for particle size 
between 300-720nm (Fig.4.11d, red). These relative sampling efficiencies are mainly 
determined by the intrinsic size-selective features of the miniaturised sampling setup, in 
particular the lower diameter of the pumping line employed (1 mm vs. 47 mm diameter 
respectively) and the size of the membrane pores which are slightly larger in the Si3N4 
membrane. 

With this respect in figure 4.11d an interesting observation can be done in relation to the 
cut-off in particle sampling induced by the tubing connection between the chip housing  and  
the chamber extraction port during collection: the presented SEM images and values refer 
either to a configuration (inset [A]) in which the inlet of the membrane chip is placed right in 
front of the ChAMBRe extraction valve via a large bore KF25 adapter (inner diameter 13.1 
mm), or to a  configuration (inset [B]) consisting in a 10cm long stainless steel tube with a 
small inner bore of 2.1 mm in diameter. In the latter case due to the hydrodynamic cut-off 
the resulting transfer function values are lowered to an almost constant 20-30% of efficiency 
in the whole range of particle sizes (Fig.4.11d, green). This highlights once more the 
importance of the inlet tubing geometry in the selection of particle size and demonstrates 
how the relation between the prototype and a reference filtering system could be tuned by 
accurate modification of the setup design. The choice of the design is eventually dictated by 
the context of application: for the collection of small particles (e.g. with diameters below 400 
nm), as an example, it would be convenient to apply the inlet tubing of configuration [B], 
cutting-off bigger particles to optimize the relative abundance of the particles of interest. 
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Figure 4.11: Transfer function of particle collection from membranes to Cyclopore PCTE 
filters. (a) SEM image of the collected particles on the 100nm-thick membrane and (b) on 
the PCTE filter; (c) compared particle-density distribution, calculated for PCTE filter (red) 
and fabricated membrane (blue); (d) resulting transfer function with [A] direct connection 
(red) and [B] in-tube connection (green). 
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Chapter 5 – Nanofabricated free-standing membranes for co-
localized and enhanced spectroscopies  

In this chapter, we finally focus on the application of the fabricated perforated membranes 
to perform co-localized experiments which allow to combine different spectroscopic 
techniques, addressing the same individual nanoparticles immobilised on well-defined 
coordinates of the membrane. The portable and miniaturised chip holder is designed to allow 
easy transfer of the sample between the collection setup where airborne particles are 
collected, and the different analytical instruments for analysis. The choice of a square shaped 
free-standing membrane, moreover, gives us the possibility to define unambiguously a 
coordinate system for localizing the particles, assigning the origin of the axis to a corner of 
the membrane and a pair of cartesian axes aligned along the 500µm long edges of the 
membrane frame. The free-standing area can thus be mapped with nanometric precision in 
a SEM microscope in order to identify and record the position and dimension of specific 
particles. The chip holder also allows easy transfer of the sample in different spectroscopic 
setups without recurring to complex and expensive pre-aligned manipulation stages, for 
performing complementary spectroscopic analysis on the specific particle of interest.  

As demonstrated in chapter 4, the choice of silicon nitride membranes also derives from the 
advantageous properties of free-standing substrates, which positively affect spectroscopic 
observations in terms of reduced background. On the other side a common disadvantage of 
polymeric filters, as PCTE Cyclopore, is the electrostatic charging occurring on the substrate 
during SEM or EDX analysis, requiring graphitization or alternative methods to overcome the 
issue. Finally, another difficulty must be faced when performing vibrational spectroscopies 
such e.g.  Raman spectroscopy, as the polymeric substrate is responsive to laser excitation 
or even damaged in case of high spot intensity. Silicon nitride thin membranes are thus ideal 
substrates for investigation with both electron and optical spectroscopies, due to the 
strongly reduced interaction with the electron beam and quasi-zero response to the 
excitation with commonly applied lasers. 

5.1 Identification of particles by EDX Spectroscopy and mapping 

After performing collection of multi-component airborne particulates and determining their 
size distribution and localization via SEM imaging, one of the primary challenging interests is 
the assessment of the elementary composition at the level of individual particles labelled 
with coordinates and eventually investigate them separately. EDX spectroscopy, especially if 
integrated into a SEM setup, is a straightforward method for elementary identification of 
spatially resolved components, and together with the topographical imaging of SEM can be 
applied to create spectral maps of the sample with localization of the different compounds. 

Here I illustrate an application example of our fabricated membranes, for the assessment of 
a mixed airborne suspension thanks to the spectrally different X-ray fingerprints of the 
components. In this seminal example I used a collection of sodium chloride and iron oxide 
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particles, which have markedly different spectral fingerprints in their X-ray fluorescence 
spectrum. EDX spectroscopy excited by an electron microprobe, as already introduced at the 
beginning of chapter 4, is characterised by high spatial and spectral resolution and allows 
mapping and identifying submicrometric particles supported on the free-standing 
membranes. While the “point and shoot” (P&S) acquisition mode is ideal for extraction of 
strong signal by continuous illumination of a particle located in a selected predefined 
position, in the case of unknown samples decorated with randomly dispersed particles the 
acquisition of 2-dimensional spectral maps becomes necessary to reveal the presence of the 
particle within the field of view. 

The software-controlled stage of the electron microscope allows to register the coordinates 
of objects revealed on the membrane, respect to the reference system aligned along the 
edges of the membrane frame – with sub-micrometric precision – thus combining images 
and u/v coordinates to localize each particle for further investigation with the EDX setup. 

This is the case of the experiment reported in Fig.5.1, where we combined SEM imaging, 
spectral imaging and P&S to detect and discriminate sodium chloride and iron oxide particles, 
collected on a fabricated 100nm-thick porous membrane. The reported high-resolution SEM 
image (Fig.5.1a) reveals particles with different size, shape and contrast, suggesting the 
presence of both the components inside the selected field of view. This is confirmed by 
spectral images of the area of interest (Fig.5.1b, Fig.5.1c), which register the coordinates of 
pixels where sodium and iron EDX peaks are revealed, recreating an equivalent 2D 
elementary map of the sample while the electron beam is scanning the surface. An overlay 
on the two elementary maps on the SEM topographical image of the area of interest 
(Fig.5.1d) allows a one-to-one identification of particles as sodium chloride and iron oxide, 
with sufficient resolution to discriminate agglomerated particles of the two species (as the 
ones near the bottom left corner of the image). Once recognized the components of the 
collected sample, point and shoot analysis (Fig.5.1e) can be performed selecting a pair of 
different objects from the surveyed area, revealing signal arising from the substrate (silicon, 
nitrogen and gold), and from the elements composing the particles (oxygen, iron, sodium 
and chlorine). The observed EDX spectra, following a first identification in the spectral map, 
allow to recover complementary information as e.g. the weighted percentage composition 
of the two particles, a key aspect in the case of particles with different stoichiometry.  
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Figure 5.1: EDX identification of different particles collected on a 100nm-thick porous 
membrane. (a) SEM image of the investigated area (FoW=15x10µm) with u/v coordinates 
enabling the co-localization of the particles of interest; (b, c) EDX spectral images of the 
surface, referred respectively to sodium (cyan map) and iron (red map); (d) overlay of the 
spectral EDX images of sodium (cyan) and iron (red) with the SEM image of the analysed 
area; (e) Point and Shoot EDX spectra extracted from two identified particles, labelled with 
cyan and red markers in panel (a). 
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5.2 Co-localized Raman-EDX Spectroscopy for discriminating particles 

The iron oxide powder (Fe3O4) implied in the experiment of Fig.5.1 is a combination of two 
different phases, with identical elementary composition and stoichiometry but different 
crystal structure (hematite and maghemite). As shown in Fig.5.1c this difference cannot be 
unveiled by elemental spectroscopies as EDX but can be possibly addressed in a vibrational 
spectroscopy such as Raman. We thus take advantage of the co-localization capability of 
membranes to identify suitable particles of the right size with SEM, verify with EDX if their 
elementary composition corresponds to iron oxide (and exclude, e.g. that we are 
investigating a grain of dust) and finally move the sample to a micro-Raman facility (Raman 
Horiba® J.Y. micro-Raman Explora_Plus, in collaboration with professor Marco Scambelluri) 
where the different phases can be studied with submicrometric spatial resolution. 

We report an example of this procedure, with particles casted on a 200nm-thick porous 
membrane. Adopting a reference system centred in the bottom left corner of the free-
standing membrane (Fig.5.2a), we assign u/v coordinates to particles imaged by SEM on the 
membrane, looking for objects in the 1-10 µm size range. As one can see in Fig.5.2b, we 
assign coordinates to selected particles with micrometric precision, thanks to the motorized 
stage of the electron microscope. In the example particle A is located in a position u = 332.00 
µm v = 85.00 µm from the reference origin with an accuracy determined by the SEM stability 
at the 10 nm level.  

EDX point and shoot analysis is performed on particles of interest (Fig.5.2c), clearly 
identifying the objects as composed of oxygen and iron atoms, with different intensity most 
likely related to the geometry of the particles inducing different X-ray photons extraction. 
The two particles A and B are analysed by spectral imaging of the area, revealing no 
difference in the composition of the objects in terms of iron and oxygen signals (reported in 
Fig.5.2d and Fig.5.2e), as expected for maghemite and hematite iron oxides. 

Thanks to co-localized analysis of particle A and B in a micro-Raman spectroscopy setup with 
785nm pump laser (implying safe transport of the sample to a different department with the 
chip holder technology), we are eventually able to detect different vibrational signals from 
the two iron oxide phases (Fig.5.2f). Particle B indeed demonstrates a characteristic response 
corresponding to the hematite phase spectra available in literature137, with a triplet of peaks 
centred between 200 and 450 cm-1 Raman shift, and a single peak around 600 cm-1. Particle 
A, instead, reveals an overall unstructured signal showing a single excitation mode at 350 
cm-1, appearing in both spectra, thus leading us to the deductive identification as maghemite 
phase. Unbiased recognition of the two particles can therefore be achieved by performing 2-
dimensional spectral imaging, and selectively mapping the intensity of one of the 
characteristic peaks of hematite (294 cm-1), so that a high signal corresponds to hematite 
particles while a low signal to maghemite particles. As shown in Fig.5.2g and Fig.5.2h, particle 
B confirms our expectations, clearly exhibiting the spectral fingerprint of hematite signal, 
while the shape of particle A is barely outlined due to the low signal which is almost 
indistinguishable from the background. 
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Figure 5.2: Co-localized analysis of iron oxide particles with different crystal structure, 
casted on a 200nm-thick membrane. (a) Reference coordinates system for co-localization 
of particles in different instruments, with axis origin established in the bottom-left corner 
of the free-standing window; (b) SEM image of a portion of the membrane, highlighted in 
blue in panel (a), and u/v coordinates of two particles “A” and “B”; (c, d, e) EDX 
spectroscopy of A and B iron oxide particles, with (c) compared spectra of particle A (red) 
and B (blue), and (d, e) corresponding spectral images of iron-peak (red) and oxygen-peak 
(yellow) signals; (f, g, h) Raman spectroscopy of A and B, with (f) compared signal and (g, 
h) intensity map referred to one of the hematite characteristic peaks, labelled in green in 
panel (f).   

This experiment demonstrates how the system is capable of co-localization and how it is 
possible to integrate information arising from different techniques to reach complete 
identification of a particle with sub-micrometer spatial resolution. In the previous example 
however, we opted working with relatively large particles sized in the range of several 
micrometers. 
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To investigate the limit of detection of the Raman setup in the presented experimental 
conditions I thus performed a further set of co-localised spectroscopic experiments searching 
for a set of increasingly smaller Hematite particles to be co-localised and identified on the 
membrane’s surface with EDX and Raman spectroscopy (see Fig.5.3a). 

The measured Raman signal decreases according to the scaling size of the particles as shown 
in the spectra of Fig.5.3b, where the representative hematite peak is highlighted by the 
yellow band and the membrane-related peak grey band. Interestingly, by increasing as the 
volume of the probed hematite particle the signal from the underlying Si3N4 membrane 
decreases since shadowing of the excitation beam affects the Raman cross section according 
to a fourth power of the excitation intensity.  The limit of detection (LoD) in these 
experimental conditions can be estimated by plotting the amount of counts observed for 
each of the three particles with respect to their size, as reported in Fig.5.3c. Fitting the values 
with a power function (with exponential factor <1), we find an initial rapid increase of signal 
for small particles and saturation for larger particles, when the volume of the investigated 
object becomes larger than the laser pump spot. For particles below 1 µm, in consequence, 
the particles signal would decrease in the range of 10-30 counts, disappearing in the 
observed noise. 

To improve the detection capability of the system, an option is the fabrication of plasmonic 
structures on the surface of the porous membranes, inducing EM field enhancement 
features and amplifying the Raman signal as introduced in the second section of chapter 1. 
In the next section of chapter 5, indeed, a similar functionalization approach will be 
discussed. 

 

Figure 5.3: Limit of Detection (LoD) for hematite Raman signal in the presented 
experiment. (a, b, c) Hematite particles of scaling size, short-axis corresponding to 4.0µm 
(A), 2.5µm (B) and 1.0µm (C); (d) compared Raman spectra of the three particles and (e) 
plotted scaling intensity of the hematite characteristic-peak signal (294cm-1). 
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5.3 Functionalization of Si3N4 membranes for plasmon-enhanced Raman 
spectroscopy 

In the previous paragraph we have seen that the Raman signal from nanoparticles supported 
on unfunctionalized SiN4 membranes drops substantially when the size of the particle 
becomes comparable or smaller than the focal diameter and depth of the objective (a figure 
typically in the range of several hundred nanometers). Spectroscopic detection of particulate 
matter and molecules down to the nanometer level requires some smart functionalization 
of the active surface recurring to solutions derived from nanophotonics.  

The concept of EM field enhancement with plasmonic structures has been introduced in 
chapter 1, demonstrating how the free-electron cloud of confined metallic nanostructures 
can be resonantly excited by the electromagnetic field.  In correspondence to the resonant 
wavelength the scattering and absorption cross sections are strongly increased, and the 
electromagnetic field strength is strongly enhanced in the near-field regions which extend 
few tens of nm’s from the nanoparticle surface where Raman-active “hot spots” are created. 
Under the point of view of Raman signal enhancement from the collected particles, a 
significant improvement can be achieved by doping the active surface area, in contact with 
the analytes, with highly dense arrays of plasmonic structures in correspondence to which 
Raman active hot spots are formed. Among possible choices for fabricating the highly dense 
plasmonic nanoantennas we excluded electron beam lithography (EBL) especially in 
consideration of the porous nature of the perforated Si3N4 membranes which would hinder 
the uniformity and regularity of the lithographic steps138–140.  We instead   preferred to adopt 
a bottom-up approach exploiting self-organized growth of sub-monolayer films by glancing 
angle deposition (GLAD)125,127. This fabrication method has been discussed at the end of 
chapter 2 and takes advantage of the self-shadowing instability which sets-in during 
evaporation at glancing angles via random nucleation of nanometer scale condensation 
clusters which grow separated from each other by nanometer scale gaps which can be 
tailored to provide maximum field-enhancement in correspondence to the Raman 
wavelength141,142. 

The technique has been initially tested on transparent fused silica samples, exploiting the 
laboratory vacuum growth chamber which allows to monitor in-situ and in real-time the 
optical extinction spectra of the nanostructures at deposition intervals of 2nm-steps (see 
methods section in Chapter 3.1 for further details). In Fig.5.4a, a sketch of the deposition 
geometry and the optical measure position illustrate how the sample can be rotated with 
the manipulator stage to match two different conditions. In position 1, the sample is held 
directly on top of an evaporation crucible for gold PVD, with an evaporation angle of 80° 
respect to the normal of the sample surface. When in position 2, instead, a shutter covers 
the evaporation crucible and the sample is crossed by a collimated beam of light, conveyed 
by optical fibers and coupled to an Ocean Optics HR-4000 spectrometer which acquires 
spectra in the Vis-NIR range of frequencies. A set of deposition steps is performed, leading 
to the growth of nanometric gold islands which gradually increase their size (see the SEM 
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topography acquired in the Backscattering channel shown in Fig.5.4b) leading to 
modification of the optical response. The optical extinction spectra reported in Fig.5.4c 
demonstrate that the self-organised array of disconnected plasmonic nanorods hosts 
localized plasmonic resonances, identified by the broad transmission dip recorded between 
500 and 800 nm. Following the increase of deposited Au thickness we observe the decrease 
in optical transmittance, and a gradual redshift of the plasmonic resonance frequency 
corresponding to the increase in average-size and cross-section of the metal 
nanostructures52.  

 

Figure 5.4: Self-assembled fabrication of high-density plasmonic features by glancing angle 
deposition (GLAD). (a) Schematic representation of the deposition geometry (1) and the 
in-situ extinction monitoring conditions (2); (b) SEM images of three different thickness 
deposited on flat silicon oxide substrates; (c) in-situ extinction spectra corresponding to a 
set of deposition steps, gradually increasing from 2 nm (red curve) to 14 nm (black curve). 

Aiming to the application of functionalized samples to the enhancement of Raman signal 
using a 785 nm laser pump, we select the 10 nm- Au dose for the membrane modification, 
since for this film the plasmonic resonance matches closely the frequency of the pump laser. 
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To perform the fabrication on free-standing membrane chips, we mount a set of 200 nm-
thick membranes with continuous (flat) and porous surface into the vacuum chamber. After 
the glancing angle deposition at 80° of 10 nm of gold, the samples are mounted on the chip 
holders (the same used for particulate collection - see section 4.2) and characterized optically 
in transmission using a customized optical micro-spectroscopy setup where a standard 
optical microscope (Labomed® Lx 400) is fiber-coupled to a spectrometer. 

The investigation of free-standing membranes is performed with a spot size of about 20 µm, 
obtained collecting light through a Labomed 100x objective (RP Plan Achro 100x, NA 1.25 oil 
/0.17) and delivering the signal through thin-core optical fibers (P-100-2-UV-VIS and P-600-
2-UV-VIS, Ocean Optics®) to a high-resolution solid-state spectrometer (HR4000, Ocean 
Optics®). The resulting micro-extinction spectra (Fig.5.5a) are acquired by normalizing the 
signal of the functionalized samples to the one of a bare Si3N4 membrane. Compared to the 
simple case in which a thick silica support is used, as shown in Fig.5.4c, the spectra now 
exhibit a much more complex response correlated to three different aspects. The first and 
fundamental feature is related to the reduced thickness of the involved silicon nitride 
membrane, since etalon interference phenomena involving light reflected at the top and 
bottom surfaces occur at wavelengths around 520 nm for the 200nm-thick Si3N4 substrate 
(see dashed-blue line in Fig.5.5a, normalized to air). Additionally, as a consequence of the 
bottom-up nanofabrication step at glancing incidence, both flat and porous membranes host 
the dense arrays of plasmonic nanorods. The resulting broad resonance, centred around 700 
nm (green trace), is attributed to the response of such densely coupled plasmonic nanorod 
structures evidenced in the SEM image of Fig.5.5b. Finally in the case of the perforated Si3N4 
the formation of new anisotropic Au features is observed as evident in the SEM image of 
Fig.5.5c.  Due to GLAD deposition at glancing angles, on the vertical sidewalls of the circular 
perforations, crescent-like structures are formed and decorate periodically the top rim of the 
holes as highlighted in the sketch of Fig.5.5d.   

In Fig.5.5a the red trace corresponds to the extinction spectra measured for the perforated 
Si3N4 membrane, decorated both with the dense array of self-organised nanorods, and with 
the periodic nanocrescents. The system complex response resembles that of a photonic 
crystal slab coated with a lossy plasmonic medium143. The periodic distributions of the holes 
and of the Au crescents efficiently couples light into the guided modes of the free-standing 
Si3N4 waveguide which are characterised by the sharp spectral features around 570 nm 
(GM3) and 880 nm (GM2) while the fundamental mode GM1 in the range of 1300 nm is not 
accessible to our spectrometer. 
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Figure 5.5: Ex-situ optical characterization of functionalized 200nm-thick free-standing 
membranes. (a) Transmission spectra of a continuous membrane (green) and a porous 
membrane (red) functionalized with 10nm of gold by GLAD, normalized to a bare 
membrane (blue dashed line); (b, c) SEM images of the samples, respectively depicting the 
functionalized continuous membrane and the functionalized porous membrane; (d) sketch 
of the gold nanocrescents deposition on the inner wall of the pores. 

The anisotropy of the lattice, clearly observable in Fig.5.6a, can be described in terms of the 
asymmetric holes partially filled by the Au crescents. This biaxial anisotropy is reflected in 
the spectral shift of the guided mode GM2 when polarized light is oriented vertically or 
horizontally respectively. Changing the light polarization angle, in principle, one can couple 
differently with the wave guided modes supported by the anisotropic perforated array. As 
reported in Fig.5.6b, the two spectra are acquired on the porous membrane rotating the 
polarization by 90° show a 50 nm spectral shift of the guided modes (880 nm – 930 nm) 
attributed to the different filling factor of the anisotropic holes. On the other hand, it is 
important to highlight that, by rotating the polarization, the position of the plasmonic mode 
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attributed to the dense nanorod arrays (around 700 nm) does not shift since they are 
isotropically dispersed on the surface.  

 

Figure 5.6: Polarization dependence of the optical modes observed in the porous 200nm-
thick membrane. (a) SEM image of the functionalized membrane, highlighting the 
anisotropic biaxial filling of the holes by the nanocrescents; (b) transmission spectra of the 
porous membrane, acquired for two orthogonal polarizations labelled with arrows in the 
inset of panel (a). 

5.4 Functionalized Raman-SERS amplification  

In order to extend the sensitivity of the Raman-SERS spectroscopy, making possible the 
detection of particulate matter in the nm range, I tested the performance of the 
functionalized substrates doped with plasmonic nanoantennas in proof-of-concept Raman-
SERS studies aiming at the detection of a sub-nanometer molecular probe such as Methylene 
Blue (MB) dye. The choice of such probe molecule is not only motivated by the abundance 
of reference works in the field of Raman-SERS enhancement62,144–147, but also for the 
possibility of bonding a single layer of MB molecules to the surface of gold nanostructures 
following a straightforward and well-established method demonstrated by C. D’Andrea et 
al.124,144,148.  

Following148, Methylene Blue monolayers have been deposited on our functionalized flat and 
porous membranes by immersion in a 10-5 M solution for 45 minutes followed, after rinsing 
in water, by a gentle blow-drying with nitrogen gas. The binding of a single (or a few) 
monolayer(s) of target molecule onto the membrane surface not only gives us the chance of 
demonstrating detection of low-concentrated samples, but also grants the presence of dye 
molecules in the plasmonic hot-spots formed in proximity of gold nanostructures. 

Spectroscopic measurements have been conducted in a micro-Raman facility, operating a 
785 nm laser with 100x objective at 0,1 % power, being able to detect meaningful and reliable 
signal with fast – 1 minute – acquisitions (10 sec acquisition, six accumulations). 
Measurements are performed keeping fixed the sampling parameters also on a reference 
flat gold film, exposed to the MB molecules with the same procedure adopted for the 
membranes, which represent the blank spectrum for evaluating the enhancement factor. 



 

79 
 

Chapter 5 – Nanofabricated free-standing membranes for co-localized and enhanced spectroscopies 

In a first experiment, I studied the Raman-SERS enhancement of the MB signal on the 200nm-
thick flat Si3N4 membrane functionalized with GLAD nanostructures in two different 
configurations: membrane supported on the silicon frame or free-standing. The two regions 
(Fig.5.7a) are easily distinguished in the SEM images thanks to the different reflectivity of 
backscattered electrons, higher in presence of the Silicon frame. The optical transmittance 
and micro-Raman spectra are collected on both supports for comparison. The spectra shown 
in Fig.5.7b quantitatively confirm the SERS enhancement induced by the plasmonic 
nanostructures densely packed on the membrane surface: the intensity of the characteristic 
MB Raman mode peaked at 448 cm-1 is remarkably increased by more than four orders of 
magnitude with respect to the reference flat gold film shown in the bottom panel. The MB 
signal detected in the two functionalized areas, however, reveals a remarkable difference 
when the membrane is supported on the frame or free-standing (top and middle panel in 
figure 5.7c). The higher Raman signal in the free-standing case is to be attributed to light-
trapping of the incident light scattered from the plasmonic nanoantennas and redirected into 
the free-standing membrane where it is trapped and waveguided by total internal reflection. 
Conversely when the Si3N4 membrane is supported by the silicon frame which is 
characterised by a higher refractive index, leakage and absorption of radiation into the silicon 
substrate becomes the dominant process. 

It is worth to say that in the spectra presented in figure 5.7c, the enhancement factor 
calculated by comparison with the reference gold film represents only an underestimate of 
the real enhancement, since the MB signal on the reference is comparable with the overall 
noise at this laser power (see Fig.5.7c). Replicating the observation on the porous 
membranes which couple light more strongly, however, we expect an even higher Raman 
enhancement since the Raman cross section depends on the fourth power of the excitation 
field144. 
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Figure 5.7: Raman-SERS response of a Raman-active dye (methylene blue, MB) monolayer, 
detected on a functionalized 200nm-thick membrane. (a) SEM image of the nanostructured 
surface, depicting the boundary between the free-standing window (darker, left side) and 
the silicon frame (brighter, right side); (b, c) Raman-SERS spectra acquired on the free-
standing window (red), on the frame (blue) and on a gold reference flat film (yellow). 

In Figure 5.8 I describe the same Raman investigations of MB adsorption, comparing the MB 
signal from a 200nm-thick functionalized porous membranes, with that of a flat membrane. 
We perform the micro-Raman acquisition employing identical parameters, so that any 
difference in the resulting spectra is due to different amplification of the methylene blue 
signal (apart from slight differences in the focusing conditions). 

Additionally, in Fig. 5.8 we also compare the signal with the one of the membrane supported 
on the silicon frame. Remarkably the signal detected on the porous area is almost one order 
of magnitude higher than that on the flat free-standing area, and two orders of magnitude 
higher respect to the functionalized frame (Fig.5.8b). 

The different enhancement measured in the three regions can be explained by referring to 
the optical features observed in the previous paragraph. The porous membrane exhibits the 
highest Raman enhancement since the hexagonal lattice of holes and crescent-shaped 
antennas behaves as a photonic crystal slab which efficiently couples the incident Raman 
pump photons into the 200 nm-thick membrane. Actually, the fact that the Raman pump 
wavelength at 785 nm does not match the GM2 guided mode excitation around 880 nm 
implies that the observed amplification is not even resulting from a resonant-Raman 
configuration, and in principle a further substantial enhancement of Raman-SERS gain should 
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be achieved by tuning the holes size, periodicity and membrane thickness until to match the 
guided mode matches with the laser pump. I finally stress that the remarkable SERS gain 
observed on the functionalised membranes depends on the very high density of active hot 
spots, in the range of 1011 #/cm^2 which are produced by means of the self-organised GLAD 
deposition process. Any other top-down nanofabrication process like EBL would not be able 
to compete with the self-organised process in terms of areal density of nanostructures. 

 

Figure 5.8: Raman-SERS of a MB monolayer, detected on a functionalized 200nm-thick, 
porous membrane. (a) SEM image of the nanostructured surface, acquired at the boundary 
between the porous and the continuous (flat) region of the free-standing window; (b, c) 
Raman-SERS spectra acquired on the functionalized chip, respectively on the free-standing 
porous area (green) and flat area (red), and on the adjacent frame area (blue). 
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Chapter 6 – Flat-optics nanogratings for liquid RI sensing 

The nanofabrication of periodic gratings has been introduced in chapter 2.2 as one of the 
more interesting applications of Laser Interference Lithography (LIL). In the first period of my 
doctorate, I contributed to the development of a new LIL setup within my research 
laboratory. In particular we optimised the nanofabrication of periodic nanogratings 
extending homogeneously over large areas (cm^2 scale), demonstrating a strong dichroic 
plasmonic response giving rise to a resonant near-field enhancement with potential 
application in sensing149–151. 

Various sensing templates and configurations have been so far proposed, demonstrating 
high sensitivity at the surface of thick solid-state substrates thanks to the strong near-field 
confinement supported by plasmonic thin films152–157. However, the state-of-the-art sensors 
based on thin metallic films require bulky optical setups, opening a serious issue in view of 
sensor miniaturization and integration within ultra-thin supports. A promising alternative, 
compatible with ultra-compact systems, is based on plasmonic nanoantennas that can be 
easily arranged, forming periodic arrays. The latter are characterized by resonant ‘hot-spots’ 
localized in the inter-antenna nanogaps that give the peculiar possibility to strongly enhance 
weak signals emitted by molecules lying in proximity of the nanoantennas. In this way a 
plasmonic metasurface behaves as an ultra-thin sensor that enables the detection of very 
weak optical signals, such as in Raman or in non-linear optical spectroscopies158,159.  

In parallel, plasmonic metasurfaces can be easily exploited as refractive index sensors thanks 
to their strong spectral sensitivity to the dielectric environment160,161. However, in this 
context the spectral sensitivity is typically limited due to the broadband nature of the 
plasmonic resonance. In order to overcome this issue, plasmonic nanoantennas can be 
arranged in the form of periodic nanogratings. Under this condition narrowband Rayleigh 
Anomalies (RAs) can be excited thanks to the coupling of light momentum to the periodic 
lattice (as discussed in chapter 1.1.1), achieving strong electromagnetic confinement at the 
interface. Interestingly, two different optical effects can be engineered in these diffraction 
nanogratings in order to optimise their sensing and/or photon harvesting performances, and 
this will be the focus of this chapter. In section 6.1, resonant coupling of the RAs to the 
localised plasmon resonance is discussed, resulting in narrowband Lattice Resonances due 
to Fano interference and improving the spectral sensitivity to the refractive index of the 
surrounding medium162–164. In section 6.2, instead, guiding and/or waveguiding of the 
propagating RA mode within the substrate is discussed, such as Guided Mode Anomalies 
(GMA), representing a very effective way to amplify light coupling to the metasurface, 
promoting high sensitivity in Raman spectroscopy,165 or strong photon absorption 
enhancement in ultrathin two-dimensional (2D) layers57,58. 

Under the point of view of nanofabrication, chapter 6.1 is focused on the application of large 
area methods (LIL), briefly introducing the nanofabricated structures and their influence on 
sample properties, and the sensor mechanism (more details about LIL have been discussed 
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in chapter 2 and 3), while chapter 6.2 is focused on the high-resolution Electron Beam 
Lithography (EBL) fabrication of periodic nanogratings on ultra-thin dielectric membranes. 

6.1 Large-area flat-optics nanogratings on transparent substrates  

Large area fabrication of ordered polymeric gratings has proven a successful and highly 
reproducible method to prepare plasmonic templates, as discussed thoroughly in chapter 
2.2 and in the section reserved to LIL in chapter 3. In a work published during 2020166, we 
have demonstrated successful nanofabrication of a Refractive Index (RI) sensor based on 
highly ordered plasmonic lattices, extending over large-area templates (cm2 scale). These 
nanogratings can be optically probed within a fast, compact, and sensitive detection scheme, 
enabling flat-optics RI sensing into a microfluidic device capable of sampling liquid volumes 
at the sub-picoliter scale.  

6.1.1 Fabrication of large-area nanoantenna arrays 
Anisotropic 1D arrays of subwavelength gold nanostripes have been fabricated over large-
area templates exploiting an original variant of LIL specifically developed for patterning 
transparent substrates, Au thermal evaporation, and chemical lift-off. The method enables 
combining a high degree of order, provided by the polymeric LIL mask, and large-area 
homogeneity of the pattern as shown in Fig.6.1a. Here, the picture of the sample highlights 
the presence of optical diffraction fringes corresponding to the nanopatterned polymeric 
film area (∼2 × 2 cm2). The AFM image and the line profile shown in Fig.6.1b and Fig.6.2c 
demonstrate the high degree of order in the 1D Au nanostripe arrays, which are 
characterized by periodicity, 𝑝 =  (293 ±  6) nm, as evaluated by the self-correlation 
pattern of the AFM topography. This value is in good agreement with the theoretical 
periodicity 𝑝 =  𝜆/(2 𝑠𝑖𝑛 𝜃)  =  287 nm for a Lloyd interference pattern generated by 
coherent laser illumination at the wavelength 𝜆 =  406 nm and the incidence angle 𝜃 =

 (45 ±  1)°. The laser beam is tuned at 406 nm in order to impress the photoresist layer 
(AZ701MIR) within its sensitive window. The nanofabrication method also enables 
controlling the characteristic peak-to-valley height of the nanostructures, h, here reading 
about 17 nm (Fig.6.1c), by tailoring the Au thickness deposited on the substrate during the 
thermal evaporation process. The SEM image shown in Fig.6.1d clearly evidences the high 
degree of order of the pattern and the lateral disconnection of the nanostripes (brighter 
regions), whose characteristic width reads about 96 nm. Remarkably, the subwavelength Au 
nanostripe continuously extends over the macroscopic distance (∼ cm), enabling optical 
and/or electrical probing of these samples over a large area.  

Here, the optical response of the nanostripes (NSs) was investigated by far-field optical 
extinction spectroscopy under normal incidence illumination of the sample over a broadband 
near-UV to VIS and NIR spectrum (Fig.6.1e). In accordance with the morphological 
anisotropy, we detect a strong dichroism in the optical response excited with polarization of 
the incident light either longitudinal (TE-pol, dotted line in Fig.6.1e) or transversal (TM-pol, 
continuous line in Fig.6.1e) with respect to the NS’s long axis. 
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Figure 6.1: (a) Photograph of the 1D photoresist gratings supported on the large-area glass 
template. The green fringes due to optical interference in the gratings are clearly detected 
over a large area on the cm2 scale. (b) AFM topography of the 1D gold NS arrays and (c) 
AFM-cross section profile relative to the blue line in (b). The yellow scale bar corresponds 
to 800 nm. (d) Top-view SEM image of the Au NS arrays acquired in the backscattering 
channel. Corresponding yellow scale bar denotes 1 μm. (e) Corresponding optical 
extinction spectra detected under normal incidence large-area NUV−VIS−NIR illumina on 
for longitudinal (TE-pol, dotted line) and transversal (TM-pol, continuous line) polarization, 
respectively. 

6.1.2 Narrowband modes and Rayleigh anomaly 
For excitation with TE-polarized light, we observed high optical transmittance, above 80%, 
and the spectrum shows a behavior similar to that of a flat continuous Au thin film,51 
characterized by the onset of s−d interband transi ons at about 530 nm wavelength. 
Conversely, the TM spectrum exhibits a strong transmission dip tuned at about 706 nm 
wavelength, due to the excitation of a LSP resonance confined along the short axis of the 
metallic NSs. The high homogeneity of the pattern enables exciting the LSP mode with high 
efficiency, recording a narrowband resonance whose Full Width Half Maximum (FWHM) 
reads about 197 nm. The possibility to further reduce the resonance bandwidth represents 
a desirable feature in view of RI sensing applications; however, a significant reduction is 
generally limited by the intrinsic ohmic losses inherent to the metallic nanoantennas. In 
order to overcome this issue, the excitation of plasmonic LRs in highly ordered plasmonic 
gratings can be exploited to increase the spectral sensitivity when these photonic modes, are 
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coupled to LSP resonances achieving narrow band Fano interference163,167. The morphology 
of the Au NS gratings described here reveals long-range order and homogeneity, which 
suggests the possibility to tailor the LR excitation.  

 

Figure 6.2: (a) Schematic diagram of the optical configuration adopted in the angle-
resolved extinction measurements. The sample was rotated parallel to the light incidence 
plane and was excited with p-TM and s-TE polarized light. (b,c) Transmission spectra of Au 
nanostripe arrays detected under an increasing light incidence angle, 𝜽, from 0° (black 
curve) to 65° (red curve). The investigated sample is based on Au NSs characterized by a 
height of 17 nm, a periodicity of 293 nm, and a width of 96 nm. (d) Dispersion of the 
diffraction mode detected in (c) (blue stars) and the fit (pink dotted line) of the 
experimental data based on the RA eq. 6.1. 

 

Figure 6.3: Figure 4. Angle-resolved transmittance detected for p-TM polarization of the 
incident light on Au NSs of height, respectively, reading (a) 17, (b) 25, and (c) 65 nm. The 
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periodicity and width of NSs are kept constant in all the three samples and read 293 and 
96 nm, respectively. The incidence angle of light with respect to the substrate normal was 
varied from 0° to 65°. 

In particular, we detected the optical transmittance in the extinction configuration for 
different incidence angles θ of the photons, which were either p-TM or s-TE polarized as 
shown in Fig.6.2a. These optical configurations allow to effectively couple the incident 
photons to the grating. For excitation along the p-TM direction (i.e. when the light is 
polarized along the nanostripe’s short axis) (Fig.6.2b), as θ increases, the LSP resonance 
gradually modifies its shape with a sharpening and a gradual red-shift is observed. In 
particular, a strong asymmetry and narrowing of the LSP resonance, recalling a Fano-like 
interference, is observed at grazing incidence (i.e., 𝜃 =  65°, red curve). This effect can be 
attributed to a resonant coupling between the broadband-localized plasmonic resonance 
and the lattice mode resonance sustained by the NS gratings167. The possibility to switch-off 
the LSP resonance by changing the incident light polarization to s-TE (i.e., when the incident 
light is linearly polarized perpendicular to the incidence plane and perpendicular to the 
nanostripe short axis) (Fig.6.2c) allows us to independently highlight the presence of the 
extraordinary transmittance LR feature, which spectrally overlaps with the Fano-interference 
mode detected for p-TM excitation of the nanogratings (Fig.6.2b). The latter gradually red 
shifts from 630 nm wavelength up to 725 nm as 𝜃 increases from 0 to 65°, where a stronger 
coupling between the two modes is observed. Remarkably, a dispersive behavior, 
characteristic of a LR, is highlighted in Fig.6.2d where the resonant wavelength (i.e., the 
extraordinary transmittance maximum in the s-TE spectra, Fig.6.2c) is plotted as a function 
of incidence angle. In particular, we can consider our system as a plasmonic lattice of 
periodicity 𝑝 =  293 𝑛𝑚, which exhibits light diffraction at the resonant angle (Rayleigh 
condition) when a diffracted order propagating in the upper/lower half-space (respectively 
air/liquid or substrate) crosses the boundary, according to the following equations168: 

[eq. 6.1] 

𝑚𝜆 _ = 𝑝(𝑛  𝑠𝑖𝑛𝜃 + 1) 

[eq. 6.2] 

 𝑚𝜆 _ = 𝑝(𝑛  𝑠𝑖𝑛𝜃 + 1)  

where 𝑚 corresponds to the diffraction order, 𝜆 _  and (𝜆 _ ), respectively, denote the 
wavelength of the RA propagating at the substrate/air interface, ns represents the RI of the 
substrate (in the case of glass 𝑛 ≈ 1.5), and na represents the RI of the external medium 
(𝑛 ≈ 1.0 in the case of air). The fit of our experimental data according to eq. 6.1 (dotted red 
line in Fig.6.2d) clearly demonstrates the nature of the detected LR mode, corresponding to 
a first-order RA confined at the substrate interface λRA_s. The RI of the substrate calculated 
from the fit of the diffraction mode according to relation (eq. 6.1) reads ns = 1.5, which is 
well compatible with the expected value for glass.  
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The experiment described in Figure 3, employing thin Au NSs of height ℎ ≈  17 nm, 
successfully demonstrates that it is possible to deeply manipulate light propagation through 
a large-area plasmonic lattice by simply tailoring the illumination conditions in order to 
achieve spectral overlap between the RA mode and LSP resonance. We stress that in Figure 
3c the visibility of the external RA, 𝜆 _ , confined at the air interface is limited by both the 
weak extinction cross section of the NSs, which scales with their volume (height), and by the 
poor spectral overlap with the LSP resonance. Indeed, in order to achieve high sensitivity in 
the RI detection, it is the 𝜆 _  mode, which should be monitored because, according to eq. 
6.2, its wavelength directly depends on the dielectric properties of the medium in the outer 
half space. In order to optimize the detection performance of our systems, we tailored the 
height of the NSs, keeping fixed their width 𝑤 = 96 nm and periodicity 𝑝 = 293 nm.  

In particular, we characterized via angle-resolved optical spectroscopy, the extinction 
spectra of three different samples corresponding to ℎ = 17, ℎ = 25, and ℎ = 65 nm 
(Fig.6.3a to Fig.6.3c, respectively, the spectra were vertically shifted of 15%). As the NS 
thickness increases, we observe a strong change in the optical response of the plasmonic 
nanoarray. This originates from a stronger coupling between LR and LSP resonances because 
their respective extinction efficiencies scale with the volume of the individual nanoantenna. 
Moreover, the bare LSP resonance detected at 𝜃 =  0° (black curves) shows a blue shift from 
706 nm wavelength (Fig.6.3a, ℎ = 17 nm) to 600 nm (Fig.6.3b, ℎ = 25 nm), and to 590 nm 
(Fig.6.3c, ℎ = 65 nm).  

This effect is induced by the gradual increase of the nanoantenna aspect ratio ℎ/𝑤,52 which 
is tailored from 0.18 up to 0.68. We also notice that additional effects can be observed for 
higher incidence angles: (i) for the thinner nanoantennas (Fig.6.3a), the nondispersive nature 
of the LSP resonance dominates the spectra at all angles, and the coupling with the substrate 
RA, 𝜆 _ , is substantial only at large incidence angles; (ii) for the thicker NSs (Fig.6.3b,c), the 
stronger coupling between the LSP mode and both substrate and external RA determines a 
substantial reshaping of the extinction spectra even for low-incidence angles. The degree of 
asymmetric reshaping of the LSP resonance becomes already evident under illumination 
angles as low as 30° and strongly increases at more grazing incidence, eventually splitting 
into two narrow transmittance dips (𝑃  and 𝑃 ), which are endowed with a clear dispersive 
nature. For ℎ = 65 nm and 𝜃 = 65° (Fig.6.3c), one observes intensity narrowing in between 
the dips 𝑃  and 𝑃 , respectively, detected at 545 and 690 nm, and a substantial narrowing of 
their linewidth, which shrinks down to a FWHM of 35 and 22 nm, respectively. In order to 
unambiguously identify the origin of these modes in Fig.6.4a we show their optical dispersion 
behaviour detected in spectroscopy (i.e. resonant wavelength vs 𝜃). In the same plot, we 
added the theoretical values of 𝜆  at the substrate and external interface, evaluated 
according to eq. 6.1 and 6.2 and assuming no free fitting parameters (𝑝 = 300 nm, 𝑛 = 1.5, 
𝑛 = 1.0). Because of the sensitivity of the resonant wavelength 𝜆 _  to the external RI, 𝑛 , 
and considering the narrowband nature of 𝑃  and 𝑃 , this mode represents the ideal 
candidate for evaluating the RI sensitivity of our low-cost and large-area templates.  
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6.1.3 RI sensing application 
The transparent substrate enables an easy integration of the plasmonic arrays into a simple 
microfluidic device active over macroscopic areas. By exploiting the large-area homogeneity 
of these plasmonic templates, RI sensing can be indeed performed employing a standard 
spectroscopic extinction configuration based on a macroscopic collimated beam (diameter = 
1 mm), without need of focused optical setups. A large-area microfluidic cell (size 18 × 15 
mm2) was prepared on top of the plasmonic gratings by exploiting a suspended glass 
coverslip, which enables the vertical confinement of the liquid within a tiny gap (∼500 μm), 
while two microfluidic tubes sealed on the opposite sides of the cell control the liquid flow. 
In the microfluidic configuration employed, the active volume of the sampled liquid 
illuminated by the optical beam amounts to 0.4 nL. The optical transmittance through the 
cell was detected under glancing angle illumination (𝜃 =  65°) in order to exploit the 
narrowband 𝑃  and 𝑃  spectral features (Fig.6.3c) for sensing purposes.  

Subsequently, the RI of the external medium 𝑛  was gradually increased from 1 (green curve) 
to 1.45 (red curve) as shown in Fig.6.4b, detecting a significant RI sensitivity of both the 
optical features 𝑃  and 𝑃 , which red shift in response to an increase of RI in the external 
medium. A quantitative analysis of the resonant wavelength of 𝑃  and 𝑃  is shown in Fig.6.4c 
and Fig.6.4d, which demonstrates that both 𝜆 _  and 𝜆 _  follow a clear linear trend versus 
external RI. A linear fit of the resonant wavelength plotted as a function of the RI allows 
estimating the RI sensitivity, 𝑆  =  𝜕𝜆/𝜕𝑅𝐼, defined as the slope of the curve. Here, the 
sensitivity calculated exploiting the experimental data reads 𝑆 = (275 ± 4) nm/RIU for 𝑃  
and 𝑆 = (19.5 ± 1.0) nm/RIU for 𝑃 . The different behaviors of the two resonant features 
can be explained by considering their different origin: the optical mode 𝑃  corresponding to 
the external RA 𝜆 _  is directly sensitive to the RI na of the outer half-space occupied by the 
liquid (eq. 6.2), while in the case of mode 𝑃  corresponding to the substrate-confined RA, 
𝜆 _ , the sensitivity to the outer medium is very limited because it derives from the weak 
evanescent coupling. According to eq 6.2, we can estimate the theoretical RI sensitivity for 

the substrate-confined RA, 𝑆 = = 𝑝 𝑠𝑖𝑛𝜃 =  275 nm/RIU, by assuming the 

experimental conditions employed here (𝑝 =  300 nm, 𝜃 =  65°). The agreement between 
the experimental and theoretical sensitivity is remarkable and further confirms the validity 
of our assumptions. Based on the above considerations we can also anticipate that the 
sensitivity 𝑆  could be enhanced up to values in the 103 range by increasing the period p 
of the grating (and the wavelength of the external RA 𝜆 _ ) around 1000 nm where low-
cost spectrometers equipped with Si detectors can still be employed.  
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Figure 6.4: (a) Detected dispersion of the diffraction modes in Fig.6.3c (red dots and blue 
pentagons) and fit (magenta and blue dotted line) of the experimental data based on the 
RA eq. 6.1 and 6.2, respectively. (b) Optical transmission spectra of Au NS detected at 𝜽 =

 𝟔𝟓° (p-TM polarization of the incident light) in the presence of different dielectric media 
characterized by increasing RI from 1.0 (green line) to 1.33 (wine line), 1.36 (blue line), 1.39 
(orange line), 1.43 (magenta line), and 1.45(red line). (c,d) Plot of the resonant wavelength 
of the optical features P1 and P2, respectively, detected at the incidence angle 𝜽 =  𝟔𝟓° 
as a function of the RI of the dielectric medium. The RI sensitivity 𝑺𝝀, corresponding to the 
slope of the fitted linear curve, corresponds to 275 and 19.5 nm/RIU, respectively. 

We stress that such a high value of RI sensitivity is competitive with those obtained in the 
state-of-the art approaches, generally requiring complex optical detection schemes169–171 
(e.g. localized and high- resolution surface reflectivity measurements172) or nanofabrication 
techniques, which limit the active area of the device173,174 (e.g. electron beam lithography). 
Few experiments can be found, which aim at RI sensing using 1D/2D NS gratings in the 
extinction configuration at normal incidence167,175,176. Among these examples, RI sensing is 
also demonstrated for a self-assembled film of gold bipyramids synthesized using a chemical 
route, with LSP resonance linewidths in the 100 nm range and comparable sensitivity177. Our 
RI sensing configuration, which exploits a simple extinction setup combined with an original 
tilted sample configuration, enables cost-effective and narrow-band RI sensing showing 
substantial advantages with respect to previously mentioned reports. Remarkably, we have, 
here, achieved competitive RI sensing performances with a sensor active area extending over 
macroscopic areas (cm2 scale), thus enabling cost-effective integration of these flat-optics 
plasmonic templates in real-world biosensing devices. In perspective, by reducing the optical 
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beam diameters in the 50 μm range and the cell gap to the 100 μm range, the active volume 
of the sampled liquid could be easily reduced to sub-picoliter value area making possible 
multiplex microarray sensing. 

In conclusion, this work demonstrates a cost-effective method able to combine large-area 
(cm2 scale) fabrication of flat-optics nanosensors with a fast and compact optical detection 
scheme. We have shown high sensitivity of the flat-optics configuration to the dielectric 
environment by exploiting 1D plasmonic gratings, which extends homogeneously over large-
area transparent templates. A cost-effective nanofabrication method based on LIL enables 
the nanofabrication of 1D gold NS gratings with a tunable shape and/or periodicity. By 
exploiting the potential of the large-area nanofabrication approach, an effective tuning of 
the dichroic plasmonic and flat-optics response can be achieved over a broadband spectral 
range, demonstrating resonant coupling between the polarization sensitive LSP and the RA 
at the air− and at the substrate− gra ng interface. Under this condi on, narrowband Fano 
lineshapes enable homogenous sensitivity to the environmental RI enhanced up to 275 
nm/RIU by exploiting an integrated microfluidic sensor. The detected RI sensitivity is 
competitive to state-of-the art sensors and, combined with the cost-effective 
nanofabrication and the simple optical scheme, is very promising in view of integration of 
this flat-optics platform into large-area microfluidic devices. 

6.2 Flat-optics nanogratings on free-standing membranes 

While LIL fabrication approach represents a cheap and versatile method, the application of 
LIL gratings to high resolution nanofluidic sensing requires tilted optical measurements 
which involve cumbersome setups and, together with the advantage of large area, carries an 
intrinsic limit in terms of sample volume required for a significant experimental output. A 
valid alternative can thus be the application of the free-standing chips mentioned in the 
previous chapters as nanofluidic platforms, where the transparent (500 µm side) window not 
only can be patterned with complete control over geometrical parameters using EBL, but 
also opens the possibility to achieve – for the right matching of aspect ratio and periodicity 
– the coupling of light into the free-standing membrane featuring waveguiding effects. The 
excitation of Guided Mode Anomalies (GMA) into these free-standing metasurfaces 
represents a very effective way to resonantly couple light to the membrane in view of sensing 
applications. 

When high refractive index substrates are employed, efficient light-guiding can be achieved, 
and gratings can promote resonant electromagnetic confinement into the waveguide. 
Different schemes have been investigated so far, based both on plasmonic178 and/or 
dielectric gratings179, for launching waveguided modes which can be tuned across a 
broadband spectral range by properly engineering the metasurface (e.g. materials, antennas 
design). Both all-dielectric and hybrid plasmonic/dielectric gratings supporting Guided Mode 
Resonances (GMR) have been proposed and optimized for a broad range of applications, 
from diffractive elements to biosensors180. In particular, an hybrid scheme supporting both 
photonic and plasmonic modes has been recently proposed for biomolecules sensing181. 
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Concerning GMR gratings, asymmetric light absorbers/reflectors have been fabricated on 
free-standing Si3N4 membranes in view of energy harvesting  and wavelength multiplexing 
applications182,183. 

Thin and free-standing supports endowed with high refractive index represent a unique 
platform where flat-optics gratings can combine effective waveguiding properties with near 
field confinement at the interface, with crucial impact in optofluidics and biosensing. The 
possibility to design optically-active nanofluidic channels is intriguing since, on one side it 
opens the possibility to study interaction between light and fluid transport184,185, while on 
the other it enables the development of compact free-standing nanosensors186,187.  

In our experiments, periodic plasmonic nanostripe arrays are fabricated on top of electron-
transparent silicon nitride (Si3N4) membranes via high resolution electron beam lithography 
(EBL), achieving homogeneous patterned area extending over hundreds of square microns 
(Figure 6.5a, 6.5b).   

 

Figure 6.5: SEM images of the studied sample. (a) Low magnification image of the 3mm 
chip, with the square free-standing window visible in the middle; (b) detail of the free-
standing area: four patterns with marked period have been fabricated without overlap. 
The apparent distortion of the patterns is simply a graphical artefact due to Moiré effect; 
(c-f) images of the nanostripes arrays with period respectively 700 nm, 900 nm, 1100 nm 
and 1300 nm. Magnification of the SEM images is the same (scale bar 1 μm).  

The Scanning Electron Microscope (SEM) image of Figure 6.5b well highlights the presence 
of four patterns on the same substrate, which are characterized by different periodicity of 
the lattice, 𝑃, ranging from 700 nm to 1300 nm, thus enabling the fine tuning of the optical 
response of these free-standing gratings. SEM images shown in Figure 6.5c and Figure 6.5f, 
respectively corresponding to increasing periodicity of the pattern from 𝑃 = 700 nm to 𝑃 = 
1300 nm, highlight the degree of order of the nanopatterns and the control on the periodicity 
and shape of the antennas. All the patterns are based on gold nanostripes characterized by 
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fixed aspect ratio 𝑤/h= 3 determined by nanostripes width 𝑤 = 120 nm and thickness ℎ = 
40 nm. These morphological parameters have been engineered with the aim to tune the 
optical modes of the antennas within the Visible (VIS) and Near-Infrared (NIR) spectrum. 

6.2.1 Optical properties of free-standing nanogratings 
The optical response of these free-standing arrays has been investigated via optical micro-
spectroscopy, using a custom modified optical microscope (see chapter 5.2 for details), 
operating in transmission configuration (Figure 6.6a) and fibre-coupled to a VIS-NIR 
spectrometer. A white light beam is shone from a halogen lamp through a polarizer and a 
condenser lens, finally illuminating the bottom surface of the sample at normal incidence 
(Figure 6.6a). A 100x magnification objective collects the optical intensity transmitted from 
a micro-spot (diameter ~20 µm). 

 

Figure 6.6: (a) Schematic representation of the optical setup, based on an optical 
microscope fibre-coupled with a spectrometer; (b) sketch of the photonic modes sustained 
by the nanoarrays: the plasmonic nanostripe gratings behave as plasmonic antennas 
supporting lattice resonances (LR) and launching guided modes in the high index substrate 
(GM+, GM-); (c,d) Experimental and simulated optical response of the P700 array, 
respectively. The transmission micro spectra were measured and calculated by sample 
excitation with polarized light, both perpendicular (TM- solid curves) and parallel (TE -
dashed curves) to the nanostripes long axis. 

Due to the order of these periodic arrays and to the subwavelength size of the Au 
nanostripes, different optical modes are expected to occur in the VIS and NIR spectral ranges. 
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Indeed, the Au nanostripes behave as plasmonic nanoantennas and, at the same time, the 
periodic grating may support Rayleigh Anomalies (RA). Under this condition the so-called 
Lattice Resonances (LR) confined at the surface (see sketch in Figure 6.6b) can be observed 
due to resonant interference between RA and plasmonic mode56. Additionally, guided modes 
(GM+/GM-) can be launched into the high index substrate, due to resonant interaction with 
the periodic nanograting (see sketch in Figure 6.6b). 

In Figure 6.6c the normal incidence transmission micro spectra of the pattern P700 are 
shown, corresponding to two perpendicular polarizations of the excitation beam. The light is 
polarized either parallel (TE-pol, dashed curves) or perpendicular (TM-pol, solid curves) to 
the long axis of the nanostripes. A strong optical dichroism is detected in these anisotropic 
arrays. For TE polarization, a slight decrease of transmittance is observed for wavelengths 
below 500 nm, due to inter-band transitions in gold, in resonance with high order optical 
modes. Additional weak modes are observed at higher wavelengths. For TM polarization, we 
detect high-energy optical modes (λ ~ 400-450 nm) that can be associated to the presence 
of the SiN waveguide beneath the pattern, and/or to the generation of high order guided 
modes188. At higher wavelengths, four sharp modes are detected within the VIS and NIR 
spectrum. The first minimum is visible at 540 nm (mode D in Figure 6.6c), a broader lattice 
resonance is detected at 700 nm and marked as mode C. Given the geometrical aspect ratio 
of the nanostripes, we indeed expect a localized plasmon resonance within this spectral 
range. This feature provides a good coupling efficiency between the grating and the 
photonics guided modes leading to possible plasmonic/photonic mode hybridization over a 
broadband range. Two further narrowband minima are visible in the NIR spectrum (mode B 
at 900 nm, mode A at 940 nm) corresponding to the first order guided modes. Experimental 
spectra have been confirmed by finite-difference time-domain (FDTD) calculations of finite 
structures (removing periodic boundary conditions), considering an incident Gaussian field 
of 10 μm beam waist. Numerical results depicted in Figure 6.6d are in remarkable agreement 
with the experimental data (Figure 6.6c).  Due to the symmetry of the system, using finite 
size spots fulfilling normally incident plane wave approximation, one would expect the 
resonant excitation of left to right (LTR) or right to left (RTL) guided modes that are 
degenerate in frequency. Conversely, in our system we observe a peculiar double peak 
behaviour (modes A, B and modes C, D) that can be attributed to the transverse components 
of the wavevector with respect to the surface normal. Indeed, a plane wave expansion of a 
real focused beam contains also wavevectors components corresponding to nonzero 
incidence angles (𝜃). These components can couple to the guided modes according to the 
following equation: 

[eq. 6.3] 
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where λ is the wavelength, Λ is the periodicity of the grating, the integer m is the diffraction 
order of the grating and the sign + (-) stands for the same (opposite) direction of propagation 
of the guided mode (of effective refractive index neff) with respect to the incident light. The 
(+) and (-) solutions of Eq. 6.3 respectively correspond to modes such as A (GM+) and B (GM-
), and to all the higher order pairs.  

Since for a symmetric normal incident Gaussian beam the amount of LTR and RTL coupled 
energy is the same, we are not able to distinguish the two contributions. To validate our 
hypothesis about the nature of the peaks we run simulations (in collaboration with Prof. 
Centini, La Sapienza University of Rome) calculating the field distribution of the four labelled 
modes. In the case of the lattice resonance, we expect the electromagnetic field to be 
confined at the nanoantenna’s surface, while for pure guided modes we expect the typical 
single layer symmetric waveguide field distributions189–191. In Figure 6.7 we observe the 
spatial distribution of both magnetic (H/H0 - first two columns on the left) and electric (E/E0 
- right columns) field. The system supports a combination of different leaky waveguided 
modes with symmetric optical field distribution perpendicularly to the guide (y axis). The 
calculated distribution of the magnetic field of mode A, B and D (Figure 6.7a, 6.7e, 6.7m) 
suggests a symmetric behaviour. Conversely, in the case of mode C, calculations show an 
asymmetric magnetic field distribution (Figure 6.7i), with strong localization in proximity of 
the nanoantenna grating attributed to the resonant interference with the broader lattice 
resonance supported by plasmonic nanoantennas.  

Additionally, strong interference fringes are observed along the waveguide (x axis), arising 
from the superposition of LTR and RTL counter-propagating guided modes. While A, B and D 
(Figure 6.7a, 6.7e, 6.7m) are based on the unperturbed fundamental TM0 guided mode of 
the Si3N4 slab, mode C (Figure 6.7i) displays the typical central node of the TM1 mode.  

A deeper analysis of the zoomed magnetic and electric field distributions across the slab 
section reveals high symmetry for modes B (Figure 6.7f, 6.7g) and D (Figure 6.7n, 6.7o), 
typical of dielectric waveguided modes. On the other hand, in the case of mode A (Figure 
6.7a, 6.7b) and C (Figure 6.7i, 6.7j) the optical field distributions are asymmetric and mainly 
confined on the grating side. In particular, mode C with plasmonic character shows electric 
field strongly confined within a few nanometres at the surface (Figure 6.7k), while mode A 
shows broader distribution out of the substrate (Figure 6.7c). It is worth noticing that all the 
waveguided modes detuned with respect to the lattice resonance are characterized by 
electric field (Ey/E0) strongly amplified within a gap extended 100 - 150 nm out of the guide. 
These wide hot-spots are very promising in view of nanofluidic and/or molecular sensing 
applications.  
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Figure 6.7: Calculated field maps of the four detected modes, represented along the cross 
section of the membrane with the nanostripes on the upper surface and the axis aligned 
as depicted in Figure 6.6b. (a,e,i,m) Extended [Hz]/[Ho] maps of modes A, B, C, D divided 
in first (I) and second (II) order modes; (b,f,j,n) detail of the [Hz]/[Ho] maps, two periods of 
the grating are visible on the upper surface; (c,g,k,o) and (d,h,l,p) detail maps of the electric 
field components along the y and x axis. GM+ and GM- distinction refers to higher 
wavelength (A, C) and lower wavelength (B, D) modes among the peak pairs, as resulting 
from Eq. 6.3.  

6.2.2 Tuning optical modes in free-standing nanogratings 
In order to tune the waveguided modes supported by the nanogratings over a broadband 
spectrum, we engineer nanopatterns formed by nanostripes of identical cross section and 
different periodicity (Figure 6.5c, 6.5d, 6.5e, 6.5f). Figure 6.8 compares the detected micro 
spectra with calculated responses of four different samples with increasing periodicity. 
Figure panels are sorted by increasing the pattern periodicity from top (P = 700 nm - Figure 
6.8a) to bottom (P = 1300 nm - Figure 6.8j), while the side panels (Figure 6.8b, 6.8e, 6.8h, 
6.8k) show the corresponding simulated response. As previously noticed, every pattern is 
characterized by interband transition in Au below 500 nm wavelength, and by multiple 
absorption minima in the red-shifted part of the spectrum. For TM polarization, a broadband 
mode is clearly detected at about 700 nm wavelength, corresponding to the plasmonic lattice 
resonance. The spectral position of this mode is kept constant in the different arrays 
provided the fixed aspect ratio of the nanostripes. However, the broadband plasmonic mode 
is resonantly coupled to guided modes at detuned frequencies depending on the grating 
periodicity. Conversely, the guided modes excited in sample P700 at 900 nm and 940 nm 
respectively (Figure 6.8a), display a different behaviour: a gradual red-shift is detected as the 
grating periodicity increases. In particular, for P = 900 nm, the modes red-shift to about 1050 
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nm and 1090 nm as shown in the VIS-NIR experimental spectra of Figure 6.8d and labelled 
as first order ( I ) in the simulations of Figure 6.8e and Figure 6.8f.  

Figures 6.8c, 6.8f, 6.8i, 6.8l correspond to simulated spectra within the NIR range (1000-1500 
nm) and allow us to follow the spectral position of the first order modes for the higher 
periodicity samples outside the experimentally observable range. The first order guided 
modes detected for P700 gradually red-shift as periodicity increases, in parallel the second 
and third order excitations are detected in sample P900 and P1100 (Figure 6.8d and 6.8g), 
and the fourth order emerges in sample P1300 (Figure 6.8j).    

Observing the stitched full range simulated curves (the two columns on the right in Figure 
6.8), up to four pairs of modes can be recognized for the patterns with larger periodicity. 
Array P1300 exhibits its first order guided modes ( I ) at 1400 nm, its second order ( II ) at 
850-900 nm, the third ( III ) at 650-700 nm, and the fourth ( IV ) at 550-600 nm.  

The second order modes in samples P700 and P900 – or the third order in P1100 and P1300 
– are broader with respect to the other modes arising from the same array. When the modes 
are interacting with the plasmon, indeed, they show an increased intensity of the absorption 
peaks and relative broadening of the resonance due to the plasmonic dampening. This 
consideration assumes critical importance in the context of the sensing applications. Indeed, 
the spectral width of the mode is a key parameter in view of refractive index sensing, limiting 
the resolution of the spectroscopic detection and the sensitivity of the technique.  

Within the set of samples described in this work, the tuning capabilities allowed us to achieve 
different coupling conditions between the narrowband waveguided modes and the 
plasmonic resonance. This is highlighted by the different shapes of the resonance detected 
at about 700 nm wavelength in all the samples and confirmed by corresponding calculation 
of both spectra and near-field distribution. Among the observed responses, P1100 displays 
high intensity and narrowband second order waveguided modes excitation at about 800 nm 
wavelength (Figure 6.8g). As confirmed by calculation of the spectra (Figure 6.8h), the second 
order waveguided modes are here detuned from the plasmonic resonance and show a 
dominant waveguided behaviour. In particular, we would like to exploit its characteristic 
electric field amplification – localized within a broader liquid volume – for refractive index 
sensing.       
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Figure 6.8: Spectral shift of the modes obtained by variation of the grating periodicity, P = 
(a) 700, (d) 900, (g) 1100, (j) 1300 nm. (a,d,g,j) experimental spectra of the gratings; 
(b,e,h,k) calculated spectra of the nanostripes in the experimentally observed spectral 
range; (c,f,I,l) calculated extended-range spectra in the Near IR. The order of the guided 
modes is labelled with letters in the simulated spectra. 

6.2.3 Free-standing nanogratings sensors 
To test the performance of this flat-optics system, we devised a proof-of-concept experiment 
based on the free-standing plasmonic/photonic templates operating as nanofluidic refractive 
index sensors. To get quantitative information, the chip has been mounted on a transparent 
glass support as sketched in Figure 6.9a. The fluidic microchannel enables controlled 
confinement of sub-picoliter volumes of liquid in the active area. This configuration enables 
direct in-situ optical detection of transmission micro-spectra under normal incidence 
illumination (as shown in Figure 6.6a). Different liquids with known refractive index (water, 
iso-propanol, PMMA/ethyl-lactate solution) have been dosed in contact with the 
nanopatterned side of the membrane, monitoring the spectral shift of the optical modes. 

Figure 6.9b compares the VIS-NIR transmittance micro-spectra detected when the active 
area of P1100 nanograting samples different dielectric environments: air (black curve), water 
(red curve), iso-propanol (IPA) (green curve) and a PMMA-ethyl-lactate solution (blue curve). 
A gradual redshift of all the optical modes is detected as the refractive index increases from 
air- (n=1) to PMMA - environment (n=1.42).  To evaluate the spectral sensitivity of this 
template we selected the narrowband second-order guided modes (see Figure 6.8h), 
resonant in air at 770 nm (mode B) and 810 nm (mode A) and characterized by optimal 
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bandwidth. A red-shift of more than 50 nm has been detected for both the targeted peaks 
as n increases from 1 to 1.42. In parallel, the resonant frequency of these modes linearly 
depends on the refractive index, as highlighted by the plot of Figure 6.9c, and further 

confirmed by data fit. The latter allows the evaluation of the refractive index sensitivity (∆

∆
), 

corresponding to the slope of the curve and reading 180 nm/RIU for mode B (red arrow in 
Figure 6.9b), and 110 nm /RIU for mode A (blue arrow in Figure 6.9b). 

The corresponding simulated spectra of this nanosensor (Figure 6.9d), well matches with the 
experimental data (Figure 6.9b), further confirming the good optical sensitivity of this 
platform based on guided photonic modes. In particular, the mode B (as seen for P700 in 
Figure 6.7g), is characterized by minimal bandwidth and by strong near-field confinement 
extending about 100-150 nm at the external interface of the metasurface. This latter figure 
is particularly promising in view of more complex nanofluidic sensing platforms enabling 
detection of weak molecular signals (e.g. SERS). In perspective, nanogratings with different 
aspect ratio and/or periodicity can be fabricated to evaluate different coupling conditions 
between the guided modes and the plasmonic response. In this respect the simulated 
spectra of Figure 6.9d suggest that the spectral width of the waveguided mode could be 
reduced to 5 nm in an optimized sample, with possible improvement of the refractive index 
sensing performances192. 

Another interesting pathway to increase the sensing capability of the device involves 
reduction of the minimum sampled volume185. By simply designing a fluidic channel with 
drastically reduced gap in the ten-micrometre range, the sensed volume can be downscaled 
to the picolitre scale. As a lower limit at the molecular scale one can consider examples of 
nanofluidic applications in which the nanograting itself behaves as a nanochannels grating, 
supporting a 2D material flake that acting as a ceiling of the nanofluidic system. 
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Figure 6.9: Testing of the device sensing capability. (a) sketch of the measure 
configuration: the active area is highlighted in yellow, the red arrows indicate the flow of 
tested solution inside the canal; (b) in-situ spectra of the sample, liquids from top to 
bottom with increasing refractive index; (c) plotted spectral position of the peaks A and B 
in air (n=1), water (n=1.33), IPA (n=1.37) and PMMA solution (n=1.42), with estimated 
Refractive Index sensitivity obtained fitting the spectral shifts (nm/RIU); (d) simulation of 
the spectral shift with the attributed refractive indices. 

In conclusion, flat optics nanosensor templates based on plasmonic gratings have been 
fabricated via high resolution electron beam lithography at the surface of free-standing 
silicon nitride (Si3N4) membranes. These engineered templates are able to host both a 
broadband plasmonic lattice resonance and different narrowband optical modes launched 
by the nanograting into the waveguide. A qualitative and semi-quantitative agreement has 
been achieved between measured optical micro spectra and simulations, demonstrating the 
capability to tune narrowband waveguided modes over a wide VIS-NIR spectrum by simply 
tailoring the periodicity of the lattice. The optimal bandwidth of these photonic modes, as 
low as 12 nm, combined with their strong near-field confinement at the external interface, 
enable the development of a hybrid photonic/plasmonic free-standing nanofluidic device. A 
proof-of-concept refractive index sensing experiment, at the sub-picoliter scale, showed a 
good refractive index sensitivity of 180 nm/RIU, for this free-standing platform, enabled by 
the narrowband waveguided mode (mode B), in optimal agreement with simulations. The 
latter, suggest a further improvement of the refractive index sensitivity in nanoarrays where 
bandwidth as low as 5 nm can be achieved. The high sensitivity provided by waveguided 
modes thus suggests these free-standing flat-optics platforms as optimal candidates for 
label-free biosensing into nanofluidic systems, diagnostics and environmental detection. 
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 Additional photonics applications of LIL nanogratings can be investigated by transfer of the 
polymeric nanopattern to a dielectric substrate.  Under this condition photon harvesting 
functionalities can be obtained with a strong potential in photonics and photovoltaics.  In 
this activity, we optimized the nanofabrication, and we studied the optical response of 
functionalized transparent windows for photon harvesting in thin organic photovoltaic cells. 
This activity led to a publication within an international research collaboration193. 

In recent years, organic photovoltaics (OPVs) have emerged as a promising candidate owing 
to their potential merit of low-cost energy conversion194 and optional mechanical 
flexibility195,196. It opens up a range of novel and unconventional applications, e.g., integrating 
smart building components197,198, products, and electronic devices. Despite the substantial 
progress in the last years199, the power conversion efficiency of thin-film OPVs is still lower 
than their inorganic counterparts, and device performance always toggles between sufficient 
light absorption and good charge carrier extraction. Good light absorption would require a 
micrometer-scale thick active layer, restricting the collection of minority carriers200. On the 
other hand, a thin layer of the organic absorber is preferable to efficiently collect the photo-
generated carriers, and beneficial against photon-induced degradation of the organic 
absorber. However, this limits the photon-absorption efficiency, which in turn reduces the 
overall efficiency of solar cells. A considerable portion of the incoming light is lost due to the 
reflection from the electrodes as well as due to incomplete absorption by the semi-
transparent nature of the organic solar cells.  

To suppress light reflection losses, various light management strategies have been proposed 
so far, like e.g. the addition of anti-reflective thin-film coating. Anti-reflective layers however 
act over a limited wavelength range and suffer from delamination issues which hinder 
mechanical stability on the long term201,202. The use of metallic nanostructures supporting 
localized plasmon resonances has been  extensively studied in order to  exploit the resonant 
light scattering amplification and/or the near-field enhancement203,204, although the 
efficiency of these strategies is limited by ohmic losses.  

In a complementary approach, anti-reflection and light trapping functionalities can be 
achieved by introducing subwavelength dielectric nanostructures on the transparent 
window which supports the active OPV layer205,206.  A substantial increase of the photon 
absorption in thin-film photovoltaics has been recently demonstrated by functionalizing 
transparent or semiconductor substrates with large-scale self-organized nanopatterns based 
on anisotropic high-aspect ratio nanostructures207–209. The periodically textured surfaces 
endowed with subwavelength structures (SWSs) can reduce the reflection and/or increase 
light scattering and significantly increase the light coupled to the thin film device. High-aspect 
ratio SWSs fetch gradual changes in refractive index from the value of air to that of the 
substrate, mimicking the moth-eye effect leading anti-reflective functionality in the 
broadband spectral range210,211. In a complementary way, dielectric nanostructures with a 
lateral size comparable to or larger than the incident wavelength behave as Mie resonators, 
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strongly promote photon absorption, and thus enhance the short-circuit current (JSC) in the 
thin film PV device. 

 

Figure A.1: (a) Topography 3D model, based on AFM images, showing the high 
homogeneity of the obtained anti-reflection nanostructures (model area = 2x2 µm2); (b) 
Total reflectance of the pristine substrate (black curve) compared with the one of the 
structured samples, measured inside an integrating sphere; (c) sketch of the OPV multi-
stack cell, with LiF/Al layer on top of the active PTB7:PCBM film, PEDOT:PSS conductive 
contact and the anti-reflection silica window; (d) External Quantum Efficiency (EQE) of the 
OPV cell, compared with the EQE of an equivalent, non-functionalized cell. Adapted 
from193. 

Here, we demonstrated the capability to improve the photoconversion efficiency in thin-film 
OPV devices via large scale surface nanopatterning of the transparent window, promoting 
broadband light trapping into the active thin layer. We investigate periodically surface-
textured substrates such as one dimensional (1-D) periodic gratings of different pitch (P) and 
groove height (H), to explore anti-reflection and Mie scattering effects for photon harvesting 
in organic thin film devices. A cost-effective approach based on laser interference 
lithography (LIL), combined with reactive ion etching, provides homogeneous 
nanofabrication of 1D nanogratings over macroscopic areas (cm2) at the surface of 
transparent silica substrates (Figure A.1a), and enables controlled tailoring of the 
nanostructures shape and periodicity. These templates are conformally coated with a thin 
organic absorber layer (PTB7: PCBM), investigating their characteristic optical response via 
transmission and reflection optical spectroscopy, to identify the optimum light trapping 
condition. A suppression of the optical reflection, as high as 4%, has been detected over a 
broadband Visible and Near-Infrared spectral range (see Figure A.1b), thanks to an optimized 
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nanograting morphology (height 280 nm, period 300 nm). The nanopatterned thin film 
device hosted on this engineered template finally showed an amplified photoconversion 
figure with a 14% increase of the short-circuit current with respect to the reference flat 
device (Figure A.1d). These results demonstrate the potential of the large-scale nanogratings 
for broadband photon harvesting and conversion in thin film organic devices. 
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The search for new methods enabling efficient collection of particulate matter and 
multifactorial analysis in terms of size distribution, elemental composition, and structural 
identification represents a key-aspect of current efforts in environmental science.  

In this thesis a significant part of the effort has been devoted to the problem of collection 
and concentration of airborne particulate matter on a miniaturised custom chip. For this 
purpose, I applied original nanofabrication approaches derived from nanotechnology to 
build a special Si3N4 sieve, capable of trapping the airborne micro- and nano-particles on the 
active region of custom modified free standing TEM membranes. In addition to this, by 
fabrication of nanophotonic structures on the active surface of chip concentrators, I studied 
the possibility to achieve co-localised and spatially resolved detection of submicrometric 
airborne particles, with high resolution and sensitivity. The results demonstrate that with the 
new prototype it is possible to investigate not only the concentration, size, and shape of 
collected particles, but also their chemical composition (via EDX spectroscopy) and molecular 
structure (via Raman spectroscopy). 

In the first part of the thesis, I discussed the significant effort in developing original 
nanofabrication methods for the functionalization of substrates, introducing the large-area 
fabrication of periodic gratings (by Laser Interference Lithography) and the development of 
an Electron Beam Lithography (EBL) module installed in the hosting laboratory right before 
the beginning of my PhD. The EBL know-how acquired during the doctorate turned out to be 
crucial for the fabrication of functionalized Si3N4 membranes and the collection of 
submicrometric particles. 

In Chapter 4 I have demonstrated the possibility of applying the nanofabricated collection 
chips in realistic environmental conditions. For this purpose, I designed and built a portable 
collection prototype featuring a custom chip holder, where the free-standing membranes 
can be mounted to enable their safe application in standard collection setups and 
subsequent mounting in vacuum chambers or spectroscopy instruments. Then I set up a 
sampling experiment in order to check the performance of the chip with respect to standard 
techniques for PM sampling. Aerosols composed of micro- and nanoparticles (roughly 
PM2.5) have been generated and their size-distribution has been controlled and studied 
thanks to the analysis of samples collected, in parallel, on the fabricated membranes and on 
standard collection references. Thus, I could define a transfer-function between the 
collection efficiency of standard techniques and the one obtained with the chip. 

In Chapter 5 I have demonstrated that the microfabricated silicon nitride chip allows the 
identification of individual nanoparticles immobilised on the membrane. Thanks to the 
definition of a common coordinate system on the surface of the free-standing membranes, 
it is possible to address specific particles of interest in co-localized spectroscopic experiments 
performed in different instruments such as electron microscopy, x-ray energy dispersive 
spectroscopy and micro-Raman spectroscopy. Thanks to the reduced nanometer thickness 
of the free-standing membrane, the background signal of the X-ray fluorescence 
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spectrometer is minimised making possible identification and analysis of size, shape, 
composition down to the nanometer level. Remarkably the functionalization of the 
perforated free-standing substrates with self-organised plasmonic nanoantennas boosts 
dramatically the sensitivity of the Raman spectroscopy. By tailoring the plasmonic resonance 
in the range of the Raman laser pump the signal of a single molecular layer of Methylene 
Blue molecules adsorbed on the surface of the functionalized membrane is boosted by more 
than 4 orders of magnitude with respect to a reference flat gold film. Further optimization 
efforts are placed to enhance the spectroscopic signal from particles collected on the 
miniaturised devices, opening the possibility of high-sensitivity detection to the limit of single 
molecule sensing. 

In Chapter 6, I presented a different approach for the plasmonic functionalization of the 
active surface of the sensors, aiming at monitoring variations of the refractive index in the 
environment surrounding the active surface. The concept here is to adopt a simple optical 
extinction measurement configuration employing a cheap solid-state spectrometer coupled 
to a transparent substrate. Nanofabrication of ordered plasmonic gratings with tailored 
periodic geometry gives rise to narrowband modes resulting from the coupling of localised 
plasmonic resonances and lattice modes (also described in the context of Rayleigh 
anomalies) which exhibit a marked sensitivity to the refractive index of the external 
environment. In my thesis I explored two different configurations, one based on large area 
nanofabrication on bulk glass substrates (via Laser Interference Lithography), the other 
based on EBL nanofabrication on the miniaturised free-standing membranes. In both cases I 
demonstrated the possibility to employ them in a liquid environment, achieving a strong 
sensitivity to the variation of the external refractive index. In the case of the free-standing 
membranes, additionally, I demonstrated the coupling of light into the thin substrate and 
the generation of guided modes featuring strong EM field localization. 

There remain several questions to be answered, such as the possibility of modifying the 
geometry of pores in the fabricated membranes or developing a versatile connection system 
between membrane and environment to select in a simple way the upper cut-off size of the 
particles collected on the miniaturised filters. A possible development of the sampling 
platform which requires further work is the detection of nanometer scale particulate and 
biologically relevant target molecules dispersed in airborne liquid droplets and aerosols. The 
latter problem has become particularly relevant in recent times due to the COVID 
pandemic.  To conclude, we can state that the designed substrates and miniaturised 
sampling platform represent a promising solution for the co-localized study of collected 
particles, capable of multifactorial and high-resolution analysis in a compact and versatile 
approach, where the combination of nanophotonics and nanotechnology paves the road 
toward the development of compact devices for portable and personal PM monitoring. 
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