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SCOPE OF THE THESIS AND PREFACE 

This Ph.D. thesis work was carried out within the framework of the Post-doctoral Junior 

Leader-Incoming fellowship funded by “La Caixa” Foundation (ID 100010434, fellowship code 

LCF/BQ/PI20/11760028) which aimed at the development of alternative strategies for the 

construction of nanostructured plasmonic materials for the study of plasmon-molecule 

dynamics, plasmon-mediated processes, and surface-enhanced chemistry. 

Specifically, my work focused on the fabrication of such plasmonic/photonic architectures, 

including molecular species, the characterization of their optical properties using various 

experimental techniques, and the practical application of the final optical cavities in the realm 

of non-linear optics. 

Photonic metasurfaces are artificial 2D-structures made with subwavelength components, 

arranged either periodically or non-periodically, to produce distinctive electromagnetic 

responses. This design flexibility enables the creation of materials with exceptional macroscopic 

properties that cannot be found in nature.  

Plasmonic nanoparticles also act as building blocks for photonic structures such as ordered 

arrays, where coupling between plasmons and diffractive states leads to the emergence of surface 

lattice plasmon resonances, spectrally tunable from the ultraviolet (UV) to the infrared (IR) by 

varying the lattice parameter of the array (Λ), the refractive index of the surrounding medium 

and the angle of illumination. Lattice resonances retain the properties of the individual 

components, such as an enhanced scattering cross section typical of plasmonic resonances, 

while exhibiting narrow bandwidths, high quality factors (Q-factors) and spatial delocalization 

typical of diffractive phenomena. As a result, surface lattice resonances can be used to promote 

nonlinear optical phenomena such as lasing, strong coupling or second harmonic generation. 

The creation of finely tuned plasmonic arrays requires scalable fabrication techniques that 

combines advantages of both top-down and bottom-up approaches. Self-assembly techniques 
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using colloidal building blocks offer low-cost alternatives to top-down techniques, providing 

high-throughput all-around approach for implementing colloidal plasmonic metasurfaces on a 

variety of different materials. The results achieved suggest that self-assembly is now a viable 

approach for the fabrication of high-quality optical cavities for advanced optical applications 

such as lasing and enhanced two-photon excited fluorescence. 

Besides optimizing the template-assisted self-assembly technique, we had motivated to develop 

a new strategy to overcome some of the constraint related to approach that use pre-synthetized 

colloids, such as the excess of reagents and the need of ligand stabilizers. In situ growth, where 

plasmonic structures form directly on substrates avoids batch synthesis and self-assembly steps, 

was developed as an exciting alternative to achieve tunable nanometric patterns. The proof-of-

concept presented in this thesis demonstrates the possibility to grow plasmonic arrays that 

behave as optical cavities through direct in situ growth, a result that was never achieved before. 

Despite these exciting results, further research is necessary to comprehend the mechanistic 

aspects of in situ growth and control particle morphology and orientation, ultimately enhancing 

scalability and versatility of this emerging approach. 

The experimental work of the thesis was performed mainly in the Institute of Materials Science 

of Barcelona (ICMAB-CSIC), complemented by one research stay period of four months at the 

University of Houston (Texas, USA).   

Below is presented a brief outline of each chapter. 

The introductory Chapter 1 provides the essential context on plasmonics and nonlinear (NL) 

optics within the framework of this thesis, with specific focus on elucidating the characteristics 

of the metal nanoparticles, metal nanoparticles arrays, and nanoparticle-molecular interactions 

to promote nonlinear optical phenomena. 

The purpose of Chapter 2 is to summaries and categories the principles of plasmonic colloidal 

assembly, comparing different fabrication methods and highlighting emerging ones. In 
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particular, the focus is on alternative approaches using soft lithography, including template-

assisted self-assembly, and the more recent “in situ growth” strategy for constructing functional 

nanostructures by integrating nanoimprint lithography (NIL) and chemical contrast techniques. 

The discussion focuses on the use of metal nanoparticles (NPs) to create so-called “colloidal-

based plasmonic metasurfaces”. 

The Chapter 3 presents the optical characterization results obtained in the context of this thesis. 

Some engineering strategies are presented to show how different routes can be taken to design 

colloidal plasmonic metasurface. These include changing the refractive index of the 

environment, the morphology of the plasmonic units or the substrate material, in pre- and post-

assembly phases. This study showcases the adaptability of templated self-assembly in utilizing 

various components to fabricate plasmonic arrays of greater complexity allowing to engineer 

the collective optical response. 

In Chapter 4 our investigation delved into the characteristics of colloidal plasmonic 

metasurfaces in enhancing various optical phenomena. These included stimulating lasing 

emission in common dye molecules (Rhodamine B), enhanced two-photon excited emission in 

core-shell quantum dots, and induced chiral emission in achiral emitter molecules via resonant 

coupling with colloids arranged into chiral shaped arrays. 
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Chapter 1 

PLASMONICS, METASURFACES, AND NON-
LINEAR OPTICS 

“The theory of quantum electrodynamics describes Nature as absurd from the 
point of view of common sense. And it agrees fully with experiment.  

So, I hope you accept Nature as She is — absurd.” 

Richard Feynman, QED: The Strange Theory of Light and Matter (1965) 

Introduction 

The study of light-matter interaction has fascinated researchers since ancient times. 

Plasmonics lays at the intersection between optics and nanotechnology and to find its roots, it 

is necessary to go back to the 4th-century during the Roman Empire period.  

The first historical example of plasmonic material is represented by the “Lycurgus cup”, currently 

conserved in the British Museum of London (Figure 1.1 a). Named in honor of the mythical 

king Lycurgus, this ancient cage-cup crafted from dichroic glass shows remarkable colour-

changing properties, passing from green to red depending on the illumination angle. Despite 

the exact manufactory process used to achieve the dichroic effect remains unclear, modern 

studies have attributed it to the contamination with trace amounts of finely ground gold and 

silver dust, coming from gold leaf left by accident in the artisan’s workshop, or tools residues 

then dispersed during the glass processing. 

Lycurgus cup’s intriguing light-matter interaction foreshadowed plasmonics’ huge potential that 

is now leading to major breakthroughs in sensing, imaging, and other advanced 

nanotechnologies.  

Although early mentions of a red coloring induced in glass by gold are found in ancient Egyptian 

manuscripts dated back to the Greco-Roman period,1 the first scientific contribution describing 

the use of gold for ceramic processing appears in the early 17th century and was ascribed to the 

alchemist Andrew Cassius. Combining gold and stannic hydroxide, his experiments resulted in 
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an unusual purple pigment with iridescent properties named “Purple of Cassius”, as described in 

the book “De Auro” published in 1685,2 which was later applied throughout Europe by all the 

most famous glass and porcelain factories of the 19th century (Figure 1.1 b). 

However, the first milestone posed for the future development of nanotechnology dates 

back to 1857 on the merits of Sir Michael Faraday, the same English scientist who contributed 

enormously to the development of both electromagnetism and electrochemistry. In fact, among 

other revolutionary scientific inventions such as the Faraday cage, the Bunsen burner, and the 

oxidation numbers’ system, Faraday was also credited with the first example of “colloidal 

suspension” as we describe it today in modern colloidal chemistry. While mounting thin sheets of 

gold leaf onto microscope slides, he observed the accidental formation of a ruby gold 

suspension. The last of Faraday’s gold colloids that survived the Second World War is still 

preserved in the Faraday Museum of the Royal Institute of London (Figure 1.1 c), remaining 

optically active and stable after more than 150 years.  

“I have been occupying myself with gold this summer; I did not feel headstrong enough for stronger things. This 

work has been of the Mountain and Mouse fashion; and if I ever publish it and it comes to your sight I dare say 

you will think so.” 3 

Clearly fascinated by the world of colloids, he has further investigated various methods to obtain 

them using aqueous solution with reducing agents such as phosphorous in carbon disulfide, 

realizing that “mere variation on the size gave rise to a variety of resultant colors”.  

By directing a beam of light through the liquid, Faraday observed a cone effect resulting 

from the presence of suspended gold particles in the liquid. These tiny particles scattered the 

light laterally depending on the wavelength, giving rise to what was then recognized as the 

Faraday-Tyndall effect. The observations collected by Michael Faraday and John Tyndall set the 

basis for Lord John Rayleigh studies of elastic light scattering induced by particles with size (d) 
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much smaller than the wavelength of the incoming radiation (d <<l), providing a scientific 

explanation for the sky-hue colors observed at different times of the day.  

When sunlight enters the Earth's atmosphere, it induces polarization in atmospheric particles, 

causing them to form small dipoles that scatter sunlight with intensity I ∝ 1/l4. This scattering 

is more effective for shorter wavelengths, such as blue and violet, than for longer wavelengths, 

such as red and yellow. As a result, the sky appears blue during the day because shorter 

wavelengths dominate. At sunrise and sunset, sunlight travels through more of the atmosphere, 

increasing the scattering of shorter wavelengths and allowing red and yellow to become more 

prominent, creating warm tones in the sky. 

A more comprehensive theoretical framework was provided by Gustav Mie in 1908, when he 

developed a complete theory on the scattering and absorption of an electromagnetic radiation 

by a sphere of different size (d ≥ l). In his theory, particles scattering is described as an 

interference effect developed through phase changes over the object surface when illuminated. 

By applying boundary conditions and solving Maxwell’s equations, the multiple scattering paths, 

arising from the spherical waves crossing generated on the surface of the sphere, lead to the 

formation of interference patterns with high preferential directionality.  

Mie theory became increasingly relevant with the advent plasmonics and plasmonic nanoparticles’ 

synthesis and is still applied for the description of several light matter interactions correlated 

with the collective oscillations of the free electrons of various metallic nanostructures. Over the 

last century that brings us to modern time, the plasmonic properties of metallic colloids have 

found applications in an incredible diversity of scientific and technological areas. 

The aim of this first chapter is to provide the necessary background on plasmonics and non-

linear (NL) optics in the context of this thesis, with particular emphasis on the properties of so-

called “colloidal-based plasmonic metasurface”. 
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Figure 1.1  Pictures of: (a) the Lycurgus cup (IV century AD, British Museum of London): when 

illuminated from the front, the cup appears green (reflection), while when illuminated from the inside, a red 

coloration emerges (transmission); (b) Cranberry glass or Gold Ruby colored by Purple of Cassius pigment from 

the treasury chamber of the Wittelsbacher located in the Munich Residenz; (c) Faraday’s ruby gold suspensions 

conserved at the Royal Museum of London. 

1.1 Plasmonic properties of metal nanostructures 

The field of plasmonics explores how to manipulate light-matter interaction along metal-

dielectric interfaces in the nanometer scale, when the surface/volume ratio of the objects 

becomes critical. The distinctive optical properties of noble metal nanoparticles, such as gold 

(Au), silver (Ag) or copper (Cu), arise from the presence of high number of free conduction 

electrons that can approximate a “solid-state plasma”. When these systems interact with an 

electromagnetic (EM) radiation, the free-electrons resonate with the incident electric field, 

getting into an excited resonant state that leads to strong EM field confinement and near-field 

enhancement. This excited collective oscillation, known as “plasmons resonance”, significantly 

modifies the scattering and absorption behavior of these materials from ultraviolet (UV) to 

infrared (IR) regions of the EM spectrum, paving the way for different applications in fields 

such as photo- and electrocatalysis, biomedicine, photovoltaics, imaging, and sensing. 
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Understanding the intricate interplay between light and matter is fundamental to explore the 

fascinating realm of plasmonics. At the base of these interactions lie Maxwell's equations, 

governing the relationship between electromagnetic fields and the material properties expressed 

through dielectric permittivity (e) and magnetic permeability (µ). From this interaction arise the 

polarization of the macroscopic material (P)1, a vector quantity representing the induced dipole 

moment per unit volume within a material in response to an applied external electric field (E) 

expressed as: 

P = e0ceE    (1.1) 

where e0 represents the dielectric permittivity in vacuum and ce the electric susceptibility of the 

material. When an electric field is applied to a metal, the frequency-dependent material response 

is expressed through its complex dielectric function e"(w). 

e"(w) = e!(w) + 𝑖e"(w)   (1.2) 

where e!(w) and e"(w) represent the real and imaginary parts of the dielectric function, 

respectively. The real part (e!(w)) describes the ability of a material to respond to an external 

field through its polarizability a, hence, how the strength of the polarization, to which the 

material is subjected, affects the propagation of the electric field through the material. The 

imaginary part (e"(w)) is related to how the material absorb the energy from the external source 

and convert or transfer it, namely the optical losses faced in polarizing a material, giving a 

quantitative estimation of the electric field attenuation experienced while propagating through 

the material. This quantity is related to the refractive index of the medium 𝑛"(w) = 𝑛(w) +

𝑖𝑘(w) as 𝑛" = 	√e", where the real part (𝑛) is related to the EM radiation dispersion in the 

medium, and the imaginary part (k), also known as the extinction coefficient, describes the optical 

absorption (i.e., the optical losses) of the system. This latter quantity is related to the attenuation 

 
1 vectorial quantities written in bold. 
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coefficient k of the Beer–Lambert law, describing the attenuation of a monochromatic light 

beam with intensity I# (due to absorption, scattering or reflection) when it passes through a 

medium layer of thickness l (optical path): 

I = 	 I#exp	(−𝜅𝑙)   (1.3) 

The metals response to an external field was firstly elucidated through the Drude model, to offer 

a simplified insightful representation.4 Suggested in the early 20th century, this free electron gas 

model was derived by applying the kinetic theory to the conduction band of a metal. In essence, 

conduction band electrons are represented as a cloud of negatively charged particles, while the 

positive cores have fixed position. The response of the metal can then be approximated by the 

influence of the external field, characterized by the harmonic form E(t) = E0exp(−iωt), on these 

freely moving electrons, which drives their damped in-phase oscillation characterized by a 

relaxation frequency γ = 1/τ, assuming non-dissipative collisions (τ is the relaxation time of the 

free electron gas). Ultimately, the dielectric function takes the form: 

e"(w) = 1 − w!"

w"$%gw
   (1.4) 

where w& = 4'("

)e#
 represents the plasmon frequency of N electrons with mass m, associated to the 

collective oscillation of the free electrons of a material. 

However, this model presents several limitations and does not fully capture the complexity of 

electron behavior in real materials, not considering the presence of a band structure, the energy 

dissipation, the temperature-dependency of the dielectric function, and electron-electron 

interactions. 

Further investigation led to an extension of the model that includes the contribution of inter-

band transitions, due to the electrons of the valence band, and the polarization residues 

contribution due to the ion cores with the so-called background dielectric constant (e*).4 
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e"(w) = 	 e*(w) −
w!"

w"$%gw
   (1.5) 

where typically 1 ≤ e*(w) ≤ 10, depending on the strength of the core electrons contribution 

to the external electric field response. Since the response of the material interacting with EM 

radiation is frequency-dependent, it is possible to identify three regimes: 

1. w > wp  in the high frequency regime, the external frequency surpasses 

the one of the natural oscillations of the electrons which are not able to effectively 

follow the propagating electric field. As such, the EM waves can penetrate the metal 

more deeply without being immediately reflected by the electron collective 

oscillations. The material in this regime exhibits what is known as “transparency 

window”.  

2. w < wp  in the low frequency regime, the response of the free electrons 

become more pronounced, and the metals tend to exhibit strong reflection and 

absorption of light, converting most of the energy into heat. In this regime, the 

imaginary part of the dielectric function is dominating over the real part. 

3. w = wp  in the resonance regime, the external electric field E induces a 

proportional dipole moment (p) depending on the object polarizability (a), by 

dragging the electrons in a collective oscillation with maximized amplitude and 

exciting the plasmon resonance. For metals this regime falls mostly in the Vis-NIR 

part of the EM spectrum, where the real part of the dielectric permittivity is negative 

while the imaginary part approach to zero, suggesting the strong confinement of the 

EM field over the volume of the nanoscale object with greater EM enhancements 

due to the lower optical losses. 

In essence, in response to the presence of an oscillating EM field, the free electrons in the metal 

can establish a coherent oscillation with respect to the fixed lattice positions, where the positive 

nuclei reside. Such processes resonate at certain frequencies of the incident radiation, enabling 
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the emergence of “surface plasmonic polaritons” (SPPs), in the case propagating waves onto planar 

metal surface, or “localized surface plasmonic resonances” (LSPRs), when there is the confinement of 

a photon over a nanometric object, which will be discussed in more details in the following 

paragraphs. 

Some of the energy involved in this light-matter interaction can be dissipated as heat (ohmic 

losses) promoted by non-radiative electron decays after absorption process, or re-radiated via 

scattering process into the surrounding free space.5 

Among noble metals, Gold (Au) is the most chemically stable, but Silver (Ag) stands out for its 

superior performance in generating strong plasmonic resonances in the Vis spectral region, 

showing the smallest ohmic losses due to shorter relaxation frequencies (γ) of the inter-band 

transitions, generated from the core electrons and falling in the UV part of the EM spectrum.  

Copper (Cu) is an interesting Earth-abundant alternative plasmonic candidate for Vis-NIR 

applications, showing inter-band transitions below 600 nm. However, its poor chemical stability 

makes it less suitable for being widely used. 

Finally, Aluminum (Al) exhibits a great plasmonic response in the UV range, with inter-band 

transitions falling in the visible part, but is highly susceptible to oxidation, forming Al2O3 when 

exposed to air, which limits its plasmonic performance. 

1.1.1 Light-metal film interaction: Surface Plasmon Polaritons  

Surface plasmon polaritons (SPP) are an attractive and versatile class of two-dimensional EM 

waves propagating along a metal/dielectric flat interface and decaying evanescently in both 

perpendicular directions to the surface (Figure 1.2 a).  

The wave formed on the plane (x,z) must have the electric field component parallel to the 

normal of the same surface, in TM configuration.  
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Considering a system involving a dielectric (ed or e1) and metal (em or e2) medium forming an 

interface, the condition for SPP to exist is that the magnetic field in both media assumes the 

shape of: 

𝐻+, = 𝐻+𝑒%-$./𝑒0-%&1̂   (1.6) 

where j represents d (1) or m (2) respect to the assumption of the surface wave component 

exists in the dielectric or metal media, 𝑒%-$./ is the plane wave component propagating along 𝑥:, 

and 𝑒0-%&1̂ is the evanescent wave component propagating along 𝑧̂. Thus, since the free space 

wavevector has components 𝑘."+	𝑘+1" = 𝑘#"e+ =	
w"

3"
𝑛" the propagation constant can be written 

as: 

𝑘+1 = 4(𝑘." − 𝑘#"e+)   (1.7) 

Combing the expression of 𝐻+, for both media 𝐻!,and 𝐻",  (or 𝐻4, and 𝐻),) with Maxwell’s 

equations, two solutions of the electric field in the dielectric 𝐸! and metal 𝐸"can be derived:  

𝐸! =	
5'(
6'7

(𝑖𝑘!1𝑥: − 𝑘.𝑧̂) and 𝐸" =	
5"(
6"7

(−𝑖𝑘"1𝑥: − 𝑘.𝑧̂) (1.8) 

These waves are represented by an electric field propagating along the 𝑥:, 𝑧̂ and the magnetic 

field in 𝑦: direction (TM configuration). For the electric field to be continuous at the interface, 

the so-called “condition of existence” of the surface wave emerges:  

-'&
6'
= − -"&

6"
  i.e. -'&

-"&
= − 6"

6'
  (1.9) 

And since 𝑘!1 and 𝑘"1 are both positive, the condition implies that 𝜀! and 𝜀" must have 

opposite sign. For example, if we assume that 𝑘. > 𝑘# and the dielectric medium is air (ed =1), 

thus, em =-1 and thus 𝑘!1< 𝑘"1 which means that the wave decay faster in the metal. By 

expressing Eq 9 for j = 1 (dielectric) and j= 2 (metal) and combining the expressions, it is 
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possible to derive the dispersion relation of the surface plasmon modes (Figure 1.2 b), which 

describes how wavevector (𝑘.) of these waves changes as the light frequency (w) varies, 

influencing the mode confinement and propagation length, and the rate at which SPPs 

propagate along the interface:6 

𝑘.(w) = 	𝑘#4
e)e*
e)$e*

   (1.10) 

where c is the speed of light in vacuum and 𝑘# = 	𝑛 w

8
 represents the magnitude of the light wave 

vector in free space, e4 is the dielectric permittivity of the dielectric medium (1), and e) is the 

dielectric permittivity of the metal (2).  

 

Figure 1.2  Dispersion relation diagram of surface plasmon resonances. (a) Scheme of the SPP at 

dielectric/metal interface (considering air as dielectric layer) showing the electric field distribution of the surface 

wave depending on the frequency w and wavevector kx along the propagation direction. (b) Dispersion relation of 

surface plasmon polaritons highlighting the damping mechanism due to the absorption in the metal (e!(w)>0). The 

upper branch (purple curve) corresponds to waves propagating in the free space at high frequency (w > wp). The 

lower branch (red curve) represents the low frequency regime where with increasing kx the wave approach 

asymptotically to wsp assuming stationery behavior. The dashed black rectangle highlights the region where w << 

wp and the mode. 

The dispersion curve diagram provides information about the conditions under which SPPs can 

be excited. As for free space wave the propagation constant is related to the wavelength as l# =

"p
-#

 , similarly for plasmon polaritons l9:: =
"p
-$

 .  
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Analyzing the region on the right of the light line, for large 𝑘. the quantity e4 + e) = 0 

(e4 = −e)), and the l9:: =
"p
-$

 results smaller than l#. 𝑘. becomes pure imaginary and the 

wave assumes evanescent nature, i.e. it exhibits a more confined nature (not propagate as an 

electromagnetic wave), and whose energy is spatially concentrated in the vicinity of the source. 

For air/metal interface where e4 = 1, Drude model (Eq 1.4) implies that e" = 1 − w!"

w"
 , e) =

−1, i.e. is negative when 𝜔 = 7+
√"
= w<&&. Since the frequency converges to w<&& for	𝑘. → ∞, 

the wave assumes a stationary behavior with group velocity (vg = dw/dk) approaching zero; 

consequently, the mode is identified as the “surface plasmon polariton” and results strongly 

confined to the interface, as it cannot penetrate the metal. It is worth mentioning that if the 

geometry of the systems involves more layers such as air/metal/glass, all the interfaces can 

generate surface plasmon resonances but will do so at different frequencies. In fact, since n = 

√e, if the refractive index of the dielectric media increases the resonance of the SPP would 

emerge at lower frequencies. A last consideration concerns the propagation length of the SPP. 

Since e) presents an imaginary part, the propagation constant can be written as 𝑘E.(w) =

𝑘.= (w) + 𝑖𝑘.==(w), and is related to the propagation length Lp as: 

L: =
!

>?	-$(w)
= !

-$,,
    (1.11) 

At higher frequencies where 𝑘.== increases, the penetration length decreases. For example, in the 

case of silver in the visible region of the electromagnetic spectrum, Lp ~ 200 µm.7 

Thus, no transverse electromagnetic wave with frequency smaller than the wp can travel through 

the medium. This means that the light impinging on the system is reflected into free space at 

the dielectric-metal interface, but as the frequencies approximate wp, the optical losses due to 

the absorption cannot be neglected and a discontinuity is observed due to the creation of the 

evanescent wave which reduce the reflection. Thus, the wave assumes Lorentzian line shape 

(dashed orange line in Figure 1.2 b). 
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For the low frequencies region were w << wp, the term e) = 1 − w!"

w"
 from Drude model 

becomes negative	and 𝑘. ≈	𝑘#Ie4 . Here, the dispersion curve closely follows the light line 

(red trace in the dashed black square of Figure 1.2 b), indicating that the electromagnetic field 

penetrates deeper into the dielectric medium compared to the metal, resulting in a weaker 

localization of surface plasmon polaritons. 

At high frequencies where w >> wp, e) become real and positive and the metal assumes a 

dielectric behavior. The result is the formation of the upper branch in the dispersion diagram 

(purple trace in Figure 1.2 b).  

In a practical scenario where a dielectric medium exhibits negligible absorption and a noble 

metal counterpart possesses a substantially negative real part of the dielectric constant, it is 

possible to assume that the system supports long-lived surface plasmon polaritons (SPPs) at 

optical wavelengths. Since SPP show a wave vector larger than the wave vector of photons in 

air, the resulting  momentum mismatch requires specialized phase-matching techniques to excite 

these plasmon modes, including grating or prism coupling (using Kretschmann and Otto 

configurations).8 The manipulation of the dispersion properties made it possible to tailor the 

behavior of SPPs to suit specific needs, leading to advancements in fields such as plasmonic 

waveguides, sensors, and integrated optics.  

1.1.1 Light-nanoparticles interaction 

The interaction between electromagnetic radiation and nanoscale metallic objects gives rise to a 

fascinating phenomenon known as Localized Surface Plasmon Resonances (LSPRs). The 

induced in-phase oscillation of free conduction electrons leads to an excitation of the plasmon, 

when the resonance condition w = wp is reached, ensuring an efficient energy transfer between 

the external field and the collective electron oscillations over the metal surface, leading to 

observe a remarkably confined EM wave within the nanoscale volume. The spectral position of 
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the plasmon band depends on size, shape, composition, and refractive index of the 

environment.9  

The optical properties for spherical nanoparticles with dimensions d below 30 nm are 

described adequately by the quasi-static approximation, and d results much smaller than the 

wavelength of the incident light (d <<l). 

When an electric field of magnitude |E0| interacts with a spherical NP of radius r, it influences 

the electron sea cloud surrounding the metal atoms by inducing a dipole moment p proportional 

to the polarizability of the object (a), given by the Clausius- Mossotti relation:   

a = 4p𝑟C e	0	e*
e$"e*

    (1.12) 

 Where e# and e) represents respectively the dielectric constant of vacuum and the dielectric 

constant for non-absorbing isotropic medium (e.g. in air the value is 1), and giving the 

relationship: 

p = e#e)a𝐄# = e#e)4p𝑟
C e	0	e*
e$"e*

𝐄#   (1.13) 

Hence, the polarizability experiences a resonant enhancement when the denominator |e+

2e)| is close to zero, implying that the real part of e(w),  e!(w) = −2e),. As such, the 

resonance frequency strongly depends on the dielectric environment, shifting towards lower 

frequencies when e) increase. Metal nanoparticles are therefore ideal platforms for optical 

sensing of refractive index changes.  

Under the quasi-static approximation, a small particle can be represented as an ideal electric 

dipole, able to radiate an electromagnetic field once excited at its plasmon resonance. The dipole 

radiation leads to the scattering of an incident wave (E(r,t) = E0e−iwt)  by the sphere, which can 

therefore be represented as a point dipole radiation.4 

When resonantly polarized, the polarizability (a) of a metal nanoparticle is resonantly enhanced 

leading to an increase of both the scattering and absorption efficiency, due to a more effective 

interaction with the incoming electromagnetic wave.  
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The combined effect of absorption and scattering from a plasmonic system contributes to the 

overall intensity reduction of an incident light, resulting in a quantity known as extinction cross-

section, which express the probability of a photon to be either efficiently absorbed or scattered 

by the system (Cex = Cscat + Cabs). The efficiency of absorption increases with increasing particle 

size, but at a slower rate compared to scattering as it scales as the cube of particles radius (r3). 

In contrast, scattering decreases rapidly with increasing particle size, as it follows a sixth-power 

dependence on the particle diameter (r 6). As particle size increases, the efficiency of absorption 

eventually exceeds that of scattering, although at a slower rate.10 

As the particle size increases (r ≥ l), the quasi-static approximation does not hold, since 

significant phase changes of the driving electric field occur over the particle volume. Here, Mie 

theory provides a better electrodynamic approach to accurately characterize the changes in 

nanoparticles scattering behavior,11 by decomposing the internal and scattered fields into a series 

of normal modes described by vector harmonics and performing a power series expansion of 

the absorption and scattering coefficients. The polarizability a of a sphere of volume V is 

expanded and a size parameter 𝑥	 = 	DE
l#

 , relating the sphere radius to the free-space wavelength, 

comes into play. Consequently, a retardation effect of the exciting field over the volume of a 

nanosphere is observed, and it leads to a red shift of the plasmon resonance. Moreover, this 

approach and generalized numerical methods allow to investigate scattering and absorption 

processes for particles with arbitrary shapes and sizes. This enables the study of higher-order 

modes, such as quadrupolar, and more accurately describe the scattering and absorption 

properties of particles. For noble metals, the dipole resonance spectral position experiences a 

red shift as the particle size increases, ascribed to the increase of the distance between charges 

at opposite interfaces, lowering the resonance frequency. The observed red shift underlines the 

influence of inter-band transitions, characterized by an increase of e"(w) and not considered in 

Drude model, diminishing as the plasmon resonance shifts away from the inter-band transition 
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edge. An increase of the polarization magnitude means an inherently reduction of the 

absorption, due to the imaginary part of e(w).  

However, an increase in volume also leads to a broadening of the plasmon resonance due to 

radiation damping.12 In conclusion, the particle plasmon resonance can be damped by two 

competing processes: radiative decay (emission of photons) and non-radiative decay (creation 

of electron-hole pairs via intra-band or inter-band transitions from d-level to the sp-level of 

conduction band).4 

One of the key aspect of LSPRs is their strong dependence on the geometry of the nanoparticle, 

which has a significant effect on the spectral location of the plasmon resonance, thereby 

establishing different resonance conditions (Figure 1.3 a, b).  

edge. An increase of the polarization magnitude means an inherently reduction of the 

absorption, due to the imaginary part of e(w).  

However, an increase in volume also leads to a broadening of the plasmon resonance due to 

radiation damping.12 In conclusion, the particle plasmon resonance can be damped by two 

competing processes: radiative decay (emission of photons) and non-radiative decay (creation 

of electron-hole pairs via intra-band or inter-band transitions from d-level to the sp-level of 

conduction band).4 

One of the key aspects of LSPRs is their strong dependence on the geometry of the nanoparticle, 

which has a significant effect on the spectral location of the plasmon resonance, thereby 

establishing different resonance conditions (Figure 1.3 a, b).  
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Figure 1.3 Schematic of the Localized Plasmon Resonances (LSPRs) for metal (a) nanosphere and (b) 

nanorod. 

Commonly, the modification of the plasmonic response of individual nanoparticles is achieved 

in colloidal suspensions through bottom-up synthesis.13 

Spherically shaped nanoparticles with high symmetry exhibit a single dipolar resonance, while 

particles characterized by shape anisotropy such as nanorods or nanotriangles, multipolar 

resonances can emerge, adding versatility and complexity to the tunability of the optical 

response.14 Metal nanorods, for example, manifest both transverse and longitudinal surface plasmon 

resonances due to the electrons oscillation along different symmetry axis, and resulting in two 

distinct plasmon band positioned at different wavelengths on EM spectrum (Figure 1.3 b).15 

Nanoparticles exhibit inherent variability in size, shape, and composition, each resulting in 

different optical properties. In ensemble measurements, this heterogeneity of nanoparticles 

manifests as scattering spectra characterized by broader and asymmetric Lorentzian peaks, 

instead of the narrower and symmetric Gaussian peaks that would be expected if all 

nanoparticles were identical. However, techniques such as dark-field and near-field microscopy 

offer a solution to this challenge. In contrast to traditional far-field extinction microscopy 

techniques, far-field dark field optical microscopy and near-field optical extinction microscopy 

are capable of observing plasmon resonances at the level of individual particles. In the case of 

dark field optical microscopy, the approach is to selectively collect only the scattered light 
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emitted by the structure under investigation. This is achieved by the strategic use of a dark field 

condenser to block the ballistic transmitted light. By isolating the scattered light, researchers can 

improve the contrast and visibility of features associated with plasmon resonances, providing a 

clearer and more specific insight into the behavior of individual particles.16 Near-field optical 

extinction microscopy, on the other hand, operates in the close vicinity of the sample surface 

(few nm) by using special probes, e.g. tips with holes capable of generating evanescent waves at 

the apex, enables the probing of nanoscale interactions between light and matter with high 

resolution.17 

1.1.4 Beyond individual nanostructures: plasmon coupling 

When more than one particle is present within the same system, additional spectral shifts are 

expected from electromagnetic interactions between localized modes of the single nanoparticles. 

In quasi static approximation, these interactions have a predominantly dipolar nature, allowing 

to consider the particle assembly as a collection of interacting dipoles (the so called coupled-

dipole approximation).  

When two or more nanoparticles are brought in close proximity, their plasmon modes engage 

in interactions that can be explained by a model similar to molecular orbital hybridization.  

The simplest representation of this interaction involves the coupling of two nearby dipoles 

oscillators with magnitude of their dipole moment p1 and p2, for which the interaction energy V 

is proportional to p1p2/d 3  where d is the interparticle center-to-center distance. This interaction 

energy is strong enough to induce shifts in their resonant frequencies, giving rise to a complex 

combined plasmon mode split in low energy bonding and high energy antibonding LSPRs (Figure 

1.4).18,19 
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Figure 1.4 (a) Schematic representation of plasmon hybridization model applied to a symmetric dimer 

configuration, depicting the in-phase/out-of-phase bonding/antibonding combinations of dipole moments. 

Arrows within the diagram denote the direction of the individual particle's dipole moments. (b) Effect of gap size 

between two plasmonic nanoparticles on the electromagnetic field enhancement. Inset: Illustration of a hotspot of 

the electromagnetic field generated in the nanogap of a plasmonic dimer. Panel b: Copyright 2022, Chem Rev. 

Adapted with permission.20 

Since the interaction between the particles is subjected to the mutual orientation of their 

respective dipoles, the lower-energy mode is characterized by longitudinally aligned dipoles, 

resulting in radiative modes with a induced large dipole and a strong coupling to the far-field, 

known as “bright” plasmon modes. On the other hand, the antibonding configuration is 

characterized by the dipoles of individual nanoparticles in antialignment configuration, resulting 

in a resonance with essentially a zero net dipole moment that does not interact with incident 

light and does not appear in the optical absorption of the particle pair.21 These are known as 

“dark” or “cavity-like” modes. 

The hybridization of plasmon modes not only alters the energy landscape of the coupled 

nanoparticles but also influences their optical and electronic properties, providing a nuanced 

understanding of the dynamic interactions within closely packed nanoparticles. The size of the 

nanoparticles and the distance between them can determine the involvement of higher order 

multipoles in these interactions. In the case of large or close packed nanoparticles, the scenario 

becomes significantly more complicated. However, the fundamental optical properties and the 
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consequent spectral shift and enhanced intensity can still be described by dipole-dipole 

interaction. When the system is excited by an appropriate polarized incident light, an intensified 

and highly localized electric field enhancements is observed in the nanogaps between coupled 

particles. These near-field regions are often referred to as “hot spots” and have been widely 

exploited to enhance optical effects that occur at such small scales, like in the case of surface 

enhanced Raman spectroscopy (SERS). The presence of a hot spot within the gap between the 

nanoparticles is tangible evidence of the pronounced interaction between LSPRs.22 

1.1.5 Photonic crystals and Surface Lattice Resonances  

Photonic crystals are materials presenting a dielectric constant that varies periodically in space 

within the material itself. This property can be exploited to generate constructive and destructive 

interference patterns within the material, leading to the formation of optical bandgap, which is 

essentially a range of frequencies where the transmission of light is restricted.23 

For these interactions to take place, the lattice periodicity needs to be comparable to the 

wavelength of the incident light, and photonic crystals consequently require an artificial 

fabrication capable of nanometric precision.  

Similar to photonic crystals, the term “metasurface” (from Greek “µetá” [meta] meaning 

“beyond”) refers to a class of 2D materials whose unique optical properties derive from the 

arrangement of the nanosized component or building blocks, or “meta-atoms”, presenting specific 

shape and geometries. The rational design of increasingly complex plasmonic architectures 

allows to tailor and integrate advanced plasmonic and photonic optical properties. Since these 

properties are distinctively structure-dependent, metamaterial engineering opens unprecedented 

opportunities in several research fields, paving the way for practical application such as 

photocatalysis, biosensing, energy harvesting and photonics. 

In this introduction, we will focus our attention to metamaterials constituted by plasmonic 

building blocks. As described in the previous paragraph, for small particles with size a separated 
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by a quantity d << linc, within a range >10 nm, the interaction among them dominates in the 

near-field region, where a broadening of the resonance and an extreme light confinement with 

decay rate ∝ d 3 occurs.  

An improvement of the localized plasmon resonances can be achieved by significant boost 

through the inclusion of far-field coupling of these resonances mediated via their scattered 

radiation fields. In scenarios where particles are randomly distributed, the scattered fields 

reaching a given particle do not have a specific phase relation, resulting in relatively negligeable 

effects. Conversely, when metal nanoparticles are arranged in a periodic array with a period L 

comparable to the wavelength of the incident light (linc), act as “nanoantennas”. Therefore, the 

particle array can be described as an array of interacting point dipoles. The scattered fields 

corresponding to diffraction of the incident light on the plane of the array, under appropriate 

conditions, will arrive in phase with the incident light while impinging on a given particle. Thus, 

the quality factor (figure of merit expressed as Qf = w/Dw) of the resonance can be significantly 

increased by appropriate tuning of the array period. Typically, colloidal nanoparticles exhibit Qf 

<10 of the LSPR, but values >100 when arranged into arrays. 

When nanoparticles are arranged into periodic arrays with lattice pitch (L) comparable to the 

wavelength (linc) of the incident electromagnetic radiation, unique collective plasmon 

resonances arise. Considering the coupled-dipole approximation (CDA), this phenomenon is 

observed when the in-plane scattered field of N plasmonic units arrives in phase with the 

scattered field of neighboring particles in the array. The LSPR of each nanoparticle in the array 

can then couple with the diffractive orders of the incident light generated on a patterned surface 

acting as a plasmonic grating, at wavelengths close to the Rayleigh-Wood anomalies. Thus, the 

collective response induced by the incident EM field, results from the generation of oscillating 

electric dipoles within the particles, which can re-radiate the field along the orthogonal direction 
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and couple with the wave vector of the diffraction orders.24 This coupling leads to the formation 

of collective optical responses known as surface lattice resonances (SLRs).24–29 

For an array of N particles with polarizability aF and positions 𝑟F, the induced dipole can be 

written as: 

𝐏F = aF𝐄GH8,F    (1.14) 

where  𝐄GH8,F =	𝐄%F8,F +∑ 𝐄4%&HG(,F%  is the local field at the nanoparticle at 𝑟F position and 

represents the sum of the incident field 𝐄%F8,% , and the retarded fields 𝐄4%&HG(,F produced by N-

1 dipoles. In this context a straightforward analytical solution can be derived by assuming the 

same induced polarization within each particle. Thus, the resulting expression for the induced 

dipole in each individual plasmonic unit can be written as follows:  

𝐏 = 𝐄#
! a-K 0𝐒

    (1.15) 

where E# is the amplitude of the incident plane wave with wavenumber k = 2p/l, and S is the 

dipole sum obtained considering the dependence over the angle q between 𝑟F and the 

polarization direction induced by the incident field. The dipoles sum S depends on array 

parameters such as particle size and array period (L), providing additional degree of freedom to 

improve the quality of the SLRs. The excitation of these resonances is triggered when Re(1/as) 

= Re(S) and then Re(1/as - S) approach to zero, leading to a substantial increase in the 

polarization of individual particles within the array and a resonance effect particularly 

pronounced. The width of the plasmonic surface lattice resonances is intricately linked to the 

term Im(1/as - S) and can be minimized by compensating the term	Im(1/as)  with Im(S). 

Computational analyses suggests that the dipole sum S is significantly large and comparable to 

a< when certain diffracted waves propagate along the surface of the array.24 

This insight supports the characterization of plasmonic SLRs as “diffraction-coupled”, 

emphasizing the role of diffracted waves in shaping the resonance properties of the array. The 
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dispersion relation of the diffraction orders, which describes these lattice modes on the base of 

the empty lattice approximation, can be written as: 30,31 

|𝒌#
∥ + 𝐆|	 = 	 𝑛(NN

w

3
     (1.16) 

where 𝒌#
∥  is the in-plane component of the incident light wave vector 𝒌#, and G = m1b1+m2b2 

is the reciprocal lattice vector along the same direction as 𝒌#
∥ , given by the primitive vectors b1 

and b2. The spectral position of the Rayleigh-Wood anomalies (lRW) for an array with lattice 

period L.,, can be estimated approximately using the following simplified equation: 

λOP	 =
L$,(
Q
(𝑛)	 ± sin(θ))   (1.17) 

where 𝑛)	represents the refractive index of the array environment, q is the illumination angle 

and q = √ ( m 2 + l 2 ) is the diffraction order (with m and l integers associated with the lattice 

vectors of the periodic structure). When only the first order is considered (〈0, ±1〉, with m=0, l 

=±1, and 〈±1,0〉, with m =±1, l =0) then q = 1. 

In 2D squared arrays the lattice vectors possess identical magnitudes in each direction of the 

plane (xy), and at 𝒌#
∥ = 0 (i.e. considering the illumination at normal incidence) the diffractive 

orders become degenerate, with origin in the same Γ point within the Brillouin’s first zone. 

As can be evinced from Eq. 19, a unique characteristic of SLRs (especially when compared to 

LSPRs) is their spectral tunability upon varying geometrical parameters such as the lattice pitch, 

and illumination angle.29 The resulting surface lattice resonances preserve both their plasmonic 

and photonic nature, exhibiting strong electromagnetic confinements, intense extinction cross-

sections, and high spatial delocalization, longer lifetimes, and narrow spectral features with great 

quality factors, which increases proportionally to the number of NPs composing the array.32 For 

arrays extending in both the x and y directions, this can be understood as the addition of dipoles 

to the far-field interaction, which scales slowly as 1/d, due to the reduction of the optical losses, 

compared to the characteristic 1/d 3 decay length of near-field interactions, dominating for 



 39 

closely packed nanoparticles. In Chapter 3, we will discuss how the optical properties of SLRs 

can be engineered using different strategies, making SLRs suitable for applications such as 

sensing, photonics, and catalysis.  

 

Figure 1.5  Schematic of plasmonic surface lattice resonances (SLRs) in plasmonic array with periodicity L. 

The transmission spectrum on the right shows the narrow bandwidth resonances typically associated with SLRs 

compared to the broad band LSPRs. Spectrum: Copyright 2018, ACS. Adapted with permission.24 

1.2 Fundamentals of Non-Linear Optics  

When an intense coherent light source interacts with a material, the collective displacement of 

the charges that generate the resulting outgoing electromagnetic fields undergoes a gradual and 

asymmetric distortion that affects the overall optical response of the system.33 This distortion is 

results in a non-linear (NL) increase in the intensity of the scattered light, typically exhibiting a 

square or cube dependence on the intensity of the incident optical field. The mathematical 

description of the NL electromagnetic response is once again based on the study of the 

polarization vector (P), which in this case includes both linear (Pl) and non-linear (Pnl) 

polarization vector components. Consequently, there is no longer a linear dependence on the 

strength of the applied electric field (E). Assuming an input field polarized along the x-direction, 
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the expression of P of Eq. 1 can be expanded in power series to include the non-linear terms 

as:2 

  𝐏% = ε# 	 ]c%R
(!)𝐄R + c%RS

(")𝐄R𝐄S +	cRSG
(C)𝐄R𝐄S𝐄G +⋯ _ = 𝐏%G + 𝐏%FG (1.18) 

𝐏%FG = ε# 	]	c%RS
(")𝐄R𝐄S +	cRSG

(C)𝐄R𝐄S𝐄G +⋯_ = 𝐏%
(") + 𝐏%

(C) +⋯ (1.19) 

where ε# represents the vacuum permittivity, and c(1) denotes the first order linear susceptibility 

of the medium, describing processes like absorption and emission in light-matter interactions 

discussed in the previous sections of this Chapter. Additionally, c(2) and c(3) correspond to the 

second- and third-order non-linear susceptibilities respectively, characterizing higher-order non-

linear phenomena. For example, when Eq. 19 is applied to an incident monochromatic 

electromagnetic field E(r,t) = E0ei(k∙r-wt), the non-linear terms of polarization (𝐏%
("), and 𝐏%

(C)) can 

oscillate at distinct frequencies without contravening the conservation of energy, leading to 

phenomena such as second (2ω) and third (3ω) harmonic generation, denoted as SHG and 

THG, respectively. In other example, when the incident field is composed of a superposition 

of two plane waves E(r,t) = E1 ei(k1∙r-w1t) + E2 ei(k2∙r-w2t)  + cc, where k1 and k2 are the wave vectors, 

w1 and w2 represent the corresponding frequencies of the two interacting tones, and cc is the 

complex conjugation, the NL terms can oscillate at frequencies (w1±w2) giving rise to sum (SFG) 

and difference frequency generation(DFG).34 The exploration of frequency conversion 

processes involving the second-order susceptibility c(2) has gained considerable attention in the 

past two decades. These processes have found applications in various fields, including 

photonics, holography, and invisible cloaking technology. 

Similarly to first-order light-matter interactions, higher-order phenomena are also restricted by 

symmetry rules stemming from the electronic structures of materials. If the structure presents 

 
2 Einstein notation used for these equations. The order of the tensor is indicated by the upper index (1), (2), (3), while the lower 
index i, j, k indicate the vector components implicitly summed. 
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an inversion symmetry center, and an imaginary line is thought to pass through that center, an 

inversion operation for each point with coordinates (x, y, z) to the corresponding point (-x, -y, 

-z) will result in the same structure. Consequently, when an electric field with opposite sign is 

applied (–E), the second-order polarization yields −𝐏%
(") = 𝐏%

("), indicating that c(2) (or higher-

orders susceptibility) must be zero.  

In other terms, this implies that centrosymmetric structures retain their properties unaltered 

under external influences and do not manifest any NL responses. To induce non-linear effects, 

a symmetry-breaking perturbation in the system becomes crucial, enabling the emergence of 

non-linear phenomena.  

Examples of this symmetry-breaking include surface asymmetries resulting from a slight 

deviation from a perfect spherical shape,35,36 as observed in metals displaying second-order 

effects originating from non-linear dipoles at surfaces,37 or the presence of multipolar plasmonic 

resonances, driven by retardation effects associated with nanoparticle size and morphology.38–40 
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Figure 1.6 Jablonski diagrams of common NL optical processes. (a) From left to right: second 

harmonic generation (SHG), third harmonic generation (THG), sum frequency generation (SFG), difference 

frequency generation (DFG), and four-wave mixing (FWM, non-degenerate case). The virtual excited energy states 

are represented with dashed lines, and the vibrational energy levels with solid grey lines. The ground singlet 

(electronic) energy state is S0, while the nth singlet (electronic) excited level is Sn, and Vn represents the nth vibrational 

energy level of the singlet ground energy state (S0). 

All the aforementioned NL optical processes (SHG, THG, SFG, DFG) are categorized as 

parametric processes, for systems that maintain identical initial and final quantum-mechanical 

states. In these processes, conservation of energy and momentum between  interacting photons 

is facilitated through the nonlinear medium, enabling the ground-level population transition 

through virtual energetic levels.34 

On the other hand, processes involving the transfer of population from one real quantum-

mechanical state to another are known as non-parametric processes. In these cases, the energy of 

the interacting EM radiation can be transferred to or from the medium. These processes include 

two-photon absorption (2PA), and two-photon excited photoluminescence (2PPL). 
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Figure 1.7 Jablonski diagrams of 1PA and 2PA/2PPL processes. From left to right: the one- and two-

photon absorption/ photoluminescence processes, respectively represented as one-photon absorption (1PA) and 

two-photon absorption (2PA). These two processes involve the emission of a photon after the internal conversion 

process (IC) of the excited electron to the lowest vibrational state of Sn (Kasha’s rule). 

In both scenarios, the transition from the ground state to an excited state occurs through the 

simultaneous absorption of two photons with sufficient energy to promote an electron from 

one level to another. For example, these phenomena have significantly influenced the 

advancement of two-photon microscopy, enabling deeper tissue penetration with reduced 

photodamage compared to traditional single-photon bio-imaging techniques.41 

1.2.1  Plasmonics Metasurfaces for NL Optics 

Nowadays, metasurfaces exhibit wide library of shapes and compositions, including 

nanoholes,42–45 nanoparticles,46–48 pillars,49,50 chiral configurations,51–56 and antennas systems.57–60  

These almost limitless possibilities translate into an extraordinary versatility in their optical 

response acting on both the localized plasmonic response of each repeating unit and the 

geometrical parameters of the array. These parameters determine the quality and spectral 

position of all localized and collective resonances, thereby enhancing the quantum efficiency of 

various NL optical processes,58,61,62 giving an extraordinary ability to shape the wavefront of light 

with sub-wavelength resolution.63 Figure 1.8 reports some interesting examples of this 

flexibility. 
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This capability proves essential in fulfilling phase matching condition requirements, crucial 

aspect in nonlinear optics for frequency conversion,39,64,65 where incoming light of one frequency 

(input frequency) generates light at a different frequency (converted frequency). Phase matching 

is needed to ensure that these different frequencies constructively interfere, maximizing the 

efficiency of the conversion process. Thus, the mismatch between input and output Δk = kout – 

nkin = 0, where kout is the wavevector of the converted frequency, kin represent the wavevector 

of the input frequencies, and n is an integer. In presence of a periodic structure, the periodicity 

(Λ) ensures momentum conservation and the equation become Δk (Λ) = kout – nkin – G(Λ) = 

0, where G(Λ) is the wavevector associated with the grating). By satisfying this condition, the 

periodic structure ensures that the sum of the wavevectors of the input and converted waves, 

along with the wavevector associated with the structure remains unchanged, allowing the 

efficient NL conversion over extended interaction length. 

 

Figure 1.8 Plasmonic metasurfaces for NL optics. Scanning Electron Microscopy images of (a) phase-

gradient metasurface; (b) gold split-ring resonator square arrays; (c) Gammadion-type geometry third non-linear 

response respectively, displaying near-unity circular dichroism; (d) hybrid plasmonic-Epsilon-Near-Zero 

metasurface; (e) multiresonant antennas for SHG response; (f) non-centrosymmetric V-shaped gold nanoparticles. 

Panel a: Copyright 2011, Science. Adapted with permission.66 Panel b: Copyright 2012, APS. Adapted with 

permission.67 Panel c: Copyright 2020, ACS. Adapted with permission.52 Panel d: Copyright 2020, ACS. Adapted 
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with permission.68 Panel e: Copyright 2018, ACS. Adapted with permission.69 Panel f: Copyright 2015, Springer 

Nature. Adapted with permission.61 

1.2.2  Colloidal-based plasmonic metasurfaces for NL Optics 

The exploration of NL optical phenomena through experimentation is centered on the 

advancement of sophisticated nanofabrication techniques to create high-quality plasmonic 

metasurfaces, as mentioned above. These technological advances, aimed to enhance the 

confinement of the associated electromagnetic field, have ultimately elevated the optical non-

linearity in material responses under low pump intensities, avoiding the need of intricate phase 

matching techniques.70,71 

A detailed discussion on alterative fabrication strategies will be discussed in Chapter 2. Here, 

the discussion is limited to the potential prospective and advancements of the use of colloidal 

metasurfaces in the fields of NL optics.  

The growing scientific interest in metamaterials has given rise to a new phase of development 

called the “chemistry of metamaterials”. The attention is drawn onto the development of 

engineered properties that can be dynamically modified or that enable interaction with the 

surrounding chemical environment, generating materials capable of responding chemically, 

catalytically or undergo a phase change. It also involves the molecular functionalization of unit 

cells to enable responses based on receptors, pH or electrochemistry.72–75 In this context, 

nonlinear optical phenomena offer a unique avenue for progress. Spectroscopic techniques that 

rely on second- or third-order susceptibilities encode intricate molecular details, allowing 

information about the surrounding chemical environment to be extracted directly from their 

optical responses.34  

The successful fabrication of metamaterials tailored to interact with the chemical environment 

presents both scientific and technological hurdles. Originally designed for microelectronics, 

these materials pose challenges to standard nanofabrication processes such as metal evaporation 

and hard lithography techniques. These conventional methods provide limited control over 
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crystallography and surface chemistry, requiring innovative approaches for effective 

metamaterial fabrication in chemical applications. Consequently, the pursuit of chemically active 

metasurfaces has prompted the scientific community to explore alternative fabrication 

strategies. In this context, colloidal self-assembly has emerged as a promising candidate. On the 

one hand, colloidal synthesis offers unprecedented precision in controlling nanoparticle 

morphology, crystallography, composition, and surface chemistry. On the other hand, self-

assembly strategies have advanced to the point where high-quality periodic and hierarchical 

arrangements can be produced on a large scale. 

1.2 Plasmonics and Emission phenomena  

“Photoluminescence” is a phenomenon consisting in the emission of light by materials when an 

external source of energy provides to the system sufficient energy to trigger that emission. In 

particular, energy is provided by the absorption of electromagnetic radiation in the range of the 

spectrum between UV and IR. Fluorophores or chromophore, utilized for their fluorescent 

properties, are molecules characterized by their ability to emit light. The efficiency of a 

fluorophore as a fluorescent compound and the specific wavelengths of absorption and 

emission are determined by the outermost electron orbitals within the molecule.  

 

Figure 1.9 Emission Spectra of some common dyes used for investigating fluorescence in situ hybridization 

with rRNA-targeted oligonucleotide probes. Copyright 2019, Front. Microbiol. Adapted with permission.76 
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Atoms and molecules exhibit quantized energy levels, wherein electrons occupy successively 

higher energy states while subjected to the Pauli exclusion principle. The absorbed energy can 

propel an electron from the “ground state” to a different orbital, leading to a rapid transition (in 

femtoseconds timescale) to an “excited state”. The absorbed energy is released through processes 

such as vibrational relaxation and emission of a photon emission energy E=hν, where ν is the 

frequency associated with the energy difference between the two levels involved, which are the 

main mechanisms by which a fluorophore returns to its low-energy ground state.77  

This relaxation transition is regulated by selection rules, and various allowed and forbidden 

decay channels exist through which the energy can be released. Radiative mechanisms, such as 

fluorescence or spontaneous emission, release energy in the form of photons. Conversely, non-

radiative decay mechanisms involve the transfer of thermal or acoustic energy to the 

surrounding medium. The decay rate between the two energy levels follows an exponential law. 

By exciting a fluorophore sample with a narrow enough pulse of light monochromatic light, 

capable of instantaneously generating a population in an excited state the time evolution of the 

population N in the excited state can be evaluated as:78 

4T(U)
4U

= −𝑘 ∙ 𝑁(𝑡)    (1.20) 

𝑘 is the decay constant given by the sum of the constants for the radiative (G) and non-radiative 

(𝑘FE) decays, both mechanisms are dictated energy levels structure of the active medium. 

Integrating Eq. 1.20, the result is a time distribution of the emitted photons, which composes 

an exponential decay profile of the population of the excited state N(t) as:  

∫ 4T(U)
4U

T
T#

= −𝑘 ∙ ∫ 𝑁(𝑡)U
#    (1.21) 

𝑁(𝑡) = 𝑁#𝑒0(V$-/0)U = 𝑁#𝑒0U/X   (1.22) 

The emission of fluorescence by fluorophore molecules is a random event and is by nature 

incoherent [13]. Out of a relatively large number of excited fluorophores, only few molecules 

manage to emit in a time comparable to the lifetime (t) of fluorescence, while the others emit 
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in longer times.79 In a fluorescence experiment, it is not the number of excited fluorophores that 

is observed, but a fluorescence intensity fluorescence I(t), which is proportional to the 

population of the excited state at time t: 

𝑁(𝑡) ∝ 𝐼(𝑡) = 𝐼#𝑒0U/X   (1.23) 

The fluorescence efficiency, quantified by the quantum yield (QY) given as the ratio between 

the radiative (Grad) and non-radiative (𝑘FE) emissive events, tends to increase with the number 

of p-bonds in the molecule. This quantity dependents on the lifetime (t) of a molecule, i.e. the 

time taken from the molecule to relax to the first vibrational state of the excited state, from 

which it then emits a photon of light.  

The emission of fluorescence is an inherently spontaneous process, and the relaxation rate is 

dictated by the electromagnetic surroundings. For example, the fluorophores spectral profile is 

strongly influenced by the polarity and proticity of its environment, which can cause an emission 

shift. Once electromagnetic radiation is absorbed, fluorophores instantaneously populate the 

excited states and for the time they reside in these levels, they can interact with their 

surroundings. The property that measures the probability of light absorption in a solution 

containing the fluorophore is known as molar extinction coefficient (e, M-1cm-1). A larger cross-

section means a greater probability of capturing a photon. Therefore, a dye with a higher 

extinction coefficient will produce a stronger signal for the same level of light-induced 

background than one with a lower extinction coefficient. 

1.2.1 Quantum emitters 

Quantum dots (QDs) are different from most particles/molecules and their unique optical and 

electrical properties, mainly due to quantum mechanical phenomena, make them excellent 

candidates for different applications including photocatalysis,80 sensors,81 and fluorescent chiral 

nanoprobes.82 These entities consist of nanometer-scale semiconductor crystals displaying opto-

electronic properties dependent on their size.83,84 
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Typically ranging from 1 to 100 nm, these nanocrystals bridge the gap between small molecules 

and macroscopic crystals. They can be made from either single-component or multi-component 

materials and formed in a variety of shapes configurations such as dots, rods, trimers and 

tetramers, all determined by the arrangement of the underlying crystal lattice.37 The crystalline 

nature of these particles gives them a high density of electronic states, resulting in huge 

extinction coefficients and broad absorption spectra, not available in organic chromophores. 

Thus, the optoelectronic properties strongly dependent from sizes as denoted by absorption 

and fluorescence spectra in Figure 1.10, displaying discrete electronic transitions. The unicity 

of these systems rely on the possibility to precisely engineering size and composition to control 

this energy difference, allowing for tunable emission across a wide range of 

wavelengths.85Heterostructures such as core-shell quantum dots (QDs) are particularly well 

suited for nanophotonic applications. A passivate surface core of semiconductor material with 

a coating or a shell, typically made by higher bandgap semiconductor material,86 serves to protect 

the QDs against degradation due to aggregation and photooxidation. Consequently, this 

contributes to the enhancement of the photoluminescence quantum efficiency and stability, 

respectively 20 and 100 times higher than typical organic dye molecules.87 

By selecting specific materials for core and shell, it is possible to achieve greater control over 

the confinement of charge carriers wave functions, which allows to tune absorption and 

emission spectral overlap and thus optimize matching requirements for the desired device, while 

mitigating reabsorption losses. 
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Figure 1.10  (a) Schematic of the electronic energy states of a semiconductor passing from discrete molecules 

to semiconductor nanosized and bulk crystals. The ground state electron occupation is depicted in blue shading. 

The band gap energy denoted as Eg denotes the minimum energy required to excite an electron from the ground 

state valence band to the vacant conduction energy band. (b) Comparison between two common fabrication 

methods: colloidal quantum dot suspension, which provide great control over the morphology and monodispersity, 

and a self-assembled quantum dot (island-like) epitaxially deposited on a crystalline substrate. c) Spectra displaying 

absorption (upper) and fluorescence (lower) of CdSe semiconductor nanocrystals, highlighting quantum 

confinement and size tunability. AU denotes arbitrary units. Panel a, b, c: Copyright 2010, ACS. Adapted with 

permission.88 

1.3 Plasmonic array coupling with gain media  

As we have discussed in this introduction, the collective oscillations of electrons of a metal 

structure are associated with unique electromagnetic properties. These properties can be 

exploited to strongly influence nearby gain media emission behavior, and when plasmons and 

dye molecules are brought into proximity their interaction leads to a range of fascinating 

phenomena. Tailored nanostructures exert a deep influence on the kinetics of light emission of 

luminescent materials, and these effects become versatile toolbox, allowing control over 
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emission efficiency, spatial localization, directional angular distribution, anisotropic polarization, 

and spectral linewidth for improved quality. 

The modification of light-matter interactions mediated by a plasmonic cavity can take place 

under two possible regimes: the weak and the strong coupling regimes.  

1.3.1 Weak coupling regime Purcell Effect 

When an emitter interacts with a photonic crystal, its PL can be significantly modified, including 

spectrum reshaping and shifts, polarization changes, intensity enhancement or quenching, 

modulation of both radiative and non-radiative decay rates.89–92 

Plasmon-enhanced fluorescence was first explored alongside investigations into surface-

enhanced Raman spectroscopy during the 1970s and 1980s.93–95 In recent times, there has been 

a resurgence of interest in studying in surface enhanced fluorescence, driven by advancements 

in the precise manipulation of different aspects of this phenomenon. 

One of the most extensively studied phenomena in the weak coupling regime involves the 

alteration of the spontaneous emission rate of an emitter. First proposed by Purcell for the case 

of a single mode cavity,96 the enhance in spontaneous emission of a quantum emitter within a 

cavity was attributed to the increase local density of states compared to free space, whit the 

emission rate of a quantum emitter directly proportional to the LDOS The Purcell factor (FP) 

can therefore be defined as the ratio of the spontaneous emission rate in a cavity (Γc) to the 

emission rate in free space (Γ0):97 

F: 	= 	
V1
V#
= YZ82F271

[3\433
     (1.24) 

where n represents the refractive index within the cavity, and c is the speed of light. Compared 

to dielectric cavities typically characterized by high Qf, but with large mode volumes that limit 

experimentally the FP,98 photonic crystals support strong field enhancements and a significantly 

altered LDOS, thereby offering a versatile means to control the spontaneous emission rate. 
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Under weak-coupling conditions, for an emitter positioned in proximity to or within a photonic 

crystal both the excitation rate and emission rate can be altered. The overlap of the absorption 

spectrum of the emitter with the plasmon band is essential to induce the enhancement of local 

field and elevate its excitation rate Γexc, that heavily depends on the orientation of the emitter 

dipole relative to the electric field polarization direction of the photonic crystal.  

During the emission process, the presence of the plasmonic cavity modifies the direct radiation 

channel of the emitter, which requires a spectral overlap between the emitter emission and the 

plasmon resonance. Additionally, the excited-state energy of the emitter can be transferred to 

the metal, through Förster resonance energy transfer,99 and then dissipated in the metal (ohmic 

losses) or emitted by the metal with a very low quantum efficiency. The coupling between dipole 

emitters and plasmon resonances may also alter the emission direction and polarization,90 thus, 

by employing anisotropic plasmonic nanostructures and multicomponent plasmonic 

nanostructures it is possible to control the spatial direction and angular distribution of the 

emission.100,101 

Overall, by rationally design a plasmonic Researchers have been integrated plasmonic 

metasurfaces with a variety of emissive materials (Figure 1.11) such as dye solutions, lanthanide 

complexes and chelated transition metals, carbon nanotubes (CNTs), semiconducting quantum 

dots (QDs), 2D materials and perovskites, leading to an enhance of spontaneous emission and 

even the generation of stimulated emission, due to the overlap of surface lattice resonance 

modes with the emission bandwidth.31,102–110 
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Figure 1.11 Illustration of plasmonic metasurfaces (e.g. Au, Ag, Cu, Al, Ni nanoparticles) and emitter species 

(dyes molecules, carbon nanotubes (CNTs), lanthanide complexes, quantum dots (QDs), 2D and 3D materials 

such as Molybdenum diselenide, Tungsten disulfide, perovskites etc.).    

1.3.2 Plasmonic metasurfaces: other applications 

Nanostructured metasurfaces have been explored as effective toolbox for the manipulation of 

light-matter interactions at the nanoscale. These effects open up new avenues for plasmonic 

metasurfaces to impact several scientific and technological fields. For example, efficient light 

trapping could have significant impact in the context of photovoltaics, where efficient light 

absorption in the active layer is crucial for subsequent conversion into electrical current. While 

a thin active layer is preferred for better charge separation, it often leads to a significant drop in 

light harvesting efficiency, and surface roughness poses a significant challenge to carrier 

recombination in surface and junction regions. The utilization of nanostructured surfaces offers 

a solution to overcome these challenges by reducing the physical thickness of the solar cell while 

retaining the desired scattering effect that enhances the effective path length of incoming light.111 



 54 

To obtain this effect, nanoparticles can act as subwavelength resonant scatterers,112 effectively 

trapping incident light and redirecting propagating plane waves from the sun into a thin absorber 

layer, or they can function as electrodes to collect photocurrent.113 Alternatively, nanoparticles 

can be used as nanoantennas to couple the plasmonic near-field to the surrounding 

semiconductor material, thereby increasing the absorption cross-section of the material.114,115 

The application of metallic plasmonic structures in solar cells has developed rapidly, allowing 

the active layer to be reduced (>100 nm), resulting in physically thin but optically efficient 

absorbers.111 However, challenges such as finding optimal geometries using low-cost metals and 

overcoming large-scale manufacturing issues hinder potential commercial applications.  

The impact of plasmonics goes far beyond the field of photovoltaics, and sensing and 

phototherapy fields have experienced exponential growth in recent decades by exploiting the 

combination of plasmonics with chemistry, biology, and medicine, opening new avenues for 

innovative applications and research. In fact, surface lattice resonances exhibit exceptional 

spectral sensitivity attributed to the periodicity of their structures and remarkably high phase 

sensitivity. These distinctive features make plasmonic SLRs excellent candidates for the label-

free characterization of biomolecular interactions, facilitating the study of interactions between 

target analytes (such as antigens, DNA) and their corresponding receptors (e.g., antibodies, 

DNA capture, proteins).75,116–119 

For example, Kravets et al. exploited the potential of SLRs of gold nano-resonator arrays to 

enable refractive index monitoring and demonstrate an order of magnitude higher phase 

sensitivity than SPP sensors based on the Kretschmann configuration.120 In a follow-up 

investigation, it was proposed the use of gold double dot arrays on glass coated with a weakly 

hydrogenated graphene crystal as plasmonic resonators. This innovative approach showed a 

significant variation in reflected light intensity together with rapid phase changes, suggesting the 

viability of these plasmonic devices for molecular recognition with enhanced sensitivity at the 

single molecule level.121 
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Recently, metamaterials have emerged as a key advancement in harnessing the potential of 

plasmonic nanostructures even for practical and scalable photocatalytic applications. This 

development represents a crucial step forward in leveraging plasmonic effects on a larger, more 

usable scale.122,123 

Narang and collaborators, for example, have explored the field of plasmon-enhanced chemistry 

in various configurations and reactions.124–126 Metasurfaces play a key role in increasing the solar 

light absorption capacity, thereby promoting the generation of hot carriers. Their distinctive 

feature lies in the large surface area they provide, which creates an abundance of catalytic active 

sites that are favorable to surface reactions.  

Deng et al. presented a notable example using a two-dimensional array of bimetallic Cu–Pt core–

shell nanoparticle lattices, combination of highly catalytically active Pt sites with the robust 

plasmonic effects of Cu, where the most substantial photocurrent densities were observed under 

near-IR illumination.127 The SLRs emerged as the major contributors to the observed 

photocurrent enhancement under white light illumination, surpassing the excitations from 

localized surface plasmon resonances. As result, a twofold improvement in hydrogen evolution 

reaction (HER) catalytic activity was observed, due to the superior light absorption efficiency 

and highly confined electromagnetic fields exhibited by the lattice modes. The proper design of 

a metasurface, showing enhancements in the efficiency of catalytic nanostructures for driving 

hydrogen evolution reactions, can demonstrates the high potential of these systems in advancing 

catalysis through plasmonic effects. 

Over the years, metasurface research was extended to the integration of non-classical light 

sources including Second Harmonic Generation (SHG) and single-quantum emitters, opening 

new possibilities to enhance the overall capability of light-emitting systems.128 This innovative 

approach not only addresses the challenges posed by conventional optical components but also 

explores novel avenues for creating advanced and efficient light-emitting devices. In the realm 

of conventional Light-Emitting Diodes (LEDs), for example, a significant challenge lies in their 
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low light extraction efficiencies attributed to total internal reflection at the encapsulation layers, 

where the critical angle is set at 30°. While total internal reflection (TIR) serves as the basis for 

various applications, particularly in the realm of fiber optics that has transformed the 

communication technology, it poses challenges in other applications like light-emitting diodes 

(LEDs), hindering the photons extraction from the high-index materials constituting the LED 

device and thus the energy-efficient lighting. 

A recent work conducted in LED technology involved the cost-effective integration of index-

matching layers with disordered Ag nanoparticles, specifically designed for commercial Gallium 

Nitride (GaN) LEDs. The innovative fabrication method employs a single-step process using 

gas-phase cluster beam deposition to create the Ag nanoparticles. The efficiency improvement, 

reaching a factor of 1.65, was achieved by effectively extracting photons at incident angles 

beyond 60°.129 

1.3.3 Strong coupling regime 

Conversely to the weak coupling regime, in the strong coupling regime the resonant interaction 

between excitons and plasmons alter the exciton wave functions and plasmon modes, resulting 

in significant changes in the spontaneous emission rate and the energy levels of the system. 

Within this regime, excitation energy is reversibly exchanged before any losses occurs between 

the plasmonic and excitonic systems, manifesting as Rabi oscillations and typically exhibiting 

anticrossing and splitting of energy levels at the resonance frequency in the cavity’s spectrum 

(Figure 1.12).89  
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Figure 1.12 Diagram of (a) molecular transition and a cavity resonance  coupling, which leads to form two 

hybrid light–matter states upper polariton (P+) and lower polariton (P–) are separated by the so-called Rabi splitting 

energy ℏΩR. (b) Schematic of the λ/2 mode formed in a Fabry–Perot cavity (two parallel Ag mirrors) resonant 

with the absorption of molecules (represented as little dipoles). Once placed inside the cavity interact strongly with 

the mode, the coupling leads to the formation of light–matter hybrid states. (c) Absorption spectrum of a cyanine 

dye molecule before (black curve) and after (red curve) undergoing strong coupling with a cavity resonance. Panel 

b, c: Copyright 2016, ACS. Adapted with permission.130 

The new energy levels of this hybrid system differ significantly from those of the individual 

quantum emitter and electric field. Strong coupling mediated phenomena has been successfully 

demonstrated between plasmonic nanoparticle lattices and various entities, including dye 

molecules, organic linkers in metal–organic frameworks (MOFs), ideal platform to organize 

organic emitters with specific orientations and in a denser volumes, single-walled carbon 

nanotubes (CNTs), and 2D materials.131–137 

In general, an emitter can be considered as a two-level system characterized by a ground state 

|g⟩ and an excited state |e⟩) with transition frequency weg (of the emitted light). The transition 

dipole moment 𝜇⃗(] quantifies the electron’s distribution changes during the transition between 

the two energy states, occurring with a spontaneous emission rate (Γ). On the other side, the 

cavity where the emitter is placed is characterized by a resonance frequency ωc and a damping 

rate γ, associated to the quality factor of the cavity as Qf = ωc/γ. 

Thus, the coupling strength between the emitter and the cavity (g) is related to the rate of energy 

transferred and it can be expressed as follows:97 
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𝑔 = 𝜇(] ∙ 𝐸 = 𝜇⃗(] ∙ 4
ℏ71

"6#60\433
   (1.25) 

where, E is the electric field within the cavity, 𝜀#, and 𝜀E represent the vacuum and relative 

permittivity respectively, and Veff is the effective mode volume within which the electromagnetic 

field associated with a particular mode of a cavity is concentrated and interacts with the 

surrounding environment. This term includes the spatial extent of the localized density of states 

(LDOS), for which small mode volumes lead to larger LDOS values and stronger cavity-emitter 

coupling strengths. For N emitters in the cavity, the coupling strength becomes √N larger.89 

Transitioning from weak to strong coupling can be achieved by either enhancing the coupling 

strength g or reducing the decay rates of both the cavity (g) and the emitter (Γ).  

For the cavity, this can occur when the quality factor is increased and the effective mode volume 

is reduced, implying a mitigation of optical losses and amplification the electric field within the 

cavity. This explains the interest in the construction of plasmonic cavity characterized by a high 

QF, representing one of the driving motivations of this thesis work. 

Looking at the emitter, the associated emission rate Γ can be improved by lowering the 

temperature of the system (mitigating non-radiative phenomena such as…), or by increasing the 

number of emitters coupled to the same optical cavity, generating  a larger effective dipole 

moment that boosts the strength of the coupling towards the establishment of a strong coupling 

regime.97 The development of dynamic functional devices operating in the strong coupling 

regime would open completely new directions towards a new type of chemistry, the so called 

strong coupling chemistry, where the reactivity and kinetics of molecular system could be 

manipulated by their interaction with an optical (plasmonic) cavity. Despite this is an exciting 

and rapidly evolving research direction, this thesis will focus on the fabrication and 

characterization of colloidal plasmonic metasurfaces operating exclusively in the strong coupling 

regime. 
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Chapter 2 

ALTERNATIVE FABRICATION PROCESSES FOR 
PLASMONIC METASURFACES 

“I do not know what I may appear to the world; but to myself I seem to have been only like a boy 
playing on the seashore and diverting myself in now and then finding a smoother pebble or a prettier 

shell than ordinary, whilst the great ocean of truth lay all undiscovered before me.” 

David Brewster, Memories of the Life, Writings, and Discoveries of Sir Isaac Newton (1855) 

Introduction 

Advances in semiconductor and flexible electronics applications over the last decades 

have generated an increasing demand for micro- and nano- fabrication techniques characterized 

by low costs, enhanced throughput, and higher resolution. This increased demand stems from 

the constraints of traditional methods like electron beam lithography (EBL), which typically 

exhibit a low throughput that is incompatible with mass production. Despite the availability of 

alternatives such as extreme ultraviolet lithography and focused ion beam lithography (FIB), 

their current high costs restrict their application primarily to large industries and corporations. 

Moreover, these processes limit the selection of materials and operating conditions, as well as 

the control over crystallography and surface chemistry of the system. These aspects are 

particularly important for the next generation of metamaterials, which experts in the field 

identify in chemically functional metasurfaces capable of exploring the chemical space, or the 

so called “chemistry of metamaterials”.  

The search for chemically active metasurfaces has spurred the scientific community to explore 

alternative fabrication methods, and colloidal self-assembly has emerged as a promising 

solution. On one side, colloidal synthesis allows researchers to fine-tune nanoparticle 

morphology, crystallography, composition, and surface chemistry with unprecedented 

precision. The constant progress in the field of colloidal chemistry has enabled great advances 

in the synthesis of metal NPs using bottom-up approaches,1 achieving an unprecedented control 
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of the optical properties by manipulating elemental composition, near-field distribution, and 

even chirality at the single nanoparticle level.2–4 On the other, self-assembly can be used to create 

high-quality periodic and hierarchical arrangements on a large scale, opening exciting 

possibilities for the development of metamaterials in combination with soft lithography.  

Particularly relevant for this thesis work is the example of nanoimprint lithography (NIL). 

Introduced in 1995 by Prof. S.Y. Chou and his group, NIL has emerged as a versatile, cost-

effective and high-throughput top-down alternative to micro- and nanofabrication.5 Here, a pre-

fabricated mold, designed as the inverse of the desired pattern, is pushed into a polymeric resist 

layer, reproducing the pattern by mechanical deformation.6 A very important advantage of NIL 

is that the stamp can be recycled after de-molding, allowing to create multiple replicas from a 

single pre-fabricated stamp. Unlike conventional top-down nanolithography methods, which are 

limited by light diffraction or beam scattering factors, NIL relies on direct mechanical 

deformation, enabling a significant resolution improvement (currently < 10 nm).7  

Since it was introduced, NIL technology has been the subject of extensive investigation and 

refinement by a number of scientists, leading to the development of several process variations.8 

In one of these developments, NIL has been applied for the development of  several colloidal 

self-assembly techniques, combining significant developments in surface chemistry control, 

feature miniaturization, and scalability to improve the quality of colloidal-based plasmonic 

metasurfaces, demonstrating higher control on distribution and orientation down to single 

nano-objects. This led to target high-quality factor plasmonic optical cavities and achievements 

on high-throughput large-scale self-assembly up to wafer-scale dimensions, and to the 

emergence of plasmonic colloidal self-assembly as a promising fabrication approach to produce 

organized two-dimensional (2D) and three-dimensional (3D).9  

Colloidal self-assembly involves the spontaneous arrangement of existing components into 

complex, organized structures driven by the minimization of free energy towards a local 

equilibrium state. This process can be externally influenced and controlled by using guiding 
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fields and confinement effects. In direct assembly techniques, patterns, external fields, or 

specific agents are used to force the particles toward specific areas of the substrate and 

selectively arrange them. As a variety of NPs with different morphologies, including rods, cubes, 

plates and polyhedra, have been precisely synthesised,2,3,10–14 a wider range of structures can be 

achieved by properly managing the symmetries of individual units (or building blocks) and 

directing their directional interactions.15 This includes face-centered cubic (fcc), body-centered 

cubic (bcc), hexagonal-closed packed (hcp), diamond-like lattice, and lattice structures not 

existing in nature. For example, anisotropic NPs and their interactions exhibit high performance 

for engineering the self-assemblies of complicated crystals structures.16–19  

The collective plasmonic response of these colloidal self-assembled metasurfaces are able to 

overcome the optical losses associated to the localized plasmons of single colloidal building 

blocks,20,21 demonstrating high adaptability to different applications fields such as photonics,22,23 

photocatalysis,24 energy conversion,25 and biosensing.26–28 

The aim of this chapter is to summaries and categorize the principles of plasmonic colloidal 

assembly for the preparation of colloidal plasmonic metasurfaces, comparing various fabrication 

methods, and spotlighting new emerging trends. The work presented in this thesis is based on 

alternative approaches which rely on soft lithography. This includes template-assisted self-

assembly (TASA) and a newly developed strategy named chemical contrast in situ growth, where 

functional meatasurfaces are grown via the combination of NIL for the creation of a surface 

chemical contrast.  
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Figure 2.1 Alternative fabrication strategies for colloidal metasurfaces. Scanning Electron Microscopy (SEM) 

images of (clockwise direction): Templated self-assembly (scale bar 1µm) Copyright 2017, ACS. Adapted with permission,29 

(scale bar 500 nm) Copyright 2023, Wiley-VCH. Adapted with permission;23 Capillary self-assembly  (scale bar 500 nm) 

Copyright 2017, Springer Nature. Adapted with permission,30 and (scale bar 500 nm) Copyright 2014, ACS. Adapted with 

permission;31 Langmuir-Blodgett (scale bar 1µm) Copyright 2018, RSC. Adapted with permission reprinted with permission,32 

and (scale bar 500 nm) Copyright 2020, Wiley-VCH. Adapted with permission;33 Block co-polymer (scale bar 50 nm) 

Copyright 2013, Springer Nature. Adapted with permission,34 and (scale bar 100 nm) Copyright 2008, Elsevier. Adapted with 

permission;35 In situ growth (scale bar 500 nm) Copyright 2022, Wiley-VCH. Adapted with permission;36 Spin-coating (scale 

bar 100, 500 nm) Copyright 2004, ACS. Adapted with permission;37 Magnetic assembly (scale bar 5 µm) Copyright 2013, ACS. 

Adapted with permission,38 and (scale bar 25 µm) Copyright 2022, ACS. Adapted with permission;39 DNA-mediated assembly 

(scale bar 150 nm) Copyright 2018, Science. Adapted with permission.40 

2.1 Nanoimprint lithography (NIL) 

Nanoimprint lithography has rapidly emerged as a promising alternative to traditional 

nanolithography processes, driven by its advantages and the increasing demands of the 

semiconductor and flexible electronics industries. The rapid increase in popularity of NIL can 
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be found in its compatibility with roll-to-roll (R2R) setups, dramatically increasing its high 

throughput, and making it one of the most suitable lithography for industrial applications.41 

Considering the NIL based on imprinting contact, it is possible to recognize three processes: 

plate-to-plate (P2P), roll-to-plate (R2P), and roll-to-roll (R2R) NIL. 

• Plate-to-plate (P2P): A rigid flat stamp (patterned wafer) is used to imprint a material 

deposited onto a flat rigid substrate. This approach is typically unsuitable for large 

imprint areas, as it requires greater forces (kN) to achieve the necessary imprint 

pressures.42 Moreover, this method is typically accompanied by higher defect rates, 

primarily due to the rigidity of the molds. In our group, we exploited a variant of this 

technique to fabricate functional masters from the original silicon wafer, minimizing 

defects and recreating the patterned areas with high-resolution. 

• Roll-to-plate (R2P): In roller-based nanoimprint lithography (NIL), the imprinting force 

is applied to a rigid surface using a roller-press mechanism. Unlike (P2P) NIL, where 

the entire stamp area is in contact with the substrate, roller-based NIL uses only linear 

contact along the roller. This significantly reduces the required imprinting force (as low 

as 200 N) to achieve pressures of approximately 1 bar for a 300 mm imprinting width.43 

Moreover, the line contact feature also significantly improves replication uniformity, by 

minimizing problems with trapped air bubbles, thickness variations and dust 

contaminants.44 Different approaches can be used for this NIL method such as: i) using 

a roller press to imprint a flexible polymer onto a flat patterned mold via thermal NIL,45 

or ii) using a flexible mold wrapped around the roller in contact with a rigid plate for 

the imprinting,46 or ii) using a flexible roller mold coated with the polymer resist, that is 

then cross-linked and  transferred by UV or thermal curing. Using R2P it is possible to 

reach features size in the range of 20-130 µm in width and 10-100 µm in depth.47 

• Roll-to-roll (R2R): In this last version, imprinting is achieved by using an imprinting roller 

with a patterned surface, or one wrapped with a flexible mold, and a flexible substrate 
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supported by a second roller, rather than a flat plate. This entire approach is based on 

the roll-to-roll manufacturing concept, and it offers the advantages of continuous 

processing and high throughput.48,49 Due to its advantages in industrial applications, 

several studies have investigated and improved the roll-to-roll nanoimprint lithography 

(R2R NIL) process.48,50 In particular, continuous R2R NIL systems, based 

predominantly on UV NIL, were investigated. Using a resist-coated film pressed against 

an imprint roller, it results in a reflow of the resist into the cavity of the mold. In this 

way, 70 nm lines grating have been achieved at speed up to 1,400 mm/min.48 

Similarly, processes using patterned rollers mold and roll coating mechanisms have been 

used for thermal R2R NIL, with applications in color filters for flexible displays.51 

For example, iterative roller imprint mechanisms for multilayer nanostructures can be 

used to improve the self-alignment. Moreover, R2R NIL was recently extended to rigid 

substrate such as glass.52 These advances demonstrate the evolving capabilities and 

versatility of R2R NIL in different applications. 

However, these techniques face a fundamental limitation from both a material and process 

standpoint, including roller position alignment, uniformity, and large area processing (up to 300 

mm).53 While continuous roll-to-roll nanoimprint lithography offers several advantages for 

industrial applications, some challenges still hinder its implementation, for example in the need 

for specialized flexible mold and the selection of a resist material with low viscosity and good 

coating properties challenge.  

In the context of NIL based on resist curing, it is possible to distinguish two type of process 

(Figure 2.2 a, b): thermal (t-) NIL, and ultraviolet (UV) NIL. 

The processes follow four steps: 

1. A mold is first heated up to temperature higher than the glass transition (Tg) of the target 

resist material. The heated mold is put in contact with the resist, inducing its transition 

to a molten state. An increase in temperature is essential because the elastic modulus 
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and yield strength of the resin decrease significantly when the temperature exceeds Tg. 

Nonetheless, excessively high temperatures, beyond Tg, may lead to film damages.54 

2. The soften resist can efficiently fill the mold cavities, under the appropriate imprinting 

pressure and time. 

3. After imprinting, the temperature is lowered below Tg in order to induce the 

solidification of the patterned resist. 

4. The mold is then lifted-off, leaving the negative image of the pattern/structure 

imprinted on the resist. 

 

Figure 2.2  Scheme of the principal NIL techniques based on resist curing.  

Thermal NIL or “hot embossing” is the process for which thermoplastic polymers, epoxy resins 

or biomolecules are subjected to imprint after being thermally softened (Figure 2.2 a). The 

softening process relies in a variation of the thermos-mechanical properties of the film.55 

In the case of UV NIL instead (Figure 2.2 b), the imprinted structures are cured under UV 

light exposure, which causes the cross-linking of the photoresist. The resulting pattern is 

achieved by using transparent template (quartz, glass, or elastomeric stamps). Compared to the 

thermal nanoimprinting, this approach uses less viscous liquid photoresist which allows the 

process to be carried out at lower pressures. As a result, the resist fills the mold cavities in 
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shorter times.56 Nowadays, depending on the rigidity and transparency of the mold used, hybrid 

NIL techniques have also been developed (Figure 2.2 c).  

The mold, also known as the template or stamp, stands as a pivotal component in the NIL 

process., and the resolution of the patterns achieved through NIL fundamentally hinges on the 

resolution of the features present on the mold’s surface. 

Choosing the right material for a mold in NIL involves considering various factors beyond just 

mechanical properties. While harder materials offer superior wear resistance, they can be difficult 

to deform mechanically, which leads to the creation of fractures and defects. Softer molds 

simplify stamp creation, but reduce the lifetime of the mold itself..57 Additionally, optical and 

chemical properties play crucial roles in material selection for NIL. Key mechanical parameters 

impacting NIL include hardness and thermal stability (affecting lifetime and wear), thermal 

expansion coefficients and Poisson's ratio (which can lead to distortions during demolding), 

roughness (influencing demolding force and potential damage), Young's modulus (impacting 

bending), and notch resistance (affecting lifetime and handling). Fabrication considerations 

encompass processability (including etching processes, selectivity, and clean room 

requirements) and surface quality, which directly impacts resolution.58 Additional properties 

beyond mechanical considerations play a crucial role in determining the suitability of a material 

for use in NIL processes. These include transparency, conductivity, anti-sticking properties 

(with or without anti-adhesive coatings, such as covalent coatings), availability and cost 

including standard materials and sizes, tolerances, processing equipment, and time. 

Currently, common materials used for hard molds in NIL include Silicon, Quartz, Nickel, and 

Silicon Nitride (Si3N4). For soft UV-NIL templates, various polymeric materials such as 

polydimethylsiloxane (PDMS), polyurethane acrylate (PUA), polyvinyl alcohol (PVA), and 

polyvinyl chloride (PVC) are utilized due to their UV transparency, mechanical hardness, and 

deformability.  
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Among these, PDMS is widely recognized for its suitability in UV-NIL applications. This 

material stands out for its exceptional UV transparency and remarkably low Young’s modulus, 

granting it the requisite flexibility for conformal contact. Its minimal reactivity and interfacial 

energy towards polymeric materials, coupled with its elasticity, allow for clean separation from 

the polymeric structure without causing damage or distortion. Moreover, a PDMS mold’s low 

surface energy at the polymer interface solves the issue of polymer adhesion during detachment, 

a significant challenge in NIL. As a result of these advantageous traits —flexibility, UV 

transparency, and low surface energy— PDMS has become the standard material for soft molds.  

Despite the limitation of high viscosity and tendency to swell pose, the main advantage of 

PDMS and other polymeric molds is the possibility to tune their mechanical properties by 

varying the degree of cross-linking between the siloxane chains within the structure.58 This 

tunability introduces the possibility of creating a hybrid stamp where only the patterned region 

is composed of a hard material, while the backbone remains flexible. Reducing the thickness of 

the rigid polymer section preserves its high Young’s modulus and mechanical strength, while 

maintaining enough flexibility for NIL.  

In the realization of this thesis, two types of molds were used depending on the rigidity of the 

material (as discussed in the Experimental Section): the soft (s-) PDMS was used as mold for 

performing the self-assembly and hard (h-) PDMS for the imprinting. 

2.2 Top-down and bottom-up approaches for plasmonic 

metasurfaces  

Nanofabrication strategies based on both top-down and bottom-up approaches have been applied 

for plasmonic metasurfaces engineering.  

Top-down techniques, including electron beam lithography (EBL), focused ion beam (FIB) 

lithography, extreme UV lithography, and thermal evaporation, provide greater control over the 

particle position producing extremely high-quality substrates.59 However, while these methods 
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allow to achieve nanometric features with extraordinary precision, the need of clean-room 

facilities and expensive specialized equipment pose a significant challenge for cost-effective 

mass production.  

 

Figure 2.3 Plasmonic metasurfaces. Scheme and SEM images of plasmonic arrays fabricated via (a) EBL, 

(b) Ion-Beam Etching (IBE), (c) nanostencil lithography, (d) nanosphere lithography. Panel a, b, c, d: Copyright 

2023, Wiley-VCH. Adapted with permission.60 

To address these hurdles, a process named “PEEL”, which combines Phase-shift 

photolithography, Etching, Electron-beam deposition, and Lift-off steps, was developed over 

the years by Prof. Teri Odom. The technique relay on the use of a physical deposition mask of 

copper to create high-quality plasmonic arrays on-demand with misalignments <5°.61 Since its 

development, this technology became widely used, for example, in the fabrication of plasmonic-

based lasing architectures, involving the application of a gain medium onto pre-fabricated 

plasmon cavities.62,63 

 

Figure 2.4 PEEL fabrication process. (a) Scheme showing the use of a metal hole-array film as a 

deposition mask in the process. (b) Scanning electron microscope (SEM) image of partially peeled Au film with 



 84 

NPs array on substrate. (c) Image of Au NP array covering >1 cm2 area with a red appearance due to the diffraction 

pattern. (e) Au NPs array fabricated via PEEL. Panel a, b, c, d: Copyright 2017, Elsevier. Figure adapted with 

permission.63 

While PEEL offers several advantages, it also shows some limitations particularly from a 

scalability and versatility standpoint. Implementing the full PEEL process involves several steps, 

each requiring specialized equipment and expertise, making it less accessible to low-cost 

applications. This planar fabrication technique faces also issues such as uniformity across large 

substrates and incompatibility of all materials with certain steps in the process, which lower its 

versatility. Moreover, PEEL resolution is limited by the wavelength of the light used in the 

photolithography, which makes difficult to achieve structures with small features, ultimately 

limiting the performance of the technique. 

This thesis focuses on a particular category of plasmonic metasurfaces, the ones involving the 

use of pre-synthetized and in situ grown plasmonic colloids, known as “colloidal-based plasmonic 

metasurfaces”. Colloidal metasurfaces enable the fabrication of structures with nanoscale precision 

via bottom-up alternative methods which will be discussed in the following paragraphs, 

overcoming some of the challenges associated with top-down approaches. Tackling the 

fabrication problem from a completely opposite direction, bottom-up chemical synthesis 

techniques like templated, capillary-assisted, optically printed, and electrophoretic self-assembly 

provide more accessible and cost-effective alternatives for the fabrication of two- and three-

dimensional metasurfaces.  

Bottom-up synthesis is driven by the ability to fine-tune particle morphology, crystal structure, 

and surface chemistry to achieve higher quality plasmon resonances that can be used as optical 

cavities. The significant advantage lies in the exceptional control over the shape, size, and 

composition of colloidal building blocks, allowing to create of more complex and exotic 

geometries such as moiré,64 chiral,33,65 and superlattice stractures,66 and ultimately offering 

unprecedented control over tunable optical resonances and enhanced light-matter interactions. 

This breakthrough holds transformative promises for the exploration of a chemistry of 
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metamaterials, with possible applications in advanced sensing, imaging, and optoelectronics, 

reshaping the landscape of nanophotonics. The ongoing research for a method that is both 

simple and scalable, and that can rapidly integrate the precision and uniformity of top-down 

approaches with the chemical control and cost-effectiveness of bottom-up methods, remains a 

key objective. This is essential to broaden the access to meticulously tailored plasmonic 

substrates for specific applications.  

 

Figure 2.5 Colloidal-based plasmonic metasurfaces. Scheme of (a) capillary-assisted particle assembly 

(CAPA), (b) template-assisted self-assembly (TASA), and (c) Langmuir-Blodgett deposition fabrication techniques. 

SEM images of: (d) Template-DNA-mediated assembly of gold nanoparticles; (e) CAPA of gold nanorods; TASA 

of (f) heptamers nanoclusters, and (g) pyramidal super-crystals; (h) nanoparticles assembled by spin coating on top 

of a wrinkled polydimethylsiloxane substrate and then transferred onto flat substrates by wet contact printing.  

Copyright 2020, Wiley-VCH. Adapted with permission.67  

2.3 Colloidal self-assembly 

Thanks to the advancement of colloidal chemistry, plasmonic nanoparticles, can nowadays be 

synthetized in well-defined sizes and shapes using scalable wet-chemistry processes.3,14,68–72 As 

explained in Chapter 1, the full versatility of plasmonic nanoparticle systems is realized when 

these colloids can be organized 3 dimensionally into specific assemblies and patterns, with 

applications in optoelectronics,73 biological diagnostics74 and sensing,27,75 and energy 

harvesting.76 Nanoparticle assemblies are emerging as a distinct class of crystalline materials with 

collective properties different from bulk crystals or isolated nanocrystals.77Various interesting 
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properties such as vibrational coherence,78 enhanced conductivity,79 electronic,80 mechanical,81,82 

and plasmonic properties83,84 have been observed in these kinds of structures.  

The world of colloidal particles assembly is governed by a complex interplay of factors that can 

facilitate or hinder the formation of organized structures.85,86 In fact, self-assembly is driven by 

non-covalent interactions between particles that forces the colloidal system towards an 

equilibrium state that results to be energetically favorable.86,87 

The widespread interest in colloidal assemblies can be attributed to their remarkable versatility 

across diverse research fields. However, the unique demands of each applications require 

specific criteria for how the structures are being assembled. For example, in the case of surfaces 

coating which exhibit a stable liquid repellency, it is crucial to achieve a uniform coverage of 

colloidal particles on the surface in order to prevent pinning.88 In the case of applications in 

photonics, which relying on periodic modulations of refractive index, it is required a high degree 

of order in the colloidal crystal.89–91 A direct consequence of the self-assembly versatility is the 

co-existence of a myriad of self-assembly approaches, where the formulation of generalized 

guidelines and the identification of the optimal method for colloidal assembly remains difficult. 

Colloidal self-assembly methods include a range of techniques such as drop casting,92,93 spin 

coating,37,94,95 Langmuir-Blodgett32,96,97 techniques, capillary-assisted particle assembly (CAPA) 

and template-assisted self-assembly (TASA) 

 In order to shed some light over the intricacies of colloidal self-assembly, it is essential to 

provide an overview of the fundamental characteristics of colloidal particle assembly. The aim 

of the following sections is to provide a general picture of the interactions between nanoparticles 

in suspension and at interfaces, as well as their mutual influence during the self-assembly 

process. 
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2.3.1 Interaction between particles  

Interactions between inorganic nanoparticles involve multiple forces at different temporal and 

spatial scales, such as Van der Waals (VdW) forces, electrostatic and entropic forces.89 Dating 

back to the 1949, Onsager’s model of a fluid containing hard rods represents one of the first 

examples treating a system in which an ordered phase has greater entropy than its disordered 

counterpart at the same density.98 In his model, entropy arises from both the translational and 

orientational freedom of the rods. The transition to order occurs when one aspect of entropy 

becomes dominant over the other. Onsager’s theory focuses on the transition from a disordered 

isotropic phase to an ordered nematic phase in which the rods are predominantly parallel to 

each other, albeit with some dispersion in their orientations around the average alignment 

direction. Relating the entropy per particle to the logarithm of the volume accessible to that 

particle, for thin and elongated (D/L → 0) rods aligned on a certain direction, the excluded 

volume is negligible compared to disordered rods, resembling the behavior of an ideal gas as 

described by statistical mechanics. This alignment results in a decrease in the excluded volume, 

leading to a decrease in translational entropy but an increase in orientational order. In these 

cases, while the alignment of particles may decrease translational entropy (i.e. the freedom of 

moving around), the increase in orientational order compensates for this decrease and leads to 

a net increase in entropy. Consequently, entropy-driven ordering is consistent with the second 

law of thermodynamics. 

The most common example of entropy-driven ordering is that of the assembled hard spheres. 

Compared to a dilute fluid phase, for a densely packed solid crystal the free volume per particle, 

where particles can move without encountering neighboring particles, tends to diminish, 

approaching zero as spheres occupy approximately 74% of the total volume.99 However, as fluid 

density increases, free volume per particle decreases rapidly, ultimately reaching zero at the 

random-close-packing point, Consequently, denser configurations, such as crystals or highly 

ordered icosahedral clusters formed by hard colloids, emerge to increase accessible volume and 
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entropy upon compression.100 Self-assembly occurs because the system seeks to maximize its 

entropy, driving particles to organize into ordered structures spontaneously. 

Experimentally, entropic interactions can be tuned by synthesizing colloidal particles of different 

shapes and controlling the size and concentration of the polymers (or other smaller colloidal 

particles) that induce depletion interactions between the colloids. As a result, we have much 

more control over colloidal interactions than we do over those between small molecules.  

This aspect becomes crucial for the design of complex self-assembling structures. In recent 

decades, much research into self-assembly has focused on materials with structural complexity 

to form photonic crystals and quasicrystals by the self-assembly of customized colloidal building 

blocks, exploiting the increase the entropy of the system. As the entropic cost per colloids (or 

building block) increases with the number of particles involved, greater specific pair interactions 

are required to create larger structures of higher complexity.99 

In such structures, non-specific interactions between particles that shouldn’t be close in the 

desired structure must be weak enough to be easily broken during the self-assembly process 

allowing the structure to compact. The challenge, however, is that the stronger specific 

interactions required to overcome entropic costs in larger structures often lead to stronger non-

specific interactions. If these non-specific interactions become significantly stronger than the 

thermal energy at the assembly temperature, the kinetics of self-assembly will be 

compromised.101 Currently, experiments aiming to assemble intricate, addressable structures 

exploit the selective binding characteristics of ligands, surfactants, and DNA linkers. These 

advancements have propelled research to a stage where nanoscale entities like metal or 

semiconductor nanoparticles, can self-assemble to form a variety of predetermined, complex 

three-dimensional arrangements. The rational design of particle-capping organic species, known 

as soft ligands, is crucial for the production of high-quality ordered assemblies.102,103  

If the interactions are favorable (lowering the total enthalpy of the system), the self-assembly 

process is thermodynamically favored, reaching an equilibrium state. In order to control and 
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program the enthalpic binding interactions between particles, ligands such as DNA-strands can 

be used to induce nanoparticle superlattices self-assembly.104 On the other hand, entropy-driven 

self-assembly, such as drying-mediated processes, leads to kinetically trapped non-equilibrium 

structure es that can be controlled using micropatterned surfaces or substrates.105 In these cases, 

the solvent evaporation leads to rapid changes in the concentration and organization of particles 

or molecules in the system, driven by the tendency to maximize the system’s entropy by 

adopting a more ordered, but energetically favorable, state. These non-equilibrium structures 

may have unique properties and arrangements that are thermodynamically meta-stable and can 

be preserved once the solvent evaporation is completed. Micro- and nano- patterned surfaces 

provide a tool to control and influence the self-assembly process.106 The surface topography and 

chemical functionality can affect the interaction and organization of assembling components. 

Indeed, the patterned surfaces can act as templates, guiding the self-assembly process into 

specific patterns or structures, enabling the creation of well-defined and controlled architectures. 

Moreover, they may influence the kinetics of the assembly process, potentially leading to stable 

structures or structures with enhanced functionalities. Ligands play a critical role in the 

fabrication process; through either electrostatic or steric interactions they regulate symmetry 

and superlattice properties, preventing aggregation, adjusting the interparticle potential, and 

maintaining the mechanical integrity of the superlattice through strong ligand-ligand 

interactions.103 NPs stabilized with highly charged ligands maintain their colloidal stability by 

exploiting repulsive forces, whereas ligands that occupy significant space stabilize NPs through 

steric effects.102 These surface-stabilizing ligands can be added during synthesis, or they can be 

engineered post-synthesis via ligand-exchange to replace existing ligands on the NP surface. The 

latter represents the case exploited in the context of this work and discussed in the following 

paragraphs. 
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2.3.2.  Van der Waals interaction (VdW) 

Van der Waals attraction interactions rely on short range forces (separation <10nm) and they 

tend to promote particle aggregation and adhesion to substrates.107 In non-polar species, these 

attractive forces can be attributed to fluctuating electron distributions around atoms and 

molecules which leads to instantaneous dipoles formation. They can be broadly categorized into 

three types: Keesom forces (orientation force), Debye forces (induction force) and London 

dispersion forces, all displaying a strength of the interaction dependence from the center-to-

center interparticle distance (r6). In colloidal suspensions, particles may possess permanent 

dipoles due to the chemical environment of the surface ligands and the crystal structure of self-

assemblies. These dipoles interact at various rotational orientations, influencing the arrangement 

and stability of the colloids. Temperature-dependent attractive forces resulting from these 

dipoles can inhibit agglomeration or coagulation within the colloidal system. 

2.3.3.  Depletion forces and steric repulsion 

Depletion forces arise in colloidal systems with high concentrated media or with different sized 

particles, when the particles (with same size) approach each other reducing the effective volume 

available for the surrounding species (“depletants”).108 When particles surface-to-surface distance 

become smaller than the depletant diameter, the excluded volumes begin to overlap, rendering 

the area between large colloids inaccessible to depletants. 

Consequently, these depletants no longer fit between the particles and they are expelled from 

interparticle region. The expulsion eliminates any counteracting pressure that was keeping the 

colloids separated, 109 and the surrounding molecules then start exerting an opposite osmotic 

pressure (P) that propels the particles close together. This leads to the aggregation or close-

packed self-assembly of colloidal particles, when the effective interaction free energy of the 

system equals the overlap volume multiplied by the osmotic pressure (DG = P DV).110 Upon 

ejection, the depletant gains additional degrees of freedom as it is no longer confined between 
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two particles, resulting in an increase in the translational entropy of the system. Consequently, 

the system seeks to maximize the space volume in which the depletant can move, leading to 

increase the confinement of the particles to the smallest possible space, resulting in a closed-

packed arrangement. Since the depletion force only arise when the depletant is ejected from the 

interparticle zone at small interparticle distances (distance smaller than the diameter of the 

depletant), hence, the depletants size defines the range of the depletion interaction, while the 

strength of the interaction is affected by the depletant concentration. The unique aspect of the 

depletion interaction is its ability to induce reversible phase separation without inducing 

coagulation between the particles.111 being potentially able to generate quasi-ordered layers on 

individual surfaces or between two confining surfaces. The depletion force is relatively weak 

compared to the VdW interaction but can be used as an additional force to destabilize charge 

or sterically stabilized particles.109 

To prevent irreversible aggregation, nanoparticles can be protected by either “steric” or 

“electrostatic” stabilizer (discussed in the Paragraph 2.3.4). In the steric case, which typically 

involves covering the nanoparticles with a tightly bound polymer or surfactant monolayer, the 

confined nanoparticles come into physical contact with each other and resist to elastic or plastic 

deformation and rearrangement.85 

2.3.4.  Electrostatic interaction 

In almost all assembly processes, electrostatic repulsion plays an important background role, 

offsetting the perturbing influence of VdW forces to prevent coagulation or adhesion.112 

Electrostatic interactions have the unique feature of being either attractive (between oppositely 

charged particles) and repulsive (between similarly charged particles). Moreover, they can exhibit 

directionality, especially in cases involving particles with non-uniform surface charge 

distributions or permanent electric polarization.113 Naturally charged particles in aqueous 

electrolyte solutions, for example, exhibit repulsion through the electric double-layer force. 
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Those not having natural charge can be modified with ionic or highly hydrated groups to reduce 

the attractive VdW force and preventing aggregation. 

For metal nanoparticles, the assembly behavior is influenced by surface charge and size, as well 

as their environment. Surface charges on metal nanoparticles influence their interactions with 

other particles, but also with solvents and ions in solution, affecting their dispersion and stability. 

Understanding the specific properties of the plasmonic nanoparticles and the environmental 

conditions is crucial for the valuation of the effect of electrostatic repulsion on their effective 

volume.85 

The particles can experience both short- and long- range order repulsive interaction.114 Short-

range electrostatic repulsion (< few nm) often plays a role in particle adsorption at interfaces, 

preventing the interparticle distance becoming too small thanks to the mutual electrostatic 

repulsion between their charged surfaces. These forces act typically within the range of the 

Debye length, the characteristic length scale in colloidal systems determined by the 

concentration of ions in the particles surrounding medium, as depicted in DLVO (Derjaguin–

Landau–Verwey–Overbeek) theory.115,116 Long-range electrostatic repulsion, which is prevalent in 

highly deionized environments, increases the effective volume per particle. It refers to repulsive 

forces that act over larger distances, beyond the Debye length.89 The influence of long-range 

electrostatic repulsion on metal nanoparticles varies depending on factors such as nanoparticle 

characteristics (size, and shape can impact the surface charge density and distribution) and the 

surrounding environment. 

2.3.5.  Capillary forces 

Colloids are commonly dispersed within solutions and organized into structured configurations 

within their liquid surroundings. When interfaces connect colloidal particles or when the 

particle-liquid interface is exposed to a vapor phase, the deformation of these interfaces results 
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in the generation of attractive capillary forces capable of driving particle movements or 

rearrangement.117  

Harnessing the topological tailoring of long-range interactions in small particle systems, capillary 

assisted assembly, guided by the solvent evaporation, emerged as a cost-effective robust 

protocol used to achieve defined superstructures. 118  

Capillary assembly exploit interaction among particles in solutions, driven by surface tension, 

extending its influence even at distances of hundreds of micrometers.119Capillary attraction is 

originated at the liquid meniscus bridge between nanoparticles during drying process, also for 

particles adhered to surfaces, playing a crucial role in self-assembly by enhancing particle 

adhesion. The shape of the meniscus between the particles, governed by the Laplace equation, 

gives rise to a long-range attraction that is distinct from the DLVO forces.  

The fluid dynamics involved in droplet evaporation approaches is typically transient in nature 

and depends on the Reynolds and Weber numbers, on the angle and interface deformation, on 

the Marangoni,120 and coffee ring (CRE) effects,121  and on the liquid evaporation at the free 

surface. Convective flows, which affect the distribution of colloids during solvent evaporation 

strongly influence the drying mechanisms. The most common colloidal drop deposit 

mechanisms generate a peripheral ring (coffee ring), due to the strong radial flow carrying the 

particles toward the pinned wetting line where the solvent evaporation is faster for geometrical 

constrains, and a central bump, due to convection flows due to the local gradient of interfacial 

tension generated by the presence of foreign species in a liquid (Marangoni effect). These strategies 

employed to counteract these undesired effects include modifying interparticle and particle-

surface interactions to reduce the CRE and balancing inward Marangoni flows resulting from 

surface tension gradients, controlling surfactant concentration, and solution volume. The use of 

cosolvent and proper ligand selection are also adjusted to effectively manage convective 

flows.17,123–125 Therefore, colloidal stability (ligands electro-steric interactions), wettability of the 

surface, and engineering the templates play a pivotal role to achieve well-controlled colloidal 
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self-assembly. The interplay between these strategies increases the versatility of the technique 

based on the use of colloids drop evaporation such as capillary and template assisted self-

assembly, allowing it to be tailored to specific colloid-substrate combinations.  

Optimized self-assembly protocols facilitate the rapid fabrication of a diverse range of nano- 

and microarchitectures over large areas enhancing the pattern quality. CAPA is particularly 

successful in forming metasurfaces with single particle as repeating units, yielding quality factors 

above 50.126 Moreover, this method iwas exploited for the organization of anisotropic 

nanoparticles.30 The self-assembly is induced by dragging the colloidal suspension droplet 

meniscus against a templated surface using a doctor-blade-like set up. Evaporation rate and 

meniscus contact angle become key factors in controlling capillary forces and maintaining 

colloidal stability.  The main disadvantage of this approach is that, since the nanoparticles 

assemble inside nanocavities of patterned substrates, the fabrication process must involve 

further transfer printing or dissolution steps.127–129 

2.3.6  Hydrophobic interaction 

These interactions are included in what are collectively known as “non-DLVO forces” such as 

steric and depletion force, polymer bridging interaction, and hydration force. Hydrophobic 

interactions generally drive aggregation of hydrophobic species in aqueous environments, 

influencing macromolecular or biomolecular conformation, micelle formation,130 and oil-water 

separation.131 The reorganization of the particles in order to form an interface involves a 

significant energetic cost, and this free energy of formation needs to be compensated by forces 

that favor separation of the system into different phases. Since hydrophobic interactions 

strength increase with increasing temperature, they are often related to an entropic nature. An 

entropy increase can result from disruption and modification of the hydrogen bonding network 

at the water-hydrophobic species interface.132  
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Since hydrophobic surfaces tend to repel water molecules and create a low-energy environment, 

the nanoparticles in the solvent may experience repulsive forces, which help creating organized 

and stable arrangements. This controlled assembly can result in well-defined structures and 

patterns, influencing their orientation and organization on the surface.  

In the context of this thesis, hydrophobic interactions between hydrophilic NPs and the 

substrate were exploited to enhance the quality of the plasmonic assemblies.  

 

 

Figure 2.6 Illustration of the main interaction forces between particles. (a) Van der Waals attraction, 

(b )  electrostatic repulsion, (c )  steric repulsion between particles covered by polymeric ligands, (d )  depletion 

forces, where the dashed line represents the excluded volumes surrounding the large colloids, which the center of 

small depletants cannot occupy and has the same thickness as the depletant radius; when the larger particles come 

within a distance shorter than the depletant diameter, the depletants are forced out of the interparticle region (red 

area). This expulsion creates an unequal osmotic pressure, causing the colloidal particles to move closer together. 

(e) capillary forces dynamics, where the attractive force arises from the overlap of menisci formed around separate 
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particles. ( f )  Interaction energy profile of charge-stabilized particles: The blue curve represents the repulsion 

typically attributed to electrostatic interactions; the red curve represents the VdW attractive interactions, and the 

black curves represent the total potential energy for a system without (dashed line) and with (solid line) depletants. 

An interesting case-study where hydrophobic interactions are exploited to achieve a dynamic 

self-assembly was proposed by Baumberg’s group in 2016. They proposed a design for a 

biocompatible colloidal actuating transducer, based on a solution of gold (Au) spherical NPs 

coated with the amino-terminated polymer poly(N-isopropyl-acrylamide) (p-NIPAM), and 

showing both high-energy storage (1,000 kBT/cycle) and fast (>MHz) release mechanism.133 

This approach exploits p-NIPAM temperature-responsive coil-to-globule transition at a critical 

temperature (Tc) of 32 °C. Below Tc, p-NIPAM is a hydrophilic polymer that swells in the 

presence of water, while above Tc it becomes hydrophobic, expelling water and collapsing to a 

much smaller volume.  In the colloidal suspension, a sparse coating of amino-terminated p-

NIPAM displaces some of the charged citrate originally bound to each Au NPs. The solution is 

then heated above Tc, triggering the p-NIPAM collapsing into hydrophobic spheres, and 

inducing the piling of more hydrophobic material on top of the nanoparticles, forming a thicker 

layer and initiating aggregation of weakly charged clusters. Thanks to the established balance 

between charge and steric interaction, the aggregation process is fully reversible. In fact, when 

the temperature drops below Tc, the coated AuNPs experience a strong repulsion due to the 

residual charge, and the p-NIPAM structure is re-inflated, producing single AuNPs coated with 

p-NIPAM layers 40nm thick. The dynamic nature of this colloidal system expands even further, 

exploiting the plasmonic photothermal effect to enable the remote and reversible control of the 

Au NPs via pulsed laser irradiation at 532 nm to bring the system above the Tc. For this system, 

VdW interactions play a crucial role to provide the necessary attractive force in the collapsed 

state, while ensuring at the same time a limited interaction strength for efficient separation when 

the p-NIPAM spheres transit to the inflated state. These colloidal actuators can be repeatedly 

cycled from inflated (cold, isolated NPs) to deflated (hot, aggregated NPs) state. This system 

may be of interest for the development of colloidal-based nanomachines in solid systems, 
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integrating them with the concept of metasurfaces to create, for example, reversible and spatio-

temporally controlled active colloidal switchers. 

 

Figure 2.7 Formation of  Au nanoparticles coated with p-NIPAM-coated by mixing in solution and 

heating above 32 °C to attach p-NIPAM onto Au surface. In deflated (hot) state, NPs aggregate closely 

together (blue solution). By cooling down the solution, the particles aggregate into clusters tend to split into 

individual entities (red solution). Fission and aggregation by cooling and heating the particles result reversible 

process. Copyright 2016, PNAS. Adapted with permission.133 

2.4 Template-assisted self-assembly (TASA) 

In the following part of this chapter, the discussion will focus on the two alternative fabrication 

strategies that were optimized during this thesis: template-assisted self-assembly (Paragraph 

2.4) targeting highly homogeneous metasurfaces for the promotion of non-linear optical 

phenomena, and a new approach named chemical contrast in situ growth (Paragraph 2.5). 

Template-assisted self-assembly has emerged as a powerful, scalable, and cost-effective 

fabrication technique to produce plasmonic metasurfaces with tailored optical properties. This 

approach relies on the use of pre-patterned elastomeric templates to guide the assembly of 

metallic nanoparticles or nanostructures into well-defined configurations.  
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Figure 2.8 Template-assisted self-assembly schematic and representative images of colloidal nanoparticles, 

patterned templates, and assembled substrates in array with lattice period L. Copyright 2021, ACS. Adapted with 

permission.134 

By exploiting the interplay between template geometry, surface chemistry and colloidal 

interactions, template-assisted self-assembly enables the targeting of large assembly areas by 

confining nanoparticles within cavities of a template through capillary forces at the three-phase 

contact line of a receding meniscus. This approach has the potential to achieve precise control 

over the position and orientation at single-particle level through the careful design of the 

template’s topography. The procedure involves drop casting of a small volume (usually a few 

microliters) of a highly concentrated nanoparticle suspension and the subsequent confinement 

between a reusable template and a target substrate. During the solvent evaporation, the 

nanoparticles confined in each hole could adjust their positions to allow a size-maximized 

packing into superstructures whose symmetry, size, and shape is mainly determined by the 

template cavities. The drying process allows for meticulous control of particle deposition across 

areas as extensive as square centimeters, while facilitating the formation of densely packed 

nanoparticle structures. PDMS is commonly used as template material, created through soft 

lithography replication of prepatterned surfaces or masters. These molds repeatedly replicate 
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the original surface by pressing and curing against photoresists, polymers and various other 

materials, offering virtually unlimited replication cycles.135 

While techniques like capillary assisted, spin coating or wrinkled template-assisted self-

assembly81,118,127,129,136,137 offer precise nanoparticle positioning but at the expense of transferring 

or dissolution subsequent steps, as already mentioned, template-assisted self-assembly has arisen 

as a promising one-step method.134 This approach is highly versatile and can be integrated with 

nanoimprint lithography, making it compatible with roll-to-roll fabrication and adaptable to 

various colloids, solvents, and surfaces.26,138–140 

 

Figure 2.9 Scanning Electron Microscopy (SEM) images of TASA of (a) spherical NPs, (b) rods NPs, (c) 

triangular NPs, (d, e) core (Au) shell (Ag) spherical NPs (d), and cubic NPs (e) in squared arrays. Panel a: Copyright 

2017, ACS. Adapted with permission.29 Panel b: Copyright 2019, ACS. Adapted with permission.17 

Particle-template and particle-substrate interactions influence the preferential adhesion of 

nanoparticles to either surface, thereby affecting the quality of the final product. 

Modifying the physico-chemical properties of substrate surfaces offers the potential to alter their 

interaction and adhesion with colloidal nanoparticles. NPs in liquid phase experience Brownian 

motion, while Van der Waals interactions between particles and capillary forces, triggered by 

solvent evaporation under the template stamp, drive the spontaneous assembly. Typically, 

resulting nanostructures exhibit hexagonal symmetry with face-centered cubic (fcc) or 
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hexagonal close-packed (hcp) crystal lattices. The self-organization initiates when the solvent 

layer thickness approximates the particle diameter, thus solvent evaporation rate, particle shape, 

and surface chemistry significantly influence lattice quality. Drop-casting induces various effects 

discussed in Paragraph 2.3.5, including the Marangoni effect and the coffee ring effect, caused 

by differential solvent evaporation along the air-liquid interface during drying process. 

To mitigate these challenges, the interaction between particles and substrate can be adjusted by 

modulating the solvent composition and hydrophilic/hydrophobic effects. For example, PDMS 

offers a soft hydrophobic surface that initially contrasts with glass or silicon substrates; however, 

further treatments such as UV-O3 exposure, deposition of silane layers on the surface of the 

substrate/stamp, changes of the substrate material, variation in colloidal concentration, drop-

casted volume, or surfactant concentration can improve the quality of the final assembly. 

The periodic configuration of the nanoparticles allows to generate colloidal-based plasmonic 

metasurfaces showing peculiar optical properties discussed in Chapter 1. In most of the cases, 

supercrystals formed through template-induced assembly present individual nanoparticles 

arranged in more intricate repeating structures like clusters or meta-molecules.141,142 In these 

structures, both near-field and far-field coupling alter the distribution of the electric field. Near-

field coupling concentrates strong electric fields within localized regions, while far-field coupling 

exhibits more moderate electric field values across broader areas, extending beyond the metal 

surface. However, far-field coupling is affected by the strong localized near-field behavior within 

the clusters, characterized by many intense hot-spots. An increase of the cluster dimension leads 

to the red shifts and broadening of the LSPR, which affect the hybridization with the diffractive 

modes. The typical diffraction modes arising from these structures are shifted towards the blue 

compared to the plasmonic response, resulting in asymmetric extinction profiles. The collective 

optical response of the array in the far field results affected to adequately compensate for the 

optical losses within the clusters, thereby limiting the corresponding quality factors. In essence, 
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the optical behavior of the system is primarily influenced by the LSPR within each cluster 

influencing deeply the quality factor of the optical response. 

To reduce the effects of near-field coupling in the clusters, calculation and experiments have 

proven that smaller nanoparticles (< 25 nm in diameter) can be more effective, resulting in blue-

shifted and narrower LSPRs.134,143 Although the sharpest resonances have been observed in 

single-particle plasmonic arrays,129,144 from the point of view of colloidal self-assembly 

employing small nanoparticles is a more straightforward method for creating resonances with 

high quality factors at the expense of possible structural defects which can impact the lattice 

response of single nanoparticle plasmonic arrays.145 On the other hand, employing index 

matching layers offer the opportunity to compensate the mismatch between superstrate and 

substrate and observe the far-field optical response even in lower quality structures but sealing 

the metasurface and making it inaccessible. 

For this thesis, different type of colloidal metasurfaces were prepared circumventing the issue 

of index matching steps while ensuring a high quality of the lattice, translated in high quality 

factors of the optical cavity. Specifically, square lattice and chiral Ag nanoparticle arrays were 

prepared by exploiting the refractive index mismatch approach and the hydrophobicity induced 

using a high refractive index epoxy-resin, which allowed the metasurfaces to remain freely 

labelled and fully accessible for further modification, while ensuring a high-quality optical 

response, as will be discussed in Chapter 3. 

2.4.1 Preparation of the plasmonic metasurfaces 

Before moving into self-assembling, we first had to optimize the synthesis of monodispersed 

spherical NPs to use as building blocks., which influence the packing arrangements, to ensure 

high degree of uniformity and reproducibility of the assembly, while precisely controlling the 

optical properties arising from the structures. This leads also to easily approximate the 

experiments to the theoretical model applied to these systems. Considering that this thesis is 



 102 

centered around the visible port of the EM spectra, in order to facilitate the metasurface 

engineering of the optical response, we needed to keep the localized resonances and the 

collective lattice resonances spectrally separated. Compared to gold, silver presents a blue shifted 

localized resonance around 400 nm (compared to 520 nm of gold) and presents higher 

plasmonic performance with less optical losses, promoting the formation of narrower SLRs. 

These reasons motivated our choice of silver for the fabrication of 2D squared and chiral arrays, 

which could be applied as optical cavities for the promotion of NL optical phenomena.  

Colloidal nanoparticles were synthetized and functionalized with thiol-terminated polyethylene 

glycol (PEG-SH, with a molecular weight of 2000 g/mol), concentrated (as described in 

Experimental Section) in the assembly mixture of water and ethanol (6:4 ratio), with a small 

concentration of cationic surfactant (cetyltrimethylammonium chloride, or CTAC, at 50 µM). 

To initiate the self-assembly of colloids into plasmonic arrays, a 1 μL portion of the chosen 

colloidal suspension was dropped onto the substrate and the ordered assembly is induced by a 

polydimethyl siloxane (PDMS) mold patterned as squared array of holes, obtained via NIL as 

described in the Experimental Section. The final height of the clusters forming the array is 

regulated by the concentration of the colloid, which adheres to a close packed hexagonal (hcp) 

arrangement of the nanoparticles within each cluster.17 

The optimization of the self-assembly was achieved by varying concentration of the colloids, 

drop-casted volume, and the surfactant concentration (Figure 2.10). 
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Figure 2.10 (a-e) SEM images representing samples prepared using an increasing concentration of AgNPs 

dropcasted. The optimized concentration (b) was selected to avoid empty regions (a), as well as excess of 

nanoparticles accumulated outside the pattern (c-e). Scale bars: 1 µm. 

Another important feature of our metasurfaces is constituted by a high refractive index 

photoresist (SU8-200.5), which was implemented in the architecture to induce a refractive index 

mismatch between substrate and superstrate (air) that ensure the formation of hybrid 

waveguided-lattice resonances (as discussed in Chapter 3) which allowed to observe a narrow 

bandwidth optical response from the structures while keeping them completely exposed to the 

surrounding environment. Moreover, we observed anther important role for SU8. Being a 

hydrophobic polymer, we noticed that it improved the self-assembly performance by creating a 

more hydrophobic environment and inducing the particles (hydrophilic) to remain trapped in 

the holes, leading to the formation of a higher quality of the final array and improved optical 

performance (see Experimental Section).  

The SU8 resin is spin coated on the glass coverslip and the monomer undergoes activation upon 

exposure to UV light. However, polymerization remains significantly incomplete until the 

subsequent hard bake step, which also determines the porosity of the final layer. During the 

hard bake process, as the temperature rises, epoxy groups cross-link to create a thoroughly cured 

structure. This effectively prevents the interaction between the solvents in nanoparticle drop 

and dyes embedded in the SU8 layer, which could disrupt the desired architecture. The duration 

of baking depends on the final thickness of the SU8 layer. It’s important to note that both the 

UV exposure dose and the baking times are critical for achieving successful self-assembled 
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architecture. They enable control over the number of cross-linking sites and allow for 

adjustments to the chemical and mechanical stability of the film.146 The fabricated plasmonic 

arrays exhibit both mechanical and chemical stability for several days at room temperature. 

In order to explore the effect of the fabricated metasurfaces on various emission phenomena, 

which will be discussed in the next chapters, we needed to interface them with an emitting gain 

medium. The first fabrication protocol that we optimized is schematized in Figure 2.11. Here 

a high quantum yield die, Rhodamine B, was mixed directly with the SU8, and served as substrate 

for the self-assembly process. Details and discussion of the procedure can be found in the 

Experimental section, but the high-quality and large scale of the prepared metasurfaces can be 

appreciated looking at the SEM pictures in Figure 2.12. 

 

Figure 2.11 Fabrication schemes of the (a) 2D squared array of spherical AgNPs for the Lasing architecture, 

and (b) the array of Gammadions. Both the samples involve the use of an epoxy resin (SU8-2000.5) mixed with 

the Rhodamine B dye (see Experimental Section) spin coated onto the glass substrate. The template-assisted self-

assembly is performed directly onto the SU8 layer. 
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Figure 2.12 (a) Low magnification SEM characterization to show the large area quality of the fabricated 

AgNPs (25 nm in diameter) array with lattice period L = 400 nm on top of a layer of SU8-RhB. The inset shows 

the cross section (45°) of a sample of AgNPs array with lattice period L = 400 nm (scale bar: 1 µm). (b) R-

Gammadion shaped array of AgNPs (50 nm in diameter). 

The second self-assembly protocol was optimized for the exploration of two-photon emission 

phenomena. Here, the need for a more photostable emitter forced us to adopt a slightly different 

fabrication strategy. Specifically, the difference in solubility of the core-shell QDs prevented us 

from dispersing them within the photoresist layer. Instead, the QDs were spin coated on top of 

the SU8 (250 nm thickness) once it was already cured (Figure 2.13). Once the QDs layer was 

formed, the self-assembly step was performed directly on top. Once again, the SEM analysis 

show excellent large-scale assembly, and high-magnification imaging clearly reveal the presence 

of the QDs underneath the silver NPs. Finally, the analysis of a cross-section of the prepared 

architecture revealed the QD layer to be very thin, within 5 and 10 nm, which corresponds to 

1-2 layer of QDs. 
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Figure 2.13 Fabrication scheme for the 2D squared array of spherical AgNPs with core-shell QDs 

(CdSe/ZnS) used for two-photon excited emission.  

 

Figure 2.14 SEM images of: (a) Array (L = 600 nm) of AgNPs (25 nm in diameter) on top of a layer of QDs. 

(b) High magnification SEM image of the AgNPs cluster on top a layer of core-shell type of QDs. (c) SEM cross 

section (45°) of the array assembled on top of a layer of QDs deposited onto the SU8. 

Apart from interfacing our plasmonic metasurfaces with different emitters, we also focused our 

attention to investigate the effect of pre- and post-assembly modification of the repeating unit 

over the optical properties of the assembled structure (Chapter 3). To do so, particles with 

different sizes but same composition (Au) and a combination of gold and silver nanoparticles 

were assembled on untreated glass cover slips. 
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Figure 2.15  Templated self-assembly for pre- and post-assembly modification analysis. The zoom 

illustrations a and b show the colloidal suspension of (a) NPs with different sizes but same composition (Au), and 

(b) NPs with same size and different composition (Au, Ag) with the final arrangement. 

Scanning electron microscopy analysis (Figure 2.15) shows that for bimodal size distributions, 

the internal organization is affected, and the final clusters do not exhibit the usual hcp internal 

arrangement (Figure 2.15 a, b).  

Notably, in the case of a 1:1 ratio of 25 and 100 nm particles, several clusters containing solely 

25 nm colloids were observed (Figure 2.15 c, d). This can be attributed to variations in 

translational diffusion coefficients, which are determined by the colloid diameter according to 

the Stokes–Einstein equation (D ∝	1/R, where R is the radius of the particles). This suggests 

that small colloids rapidly occupy the cavities of the mold, preventing the larger gold particles 

from occupying the same space.  

On the other hand, the simultaneous assembly of Au and Ag colloidal did not affect the self-

assembly process, resulting in the statistic organization of both building blocks into plasmonic 

arrays on a large scale. Notably, despite the significant volume disparity (64-fold difference), 

both small and large colloids were able to self-assemble within the same cluster structures.  
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Figure 2.16 SEM images of array with lattice period 500 nm.  (a, b) 24 ± 3 and 96 ± 9 nm in diameter AuNPs 

in portion (a) 1:1 and (b) 1:3. (c-d) gold and silver nanoparticles arrays with fraction of the gold colloid of (c) χAu 

= 0.75 and (d) χAu = 0.35. 

In conclusion, in this thesis work we optimized several TASA protocols for the preparation of 

plasmonic colloidal arrays over cm scale. The quality of all the colloidal-based plasmonic 

metasurfaces prepared was proven via SEM morphological analysis. The images show a high 

uniformity degree and structures with low ratio of defects. Experimental details, and additional 

discussion can be found in the Experimental Sections. 
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Figure 2.17  High and mid-magnification SEM images of all type of samples prepared for the thesis. AgNPs 

array of 25 nm in diameter with lattice period L = 500 nm on (a) glass, and on (b) SU8-RhB. (c) AgNPs array (25 

nm in diameter) on a layer of QDs (~10 nm). (d) R-Gammadion shaped array of AgNPs 50 nm in diameter. (e) 

Array of AuNPs with a mixture of 100 and 50 nm nanoparticles (L = 500 nm). (f) Array with lattice pitch of 500 

nm of a mixture of Au and Ag NPs with same size (50 nm). 

2.5 Chemical contrast in situ growth 

Despite all the advantages of colloidal self-assembly, the preparation of monodisperse colloidal 

suspensions with the correct surface chemistry is often a complex, and time-consuming process 

which is not always easily scalable. On one side, precise temperature and addition rate control 

are required for liter-scale pre-synthesis, while on the other side, ligand-exchange requires the 

addition of significant excesses of capping ligands involving multiple centrifugation steps for 

purification.147,148 

In situ growth is an unconventional fabrication approach where plasmonic structures are formed 

directly onto the target substrate material from inorganic precursors, bypassing all the initial 

colloidal synthesis steps.36,149 Avoiding time-consuming process such as batch synthesis, self-
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assembly and ligand exchange, the particles nucleate directly on the substrate, achieving tunable 

nano-patterns formed by single-nanoparticle-wide features.  

Until now, pattern accessibility using in situ strategies has been limited with resolutions of 

microns to hundreds of nanometers, with reduced control over particle morphology.150–152 

Despite block copolymer micelle lithography raised as a prominent technique that uses in situ 

growth to create addressable structures containing plasmonic units with precise shapes and 

sizes, achieving uniform and reproducible results at single particle resolution,153–156 the reliance 

on assembling block copolymer micelles limits the arrays to hexagonal lattices, and the casting 

process remains time-consuming.  

In this thesis, we developed an innovative in situ growth method, which targets tunable 

plasmonic lattices through rapid bottom-up growth of gold nanoparticles onto chemically 

patterned reactive areas created by soft lithography. For this purpose, water-soluble 

hydroxypropyl cellulose (HPC) sacrificial hole masks (or stencils) were used to create patterned 

regions containing chemically active ink for gold nanoparticle growth. In a single and rapid (< 

10 min) synthesis step, the subsequent site-selective growth of gold nanoparticles was achieved 

by adding a droplet of growth solution to the chemically patterned substrates (Figure 2.18). 

Moreover, by adjusting the composition of the growth solution, particle size and shape can be 

modified during substrate growth. 
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Figure 2.18 Schematic of the in situ growth procedure: after preparing the flat, glass supported PDMS, a layer 

of HPC is spin coated on top of the substrate and thermal nanoimprinting (T=140°C) is performed on top of it to 

achieve a pattern of wells; after the UV-O3 treatment to reduce the residual HPC layer, the procedure involves the 

spin coating of the PMHS ink. After, the HPC stencil is let swell and dissolve by dropping Milli-Q water on top of 

the substrate for 30 min, and then rinsed away with abounded water. Thus, the substrates are dried with air 

compression gun. At this point the substrate should appear as a squared pattern of reductant inked regions. When 

the growth solution is applied with different growth time (1-10 min), the gold precursor starts to nucleate directly 

on top of the substrate forming an ordered array of AuNPs. 

2.5.1 Fabrication of the HPC stencils 

Thermal nanoimprint lithography (t-NIL) was originally developed on rigid substrates, and one 

of the main drawbacks of the technique is the formation of a residual layer with a minimum 

thickness ~20 nm, which is left underneath the imprinted features.157 This is typically removed 

in a later step via wet or dry etching techniques such as reactive ion etching (RIE). Avoiding the 

formation of the residual layer is made impossible by physical requirement of the t-NIL process. 

In fact, the volume of the material to be mechanically deformed has to be bigger than the 

volume required to fill the stamp completely.157,158 In order to satisfy the volume conservation 

condition, the volume of the initial HPC layer (Vinitial) needs to be equal to the final volume of 

the patterned HPC film (Vfinal). For the specific case of square arrays used in the thesis, to 

calculate the Vfinal it is considered its correspondence to the volume of the negative space around 

the pillar (or the total volume of the patterned HPC film): 
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Vfinal = (V1 -V2) = A1(hpillar) = (Λ2 - A2) (hpillar) = (Λ2 - πr2) (hpillar) (2.1) 

where V1 is the pillar volume corresponding to the square area A1, and V2 is the volume 

corresponding to area A2; L is the lattice parameter, r is the ray of the circular cavity with 

dimension (Φ), and hpillar is the pillar height (390 nm). The Vinitial (Figure 2.19 b) of the film with 

minimum starting height (hmin) of an unpatterned area corresponding to the square area A1 can 

be calculated as: Vinitial = Λ2·hmin. 

 

Figure 2.19 (a) Schematic of the thermal t-NIL on hard and soft substrate. (b) Hydroxypropyl cellulose 

(HPC) film parameters before and after t-NIL and h-PDMS stamp dimensions used for the volume conservation 

calculations. 

Since for the HPC film Vinitial = Vfinal, hmin can be calculated as:  

hmin = [(Λ2 - πr2) ∙ (hpillar)]/Λ2     (2.2) 

While the depth of the holes of the silicon master used for the imprinting dictate the pillar height 

(390 nm), once replicated with the h-PDMS, the actual hpillar tends to be lower (from 390 nm to 

~350 nm).  
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Figure 2.20 (a) Thermal nanoimprint lithography of hydroxypropyl cellulose (HPC) schematic. (b) 

Reflectance spectra were used to estimate film thickness on silicon. The following thicknesses were observed: 30 

nm (solid purple), 125 nm (solid blue), 192 nm (solid orange), and 330 nm (solid red) for the HPC aqueous 

solutions at various concentrations. Dotted lines represent the simulated interference generated by differential 

refraction for thin films with heights of 30 nm (dotted purple), 125 nm (dotted blue), 192 nm (dotted orange), 

and 330 nm (dotted red). (c) Photograph of the ≈30 nm patterned HPC stencil with periodicities (Λ) of 600 nm 

resulting from the 21 mg/mL aqueous HPC solution (patterned area is 0.49 cm2, scale bar: 0.7 cm). (d-e) SEM 

images of different areas of the thinnest (30 nm) patterned HPC layer.  

However, the use of polydimethylsiloxane (PDMS) as susbtrate actually allowed us to avoid the 

formation of a measurable residual layer, ultimately enabling the fabrication of sacrificial HPC 

stencils with a volume lower than the negative volume of the stamp, with the minimum required 

HPC film height for uniformly patternable silicon substrates ranging from ~250 to 295 nm. 

In fact, by comparing the measured and simulated reflectance spectra for HPC stencils (Figure 

2.20 b), we demonstrated the precise patterning of films with heights ranging from 30 to 330 

nm, suggesting that we were able to avoid the formation of a residual layer.  

To explain these results, we hypothesized that the implementation of a deformable (soft) 

underneath substrate plays a key role by, enabling to take advantage of the applied pressure 

during the t-NIL step to push the HPC into the empty features, facilitating precise patterning 

at reduced heights and minimizing the residual layer as shown in Figure 2.19. 
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The SEM analysis confirmed the optical characterization and did not identify the presence of 

any residual layer. However, the resolution of the instrument would not allow the identification 

of very thin layers (<5 nm) (Figure 2.20 e). For this reason, a brief (30 s) isotropic UV–ozone 

etching step was performed in order to remove any residual HPC within the holes of the stencils 

and expose the underneath PDMS substrate. Overall, our protocol enabled us to prepare HPC 

films with volumes lower than the negative volume of the stamp.  

 

Figure 2.21 (a-c) SEM images showing hydroxypropylcellulose (HPC) films on polydimethylsiloxane 

(PDMS) after (a) 5 s, (b) 10 s, and (b) 30 s of ultraviolet-ozone (UV-O3) treatment. (d) Graph of the estimated film 

height on silicon with increasing UV-O3 treatment time (15, 30 s and 1, 2, 10 min). (e-f) Reflectance spectra of 

HPC films on silicon are shown in panels following (e) UV-O3 treatment and (f) after rinsing the HPC with water. 

Panels (g-i) present a comparison of the reflectance spectra for UV-O3 treated films before and after rinsing to 

evaluate the changes in thickness. (e-i) The dotted lines represent the corresponding simulated differential 

refraction spectra. 
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Interestingly, for HPC films exceeding the negative volume of the stamp (330 nm thick), we 

indeed observed the formation of a residual layer (as expected). In fact, these fishnets didn’t 

result in any patterned in situ growth, indicating that that the 30 s UV-O3 etch was insufficient 

to remove the residual material within the hole features and efficiently exposed the PDMS 

substrate for selective surface functionalization. Experimentally, only films with thickness 

ranging from 30 to 192 nm have been observed to give successful gold nanoparticle arrays 

patterning results (Figure 2.24).  

SEM analysis confirms the pattern integrity of the HPC film after undergoing UV-O3 treatment 

and ink application steps (Figure 2.22 a). 

Negative controls on films treated with 10 sec UV-O3 etching before the application of the ink 

did not reliably yield patterned gold nanoparticle arrays, highlighting that if the ink was applied 

while HPC residual layer was still present, the removal of HPC will also remove the ink in the 

following rinsing steps (Figure 2.21 b), affecting the NPs growth in ordered array. 

 

Figure 2.22 (a-c) SEM illustrating the patterned HPC film (a) after chemical inking with PMHS, (b) the 

PDMS following the in situ nanoparticle growth procedure with only 10 s of UV-O3 treatment to reduce the HPC 

residual layer, and (c) following the procedure without applying any chemical ink.  

Additionally, in the cases where ink was not applied to the HPC stencils, besides some large 

particles observed on the substrate likely resulting from secondary nucleation, patterned growth 

did not occur. (Figure 2.22 c).  
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After optimizing the fishnet fabrication on PDMS (Figure 2.23), we adapted the same protocol 

for glass supported PDMS. These substrates offered improved handling during the processing 

steps necessary for patterned gold nanoparticle growth.  

 

Figure 2.23 Photography of HPC film fishnet on glass-supported polydimethylsiloxane (PDMS) with 

thickness of (a) 30 nm, (b) 125 nm, (c) 192 nm, and (d) 330 nm (patterned area is 0.49 cm2).  

 

Figure 2.24 SEM images of the substrates following removal of the HPC stencil and subsequent nanoparticle 

growth for initial stencils made from (a) 30, (b) 125, (c) 192, and (d) 330 nm initial thickness HPC films (inset 

scale bar: 500 nm). 

2.5.2 Chemical inking step 

Polymethylhydrosiloxane (PMHS) is inherently present in PDMS due to residual unreacted 

oligomers leftover after elastomer preparation, and previous studies have demonstrated its 

efficiency in acting as reducing agent for gold salts, through oxidation of unreacted Si-H groups, 

leading to particles formation on surfaces and within the elastomeric polymer.150,159,160 The excess 

of PMHS present in PDMS can vary depending on curing agent and base ratio, curing 

conditions, and substrate age, all making its concentration and distribution challenging to 

control.161 For this reasons, as indicated in the Experimental Section, all PDMS substrates 
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undergo  PMHS extraction before HPC fishnet preparation and in situ growth step. This step 

will yield a “growth-negative” surface where gold nanoparticles do not nucleate.  

However, PMHS can be conveniently reintroduced in the system after the preparation of the 

HPC stencils, yielding a net chemical contrast between the exposed and unexposed areas of the 

PDMS substrates. The protocol adapted for the application of the PMHS ink used was 

optimized in order to avoid nucleation in solution. The chemical ink was tested on an 

unpatterned, flat soft-PDMS substrate combining UV-vis analysis on the growth solution during 

substrate exposure, and SEM measurements taken on the substrate after growth. 

 

Figure 2.25 Spectra were obtained to study the nucleation in solution during growth conducted on an 

unpatterned stamp, with the following conditions: ( f )  100% PMHS, (b) 1% PMHS in hexane, (b) 0.1% PMHS in 

hexane, (d) 100% PMHS spin coated after rinsing with water, (e) PMHS deposited in vacuum through CVD 

method. (f-j) SEM images corresponding to the (a-e) samples respectively. 

When pure polymethylhydrosiloxane was spin-coated onto the PDMS substrate, rapid particle 

nucleation in the solution occurred, likely due to the leaching of excess ink into the solution 

(Figure 2.25 f). Thoroughly rinsing with water, the substrates after inking with pure 

polymethylhydrosiloxane also led to decreased nucleation, supporting this hypothesis (Figure 

2.25 d, e). Furthermore, diluting the ink used for spin coating in hexane resulted in reduced 

nucleation (Figure 2.25 b, c). Apart from spin coating, the ink application was also carried out 

through simple vapor deposition under vacuum using a desiccator. This method likewise 

resulted in minimal nucleation away from the substrate surface (Figure 2.25 e).  
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Scanning electron microscopy was employed to monitor particle growth on the unpatterned 

supported PDMS surface. No discernible trend in density was observed when comparing 100% 

ink to the diluted inks and the substrate that was rinsed following ink application. This lack of 

trend suggests that, for each of these conditions, the substrate is saturated with ink, and 

increasing the concentration in the spin-coated solution only results in the addition of excess 

ink, which leaches into the solution (Figure 2.25 f, i). Additionally, Figure 2.25 h-j illustrates 

that the density of nucleation sites created by vapor deposition is similar to the density achieved 

with 0.1% ink solutions.  Between these 2 methodologies we selected spin coating as our method 

of choice moving forward, as it allows for faster sample processing. 

2.5.3 In situ growth 

In our in situ growth approach, gold NPs arrays are formed in a single growth step, where the 

first nucleation occurs directly on the substrate., A strong reductant ink is only applied on the 

substrate to mimic the spatially selective nucleation and growth processes used in colloidal 

synthesis. Meanwhile, a mild reductant such as ascorbic acid is introduced into the growth 

medium to aid the initial reduction of the gold salt from Au(III) to Au(I).  

Although only strong reductants are provided at the substrate surface in our in situ growth setup, 

colloidal nanoparticles can still spontaneously form from the precursors in the growth solution, 

a process commonly referred to as secondary or homogenous nucleation. Similarly, a secondary 

nucleation in an in situ systems refers to the uncontrolled formation of nuclei away from sites 

explicitly containing the strong reducing agent, leading to unpredictable reagent consumption 

and deposition of particles outside the intended pattern. While nucleation can be attained solely 

with the physiosorbed ink, the reason why we have incorporating ascorbic acid is to accelerate 

growth and reduce the concentrations of gold precursor needed.161,162 Indeed, relying only on a 

surface-bound strong reductant typically necessitates approximately five times more gold salt 

and extended incubation periods spanning hours to days.150,163 
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The preparation of the growth solutions was consequently optimized to limit secondary 

nucleation as much as possible. Two standard surfactants were tested for AuNPs in situ growth, 

cetyltrimethylammonium chloride (CTAC) and bromide (CTAB), with concentrations ranging 

from 0.025 to 0.1 M in water. The occurring of secondary nucleation was passed through UV-

vis spectroscopy, following the emergence of a LSPR peak. Monitoring the maximum intensity 

of these peaks over 15 minutes allowed for tracking the extent of undesired nuclei formation 

across various growth conditions. 

 

Figure 2.26 UV-Vis spectra of AuNPs growth solution over 15 min with 100 mM of CTAC in (a) Milli-Q 

water, and (b) HPLC water. (c-e) Kinetic dynamics of growth solutions with concentrations of (c) 25, (d) 50, (e) 

100 mM of CTAB in HPLC water. 

Firstly, it was observed that using HPLC-grade water for the preparation of the solutions 

significantly limited secondary nucleation compared to Milli-Q water (Figure 2.26 a, b). In 

addition, the use of CTAB allowed to slow down the secondary nucleation compared to CTAC 

(Figure 2.26 c-e). It can be observed that surfactant concentration increase also plays a role in 

slowing secondary nucleation, but since CTAB is less soluble in water at higher concentrations, 

0.025 M was the concentration chosen for the standard synthesis of gold nanoparticles in this 

work, even if little secondary nucleation is still observed, as it appears after over 10 min since 

growth begun (Figure 2.26 c). In general, growth solutions comprising high-performance liquid 

chromatography (HPLC) grade water and 0.025-0.05 M CTAB exhibited the lowest levels of 

secondary nucleation. Having both the methodology for applying the chemical ink (Paragraph 

2.5.2) and the growth solution optimized and standardized, we were able to move on and test 

the patterned in situ growth of gold NPs. 
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To initiate the patterned growth, an aliquote (150 µL) of growth solution is placed on top of 

the substrate (Figure 2.27). This is done instead of immersing the substrate directly in the 

solution, once again to avoid unwanted secondary nucleation, this time from the contaminated 

backside of the substrates. As can be clearly observed from the SEM analysis in Figure 2.27, 

we were able to control the spatial distribution of the nucleation site, inducing the direct growth 

of plasmonic arrays on PDMS.  

 
Figure 2.27 Schematic of the in situ growth procedure: after HPC etching of the residual layer with UV–Oz, 

the ink with poly(methylhydrosiloxane) is spin coated, and then HPC stencil is removed with water. Finally, the 

growth solution is dropped on top of the substrate to form gold nanoparticles (AuNPs). The zoom in show a 

schematic depicting competition between secondary solution nucleation and surface growth. (b) SEM images of 

patterned NPs substrates grown after (a) 1, (b) 2, (c) 5, and (d) 10 min with a growth solution containing CTAB 

(capping ligand/surfactant), gold salt, and ascorbic acid as a mild reducing agent. (f-i) Evaluation of NPs size 

distribution for the (f) 1, (g) 2, (h) 5, (i) 10 min time growth (150 nanoparticles each). 

Throughout the growth period (1-10 min), the color the growth solution remained unchanged, 

confirming the absence of any secondary nucleation process. Moreover, by regulating the 

incubation time between 1-10 min, we managed to control nuclei grow and size of the obtained 

particles between). Following 1 minute of growth, the average particle size reaches 40 ± 10 nm 

(Figure 2.27 b, f), which is relatively rapid compared to colloidal synthesis.29,147,164 By 2 minutes, 
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the particle sizes nearly double to 70 ± 30 nm (Figure 2.27 c, g). Growth periods of 5 and 10 

minutes yield nanoparticles with similar diameters (120 ± 40 and 110 ± 40 nm, respectively, 

Figure 2.27 d-e, h-i). This trend confirms observations from other in situ growth studies.165–168 

For what concern the patterning evaluation, many kinds of defects can be observed in the arrays. 

Standard defects include vacancies, multiple particles per region, and particles outside the 

patterned region (Figure 2.28). Besides nanospheres, during a colloidal synthesis different 

anisotropic (rods and platelets-like structures) and isotropic (multi-twinned polyhedra, cubes, 

pyramids) products can be obtained if no shape-control strategies are applied during the 

growth.169,170 A similar behavior is observed for in situ growth, where by decreasing the growth 

time from 10 to 1 min, the percentage of isotropic products increased to ~90% (Table 2.1).  

Table 2.1 Percentage of products observed at different growth times. 

Growth time (min) 1 2 5 10 

# total NPs counted  255 328 329 201 

% platelet 3.9 2.7 2.7 24.4 

% sphere 88.2 82.0 82.4 57.2 

% rod 6.3 11.3 12.5 15.9 

% unclear 1.6 4.0 2.4 2.5 

% total anisotropic 10.2 14.0 15.2 40.3 

% total platelets and spheres 92.2 84.8 85.1 81.6 

Moreover, it was evaluated the patterning yield (Table 2.2), observing that with time increase 

from 5 to 10 min, the number of NPs outside the pattern areas slightly increase from 10% to 

14%, probably due to the onset of secondary nucleation effects.  
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Figure 2.28 SEM images from which patterning yield was calculated (Table 2.2). For each time condition, 

enough images were analyzed and an average of 150 Au nanoparticles were counted. Pink circles represent regions 

with multiple nanoparticles, white circles represent areas with single particles, purple circles indicate vacancies 

defects, and green dots are used to indicate out-of-pattern gold nanoparticles. 

Table 2.2 Patterning yield characterization across growth times. 

Growth time (min) 1 2 5 10 TOTAL 
total # of particles counted 
(including outside pattern) 

247 212 279 203 941 

% pattern yield (% non-empty) 89.6 61.7 97.4 83.8 83 ± 15 

% single 19.4 35.4 10.3 23.0 22 ± 10 

% multiple 76.1 54.4 78.9 63.2 68 ± 12 

% nanoparticles in pattern 95.5 87.7 89.2 86.2 90 ± 4 
 

The identification of a main reason for these defects is still challenging but crucial for the future 

development of this in situ growth. For example, the NPs outside the patterned areas, (about 

10% of the total) can be the result of secondary homogeneous nucleation events in the growth 

solution and their consequent deposition on the surface, the spontaneous nucleation on regions 

with no ink, and/or defects formed in the HPC mask. Moreover, since the quality of the pattern 

was evaluated through SEM analysis, the appearance of vacancies in the pattern (which number 

results constant during the growth period of 1-10 min) could be attributed on one side to limits 

in the instrument resolution, which affects imaging of NPs smaller then 5 nm, and to the other 

side to the effect of  ink removal caused during the HPC stencil washing steps. In the future, it 

will be interesting to investigate different chemical inks to increase the chemical contrast 

between the patterned regions and the substrate to mitigate defects. 
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Another important consideration is the size mismatch between the growing particles and the 

patterned features, the latter being significantly larger (>270 nm). This may explain the 

occurrence of nanoparticles not centered within the designated patterned area and the 

development of multiple particles in certain regions. Nonetheless, a significant result is that an 

average of 2 particles per patterned area was observed, suggesting the growth process is favored 

over the subsequent creation of new nuclei, due to charge transfer affecting the transport of 

gold salt to the substrate.14,171 

From simple geometrical and back-of-a-napkin calculation, and assuming 100% yield of the 

imprinting and ink patterning, we could estimate that the number of particles nucleating on each 

substrate to be ~ 2 × 108 particles/substrate, or about 2 × 109 particles mL−1 of growth solution 

(assuming 150 µL volume). This number is significantly smaller compared to the concentrations 

in batch synthesis, which are usually 2-4 orders of magnitude higher (1011- 1013 seeds/mL of 

growth solution). Being able to reduce the concentration of the precursors in growth solution 

has the potential to not only minimize secondary nucleation, but also enabling a more controlled 

and uniform in situ growth of particles. 

In order to demonstrate the versatility of our methodology, a further step was carried out to 

overgrowth the particles and create stars shaped NPs. As already presented in a previous work,172 

the incubation overgrowth step was carried out by depositing a solution containing gold 

precursor and shape-directing reagents (silver nitrate, laurylsulfobetaine (LSB), hydrochloric 

acid (HCl), and ascorbic acid (AA)) (Figure 2.29). Similarly to the first growth process, the 

synthesis conditions were optimized to minimize secondary nucleation away from the substrate 

during the 5 min overgrowth period. This was achieved by reducing the pH of the growth 

medium, thereby restricting the reducing strength of ascorbic acid. After the overgrowth 

process, the substrate underwent a transition in color, shifting from red to dark blue. After 5 

min of overgrowth, LSPR band resulted peaked in the NIR at 985 nm.  
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Figure 2.29 (a) Schematic of the overgrowth process into nanostars. (b)Normalized transmission spectra 

comparing the position of the plasmon band before (spheres, black curve) and after (stars, light blue curve) 

overgrowth. (c-e) SEM images of the nanostar arrays at different magnifications. 

The colloid recipe used here yields three main products: spheres, low aspect ratio nanostars, and 

high aspect ratio nanostars.173 However, electron microscopy characterization revealed a 

predominant and highly branched product (Figure 2.29 c, d). The nanostar arrays extended 

over a larger area (approximately 2000 µm2) is depicted in Figure 2.29 e. Overall, the data 

presented in Figure 2.29 suggest that while certain concepts may transfer from colloidal to 

substrate growth (such as applying shape-directing reagents to promote anisotropic growth), 

significant differences persist between the two environments, which can greatly influence the 

final product shapes. The in situ surface growth approach reported here provides an ideal 

platform for investigating such effects.172 
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These branched nanostars structures are appealing because of the concentrated electromagnetic 

fields at their sharp tips, their significant extinction in the NIR biological window, and their 

efficiency for thermoplasmonic applications.172,174,175 

2.5.4 In situ growth on spin-coated thin PDMS films 

Moving another step forward, we optimized a spin coating protocol to minimize the thickness 

of the supported PDMS layer, improve reproducibility, and dramatically reduce the fabrication 

time. Specifically, the PDMS was utilized in a 10:1 weight ratio of monomer and crosslinker (the 

same ratio used in all other prepareations), but to facilitate the formation of a more uniform 

film, the viscosity of the solution was reduced by dilution with toluene, chosen for its 

compatibility with PDMS and slower evaporation rate compared to other organic solvents such 

as hexane. Excessive dilutions led to dewetting on the glass slide, whereas concentrations 

surpassing 70% yielded films that were excessively thick and viscous, hindering the creation of 

a uniform and flat PDMS film. Quantitative evaluation of the PDMS thickness were obtained 

by reflectance measurements. As expected, our experimental analysis unveiled that films were 

thinner and more uniform at lower concentrations and higher rpm. These results supported the 

theoretical expectation that thickness is nearly proportional to the inverse square root of the 

spin speed (Figure 2.30).176 
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Figure 2.30 The heights of the substrates at various rpm and dilutions were fitted with a power law function 

(y = axb). For the 40% and 50% dilutions, the value of b is -0.45, while for the 30% dilution, it is -0.34. Additionally, 

the height of the 30% dilution extended to include 8000 rpm, yielded a b value of -0.37. 

A PDMS concentration of 30% was selected, granting films below 3 µm thick and good 

reproducibility. In addition, this dilution offered the advantage of a longer shelf life of the PDMS 

precursor solution, allowing a larger quantity of substrates to be produced in a single batch. The 

highest spin coating speed assessed was 8000 rpm. However, increasing the spin speed did not 

result in a significant reduction in film thickness, and operating at this speed posed practical 

challenges, as the samples tended to detach from the spin-coater holder. Ultimately, we selected 

5000 rpm for the rest of the experiments.  

 
Figure 2.31 (a) High-mag and (b) low-mag SEM images of the HPC stencils with PDMS dilution at 70% with 

different lattice parameters 400 nm of lattice parameter. 

After selecting the best spin coating conditions, SEM analysis was performed to verify the 

uniformity of the imprinting process and the quality of the HPC stencils. Testing with various 
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lattices demonstrated successful imprinting and high-quality reproduction of the patterned 

geometry. 

 
Figure 2.32 Sample appearance after t-NIL process. Diffraction grating created on the HPC film glass 

supported diluted PDMS. 

Without doubt, the diluted glass supported PDMS method represented a significant step 

forward in optimizing the in situ protocol, and in reducing the processing time of the whole 

procedure, which could now be completed in under 1 hour (from clean substrate to plasmonic 

array). However, we still had to verify that patterned growth can be achieved also for this type 

of substrates. 

In order to conduct an appropriate analysis and vary the original protocol (Paragraph 2.5.3) by 

changing one parameter at a time, the samples on these substrates obtained with the new 

protocol were grown while keeping the reagent concentration, growth time, and Lattice 

parameter fixed. Unfortunately, among all the characterized samples, only a few exhibited a 

discernible pattern on the surface, and in most the samples there were traces of secondary 

nucleation (Figure 2.33). 
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Figure 2.33 SEM images of AuNPs grown on a 30% diluted PDMS substrate (spin coat at 5000 rpm), pattern 

with periodicity of 600 nm. 

Despite the presence of numerous anisotropic nanoparticles such as nanorods or platelets on 

the surface, the nanoparticles grown on the pattern tended to form primarily isotropic shapes, 

mainly spheres. Causes for the elevated number of defects (vacancies, multiple particles per 

region, and non-spherical NPs) can be attributable to various factors, such as residues of 

unrinsed HPC and PDMS oligomers, leaching of excess reagents, and/or impurities in the 

growth solution/substrate.  

To tackle this challenge, we further adjusted the growth solution by incorporating hydrochloric 

acid (HCl) to slow secondary nanoparticle even further.10 Specifically, 10 µL of HCl (0.1 M) 

were added before the ascorbic acid. This modification of the growth conditions enabled us to 

confine the nucleation of the NPs exclusively in the highly reductant PMHS regions. 
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Figure 2.34 SEM images of sample array with lattice period L = 600 nm, 5 min growth on a 30% dilution PDMS 

substrate spin coated at 2500 rpm of. 

The efficacy of this approach is clear in Figure 2.34, where the occurrence of secondary 

nucleation is significantly reduced.  

Moreover, considering the NPs size distribution counting an average of 120 particles per 

sample, the introduction of the HCl led to a noticeable reduction in the diameter of the 

nanoparticles compared to the original method.  

 

Figure 2.35  Nanoparticles size distribution of array of growth NPs through (a) original method, (b) 30% diluted 

PDMS spin coated at 5000 rpm, (c) 30% dilution PDMS at 5000 rpm with 10μL of HCl in the growth solution 
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(sample in Figure 2.33 a), (d) 30% dilution PDMS at 5000 rpm with 10μL of HCl in the growth solution (sample 

in Figure 2.33 b) 

For both the original substrate method and the conditions of 30% diluted PDMS at 5000 rpm 

without HCl, the diameters obtained were very similar (80 ± 20 nm and 90 ± 20 nm, 

respectively). These results suggest that although the use of spin-coated PDMS introduces 

additional challenges when it comes to keep the substrates clean and avoid secondary nucleation, 

it remains compatible with our in situ growth. Moreover, the introduction of HCl cut the size of 

the grown particles in half, indicating the potential for longer growth times. 

The mean NPs diameter values are reported in the following Table 2.3. 

Table 2.3 Evaluation of the NPs size in the sample presented by the histograms. 

Protocol Mean diameter (nm) 

Original 80±20 

30% diluted PDMS at 5000 rpm 90±20 

30% diluted PDMS at 5000 rpm-Figure 2.33 a 40±20 

30% diluted PDMS at 5000 rpm-Figure 2.33 b 50±20 

Although these results represent an improvement over the original method, several challenges 

remain. Some degree of secondary nucleation persists and there remains limited control over 

nanoparticle growth. In addition, differences in diameter between the PMHS inked regions and 

the effective nanoparticles resulted in displacement of some nanoparticles from the center, or 

multiple nanoparticles occupying a single PMHS well. These challenges highlight the need for 

comprehensive studies of the in situ growth process of gold nanoparticles, with the ultimate aim 

of developing an alternative fabrication tool to control nanoscale properties directly on the 

substrate. 
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Chapter 3 

OPTICAL CHARACTERIZATIONS AND 
METASURFACES ENGINEERING  
 

“I have gotten a lot of results! I know several thousand things that won’t work.”  

(Thomas Alva Edison-1910) 

Introduction 

The essential requirement for applications that range from highly sensitive molecular 

sensing to nanoscale lasing is the presence of plasmonic nanostructures capable of amplifying 

localized optical fields and sustaining ultra-narrow resonances. Overcoming the great challenge 

of effectively engineering and sustaining these resonances over a wide range of wavelengths 

within a single system, opens new prospects for groundbreaking progresses in many fields. 

Beyond advancing the understanding of plasmonic nanostructures behavior, this quest holds 

the key to unlock unprecedented opportunities in advanced technologies and scientific 

exploration.  

Compared to nanohole arrays, metal particle arrays lack continuous metal interfaces for the 

conventional propagation of surface plasmon polaritons (SPPs). Nevertheless, these arrays can 

still maintain delocalized nature of the resonance by diffractively coupling the localized plasmon 

resonances, as discussed in Chapter 1.1,2 One intriguing aspect of metasurfaces lies in their 

capacity to engineer and tailor optical properties with high precision. By strategically designing 

the geometry, composition, and arrangement of subwavelength elements, it is possible to 

modulate absorption, reflection, transmission, and dispersion properties. 

Despite the advantages of nanohole arrays such as higher light-to-heat conversion and the ability 

to act as electrodes,3  nanoparticle arrays exhibit reduced metal content per unit area (assuming 

the same thickness). Consequently, they exhibit reduced material absorption and increased 
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direct transmission, which leads to the determination of the resonance directly by the position 

of the dips in the transmission spectra.4 

To highlight the flexibility and versatility of plasmonic systems fabricated via the alternative 

strategies presented in Chapter 2, this chapter will recollect the results of optical 

characterization achieved in the context of this thesis. This dataset will showcase different 

strategies that can be taken to engineer a metasurface optical response, including changing the 

refractive index (n) of the environment, the plasmonic units’ morphology, and the substrate 

material. 

3.1  Plasmonic metasurfaces: the role of a high refractive index layer 

In this study, we created nanolasing architectures based on surface lattice resonances (SLRs) by 

self-assembling pre-synthesized silver colloids. The plasmonic optical cavity is directly fabricated 

onto a photoresist layer (SU8-2000.5) containing the dye molecules of Rhodamine B (RhB), 

used as gain medium (discussion on the fabrication in Paragraph 2.4.1 of Chapter 2). This 

approach yields high quality factor (Qf) resonances without the necessity of additional 

processing or annealing steps, a major improvement compared to conventional top-down 

lithography methods. Moreover, the use of colloidal self-assembly offers high throughput and 

versatility, facilitating the exploration of various nanoparticle geometries and materials. Finally, 

this method also allows dynamic control of chemical and physical interactions at the interface 

between the plasmonic/photonic structures and the underlying gain media, as well as at the 

exposed surface of the assembled plasmonic system.  

By exploiting the hydrophobicity of the SU8 high refractive index layer (see discussion in 

Paragraph 2.4.1 of Chapter 2), the quality of the overall array is improved, which leads to 

narrower lattice plasmon resonances. However, the most dramatic effect is strongly related to 

the thickness of the spin-coated SU8-RhB gain medium layer. 
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Figure 3.1 Study on the su8 layer. (a) Transmittance spectrum of the Su8/RhB layer corresponding to the 

RhB extinction profile. (b) SU8 layer thickness measured by profilometry. The thickness as an average value of 232 

nm. (c), (d) Interferometry measurements for the evaluation of the thickness through reflectance experiment. The 

data were processed via transfer matrix model which fits the experimental data by using MathLab licensed program. 

The small deviation between the fit and the experimental data can be ascribed to heterogeneity on the film 

deposition and the omission of the presence of the dye in the theoretical curve which may introduce an error in 

the model. 

The Q-factor of a resonance characterizes its ability to store and retain energy and provides an 

indication of the balance between stored and dissipated energy in an oscillator. 

Surface plasmon resonance presenting a high Qf will manifest amplified intensity and precision 

in its optical response. Achieving narrow bandwidth lattice resonances typically requires 

enclosing the metal array with a uniform refractive index. 

In fact, the presence of a substrate (i.e. a mismatch in refractive index) can hinder long-range 

interactions between particles and damp the lattice resonances, as the refractive index contrast 
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between the substrate and the superstrate, together with the distance between the array and the 

interface, are key factors in determining the strength of the diffractive coupling.5  

However, in recent studies was found that by using high refractive index layer to match the 

array can induce the formation of waveguided modes that hybridize the SLRs.  By changing the 

thickness of the high refractive index layer, it is observed a significant effect on the optical 

response applied to boost the emission properties of gain media.6 

In our study, we have used a different approach to study the outcoupling effects arising from 

the refractive index mismatch between the substrate and the air superstrate (n = 1). Specifically, 

in our case the plasmonic metasurfaces are on top of the high refractive index layer, and not 

embedded into it, leaving them completely exposed to the surroundings. By the rational choice 

of the photoresist thickness a waveguiding effect, namely the confinement and guiding of 

incident light waves within the higher refractive index material (SU8, n = 1.6), was expoited to 

improve the outcoupling and the quality factor of the surface lattice resonances, by generating 

a hybridization and formation of waveguide-SLR (W-SLR) modes. 

Specifically, the thickness (t) of the SU8-RhB layer (250 nm) was adjusted to maintain waveguide 

mode operation of light propagation within the photoresist layer, and sufficient mode overlap 

with the gain medium.7,8  

Ultimately, this contributes to increasing the system’s far-field out-coupling efficiency and 

results in the formation of a narrower peak bandwidth without using an index matching layer. 

The simulated transmittance spectrum in Figure 3.2 a demonstrates the presence of 

waveguided modes supported by the SU8 epoxy resin layer. 

The waveguide and diffractive systems match the wavevector analytical relations, making 

possible to derive analytical solutions for both TE and TM modes within the dielectric slab, 

related to the propagation constants 𝑞" =	𝑛_" 𝑘" − 𝛽", 𝑝" =	𝛽" − 𝑛<"𝑘" and 𝑟" =	𝛽" −

𝑛`%E" 𝑘" as:9 
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tan 𝑑𝑞 = 	 Q(&$E)
Q"0&E

     (3.1) 

tan 𝑑𝑞 = 	 F5
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where 𝑘 = 2𝜋/𝜆# is the wavenumber, and the refractive index are referred to the superstrate 

(𝑛`%E), the dielectric layer (𝑛_) with thickness t, and substrate (𝑛<). Numerically solving these 

equations allows to extract the effective refractive index values (𝑛(NN = 	𝛽/𝑘) for both TE and 

TM modes, depending on 𝑛< and 𝑛_ values. 

 

Figure 3.2 Simulation on the role of SU8 layer. (a) Variation of the simulated TE and TM modes effective 

refractive index as function of the wavelength (red and burgundy traces). The green line represents the spectral 

position of the first diffraction order (±1,0) for an array with lattice period of 400 nm. The inset represents a zoom 

of the spectral region of interest, where the crossing points (black circles) corresponds to the position where the 

coupling between diffraction and waveguided modes is expected. (b) The simulated transmission spectra show the 

appearance of a sharp SLR for an array in presence of a SU8 and SU8-RhB layer. 

The intersection points of the Rayleigh-Wood anomaly of the square grating with the solution 

of the TE and TM mode derived from Eq. 3.1, and 3.2, enable the identification of the 

wavelength at which the coupling takes place (black circles in Figure 3.2 a). This coupling 

arises within a spectral region where the effective refractive indices for TE and TM modes 
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closely approximates the substrate refractive index, specifically at λ = 604 nm and λ = 605.5 nm 

(no plasmonic contribution is considered).  

The comparison of the simulated 0th-order transmission spectra of the cluster array with and 

without a 250 nm thick SU8 layer, highlights the role of the high refractive index layer (Figure 

3.2 b). As the system lacks index matching (in both scenarios air represents the superstrate), the 

transmission spectrum of the cluster array on glass (black curve in Figure 3.2 b) exhibits no 

significant diffractive or SLR modes. Conversely, the simulation of the cluster array 

transmittance spectrum on the SU8 thin film reveals a pronounced and sharp dip at 611 nm. 

The red shift respect to the positions predicted in Figure 3.2 a, can be attributed to the localized 

plasmon resonance contribution of the cluster. Additionally, the presence of RhB in the epoxy-

resin matrix, evident in the intense minimum at 567 nm (pink curve in Figure 3.2 b), leads to 

an increase in optical losses, resulting in a slightly broader and further red shifted SLR. 

It is important to emphasize that the experimental detection of the two SLR hybrid modes 

(WTE-SLR and WTM-SLR) would require a coherent light source. Specifically, the bandwidth 

of the light source (Δ𝜈) depends on the inverse of the coherence time (tc), which is closely related 

to the coherence length (lc) and the speed of light (c) by the equation lc = c - tc. Temporal 

coherence refers to the degree of correlation between the phases of different wavelengths in a 

light source. When a light source has low temporal coherence (such in the case of the white light 

halogen lamp source coupled to our transmission setup), the phase relation between different 

wavelengths is rapidly or randomly changing, leading to fluctuations in the interference patterns. 

Consequently, a wide light coherence length (short tc) leads to a better spectral resolution. 

Overall, these results highlight that the presence of narrow optical modes in the absence of a 

homogeneous dielectric environment can be derived from the formation of hybrid waveguided 

SLR modes.10 Further simulated characterization of the generated hybrid modes was performed 

involving the electric-field distribution maps at the associated wavelengths, along the (xz) and 

(yx) planes. 
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Figure 3.3 Near field distribution in logarithmic scale of the electric (a-c, e-g) and magnetic (b-d, f-h) fields 

at the wavelength corresponding to the waveguided TE- and TM- SLR modes. A plane wave with electric field 

amplitude E0 = 1 V/m and approximated magnetic field amplitude of 2.65×10-3 A/m is injected as excitation 

source, considering the propagation in vacuum with impedance Z0 = 376.73 W. 

The simulation in Figure 3.3 shows the near-field distribution along the section of the lasing 

architecture, where a remarkable enhancement of the electric field is observed in proximity of 

the SU8/glass interface. This can be attributed to the interplay between the plasmonic 

resonances of the array and the dielectric properties of the surrounding media, considering that 

SU8-glass interface facilitates efficient extraction of light from the gain medium due to enhanced 

electromagnetic field confinement and increased photon-exciton coupling. 

3.2 Optical characterization of plasmonic metasurfaces  

For experimental transmission measurements, the sample is rotated automatically by a software 

designed to vary the illumination angle (θ) from 0° to 35° with a resolution of 0.1° (Figure 3.4). 

Additionally, the mounted sample is placed vertically and aligned along the high symmetry 

direction of the clusters on a custom-made sample holder, allowing to control the azimuthal 

angle (φ) alignment within ±3°. This customized setup was utilized for all transmittance 

measurements (calculated as %T = I/I0, where I and I0 are the intensity of the incident and 

transmitted light respectively) throughout the thesis. 
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Figure 3.4 Optical set up for transmission measurements. F1 represent the response-flattening filter 

used to improve the non-uniform response of white light lamp, resulting in a shaped responsivity curve; L1, L2 are 

the achromatic doublet lenses with focal length f = 100.00 mm and f = 50.00 mm respectively; F2 is the density 

filter used to avoid the detector saturation; M1 is the reflective collimator based on a 90° off-axis parabolic mirror 

with a protected silver coating, for high reflectivity in the 450 nm to 20 µm wavelength range.  

The spectral position of the Rayleigh-Wood anomalies of square gratings can be predicted by 

solving the equation:  

1 − $%9:!"
;#$$<

− ;%&'
;#$$

𝑠𝑖𝑛𝜃=;>𝑐𝑜𝑠𝜑=;>-
?
+ % @:!"

;#$$<
− ;%&'

;#$$
𝑠𝑖𝑛𝜃=;>𝑠𝑖𝑛𝜑=;>-

?
/ = 0 (3.3) 

where Λ represents the lattice period, 𝑛ABB the effective refractive index, θ the illumination angle 

with respect to the normal direction, φ is the incident azimuthal angle, and m and l are integers 

indicating the diffraction orders. The 0th-order transmission of the designed photonic grating is 

subjected to Snell’s law. 

However, as discussed in Chapter 1, the spectral position of the R-W anomalies of the square 

grating can be approximated to: 

𝜆ab = c$,(
√)"$G"

∙ 5𝑛(NN ± 𝑠𝑖𝑛𝜃:           (3.4) 

In Figure 3.5 is reported the morphological and optical characterization of the completed 

devices, fabricated as discussed in Paragraph 2.4.1. 
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Figure 3.5 Morphological and optical characterization. (a-c) Scanning Electron Microscopy (SEM) 

images of the arrays with lattice period L = 400, 500, 600 nm. (d-f) The intensity maps (contour plots) display the 

dependence l(q) of the lattice resonances and are scaled to same value range to facilitate the comparison between 

three lattice parameters. The black dashed lines represent the simulated diffraction orders predicted using equation 

3.4. (g-top) Normalized transmittance spectra at normal incidence of the array with lattice parameter 400 nm 

(blue), 500 nm (pink), 600 nm (purple) compared with (g-bottom) the absorption (green) and emission (orange) 

of the Rhodamine B in SU8 (sample pictured in the inset). 

SLRs positioned at 627, 752 and 909 nm are observed in plasmonic arrays fabricated with 

increasing Λ values from 400 to 500 and 600 nm (Figure 3.5 g). In addition, the presence of 

RhB within the SU8 layer is indicated by the transmission dip at 565 nm, in line with the 

absorption band of the dye. The combination of highly uniform plasmonic substrates and the 

presence of the thin SU8 layer leads to narrow SLRs,11 with Qf as high as 85 for the sample with 

Λ = 600 nm. A higher Qf indicates a narrower peak, a longer resonance lifetime, and, 

consequently, lower energy loss per cycle of oscillation. Different aspects can contribute to this 

increase such as higher mode stability, a reduced coupling and consequent decrease of radiative 

losses as the distance between adjacent units increases, and a decrease in non-radiative decay 

pathways, such as energy transfer to surrounding species. 

The local plasmon band associated with the AgNPs cluster remains blue-shifted with respect to 

the 0th-order, and the effect of variation in the structure, such as the number of particles per 
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clusters, on the collective optical response of the arrays is expected to be minimal (Figure 3.6 

a). 

 

Figure 3.6  Simulated transmission spectra of an array with lattice period of 400 nm. (a) AgNPs (with 

23 nm diameter) cluster distributed into 1 (black dashed line) and 5 (red solid line) layers; (b) AgNPs with 50 nm 

diameter monolayer cluster. 

It is important to stress that, as reported in a previous study, the use of bigger NPs would 

increase the near-field coupling effects, having a negative impact on the quality factor of the 

lattice resonances,12 as shown by simulation  in Figure 3.6 b.  

The absence of annealing or further index matching steps underlines the potential of colloidal 

plasmonic-based metasurfaces to explore new avenues for post-assembly modifications of the 

optical cavity, including ligand exchanges, colloidal overgrowth steps and dynamic chemical 

interactions with the surrounding media. All these possibilities are normally precluded by the 

presence of an index-matching layer that is needed for the collective resonant response to 

emerge.  

To showcase the dispersive nature of the SLRs, transmission measurements were conducted at 

different incidence angles (Figure 3.5 d-f) ranging from 0° to 35° (angular resolution of 0.1°) 

using the custom-built optical setup described above. This allows the diffraction orders to be 

observed in their interaction with the angularly invariant plasmon band (around 450 nm) 

associated to the AgNP cluster.7  
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As mentioned in the previous paragraph, due to the relatively small refractive index mismatch 

between the SU8 layer (n = 1.6) and the underlying glass coverslip (n = 1.52), the hybrid 

waveguided-SLR modes (TE and TM) result spectrally close. Also, the low coherence of our 

light source hinders the clear distinction of the modes in experimental transmittance 

measurements. Consequently, we expected the hybrid modes to appear experimentally as a 

single narrow dip in the spectrum, whose position can be predicted using basic Bragg conditions 

(for square gratings is valid Eq. 3.4) and employing an effective refractive index that considers 

both glass and SU8. The remarkable agreement observed between the measured and predicted 

behavior of the SLRs provides strong confirmation of the low optical losses within our 

systems.13 

For all lattice cases, SLRs related to the first diffraction order exhibit two degenerate lateral 

branches, denoted by the (1,0), which red shifts for higher illumination angles, and the (-1,0) 

order, which blue shifts instead. The contour plots in Figure 3.5 d, e, f also reveal the existence 

of other degenerate branches at higher frequencies, corresponding to higher order diffraction 

lines. The detection of these higher diffraction orders serves as further confirmation of the large 

uniformity of the assembled arrays. 

Our experimental results were also confirmed by numerical simulation. The periodicity of the 

lattice gives rise to SLR dispersion energies, that are periodic in k-space.14 

To understand the electronic band structure and determining the properties of materials, 

including their electronic, optical, and mechanical behavior, for each of the three lattice 

parameters arrays employed in this study, a band diagram was simulated to visualize all available 

photonic and plasmonic modes within the first Brillouin zone. These simulations depict the 

energy levels of electrons (eV) as function of the momentum E(k//) in the reciprocal space, 

considering a periodic cluster array over an SU8 layer 250 nm thick in presence of RhB, as 

schematized in Figure 3.7 a. 
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Figure 3.7 Simulated band diagrams. The diagrams of the three lattice parameters show large photonic 

density of states i.e. all possible energy states (or bands) for the electrons within the material as function of in-plane 

wavevector k// of the incident light. The grey shadowed area delimitates the light cones dispersion ω = c·ǀk//ǀ. 

Horizontal dotted lines represent the maximum of the dye emission (around 600 nm), and the red arrows indicate 

the crossing-points between the diffractive modes and the dye emission, where the lasing activity is then registered. 

Similar angular displacements of the experiment (contour plots in Figure 3.5 d-f), in terms of 

wavelength vs illumination angle, is observed in the simulation displayed as energy vs in-plane 

wavevector k// in the band diagram, based on the relations E = h·c/λ and k// = (2π/λ) ·sinθ. 

To visualize these systems, it is necessary to consider that incident waves impinging upon the 

lattice at certain high-symmetry points, they undergo constructive interference with the waves 

scattered by adjacent lattice planes. This constructive interference leads to the formation of 

energy states known as “band-edge” states, representing transition regions formed between 

different electronic bands in a material, such as the valence and conductive bands. Bragg 

scattering occurring at high-symmetry points within the Brillouin zone results in the creation of 

band-edge states distinguished by a high photonic density of states. These states can be used to 

mediate interactions between surface lattice resonances (SLRs) and quantum emitters.15 

Diffractive features representing both TE and TM polarizations are shown in blue, in contrast 

to other sources of optical losses (RhB and AgNPs absorption) contributing to light-yellow 

background. Only the modes lying outside the light line region (grey shaded area) are 

considered able to coupling in the far-field resulting not confined to the array plane.16 

The ideal conditions for compensating optical losses are identified by the crossing points 

between these modes, where the promotion of a laser emission should be facilitated.  
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In the case of Λ = 400 nm, 1st-order R-W anomaly (crossing point indicated by the red arrow 

in Figure 3.7 b-i) with four-fold degeneracy can be distinguished at k// = 0, in correspondence 

to the high symmetry point (Γ), representing the center of the first Brillouin zone. These 

resonant modes arising around 620 nm (or 2.0 eV) are responsible of facilitating the outcoupling 

of the light into the far-field. As we will see in the next chapter of this thesis, this will ultimately 

be responsible for lowering the lasing emission threshold along the normal direction.  

For Λ = 500 and 600 nm cases, the crossing points in the band diagram can be distinguished as 

being off-normal (k// >0) to the lattice plane (red arrows in Figure 3.7 b-ii and b-iii), located 

along the Γ-X direction and the M-Γ direction respectively. Indeed, the low threshold lasing 

emission found for these two cases was detected along off-normal directions, as discussed in 

the following Chapter 4. 

To illustrate discrete shifts in wavevector values within the (xy) plane, due to the presence of 

the plasmonic cluster array behaving like a diffractive grating, k-space circles diagrams where 

simulated to depict the distribution of in-plane modes coupled with the light able to scatter into 

free space. Here, the center of the circle represents the origin (zero wavevector), and the 

circumference corresponds to the maximum value of wavevector within the specific range of 

angles.  

𝒌HdU,., = 𝒌%F,., +
"Ze
c
𝑥> + "Ze

c
𝑦>  (3.5) 

kout,xy represents the resulting wavevector after interaction with the medium; the incident 

wavevector depends on the refractive index of the medium as kin,xy= 2pn/l0, while k0= 2p/l0  

represents the magnitude of the free-space or vacuum wavevector, and l0 is the light wavelength 

in vacuum. The wavevector in the medium has components kx= nk0 sinqcosf,  ky= nk0 

sinqsinf, and  kz=√(k0
2- kx

2- ky
2), where q is the polar angle, φ is the azimuthal angle, n is the 

medium refractive index, and L is lattice period. Finally, the light line (black circle in Figure 

3.8 a, c) is centered at the coordinates xc = 0, yc = 0 and has a radius R = k0. For higher orders, 
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the circles with radius R = nk0 have center coordinates xc = M ∙ L and yc = N ∙ L, where M, N 

= …-2,-1,0,1,2 … represents the diffractive mode order.  

 

Figure 3.8 k-space diagram. (a, c) The circles represent the diffractive modes, and the center (xc, yc) 

represents where the maxima light extraction can be achieved. Considering the horizontal direction (x) where the 

polar angle q = 0°, by changing the azimuthal (φ) is possible to evaluate the light extracted along the direction 

deviated from the normal. The simulations include the cavity modes available by extracting light from the air side 

(b) and glass side (d) in function of the polar and the azimuthal angles. 

In particular, we focused our attention on two extreme cases: the first considers that all the 

incoming light is aligned along the grating plane (xy) at a certain frequency, and thus all the light 

contributes to the appearance of a R-W anomaly, which for a given frequency forms circles of 

radius k0; the second case takes into accounts the incident light propagating along the normal 

direction to the surface (z>). The crossing points in the center of circles, spaced by a quantity 

2p/L, represent the points in the reciprocal k-space where the light extraction is expected to be 
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maximum. Thus, all the detectable modes must fall inside the light line (black circle in Figure 

3.8 a, c). In the case L = 400 nm, considering to extract light from the air side, Figure 3.8 a, b 

illustrate the absence of detectable modes (here the light line coincides with the 0th of R-W 

anomaly order). Conversely, by extracting light from the glass side, is possible to observe the 

presence of diffractive modes, identified by crosses at 0° of θ, which enables efficient light 

outcoupling (Figure 3.8 d). 

3.2.1 Exploring plasmonic metasurfaces for NL optics 

Motivated by the sharp SLRs obtained in the previous work, we set out to investigate nonlinear 

optical processes, evaluating the suitability and efficiency of our structures for such applications. 

Recognizing the demanding nature of these phenomena, which often necessitate high pump 

power sources, we selected gain media renowned for their high quantum yields and exceptional 

photostability. 

Colloidal quantum dots have become a cornerstone of recent scientific research of the last 10 

years, revolutionizing fields ranging from optoelectronics to biomedical imaging. Due to their 

remarkable properties, including tunable emission spectra, high quantum efficiency, and 

exceptional photostability, quantum dots play a pivotal role in advancing in quantum 

phenomena and offer unprecedented opportunities for innovation and discovery across various 

disciplines, which recently resulted in the Nobel Prize in Chemistry 2023 being assigned for 

their discovery.  

However, particularly for room temperature applications, colloidal QDs experience a significant 

degradation in optical coherence, which affects their ability to emit light, primarily due to 

phonon scattering and fluctuations in the spin states (spin noise) of the electrons. The 

consequence of this de-coherence is that despite being bright single-photon sources,17,18 

individual colloidal QDs remain not efficient enough for applications in information-based 

technology.19 One way that can be used to increase the QD emission efficiency, is to couple 
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them with photonic and plasmonic cavities to exploit their long propagation length and 

delocalized nature of surface lattice resonances. In fact, when the intrinsic optical losses of 

plasmonic systems are mitigated by the emergence of plasmonic lattice resonances, as discussed 

previously, it is possible to induce coupling with the energy states of the QDs to generate strong 

light-matter interactions, directional emission, and to promote lasing emission from high-

density emitter configurations.20,21  

During my research stay in the group of Prof. N. Chiang at the University of Houston, I have 

coupled the colloidal silver nanocluster metasurface to a layer of core-shell QDs (CdSe/ZnS 

stabilized with octadecylamine ligand) spin coated onto a layer of SU8 photoresist (see 

Paragraph 2.4.1 of Chapter 2). This architecture was used to promote two-photon emission 

processes, introduced in Chapter 1.  

 

Figure 3.9 UV-Vis and fluorescence analysis of CdSe/ZnS QDs in solution dispersed in Toluene [0.1M]. 

This core-shell QDs show a broad absorption band ranging from the UV (around 300 nm) to 

the Vis spectral range (around 620 nm). The lattice period of 400 nm was used for preparing 

this plasmonic metasurface, and it was chosen in order to ensure the overlap of the SLR with 

the emission of the QDs at 610 nm. The transmission spectra for the SLRs and LSPRs arising 
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from the samples fabricated and illustrated in Paragraph 2.4.1 of Chapter 2, were achieved 

with same customized optical set up and they are illustrated in Figure 3.10. 

 

Figure 3.10 (a) Transmittance spectra of a AgNPs array on top of a QDs layer. (b-c) Contour plots showing 

the angular dependence of the diffractive grating assembled on top of (b) SU8 alone, and (c) SU8/QDs layer, from 

the illumination angle. The black dashed lines represent the simulated diffraction orders predicted using equation 

3.4. The degeneracy of the first diffraction order, visible with the appearance of 4 branches, is due to misalignment 

of the sample azimuthal angle respect the illumination. 

The presence of the plasmonic array strongly modulate the optical properties of the system, as 

emerges by comparing the normal incidence transmission of the sample without array (red curve 

in Figure 3.10 a), and with array (blue and black curve in Figure 3.10 a). A clear lattice mode 

appears in the cases where the plasmonic grating is present at around 611 nm. The increased 

intensity of the localized plasmonic response in the UV region of the spectra, and some spectral 

difference between the samples with (black curve) and without (blue curve) quantum dots layer, 

can be attributed to a difference in the spots investigated and a more irregular surface on which 

the assembly is performed due to the presence of the QDs. The Contour plots in Figure 3.10 

b, c show the clear dependence from the illumination angle for both the samples (with and 

without quantum dots), confirming that the adapted open-cavity architecture works, and the 

optical response is only partially affected by the presence of the QDs layer. 
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3.2.3 Optical characterization of in situ growth plasmonic array 

As described in Paragraph 2.5 of Chapter 2, the in situ growth method developed in this thesis 

overcomes two significant challenges: the need for time-consuming self-assembly steps and 

excess of reagents generally used for batch synthesis. 

Optical transmission experiments were conducted to evaluate the lattice plasmon resonances 

arising from in situ growth arrays successfully achieved with lattice period of 400, 500, and 600 

nm (fabricated as depicted in Figure 2.17 of Chapter 2). In this case, the absence of any 

waveguided mode requires the application of a superlayer in order to create a uniform dielectric 

environment around the plasmonic metasurface. This was achieved applying a thin layer of 

PDMS to cover the particles after growth is completed. Under refractive index match 

conditions, all the transmission profile displays sharp lattice plasmon resonances. 

 

Figure 3.11 SEM images of (a) the patterned hydroxypropyl cellulose (HPC) films with lattice parameter Λ 

= 400 nm, (b, c) the resulting patterned nanoparticle substrates, (d) HPC stencil with Λ = 500 nm, (e, f) 

corresponding patterned nanoparticles array with Λ = 500 nm. (g) Smoothed and normalized transmission spectra 

of the substrates following refractive index matching. The dashed lines represent the predicted position of R-W 

anomalies by using Eq. 3.4, considering the refractive index of the index matching layer (nPDMS=1.45). (h-j) 

Contour plots showing the illumination angle dependence of the SLR wavelength for (h) Λ = 400 nm, (i) Λ = 500 

nm, and (j) Λ = 600 nm lattices. The dashed lines are the predicted positions of the R-W anomalies. 

These results represent the first demonstration of lattice plasmon resonances arising from 

metasurfaces fabricated via a purely in situ synthetic route, without the need for batch synthesis, 
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self-assembly, top-down fabrication, or expensive and specialized equipments.22 Depending on 

the lattice parameters used to fabricate the HPC masks, the wavelengths associated with lattice 

plasmon resonances are expected to vary (Figure 3.11 g), with the most intense SLRs are 

expected to occur near the first-order diffraction line.23 

At normal incidence, the predicted wavelengths correspond to 560 nm for Λ = 400 nm, 700 

nm for Λ = 500 nm, and 840 nm for Λ = 600 nm. 

For the lattice of 400 nm, the predicted lattice plasmon resonance overlaps the LSPR band of 

the AuNPs, identified as a shoulder at 560 nm in the transmission spectrum. In the case of 500 

nm, a dip is observed at 698 nm, while for the lattice period of 600 nm, the lattice resonance 

emerges at 826 nm, both in good agreement with the predictions (Figure 3.11 g).  

The discrepancies observed between the experiment and predicted positions, can be attributed 

to various factors, such as the effects of the surfactant coating of AuNPs and/or variations in 

the PDMS refractive index due to differences in composition and curing conditions.24 The 

contour plots in Figure 3.11 h-j display the spectral angular distribution of the lattice 

resonances, studied by changing the illumination angle from 0 to 15°. The appearance of a 

second order diffraction line (Figure 3.11 j) confirms the higher quality of the Λ = 600 nm 

array. Moreover, the quality factor Qf = w/Dw was evaluated for the experimental SLRs and 

results equal to 29 for Λ = 600 nm, and 21 for Λ = 500 nm.In the case of the Λ = 400 nm array, 

it wasn’t possible to estimate the Qf due to the blue-shifted diffraction line relative to the lattice 

resonance peak, resulting in an asymmetric Fano profile. 

The Qf associated to single-nanoparticle arraysfabricated from colloidal suspensions generally 

ranges between 10 and 40. Consequently, despite a patterning yield of around 80% (Table 3.2 

in Chapter 2), our array performance is comparable to state-of-the-art methods based on single-

particle assembly.10,12 Manjavacas and co-workers have conducted some theoretical studies 

suggesting that by reducing the dimension of the repeating unit below to 100 nm, it is possible 
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to achieve narrower lattice resonances and how this effect is even more pronounced for realistic 

systems (i.e., a limited array size).13 

These results suggest that the reduced dimensions of our in situ grown nanoparticles, together 

with the lack of optical losses attributed to strong near-field coupling within the repeating unit 

(as observed in cluster plasmonic arrays), can explain the presence of relatively sharp lattice 

resonances despite the existence of defects. 

The demonstration of SLRs by bottom-up in situ substrate growth underscores its potential as 

a simple and readily accessible route to plasmonic materials engineering, even though the 

fabricated arrays exhibit less uniformity than those fabricated by state-of-the-art top-down25 or 

colloidal synthesis/self-assembly methods.26 

3.3 Chiral plasmonic metasurfaces 

Symmetries, which govern electronic structures, crystallographic arrangements, chemical 

bonding and more, underlie the properties of almost every physical system.27  

Chirality, for instance, is a fundamental property linked to the handedness of a structure that 

does not present mirror planes or inversion symmetry, and it is valid for diverse natural systems 

at different length scales, from enantiomeric molecules to chiral asymmetries observed in 

biological structures at the micro-organism level.28  

The chirality of a medium, can be optically revealed comparing the interaction with right- or 

left- circularly polarized light (RCP and LCP), representing the “chiral state” of light. When light 

with different polarizations interacts with a chiral medium, it experiences a variation in the 

complex refractive indices reflected in how the medium refracts, absorbs, and transmits light.29 

This gives rise to a difference in absorption of RCP and LCP light, a phenomenon known as 

circular dichroism (CD). Another related optical phenomenon is the optical rotatory dispersion 

(ORD), when linearly polarized light passing through a chiral medium undergoes rotation 

relative to its initial orientation. This phenomenon can be understood by considering that a 
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linearly polarized light field comprises a combination of LCP and RCP light components. As 

such, a difference in the real part of the refractive index leads to a phase mismatch between the 

two perpendicular polarizations. As a result, the plane of polarization is rotated and a difference 

in the absorption of the linearly polarized light occurs, respect to parallel or perpendicular 

orientation, along the propagation axis.30 

Chiral plasmonic metasurfaces can be finely tuned at the nanoscale to surpass the chiroptical 

capabilities of natural systems,31 offering unique optical features such as selective polarization 

control and efficient circular dichroism. By integrating chiral elements into metasurface designs, 

it becomes feasible to manipulate light propagation, control its spin angular momentum, and 

tailor optical responses over a wide spectral range, opening the way for advanced application in 

photonic, sensing, bioimaging. For example, optical chirality detection could play a key role in 

understanding DNA function and various biological processes, supporting drug design and 

clinical biomarker identification, such as D-amino acid enantiomers associated with 

neurodegenerative diseases. Furthermore, a recent shift in quantum information processing 

involves exploiting the chiral light-matter coupling for transmission, manipulation, and storage 

of information. However, existing fabrication methods struggle to simultaneously enhance and 

tune both chirality and resonances Q-factor, limiting their versatility and effectiveness in 

advanced photonics applications. 

We can distinguish two types of chiral metamaterials. Intrinsic chiral metamaterials are identified 

by their constitutive elements displaying geometric chirality.32,33 These materials can often be 

tailored to demonstrate optically intrinsic electromagnetic behavior, particularly a chiral 

response at normal incidence.30 

In contrast to intrinsic metamaterials, extrinsic chiral metamaterials consist of geometric units 

that are geometrically achiral or homogeneous.34,35 The extrinsic chiral activity arises from the 

interaction of the metamaterial with its environment. Typically, this interaction is achieved by 

symmetry breaking induced by another material or by interaction with light at off-normal 
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incidence angles.36,37 One limitation of extrinsically chiral metamaterials is that the magnitude of 

the extrinsic chiroptical response tends to diminish at normal incidence and change sign when 

the angle of incidence is varied. Nevertheless, the magnitude of the chiroptical response typically 

increases for large off-normal angles of the incidence light, allowing geometrically achiral 

structures to generate a pronounced chiral response, due to altered phase relationships and 

wavefront distortions. 

Chiral plasmonic metasurfaces represent a category of 2D metamaterials carefully designed at 

the nanoscale to induce enhanced chiral optical behavior.38–40 Metasurface with chiroptical 

activity have shown potential as a versatile platform for advanced optical applications such as 

negative refraction, super-resolution imaging and invisibility cloaking.41,42 

In this work, we have used plasmonic chiral metasurfaces to enhance the photoluminescence 

of a common dye, which revealed the capability of the lattice resonance, arising from achiral 

plasmonic units (AgNPs spheres) patterned in well-known chiral shapes Gammadion (G), to 

transfer the chiroptical behavior to the emission of achiral dye molecules (Rhodamine B). 

3.3.1 Optical characterization of chiral plasmonic metasurfaces 

Circularly polarized luminescent (CPL) materials have recently emerged as hot topic for 

scientific research, offering significant advances in various technological applications, including 

optical data storage, displays and quantum communication.43 

Despite numerous strategies have been proposed for assembled materials44 comprising 

inorganic, organic, and hybrid systems, within chiral orientationally ordered structure such as 

chiral liquid crystals45 and polymers,46 achieving prronounced and controllable circularly 

polarized light emission remains a challenge.  

In this project we used achiral plasmonic building blocks (spherical AgNPs) self-assembled into 

chiral arrays (left (L-), right (R-), and racemic or mixed (M-) Gammadions to induce chiral 



 171 

luminescence from molecular emitters placed in proximity of the chiral metasurface (the 

fabrication details were discussed in Paragraph 2.4.1 of Chapter 2).  

In non-scattering samples, variations in transmittance for each circular polarization of light will 

depend only on molecular absorption within the materials, since reflection and scattering 

processes are negligible. This gives rise to the well-known phenomenon of circular dichroism 

(CD) defined as:47 

CD = 𝛼fgh − 𝛼agh   (3.6) 

where 𝛼fgh, and 𝛼agh represent the absorption of left- and right- handedness respectively. 

The CD is evaluated as the differential transmittance (1-T) passing through the sample, and the 

magnitude of this process is typically expressed by a quantity known as g-factor:48 

𝑔 − 𝑓𝑎𝑐𝑡𝑜𝑟	 = 	 iCDE0iFDE
! "⁄ (iCDE$iFDE)

  (3.7) 

However, in the scenario where periodic arrays act as scattering centers, the conventional 

definitions tend to underestimate the observed differences in transmission spectra for incident 

left- and right- circularly polarized light (LCP and RCP respectively). Absorption alone is not 

sufficient to quantify CD when circularly polarized light, generated by a linear polarizer set at 

±45° respect to the fast axis of a quarter-wave plate, encounters a chiral metasurface. This is 

due to the additional effect of light scattering process,49 which deflects the light away from the 

propagation axis, resulting in differences in the transmitted signals. 

Thus, considering a metasurface able to scatter one circular polarization out of the propagation 

axis without absorbing its energy, a measurable differential transmittance in the normal direction 

persists, which can still be considered as CD:50 

CD = 𝑇fgh − 𝑇agh   (3.8) 

Experimentally, the magnitude of the process is quantified by the dissymmetry factor (g), which 

takes into account the CD normalized over the transmission of unpolarized light (Tup) as:  
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𝑔	 = 	 kl
! "⁄ (lG+)

= lCDE0lFDE
! "⁄ (lG+)

  (3.9) 

 

Figure 3.12  Morphological and Optical characterization of the G-metasurfaces. (a) left-, (b) right-, and 

(c) mixed- (racemic) handedness structure of 25 nm AgNPs assembly. (d) Transmittance spectrum of 25 nm NPs 

with unpolarized white light. The peak represents the position of the SLR for right (red) at 900 nm and racemic 

(blue) at 880 nm Gammadion. The left Gammadion (black curve) do not show the emergence of a SLR. (e) left-

, (f) right-, and (g) mixed- (racemic) handness structure of 50 nm AgNPs assembly. (h) Transmittance spectrum of 

50 nm NPs for left (black), right (red) and racemic (blue) Gammadion. The peak represents the position of the 

SLR for left (black) at 926 nm, right (red) at 960 nm, and racemic (blue) at 966 nm Gammadion. (i) left, (j) right, 

and (k) mixed (racemic) handedness structure of 100 nm AgNPs assembly. (l) Transmittance spectrum of 100 nm 

NPs. The peak around 1100 nm represents the position of the SLR for left (black), right (red) and racemic (blue) 

Gammadion. 

The four-fold rotational symmetry (C4 symmetry) of the G-geometry imply that an object 

remains invariant under rotations of 90°. In terms of linear polarization of light, this means that 

the optical properties, including the polarization state, remain unchanged after the object 

undergoes such rotations. Thus, the linear polarization contribute to the dissymmetry factor is 

negligible and pure circular polarization can be considered. First, the metasurfaces were optically 
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characterized with white light to evaluate the position of the lattice resonances arising from the 

G-structures (Figure 3.12 d, h, l), as done for the squared array samples (see Paragraph 3.2).   

The angular characterization revealed the diffractive nature of the observed peak, leading to 

categorizing them as SLR (Figure 3.13). 

 

Figure 3.13 Contour plots of SLRs arising from the chiral metasurfaces. The intensity maps show the 

wavelength position dependence of the lattice resonances as function of the illumination. 

An experimental study on the different NPs sizes was conducted, with the idea of identifying 

the most effective conditions for compensating near-field optical losses associated to the 

structure assembly, while at the same time maintaining enough coupling to generate a high g-

factors. The localized plasmon red shifts with the particle dimension, generating different 

couplings with the diffraction lines,12 as confirmed by the contour plots in Figure 3.13. Once 
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the samples transmission was fully characterized, the CD measures were performed as described 

in the following schematic (Figure 3.12): 

 

Figure 3.14 Optical set up used for CD measures to evaluate the absorption/extinction processes of incident 

circularly polarized light. Depending on the handedness of the structure, the metasurface is considered to scatter 

one circular polarization out of the propagation axis without absorbing its energy. 

 

Figure 3.15 Normal incidence CD transmittance analysis of the array with (a) 25, (b) 50, (c) 100 nm AgNPs 

clusters. The black, red and blue curve represents the left-, right- and mixed- (racemic) handness. 

An intense chiroptical activity modulated by the light circular handness was registered in all 

samples in correspondence of the position the lattice resonance at 870, 960, 1100 nm (Figure 

3.15 a, b, c respectively) suggesting the synergic interaction between the chiral geometry and 

the plasmonic lattice resonances. In other words, we were able to verify that the chirality of the 

repeating unit is translated into a chiral property of the lattice resonance arising from isotropic 

and achiral colloids. 
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3.4 Plasmonic metasurfaces modification 

Due to the parameters involved in the shaping of their optical response, colloidal plasmonic 

metasurfaces offers unprecedented flexibility compared to simple colloidal suspension, 

including the possibility of engineering their structure in post assembly steps. For example, Prof. 

Fery’s group have fabricated array of colloidal gold nanoparticles squared lattice on 

polydimethylsiloxane (PDMS) substrate demonstrating a significant and reversable alteration in 

the optical response of the system when a mechanical strain is applied, causing the array to 

transit from a square lattice to a rectangular one.  The SLR peaks were finely tuned over a range 

of 70 nm and the uniaxial strain introduces an optical anisotropy.51 

Thus, they demonstrated that it was possible to dynamically tune narrow plasmons lattice 

resonances (bandwidth <5 nm) over the entire visible spectrum, introducing exciting prospects 

for real-time optical systems and flexible electronics.52 

In this thesis, we have investigated the possibility of modifying the optical properties of 

plasmonic arrays by acting on the internal structure of the repeating unit, an interesting direction 

that remains relatively unexplored by the community. 

This perspective holds promise for colloidal assemblies, where such modifications can be 

deliberately engineered into the colloidal building blocks used for assembly. This can be 

achieved through tailoring surface chemistry, specific interactions with substrates, crystallinity 

adjustments, or chemical reactivity.53,54 

In this study, we delve deeper into the concepts of controlling optical losses for enhancing the 

quality factor of lattice plasmon resonances in arrays of metal nanoparticle clusters, examining 

both pre- and post-assembly modifications of the repeating unit and analyzing their impact on 

the collective plasmonic response (Figure 3.16). 
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Figure 3.16 Internal organization and composition of plasmonic colloidal array unit cells engineered by 

exploring both pre- and post- assembly modifications such as the size distribution and composition of the colloids 

within the clusters, and thermal annealing treatments. Scale bars: 100 nm. 

In the first approach, we co-assembled colloids of different sizes (25, 100 nm) and compositions 

(Au, Ag) to fabricate mixed plasmonic arrays (as discussed in Paragraph 2.4.1). In the second 

explored approach, we investigated a thermal post-modification technique applied to the 

assembled structures, allowing for the creation of heterogeneous agglomerates and facilitates an 

alloying process of the original components, depending on temperature and dwell time. 

Since the study’s focus was on modifying the repeating unit properties, the lattice pitch chosen 

for the squared array, which depends on the mold geometry, was kept constant for all samples 

(500 nm lattice period, hole diameter 280 nm, hole height 390 nm).  

In contrast to the plasmonic metasurfaces prepared in combination with emitters (Paragraph 

2.4.1), here we avoided the emergence of waveguided modes by assembling the plasmonic arrays 

directly on glass. This allowed us to simplify the system and isolate the effect of the modification 

of the repeating unit over the optical profile of the sample. Consequently, before preceding to 

optical characterization a layer of PDMS (>100 µm) was deposited onto the plasmonic units to 

index match the system and create a uniform dielectric environment in terms of refractive index. 

This superstrate enhances in-plane coupling mediated by grazing diffraction modes, thereby 

facilitating the emergence and investigation of lattice resonances.5,55,56 
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Figure 3.17 Index match procedure used before proceeding with the optical characterization. Some PDMS, 

prepared in ratio 10:1 of the monomer with the curing agent, is dropped on top of the plasmonic array in order to 

form an index matched transparent layer. 

As explained in Chapter1, the optical behavior of colloidal plasmonic crystals can be roughly 

characterized by two main spectral features: the LSPR relative to the plasmonic clusters, 

observable between 400 and 650 nm, and the collective response of the entire array which 

position at normal is predictable by using Eq. 3.4. In this study, the lattice period Λ = 500 nm 

and neff = 1.49, considering an average of both nglass = 1.52 and nPDMS = 1.45. These values lead 

to predict the primary SLR position to appear approximately at 745 nm. 

3.6.2 Pre-assembly modifications: effect of size distribution  

To study the effect of the particle’s dimensions on the optical response, gold nanoparticles with 

two distinct sizes (96 ± 9 nm and 24 ± 3 nm) were assembled into 500 nm square arrays. In 

particular, after being standardized in terms of concentration ([Au0] = 50 mM) by controlling 

the absorbance at 400 nm of the gold interband transition in UV-Vis experiment,57 two colloidal 

mixtures were preparate using different volume ratios of 25 and 100 nm NPs. 
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Figure 3.18 (a-d) SEM analysis of plasmonic arrays (Λ = 500 nm) fabricated by co-assembling of AuNPs 

with diameters of 25 and 100 nm. The 25 nm colloids were used with volume fraction of (a) 1, (b) 0.5, (c) 0.25, 

and (d) 0, respectively. (e) Transmittance spectra with the same color code: 25 nm colloids with volume fraction 

equal to 1 (pink), 0.5 (orange), 0.3 (cyan), and 0 (green). 

Transmittance measurements were conducted on all the samples as described in Paragraph 3.2. 

An evident trend in their collective response was observed. Specifically, while the SLR band 

manifests as a sharp peak at 745 nm for the 25 nm colloid, it gradually shifts towards longer 

wavelengths and broadens as the percentage of the 100 nm colloid increases (Figure 3.18 e). 

Different combinations of particle sizes were tested by replacing either the larger or smaller 

colloids with 49 ± 3 nm gold nanoparticles. As shown in Figure 3.19, a higher percentage of 

clusters containing both sizes of colloids were observed for both 100:50 nm and 50:25 nm 

combinations. 

 

Figure 3.19  (a-c) SEM analysis of plasmonic arrays (Λ = 500 nm) fabricated by co-assembling AuNPs 

25:100 (a), 25:50 (b), and 50:100 nm (c) in equal ratio (1:1). (d) Normalized transmittance spectra with the same 

color code: 25:100 (blue), 25:50 (red), and 50:100 nm (purple). 
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The behavior observed in the cluster formed by particles with different size in the two cases 

displayed in Figure 3.19 suggests that the distribution of the two nanoparticle populations is 

closely related to the difference between their translational diffusion coefficients (see discussion 

in Chapter 2). 

To try and minimize the defects in the structure and maximize the inclusion of the larger colloids 

within the repeating unit, an alternative multistep assembly approach was explored. Here, the 

low-diffusion component (bigger particles) is pre-loaded into the PDMS mold and then 

transferred to the substrate while simultaneously co-assembled with the high-diffusion 

component (smaller particles). This was achieved by treating the PDMS mold with UV-O3 light 

for 25 minutes to make the surface more hydrophilic, thereby enhancing its affinity with colloids 

prepared in an aqueous environment. This affinity contrast is further accentuated by performing 

templated self-assembly on a highly hydrophobic surface, such as silanized glass coverslips in 

this case. Upon a demolding step, the colloids remain trapped inside the mold, adhering to the 

most hydrophilic surface (Figure 3.20 a-d).  

This pre-loaded mold is then utilized for the standard templated self-assembly process of a high-

diffusivity smaller colloid, resulting in a mixed plasmonic array comprising the 96 ± 9 and 24 ± 

3 nm gold nanoparticles. 

Despite the SEM analysis in Figure 3.20 shows that a higher percentage of clusters is being 

occupied by at least one large nanoparticle, the formation of empty rings consisting of smaller 

colloids is also observed. This indicates that some of the 100 nm nanoparticles are not 

transferred from the PDMS template during the second assembly step. A weaker activation of 

the PDMS mold or the replacement of the UV-O3 treatment with a chemical modification may 

help to overcome this issue. The emergence of a lattice optical response is confirmed by a 

relatively sharp signal peaked at 780 nm in the transmittance spectra of the samples prepared by 

sequential deposition assembly (Figure 3.20 e).  
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The presence of a collective plasmonic response is observed in all the mixtures studied, despite 

the increased losses within the repeating unit cell, suggesting the feasibility to assemble colloids 

that differ significantly in terms of size and/or shape.  

The adaptability and robustness of this procedure can be leveraged to engineer both near-and 

far-field responses of the assembled system, which represents a great advantage for sensing and 

photonic application respectively, opening avenues for designing complex architectures wherein 

diverse nanoparticles are organized into hierarchical structures. 

 

Figure 3.20 (a-d) SEM images of the PDMS mold pre-loaded with 96 ± 9 nm AuNPs (a, b), and the final 

assembly obtained after (c, d) sequential deposition with 24 ± 3 nm nanoparticles. (e) Normalized transmission 

spectra of the final array of co-assembled particles with different sizes (25:100 nm). Lattice period is Λ = 500 nm. 

3.6.3 Pre-assembly modifications: the effect of composition 

In the second part of this work, we studied the impact on plasmonic properties of the arrays by 

altering the composition of the repeating units. Gold nanoparticles with a diameter of 49 ± 3 

nm were combined with silver nanoparticles with a diameter of 45 ± 4 nm, and their ratio was 

varied preparing different mixture before proceeding with self-assembly. Specifically, four 

colloidal suspensions were preparate with different volume fractions of gold and silver 

nanoparticles.  
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The mixtures yielded a fraction of gold nanoparticles (cAu) of 0.75, and 0.35 respectively (cAu=1 

corresponds to pure gold and cAu=0 pure silver mixture). All the mixtures were characterized 

by UV-Vis spectroscopy and their composition was confirmed by energy dispersive X-ray 

(EDX) spectroscopy (Experimental Section). 

 

Figure 3.21 SEM analysis plasmonic array (Λ = 500 nm) obtained by co-assembly of Au and Ag NPs of ∼50 

nm in diameter with different molar volume fractions: cAu of (a) 1, (b) 0.75, (c) 0.35, (d) 0. (e) The corresponding 

normalized transmittance spectra follows the same color code: cAu of 1 (red), 0.75 (yellow), 0.35 (blue), and 0 

(green).  

SEM analysis (Figure 3.21 (a-d)) confirmed the successful fabrication of the plasmonic arrays. 

Using the distinct electronic contrast between Au and Ag, both particle types are visible in SEM 

images, like what is typical observed for bimetallic structures,58  revealing a statistical distribution 

of the two colloids within the different clusters. Since both gold and silver nanoparticles share 

similar sizes, coatings, and dispersion medium, they display a comparable distribution pattern. 

The variation in composition of the four colloidal suspensions is evident in the transmission 

spectra of the assembled structures (Figure 3.21 e). 

The LSPRs band associated with the clusters emerge in the 400-700 nm in the blue region of 

the spectra as the amount of silver colloid is increased, in contrast to the pronounced red shifted 

localized plasmons associated with gold nanoparticles (>600 nm). Additionally, the optical 
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characterization confirms the appearance of a lattice plasmon resonance centered around 780 

nm for all samples (Figure 3.21 e), which diffractive nature was confirmed by the angular 

distribution evaluated by changing the illumination angle (Figure 3.22)  

 

Figure 3.22 Normalized contour plots representing the wavelength position as function of the angle of 

incidence, for the arrays (L =500 nm) prepared using a mixture of Au and Ag NPs in different ratio: χAu of (a) 1, 

(b) 0.75, (c) 0.35, and (d) 0. The black dashed lines represent the analytical calculation of the R-W anomalies 

predicted considering the effective refractive index, the angle distribution, and the azimuthal angle. 

Along the normal incidence direction, it can be observed a gradual red shift in the spectral peak 

position of the SLRs, from 770 nm of pure gold (Figure 3.22 a) to 765 nm of pure silver clusters 

(Figure 3.22 b). However, this variation cannot be considered significant since the 

discrepancies observed sample to sample can induce similar shifts in the position of lattice 

resonances (Figure 3.23). 

 

Figure 3.23 SLRs position varying sample-to-sample for plasmonic arrays (L = 500 nm) prepared with 

AgNPs. All the other samples show a similar variation behavior. 

This is most likely due to slight variations in neff or incomplete uniformity of the colloidal 

distribution as the solvent evaporates. Secondly, while increasing silver content, an increase of 
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the SLRs’ Q-factor (from 6 to 7, 15 and 25) is observed, which can be explained by the lower 

optical losses ascribed to Ag structures. This enhancement illustrates how different 

compositions influence the collective plasmonic properties of the array.  

3.6.4 Post-assembly modifications: thermal annealing  

A third way to tune the collective plasmonic properties of the array was carried out by post-

assembly modifications, where the internal structure of the repeating units is altered after the 

self-assembly process is complete. In top-down lithographic approaches, it is common practice 

to use thermal annealing steps to increase the crystallinity of deposited films.59 Inspired by such 

treatments, the same plasmonic arrays analyzed in Figure 3.21 have been heated by rapid 

thermal annealing (RTA) treatment, under nitrogen atmosphere and mild vacuum conditions 

(10-2 Torr). Compared to standard methods, which often require thermal steps of up to 900°C,60 

the nanoscale size of the colloids allowed the use of lower annealing temperatures for this study. 

Specifically, temperatures ramps (20 ºC/s) to 300 and 450 °C were used for each sample, with 

same dwell time of 60 min.61 

 

Figure 3.24 (a) Fabrication scheme involving post-assembly modification: 1. Synthesis of colloidal Au and 

Ag NPs; 2. Preparation of the mixtures; 3. Template-assisted self-assembly of the colloidal mixtures; 4. Thermal 

annealing treatment (T = 300, 450 °C); 5. Index match before the optical characterization. (b-c) Picture of the 

samples before the index match step prepared on (b) glass and on (c) silicon. 

There are two distinct effects to consider during the annealing process. The first is the removal 

of the organic ligands that surround and stabilize the individual nanoparticles within the clusters. 



 184 

The thermal decomposition of the coating shell increases the surface energy of the 

nanoparticles, allowing the more energetic surface atoms to rearrange even below the 

nanoparticles melting point.61–63 This effect, coupled with the short interparticle distance within 

the clusters (<2 nm), leads to the coalescence of the 50 nm colloids into a single plasmonic unit.  

The near field coupling within the clusters results to be significantly disrupted and enables a 

reduction in optical losses within the system, leading the formation of sharper lattice plasmon 

resonances (Figure 3.21 e).  

The second effect to be evaluated is the internal migration of atoms within the formed structure, 

which is particularly interesting in the case of heterogeneous cluster compositions. Recent in situ 

studies of bimetallic systems using advanced electron microscopy suggest that complete alloying 

of the two metals should be achievable at 450°C,64,65 while low temperatures may prevent or 

significantly slow down atom migration. SEM analysis confirms the modification of the 

aggregates after annealing, but there is a remarkable difference that emerges between the two 

metals.  

The first step was to investigate the effect of thermal annealing on plasmonic arrays composed 

solely of gold or silver NPs (Figure 3.25). 
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Figure 3.25  SEM analysis of plasmonic ordered arrays (Λ = 500 nm) composed of Au (top row) and Ag 

(bottom row) NPs at (a, b) room temperature, after thermal annealing at (c, d) 300°C and (e, f) 450 °C. (g, h) the 

normalized transmittance spectra correspond to the treatments with the same color code: room temperature 

(dashed black curve), annealing at 300°C (orange solid lines), and 450 °C (purple solid lines) in the case of (g) 

gold and (h) silver. 

At both annealing temperatures (Figure 3.24) a single, almost isotropic shape is obtained for 

gold. As the heated particles tend to dewet from the surface, a slight reduction in size is 

expected.66–68  

On the other hand, clusters of silver spheres do not completely combine, resulting in irregular 

and heterogeneous structures consisting of only few sintered nanoparticles (Figure 3.24 b, d, 

f) .  This behavior is evident in a much smaller size reduction of the clusters (Table 3.1), which 

cannot be explained by differences in melting point alone. In particular, the melting point is 

higher for 50 nm silver nanoparticles (1064 °C) compared to gold (962 °C).69,70 
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Table 3.1  Average diameters of the clusters composing the plasmonic arrays at room temperature (RT) 

and after thermal annealing at 300 and 400 °C. 

Annealing T (°) cAu = 1 cAu = 0.75 cAu = 0.35 cAu = 0 

RT 250 ± 20 200 ± 20 200 ± 20 240 ± 20 

300 160 ± 20 150 ± 20 170 ± 20 220 ± 20 

450 170 ± 10 130 ± 20 140 ± 20 170 ± 20 

Higher annealing temperature has an evident effect in the reduction of cluster size (Table 3.1).  

As the fraction of silver increases (cAu → 0) and after annealing at 300 °C, the cluster has the 

tendency to resist the reduction of their diameter, indicating a lower degree of coalescence 

between neighbor particles composing the mixed clusters. However, this separation is drastically 

reduced when the annealing temperature is increased to 450°C.  

Metal alloying provides a versatile approach to tailoring a material's dielectric constant, which 

can significantly affect the system's plasmonic properties.71 Indeed, our fabrication scheme can 

be extended to any other composition to achieve the desired alloy depending on the specific 

property or application of interest. 

Since the entire annealing process is carried out under nitrogen atmosphere and vacuum 

conditions, which minimize the partial pressure of oxygen and thus inhibit the adsorption of 

oxygen on the particles surface, the possibility of oxidation of the silver colloids seems 

implausible.72 Instead, two effects could explain the observed size clusters reduction behavior.  

The first effect involves the formation of silver sulphide species resulting from degrading the 

PEG-SH ligands coating the nanoparticles.73 The second effect relay on the tendency of gold 

and silver particles to coalesce, a phenomenon directly influenced by differences in surface 

atomic mobility64 related to surface energy, cohesive energy and vacancy formation.74 

Now that we have analyzed the behavior of the monometallic metasurfaces, we investigate the 

potential benefits of using mixed colloids for the fabrication of annealed plasmonic arrays, 

maintaining a consistent RTA profile across all samples.  
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As shown in Figure 3.25 g, h, the morphology variation affects the resulting optical responses 

of the arrays. For the Au colloid, a significant narrowing of the SLR bandwidth was observed, 

registering Qf of 6, 11 and 16 at room temperature, 300°C and 450°C, respectively Figure 

3.25g). On the other hand, the silver plasmons arrays showed widening and intensity decrease 

of the SLR peaks, resulting in reduction of the Qf (25, 10 and 12 for RT, 300 and 450 °C 

respectively) as seen in Figure 3.25 h). This is indicative of the occurrence of increased optical 

losses in the system or a reduction in the far-field coupling between the repeating units. 

The study of the annealing process was extended to the plasmonic arrays fabricated from the 

gold and silver colloids mixtures (Figure 3.26). 

 

Figure 3.26 (a-d) SEM analysis of plasmonic arrays (Λ = 500 nm) composed of a mixture of Au and Ag 

colloids with cAu = 0.75 (a), (c), and 0.35 (b), (d) subjected to thermal annealing at 300 (a), (b) and 450 °C (c), (d). 

The inset in (a) and (b) show the clusters at room temperature (scale bar: 200 nm). (e-h) Energy dispersive X-ray 

(EDX) spectroscopy mapping of the plasmonic arrays (Λ = 500 nm) composed of a mixture of Au (red trace) and 

Ag (green trace) colloids with cAu = 0.75 (e), (g), and 0.35 (f), (h) subjected to thermal annealing at (e), (f) 300 and 

(g), (h) 450 °C. On the right side the corresponding bright-field images (scale bar: 200 nm).  
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Interestingly, the presence of gold in the clusters seems to promote the coalescence of the 

colloids into singular structures, even when it is the minority component of the mixture (Figure 

3.26). 

In addition to SEM characterization, EDX mapping (with the red trace representing gold and 

the green trace representing silver) was conducted on the resulting structures for both annealing 

temperatures (Figure 3.26 e-f, g-h). Elemental analysis at 300°C revealed the formation of 

heterogeneous regions within the same plasmonic unit cells for both mixtures. These results 

have significant potential for plasmonic-driven (photo)catalysis, where energy or electron 

transfer between the plasmonic unit and the catalytic site requires precise engineering and 

suggest the possibility of manipulating the formation of patchy structures where the positioning 

of different elements could be controlled during assembly. When the annealing temperature is 

increased to 450 °C, the spatial distribution of gold and silver recorded by EDX mapping shows 

a significantly different scenario, with the two elements completely overlapping, indicating the 

formation of alloyed structures (Figure 3.26 g, h)  

The transmittance profiles of the mixed arrays in Figure 3.26 shows similar trends to those 

shown in Figure 3.25. The Qf of the SLRs increases with annealing temperature for gold-richer 

colloidal mixture, while it decreases for arrays where silver predominates. Remarkably, the best 

optical performance is achieved by the sample where cAu = 0.75 for both annealing temperatures 

(red curve in Figure 3.26 i, j), underlying that the combination of Au and Ag could enhance 

the optical performance of these colloidal metasurfaces combining the greater optical properties 

of silver and the advantageous chemical and physical stability of gold. A Qf of 20 was recorded 

for the SLR after annealing at 450°C, which is the second highest value reported in this study, 

after the Qf of 24 obtained for pure silver arrays. This represents an increment of approximately 

20% compared to a monometallic gold array annealed at the same temperature. The angular 

distribution, evaluated by changing the angle of illumination as done for other samples, 
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confirmed once again the diffractive nature of these SLRs (Figure 3.27), and the quality of the 

array is confirmed by the appearance of higher orders of diffraction. 

 

Figure 3.27 Contour plots of the SLRs as function of the illumination angle for the arrays with lattice period 

of 500 nm after annealing treatment at (a-d) 300 °C, and (e-h) 450 °C. Array of clusters with Au and Ag colloids 

in different volume fractions: (a, e) χAu = 1, (b,  f )  0.75, (c, g) 0.35, (d, h) and 0. The black dashed lines represent 

the calculation of the R-W anomalies of the array following Eq. 3.4, considering the range of angles, the azimuthal 

angle, and effective refractive index. 
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Chapter 4 

NANOPTICS APPLICATION: 
PHOTOLUMINESCENCE AND LASING EMISSION 

E.: “But what happens during the emission of light? […] Do you think that my conception is 
correct? Or can you describe the transition from one stationary state to another in a more precise way?” 

H.: “Bohr has taught me that one cannot describe this process by means traditional concepts, i.e., as a process in 
time and space. With that, of course, we have said very little, no more, in fact, than that we do not know.” 

W. Heisenberg, “Quantum mechanics and a talk with Einstein” -Physics and beyond (1926) 

Introduction 

Exciton-photon interaction within coupled systems can dramatically alter the emission 

properties of a material. This synergistic coupling enables manipulation of emission spectra, 

enhancement of emission rates, and control over emission directionality, allowing the 

development of nanoscale functional light sources. Recent advancements in nanofabrication 

techniques have demonstrated a range of coupled nanosystems, exhibiting significant 

improvements in emitter decay rates, alongside intensity enhancements of up to 1000 times, 

achieving precise control over light emission characteristics.1 For example, advances in 

plasmonic nanolaser design offer advantages such as reduced threshold emission, real-time 

wavelength tunability,2,3 and control on emission characteristics such as off-normal4 and 

azimuthal polarization.5 Given the current success, the surface chemistry and crystallographic 

control facilitated by colloidal systems could profoundly influence the use of this emerging class 

of metamaterials for innovative applications in a wide range of scientific and technological fields. 

The exceptional adaptability of self-assembled colloidal nanoparticle arrays offers a potential 

route for engineering metasurfaces that enhance the optical response efficiency and, at the same 

time, allow to engineer a dynamic chemical interaction with the surrounding environment.  In 

this chapter we will discuss the application of our colloidal-based plasmonic metasurfaces in 

different nanophotonic devices, exploiting the fabrication strategies described in Paragraph 

2.4.1 of Chapter 2. In particular, we studied the behavior of squared array colloidal metasurfaces 
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for promoting lasing emission of a common laser dye (Rhodmine B), two-photon excitation 

photoluminescence emission of core-shell type QDs, and chiral emission of achiral emitter 

(Rhodamine B) molecules induced by resonant coupling with colloids arranged into chiral 

shaped arrays.  

4.1 One photon excited stimulated emission in plasmonic metasurfaces 

As an, coherent source of narrow bandwidth light, the laser is undoubtedly a cornerstone in the 

advancement of photonics research. Not only it represents a key tool for many important 

scientific experiments that rely on photons, but it’s also a convenient and effective source of 

light across a range of wavelengths for technological applications such as optical 

communications, materials processing, biomedical imaging and therapy. 

The research community continues to strive to develop lasers with unprecedented properties 

and achieve nanolasers that push the limits of size, pulsed lasers with extremely peak powers, 

devices that operate at new wavelengths or achieve greater efficiencies. However, despite the 

typically distinct operational signature dictated by laser physics, there is concern within the 

scientific community about the adequacy of the evidence supporting laser claims in the 

literature.6,7Lasing emission based on plasmonic platforms holds great potential for developing 

nanoscale light sources and bring biosensing technologies to the next level. This phenomenon 

relies on Surface Lattice Resonances (SLRs) to coordinate the lasing activity, exploiting the 

resonances as optical cavities. These cavities not only counteract optical losses but also amplify 

the localized electromagnetic field, leading to significant enhancements in the emission of gain 

media.8,9 The plasmonic nanostructure can function as an optical resonator, amplifying the 

relaxation rates in the emitter at the emission frequency.  

When a radiative dipole (dye molecules) is positioned inside a resonant cavity, its emission 

intensity is amplified when it matches the resonance frequency (on-resonance) of the cavity and 

a quenching when it deviates from it (off-resonance). These effects are related to the change in 
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cavity density of states (DOS) available for the system to radiate. This, in turn, induces a 

significant increase in the local density of optical states.10114 The consequent plasmon-exciton 

coupling promotes preferential radiative decay for excited molecules, resulting in emissions that 

are not only enhanced but also highly directional.11 As such, the presence of plasmonic array 

cavities can be used to lower lasing thresholds through the high photonic density of states and 

facilitate the enhancement of optical emission,12 since ρLODS(ω) ∼ |Eloc(ω)|2, where |Eloc(ω)|2 is 

the local electric field of the cavity normalized to the incident intensity. 

Groundbreaking research carried out by Odom’s group demonstrated the successful 

achievement of lasing action via lattice modes within plasmonic lattices surrounded by a uniform 

gain media.13 They also showcased real-time dynamic tuning of the plasmonic laser spectral 

output by manipulating the refractive index of the surrounding medium within microfluidic 

setups.2 SLRs-based lasing architectures go beyond the mere condition of the emission 

wavelength and offer additional advantages. They allow the fine control of the emission 

direction and polarization by changing the lattice parameters, such as period and symmetry 

points (Γ or M), to match the emission of the emitter.4,14 The incorporation of hybrid 

waveguided SLR modes, which arise from variations in the refractive indices between the 

emitter layer and the substrate, provides a method of tailoring the polarization of the laser 

emission either radially or azimuthally.5,15  

The laser emission can also be manipulated through surface engineering of the plasmonic 

system. Deng and coworkers, for example, have demonstrated that the addition of few-layer 

graphene over lattices of copper nanoparticles, and combining it with molecular dyes as gain 

media, can enhance lasing action at lower concentrations and thresholds compared to bare Cu 

NP lattices.16 The observed improvements were attributed to p-p interactions between aromatic 

molecules and graphene, supported by calculations of adhesion energy and simulations of a 

surface-dye lasing model. 
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This adaptability in manipulating different facets of the lasing process highlights the potential 

of plasmonic-based lasing platforms for applications in nanophotonics and biosensing. 

However, due to the precise control required to achieve high quality optical cavities, the 

manufacture of photo-emissive metasurfaces device is still restricted to top-down fabrication 

techniques, such as electron beam lithography (EBL) and focus ion beam (FIB). 

 

Figure 4.1  Plasmonic metasurfaces coupled with emitters for room-temperature nanolasers. (a) 

white laser device based on a sandwiched plasmonic nanoparticle lattice device. The white lasing emission spectra 

is achieved a mixture of red (DCM), green (C500), and blue (C480) dyes. (b) perovskites thin film integrated with 

Al NPs array lasing emission (threshold 21.9 µJcm−2). (c) Stretchable nanolasing device from hybrid quadrupole 

lattice plasmons modes, reversibly tunable by releasing the elastomeric substrate (applied strain ε). (d) Lasing device 

consisting in Au NP arrays fabricated onto transparent substrate and sandwiched between an IR-140 dye dissolved 

in an organic solvent and a glass coverslip. SEM image scale bar, 400 nm. Panel a: Copyright 2021, Wiley-VCH. 

Adapted with permission.17 Panel b: Copyright 2022, Wiley-VCH. Adapted with permission.15 Panel c: Copyright 

2018, ACS. Adapted with permission.3 Panel d: Copyright 2015, Springer Nature. Adapted with permission.2 

4.1.1 Lasing emission: the case of 400 nm lattice period 

Compared to enhanced spontaneous emission, amplified spontaneous emission (ASE) or 

related phenomena, the lasing emission can be identified by some characteristics such as: a clear 

indication of a threshold of output energy as a function of input (or pump) energy, supported 

by high lasing efficiency above the threshold; strong polarization of the output beam; spatial 

coherence indicated by a diffraction-limited output beam or speckle; significant narrow emission 

line; and high directionality.  
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Moreover, the analysis of the emission characteristics must take into account the specific gain 

medium, and resonator employed, given the wide array of micro and nano scaled resonators 

available. While many lasers boast linewidths of a nanometer or less and exhibit beams 

approaching diffraction-limited quality, the precise values of these parameters vary depending 

on the design of the resonator and the resolution of the detection instruments, resulting in 

variability from one laser to another.6  

Optically, both the absorption and emission characteristics of the system are important for the 

generation of a stable laser emission. As mentioned in Paragraph 4.1, the lasing process requires 

the presence of a radiative cavity mode aligned with the emission spectrum of the gain medium, 

which provides the optical feedback crucial to achieve population inversion.18 

Plasmonic arrays represent an interesting choice of optical cavity since they combine the unique 

features of both plasmonic building blocks and diffraction gratings, merging amplified scattering 

cross-section that is inherent to plasmonic resonances, with narrow bandwidths, high-quality 

factors,19 and spatial delocalization typical of diffractive phenomena.13 

These properties make surface lattice resonances (SLRs) suitable to promote such exceptional 

phenomena like surface-enhanced Raman20,21 and lasing emission.15,22,23 

In our case, the choice of RhB, a dye known for its high quantum yield, is motivated by its 

effective absorption of the pump light at 532 nm.24 Moreover, the fabricated arrays (see Chapter 

2 and Experimental Section) ensure the spectral overlap with the emission of the dye at 

normal incidence (in the case of L = 400), and off- normal (for L = 500). 

The lasing capabilities of our samples were proven utilizing a customized optical setup 

schematized in Figure 4.12 
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Figure 4.2  Beam profile and lasing experiment optical set up. The x, and y profiles of the pumping 

laser were evaluated by using a beam profiler, to extrapolate an illumination spot area. (a) Representation of the 

Gaussian fit of the laser profile incident on the sample along the 𝑥4 direction, after passing through a 10x objective 

lens. The spot size profile results 46.0 ± 0.4 µm with (R-square = 0.95). (b) Beam profiler image acquired by 

software and referred to the spot captured beyond the 10x objective lens. The original laser spot evaluated without 

any optical element is showed in the inset. (c) Digital picture of the experimental set up on built on the optical 

bench. (d) Scheme of the set up used for the lasing characterization (F1 is the long pass edge filter with high 

transmission to suppress the 532 nm wavelength). 

In brief, a pump laser (532 nm wavelength, with a pulse width of 1.5 ns, illumination area of 

46.0 ± 0.4 µm, Figure 4.2 a, b) was controlled by a custom LabView software (, allowing precise 

control of parameters such as pulse number and repetition rate using an external trigger. A low 

repetition rate (100 Hz) and two excitation pulses per measurement were chosen to reduce the 

accumulation of triplet states in the dye molecules.15 These settings not only help to minimize 

photobleaching effects, but also make it easier to perform a comprehensive set of measurements 

at the same spot on the sample. Prior to each measurement, the average pump power was 

recorded using a power meter. When utilizing an array with lattice period of 400 nm, we 
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observed the emergence of a narrow emission line at normal incidence (with a full width at half 

maximum (FWHM) of 5 nm, closely matching the resolution of our spectrometer) peaked at 

610 nm, in a transversal electromagnetic (TEM) configuration (Figure 4.3 a). 

 

Figure 4.3 Lasing characterization of the sample with lattice period Λ = 400 nm. (a) Transmission 

and lasing spectra overlap considering the condition above (orange curve) and below (grey curve) threshold 

emission. (b) Waterfall graph representing the lasing emission intensity as function of the pump power density 

(mJ/mm2). (c) Power ramp of the emission peak (610 nm). (d) Angle divergence study of the lasing emission peak, 

confirming the high directionality of the lasing emission (green trace) compared to the normal emission 

fluorescence (black trace). Inset: k-space plot of the Rayleigh-Wood anomalies (solid blue lines) distributed in all 

angular directions; the dotted circles represent the illumination angles intervals (from 10° to 80°) for azimuthal 

angles in the full 2π range. (e) Intensity of the lasing emission polarization dependence, evaluated as function of 

the angle α between the plane of the polarizer and the incident plane arising from the sample. The fit of the data 

point (red line) shows a sin2(α) dependence. 

The pump power density (in mJ∙mm-²) was consistently measured in the same spot on the 

sample, revealing the expected threshold behavior typical of lasing emission, as evidenced by a 

distinct change in slope that occurs at 0.3 mJ/mm² (Figure 4.3 b, c). As we will discuss in the 

next paragraph, the collected data are in good agreement with the classical electrodynamics 

simulations (FDTD) of our lasing architecture (Figure 4.7 c). 
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Moreover, the laser emission spectral position correlates remarkably well with the lattice 

resonance of the sample recorded in the transmission spectra, as can be observed in the 

superimposition in Figure 4.3 a). The slight blue shift (<10 nm) can be explained by slight 

variations in the thickness of the SU8 layer, the lattice parameters, and the incoherence of the 

white light source. 

In order to confirm the stimulated nature of the emission behavior, we evaluate both divergence 

and polarization dependence. As expected, the recorded laser emission was found to be highly 

directional (with a divergence angle < 1.5°, Figure 4.3 d) and to have a distinct polarization 

behavior consistent with a sine-squared function predicted by Malus’ law (Figure 4.3 e).19,25 

In summary, the formation of a narrow emission profile, characterized by a distinct threshold, 

linear polarization dependence, minimum deviation and significantly higher intensity (a factor 

of 104 over the PL intensity of the Rhodamine by itself), clearly indicates the stimulated nature 

of the recorded emission, in accordance with recent findings in the field.6 

The prepared lasing architectures exhibited sustained performance for about a month before 

showing gradual degradation, probably due to oxidation of the silver clusters, which reduced 

the efficiency of the optical cavity. Importantly, the absence of any lasing activity outside of the 

delimited patterned area, i.e.  in the presence of randomly dispersed AgNPs, confirms the central 

role played by the plasmonic array, as shown in Figure 4.4 a, b.  

 

Figure 4.4  (a) Photoluminescence profile of Rhodamine B peaked at 590 nm and registered by pumping 

the system at 532 nm out of the patterned area. In absence of the plasmonic grating, no lasing action is observed, 
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even increasing the pump power density at the maximum (3.0 mJ/mm2). (b) The role of the lattice resonances is 

confirmed by the photoluminescence spectra evaluated for a sample made by NPs randomly distributed on a 

substrate (purple curve), where the absence of an emission enhancement can be attributed to quenching effects of 

the dye molecules, confirming the strong interaction between the AgNPs and the dye molecules. 

The mechanism underlying the enhanced stimulated emission involves a combination of 

plasmonic and photonic effects due to the hybrid nature of surface lattice resonances.26 Time-

correlated single photon counting measurements were carried out to identify any modification 

on the lifetime (t) of the system with and without plasmonic array. This would constitute 

additional evidence of the strong interaction of the plasmonic array, and the dye molecules 

located in close proximity to the nanoparticle surface. The experiment was performed using a 

blue pulsed laser (485 nm) at high repetition rate (10 MHz). An accumulation of 10’000 counts 

was used for each measurement, with a resolution of 50 ps in a decay time region of interest of 

40 ns.  

 

Figure 4.5 Time-resolved decays of a SU8-RhB layer with (blue signal) and without (black signal) the silver 

nanoparticles array with lattice period L= 400 nm. The red dashed and solid lines represent the two bi-exponential 

fits, showing a reduction in lifetime when the fluorophore interact with the plasmonic surface. 

Figure 4.5 shows the bi-exponential fit function applied to the decay emission signal of a SU8-

RhB layer deposited on a glass substrate, both with (solid red line) and without (dashed red 

line) the assembly of silver NP arrays on top. The decay signals were fitted using the function: 
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y = y0 +A1 e− t/t1 + A2 e− t/t2, where Ai and ti represent the amplitude and lifetime of each 

component within the sample respectively. Alterations in lifetime can be attributed to the 

relative contributions of radiative and non-radiative decays within the system.  

For the specific case of a sample with lattice period of 400 nm, the lifetime t1 can be ascribed 

to the interaction between fluorophore molecules and the silver NP array, wherein Forster 

energy transfers promote a reduction in the lifetime of dye molecules situated in close proximity 

to the NPs (between 20 and 40 nm), from 2.4 ± 0.1 to 2.1 ± 0.1 ns.27 

The lifetime value t2 remains consistent across samples, whether with or without nanoparticles 

on the substrate (average t2 =14.3±0.1ns). This contribution can be attributed to the inherent 

radiative emission decay of the RhB molecules in SU8, influenced by the distribution of other 

molecules, interactions with polymeric chains, and any surface substrate defects formed.  

The relatively small variation in lifetime shown in Figure 4.5 can be explained considering two 

factors. First, the conditions used for the generation of a lasing emission (Figure 4.3) differs 

significantly from the one used in the lifetime experiment, due to hardware restriction in our 

setup. This results in the impossibility to achieve lasing emission during the lifetime experiments.  

Additionally, due to the high efficiency of Rhodamine B, the effects of Purcell enhancements, 

determined by dividing the measured lifetime of the system without any plasmonic contribute 

by the shortest lifetime component (FP = tglass/t1
sample) are expected to be small.28  

4.1.2 Modeling of the lasing emission for 400 nm lattice period 

Our experimental results were corroborated by extensive simulations. The model employed for 

the calculations is the classical four-level model involving two electrons (Figure 4.6), as 

described in Ref. 29 



 208 

 

Figure 4.6  The Jablonski diagram is the model generally used for describing photoemission processes. The 

scheme on the right represents the absorption and stimulated emission rates (solid green and red arrows 

respectively). The rate of the spontaneous emission (t30) is assumed to be very large compared to internal 

conversion process (t32, t10) and stimulated emission (t21). N0 and N1 represent the fundamental level and the 

excited vibrational level of the ground electronic state (S0) respectively, N2 and N3 represent the lowest vibrational 

level and the highest vibrational level of the nth excited electronic state (Sn).  

The gain medium consists of molecules initially in the ground state. The system is excited by a 

strong and long quasi-monochromatic pump pulse capable of inducing an electronic transition 

between N0 and N3 (absorption). The electron rapidly decays through a non-radiative process 

to the N2 level and a following spontaneous radiative decay can occur from the N2 to N1 state. 

With a sufficiently strong pumping pulse, a population inversion arises between the intermediate 

states N2 and N1, causing the rate of stimulated emission to exceed the rate of spontaneous 

emission by several orders of magnitude. This facilitates the emission at a specific frequency 

corresponding to the 2→1 states transition. Thus, as the cluster of nanoparticles acts as a cavity, 

it partially compensates the system’s losses, thereby promoting coherent enhanced emission in 

the far-field, i.e. lasing action. The frequencies corresponding to the 0→3 and 2→1 transitions 

were set to match respectively the absorption and emission maxima of Rhodamine B. The 
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lifetime for the stimulated emission was calibrated based on the experimental results of single 

photon counting reported in Figure 4.5. 

The 3→2 and 1→0 vibrational transitions were considered off-resonance with the pumping 

field and characterized by non-radiative behavior; thus, they were presumed to have shorter 

lifetimes (one-tenth of the electronic transition’s lifetime). The concentration of RhB in the SU8 

was fixed at 78 mM, and all the other parameters utilized in the simulations are listed in Table 

4.1. 

Table 4.1 Parameters set for the evaluation of the calculated stimulated emission dynamics. 

Parameter Value 

wabs 3.32E ± 15 Hz 

FWHMabs 0.22E ± 15 Hz 

wems 3.16E ± 15 Hz 

FWHMems 0.21E ± 15 Hz 

trad 2.4E - 09 s 

electron density 4.69E + 25 e-/m3 

The electric field amplitude spectra were recorded at three different points in space, by placing 

monitors in air, SU8, and glass.  
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Figure 4.7 (a) Gain medium electronic population (N) dynamics evolution modeled as four level system 

with two electrons. Results monitored from the glass side. (b) lasing (orange trace) ad pump (black trace) pulse 

amplitude dynamics. The lasing pulse was set as inverse Fourier transform and evaluated with a monitor located 

from the glass side. The electric field amplitude is considered as |E|=√ (ExEx* + EyEy* + EzEz*). The medium 

starts to lase after about 5 ps and it takes around 10 ps before reaching the steady state of the electronic population. 

(c) Simulated transmittance spectrum and lasing emission (610 nm) overlap for a Λ = 400 nm sample, obtained as 

the inverse Fourier transform of the frequency-filtered signals (ǀEǀ) monitored in the gain media. (d, e) Near-field 

map calculation for the evaluation of the electric field distribution along the x and y directions. The field amplitude 

is expressed in logarithmic scale. Specifically, (d) the excitation (absorption) occurs by using a pumping pulse at 

532 nm and it is monitored form the air side. This generates (e) an amplification of electric field at 610 nm directed 

from the glass side due to the lasing activity. 

The frequency domain signals were collected using Lorentzian filters positioned at the pump 

and laser frequencies, while the time domain was derived by performing an inverse Fourier 

transform on the filtered signals. Since the electronic population dynamics operate at a much 

slower frequency than the excitation source, the system requires less than 10 ps from the initial 

excitation time to reach a steady state in which the populations of N1 and N2 remain constant. 

The steady state was simulated for approximately 15 ps, after which the pump laser was disabled, 

allowing the system to relax. The sample with Λ = 400 nm was used as a model system, and the 

lasing process was simulated using finite-difference time-domain method (FDTD, Lumerical by 

Ansys), solving Maxwell's equations on a mesh grid with a semi-classical approach based on a 
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four-level two electrons gain medium system.29,30 The population dynamics of the four-level 

system are shown in Figure 4.7 a. The laser emission and pump dynamics are shown in Figure 

4.7 b. Approximately 5 ps later, the population inversion between the excited and ground states 

generates the stimulated emission, as evidenced by the peak signal at the emission frequency of 

610 nm, spectrally overlapping the simulated hybrid waveguided-SLRs. (Figure 4.3 c). A similar 

response of the system is observed in the air monitor. However, the intensity is much lower 

compared to the glass counterpart. 

In addition, the near-field distributions of the pump and laser modes are shown in the electric 

field intensity maps in Figures 4.7 d, and e respectively. At the pump frequency, the gain 

medium acts as an absorber, with the electric field concentrated above the plasmonic cluster 

(monitored from the air side, as shown in Figure 4.7 d). Conversely, at 610 nm corresponding 

to the emission wavelength, the electric field is concentrated below the AgNPs array (from the 

glass side), and the gain medium amplifies the field, as shown in Figure 4.7 e. 

Overall, our simulations show a remarkable overlap with the collected experimental data, 

corroborating the lasing nature of the recorded emission, and the important role played by our 

colloidal metasurface. 

4.1.2 Off-normal lasing emission: 500, and 600 nm lattice period cases 

The optical feedback facilitated by the presence of a photonic grating could be further enhanced 

by the great scattering cross-section of the metallic nanoparticle cluster. The presence of the 

thin SU8 layer and the consequent formation of hybrid waveguided SLR modes has an impact 

on the synergistic interaction with these photonic effects, providing additional ways to fine-tune 

the optical properties of the system. This way, through the proper geometric arrangement of 

the plasmonic/photonic crystals, it is possible not only to capture the emitted light that would 

otherwise be trapped, but also control with high precision the emission directionality achieving 

off-normal lasing emission.4,23  
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In this study, we examined the emission characteristics relative to lattice period Λ, leveraging 

the versatility of template-assisted self-assembly. 

 

Figure 4.8 Lasing emission characterization of the sample with lattice period of 500 nm. (a) 

Transmittance at 17° (black line) emission below (light grey line) and above (orange lines) threshold spectral 

overlap for or both 17° and -15° (solid and dashed lines, respectively). (b) Power ramp of the emission peak 

intensity showing the threshold behavior of the stimulated emission. (c) Angle divergence study of the lasing 

emission (from -30° to 30°), confirming the high directionality of the lasing emission with two clear peaks emerging 

at 17° and -15°. (d) Simulated k-space plot of R-W anomalies (solid blue lines) distributed in all the angular 

directions, the dashed circles represent the angle intervals (from 10° to 80°), for azimuthal angles in the full 2π 

range. 

Specifically, for Λ = 500 nm displayed in Figure 4.8, the simulated band diagram and the 

experimental contour plots (Figure 3.7 b and 3.5 d-f) predicts that the first order diffraction 

mode (±1,0) of the square array would intersect with the emission peak of the gain medium at 

approximately 17°, leading to the generation of stimulated emission signal at off-normal 

direction, as observed in the k-space plot (Figure 4.8 d). A lasing emission activity was detected 

at 602 nm in both off-normal directions of +17° and -15° (Figure 4.8 a), exhibiting a full width 

at half maximum (FWHM) of 10 nm, and a minimal angular divergence (<1.5°), as shown in 

Figure 4.8 c. The variation in intensity observed between the two lasing conditions (+17° and 
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-15°) of Figure 4.8 c is probably attributable to dye molecules photobleaching effects, induced 

by the increased intensity pumping imposed by the higher threshold compared to normal 

emission case (N.B.: all the emission data were collected from the same spot). Overall, our 

experimental findings closely agree with the theoretical predictions. The spectral overlap of the 

lasing emission with the transmittance spectra captured at 17° (Figure 4.8 a) confirmed a similar 

correlation with the hybrid waveguided-SLR observed previously for the case of Λ = 400 nm 

(Figure 4.3 a). In comparison to Λ = 400 nm, we observed a four-fold increase in the threshold 

(1.2 mJ/mm2, Figure 4.8 b), that can be ascribed to the shift of k// from 0 to higher values, 

which amplifies both the scattering cross-section and the radiative losses of the optical modes 

of the plasmonic arrays.15 

In the case of Λ = 600 nm, both the transmittance spectrum (Figure 3.5 g) and the divergence 

contour plot (Figure 3.5 f) indicate the existence of two diffracted orders, characterized by a 

dip at 667 nm and another at 910 nm. As indicated by the band diagram illustrated in Figure 

3.7 b-iii, this gives rise to two distinct scenarios for which lasing can occur. Firstly, the lattice 

resonance at 910 nm aligns with the first order of diffraction at an angle of approximately of 

40°, potentially yielding off-normal emission similarly to what shown for Λ = 500 nm. 

Alternatively, by leveraging the second order diffraction modes at 667 nm, stimulated emission 

could be generated at smaller off-normal angles (around 8°). 
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Figure 4.9  Emission characterization for the sample with lattice period of 600 nm. (a) Emission 

spectrum of the sample at normal incidence. The emerged peak, above the threshold (light blue curve), can be 

interpreted as amplified spontaneous emission (ASE). (b) Power ramp of the Intensity emitted, showing a threshold 

behavior as expected for ASE case. (c) Emission peak intensity measured as function of the polarizer angle (from 

0° to 180°) that do not show a clear polarization dependence. 

Due to hardware limitations, we were unable to capture emission signals at angles exceeding 

35°, and unfortunately, we couldn’t detect any lasing activity around 8°. Higher quality 

plasmonic arrays are required for the emergence of efficient second-order diffraction modes 

able to promote a stimulated emission, which would require to reduce the optical losses of our 

colloidal system even further. Interestingly, we did observe a threshold behavior under normal 

incidence (Figure 4.9 b) and the appearance of a distinct peak at 605 nm characterized by a 

FWHM of 8 nm. However, we interpreted this observation as enhanced spontaneous emission 

(ASE) caused by exciton re-absorption by the dye molecules. This conclusion was supported by 

the lack of polarization dependence in the emission (Figure 4.9 c), and by the significantly 

lower intensity compared to the cases with Λ = 400 and 500 nm.  
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Finally, by mounting a 100× objective in the collection side of the setup we were able to detect 

a lasing emission (Figure 4.10). We hypothesize that this is generated by the first order of 

diffraction; however, the use of a high numerical aperture to collect the emitted light (NA = 0.8 

can capture ≈ 53°) makes it impossible to unequivocally identify the mode responsible for the 

stimulated emission. 

 

Figure 4.10 Lasing emission of the sample with L = 600 nm. (a) Two objective lenses were used in the 

experiment (10x with NA= 0.25, WD = 12.1 mm; 100x with NA=0.8, WD = 3.4 mm). (b) Simulated k-space plot 

of the R-W anomalies (solid blue lines) distributed in all angular directions; the dashed circles represent the 

inclination angle intervals (from 10° to 80°), the dashed circles represent the angle intervals (from 10° to 80°), for 

azimuthal angles in the full 2π range. In the first diffraction order the mode reaches the right position (overlap with 

the emission of the dye) for angles >35° (dark blue lines); the second order reaches the right position for angles 

<10°. 

4.2 Two-photon emission mediated by plasmonic metasurfaces  

Isolated noble metal nanoparticles can exhibit photoluminescence properties and optical 

nonlinearities such as second harmonic generation (SHG) and two-photon absorption (2PA).31–

35 These phenomena were first demonstrated by Boyd et al. in 1983,36 identifying a four step-

process involved in the two-photon luminescence of gold nanoparticles.37,38 

The two-photon photoluminescence (2PPL) properties of metal nanoparticles,32,39,40 and 

clusters41 have been exploited for multiphoton microscopy,42 enabling deeper imaging of 

biological systems while reducing radiation damage to cells and tissues.43 However, compared 

to organic molecules and semiconductors, the photoluminescent efficiency of metal 
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nanoparticles is considerably weaker, and the emitted light generally shows broader spectral 

characteristics,44 due to non-radiative energy processes of the photoexcited carriers in metals, 

leading to heating effect and subsequent quenching of photoluminescence.45 Two-photon (2P) 

excited fluorescence is one of the most widespread nonlinear optical phenomena. In this 

process, a fluorophore simultaneously absorbs two photons with identical frequency, and emits 

a photon with energy higher than the one of each of the absorbed photon.46 

The last decade has witnessed significant effort in the improvement of two-photon fluorescence 

efficiency in plasmon-emitter coupled systems, benefiting from fluorescent dye probes with 

larger two-photon absorption cross-sections, and from the rational design of metal 

nanoparticles capable of enhancing fluorescence intensity, shortening fluorescence lifetime, and 

improving photostability.47,48 

Here, the spectral correlation between surface plasmon resonances modes of plasmonic 

nanostructures and the absorption/emission spectra of fluorophores is crucial, due to the 

strongly enhanced local excitation field. Additionally, by matching the plasmon resonance with 

the fluorophores emission band, metallic nanostructures can alter the total quantum efficiency 

of the system by altering the radiative and nonradiative decay rates.49  

In two-photon plasmon-emitter coupled systems, a large fluorescence enhancement is expected 

because of the quadratic dependence of two-photon absorption on the excitation intensity, 

compared to the linear dependence of the one-photon process.50 However, a fluorescence 

quenching always represents significant challenge to the achievement of enhanced total 

fluorescence by two-photon, requiring a tight control over distance between the chromophores 

and the metal core.51 

Notably, systems featuring both excitation and emission enhancements demonstrated a 

remarkable increase in the quantum dot emission enhancement factor, increasing 5 to 10 times 

compared to systems relying solely on emission enhancement. This qualitative enhancement 



 217 

factor highlights the superiority of the double-resonant system coupled with fluorophores over 

the single-resonant coupling. 

The simultaneous absorption of two photons typically occurs at very high photon densities and 

is localized into small focal volumes defined by the strictly focused laser beam used for 

excitation. For “standard” one-photon excitation, a photon can trigger fluorescence emission 

along the entire path of the incident light beam resulting in an elongated region of excitation 

within the material; on the other hand, the probability of two photons combining exactly at the 

same place and time decreases rapidly as one moves away from the focus. As result, the emission 

volume under 2P excitation is highly localized around the focal point, where the excitation 

intensity is highest (Figure 4.11). 

Consequently, under 2P excitation the effective interested volume is confined to significantly 

small regions, leading to improve the detection selectivity of the resulting fluorescence signals 

among the background noise, allowing the detection of single molecules or particles emitting 

2P excited fluorescence, and providing unique opportunities to probe nonlinear interactions 

between photons and molecules.  

 

Figure 4.11 Jablonski diagrams for the one-photon (1P) and two-photon (2P) excitation processes, with 

corresponding emission characteristics around the gaussian focal plane. Comparing the two processes, since 2P 

excitation requires the simultaneous absorption of two lower-energy photons to achieve the same excitation as a 

single higher-energy photon in 1P excitation, the photons must have higher combined energy to reach the 
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excitation threshold, lowering the probability to occur spontaneously compared to single-photon excitation. 

Moreover, to achieve efficient excitation, this process requires higher laser intensities focused within a small focal 

volume that contributes to the higher excitation threshold.  

First proposed by Maria Goeppert-Mayer in 1931, the two-photon excitation concept marked 

a turning point in quantum mechanic’s research.52 However, it was during the 1960s that the 

theoretical foundations of 2P excitation were validated experimentally in pioneering 

experiments by Franken et al. and Kaiser and Garrett.53,54  

Apart from the aforementioned ability to effectively suppress background noise and improve 

signal clarity,46 it enables deeper penetration into biological tissues compared to traditional one-

photon excitation methods, which is particularly beneficial in various biomedical 

applications,42,55 reducing the associated photodamage.56,57 Additionally, the highly confined 2P 

emission volume offers intrinsic optical sectioning capabilities, allowing for precise imaging of 

three-dimensional structures with resolution comparable to a UV laser scanning confocal 

microscopy.58,59 

In recent years, significant advances in nanooptics have paved the way for improving the 

efficiency (or quantum yield) of 2P excitation process exploiting the unique properties of 

plasmonic nanostructures to confine the excitation electromagnetic field in close proximity to 

the fluorophores.60 In fact, fluorescence resulting from 2P excitation is expected to show 

significantly greater enhancements than one-photon excitation, attributed to the quadratic 

dependence of the 2P excitation process on the excitation intensity.47,61–63 

It is important to break down the 2P absorption and emission as separated processes. In fact, 

the presence of the plasmon cavity can increase the efficiency of either process if the cavity 

mode overlaps one of the two bands (absorption or emission). In the first case, the localized 

electric field enhancement resulting from plasmon resonances can increase the effective cross 

section for two-photon absorption, facilitating the promotion of electrons to a higher energy 

level. In the case of emission, the enhanced local electromagnetic field can influence the radiative 

decay rate of the excited state, potentially leading to enhanced emission rates or altered emission 
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spectra compared to conventional fluorescence processes. However, some challenges stem 

from both theoretical and practical domains, including complexities in experimental setups, 

material limitations, and the possibility of separating the two processes, which often co-exist 

within the same system. Precise control of experimental parameters such as incident photon 

flux and polarization can be critical to probe and characterize the underlying mechanisms. 

Despite the fact that colloidal plasmonic nanoparticles have proven to be particularly 

advantageous for various applications in near-field enhanced spectroscopy, there are only very 

few examples in the literature describing the use of colloidal-based plasmonic metasurfaces for 

the study of two-photon excited processes.40,60,63  

The primary challenge in these systems is represented by the low yield of the two-photon 

process, which consequently induces photobleaching of the molecules before the signal can be 

seen. To address this, one solution can be employing a circulator to replenish the dyes, a strategy 

unattainable with closed configurations such as Nanoparticles on mirror (NPoM) cavities, or 

bowties configurations. Alternatively, transitioning to non-molecular emitters, such as quantum 

dots (QDs), perovskites, and fluorescent polymers represents a viable option. 

Motivated by the performance of the lasing architecture presented in Paragraph 4.1, we move 

forward and explore the use of self-assembled colloidal plasmonic metasurfaces as open optical 

cavities to enhance two-photon excited fluorescence of core-shell type quantum dots species 

(CdSe/ZnS). A lattice period of 400 nm was chosen to generate a lattice resonance able to 

overlap with the emission of the QDs around 620 nm, by exploiting the high refractive index 

layer (QDs/SU8). The hypothesis is that the second diffraction order related to the lattice 

resonance, which is arising around 420 nm, should match the QDs absorption, giving the 

opportunity to enhance simultaneously both absorption and emission processes. 

The samples were prepared as described in Paragraph 2.4.1 of Chapter 2 and Experimental 

Section, and the optical characterization of the transmission profile was carried out as discussed 

in Paragraph 3.2 of Chapter 3. 
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In the first experiment, we evaluated the photoluminescence of QDs without any plasmonic 

cavity. The architecture consists of a 250 nm thick layer of SU8 between the glass and the QDs 

layer, which is estimated to be around 10 nm thick. Similarly to the previous case discussed in 

Paragraph 4.2, this photoresist layer will ensure the emergence of waveguided-SLR in the 

presence of the plasmonic metasurface, allowing us to keep the optical cavity completely opened 

(no index matching layer). 

The photoluminescence experiments were performed by pumping the sample first at 515 nm 

to test the sample under 1P pump fluence, and then with a NIR pulsed laser at 1030 nm for the 

2P excitement (the fundamental wavelength of the laser, in order to dispose of the maximum 

power output). The collected data in the absence of any plasmonic system allowed us to have a 

reference point when trying to clarify the role of the plasmonic array.  

 

Figure 4.12  (a) Intensity map displaying the angular characterization of QDs alone emission pumped at 515 

nm, with pump power 0.23 mW. (b) Emission spectra at normal incidence (0°) showing an emission maximum at 

618 nm. 

The QDs alone do not show any angular dependence in their fluorescence, and the pump power 

dependence follow a sublinear trend when evaluated in the region before photodamaging the 

sample. 

In the presence of the plasmonic array under 1P pumping (515 nm), a strong modulation of the 

emission is observed while changing the illumination angle from -10° to 10° (Figure 4.13 a).  
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Figure 4.13 Intensity map displaying the emission angular characterization of a sample made with a 

plasmonic array (lattice pitch of 400 nm) assembled on top of a layer of QDs (excitation wavelength 515 nm, 

excitation power 6.5 mW). (b) Emission spectra modulation evaluated from 0° to -10°. (c) Emission power ramp.  

Compared to the emission profile at normal incidence (0°), it becomes evident how the presence 

of the plasmonic arrays modifies both the spectral shape and the peak position of the emission 

in the region of 580-640 nm as a function of the illumination angle, due to an increase of the 

scattering cross-section. At normal incidence the emission appears broader (FWHM of 31.1 ± 

0.2 nm) and blue shifted, with a maximum peak at 607 nm (Figure 4.13 b) compared to the 

emission of the QDs alone. On the other side, the emission profile modulated by the presence 

of the plasmonic array shows a narrower bandwidth (FWHM of 16.2 ± 0.2 nm) and a spectral 

position that follows the diffraction lines.  Maximum emission enhancement is observed around 

-6.5° of the illumination angle when the emission is centered at 613 nm. The exact origin of this 

enhancement is complicated to identify, as it can also be ascribed to a better detection/excitation 

alignment at that angle. 

Overall, the observed modulation is consistent with a coupling with the near-field enhancements 

and the spatial delocalization distinctive of diffractive phenomena generated by the metasurface. 

In order to evaluate the emission intensity dependence of the plasmonic/QDs system from the 

pump power, the emission profile was examined increasing the pump power up to 0.4 mW 

(Figure 4.14 c). The power ramp shows a similar sublinear dependence from the power as 

observed in QDs alone.  
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The same set of experiments was repeated for the two-photon emission of the same sample 

with 1030 nm excitation. As control experiment, the emission in function of the illumination 

angle was evaluated even for the sole QDs case. 

 

Figure 4.14  (a) Intensity map displaying the angular characterization of QDs alone emission pumped at 

1030 nm, with pump power 5.5 mW. (b) Emission spectra at normal incidence (0°) showing an emission maximum 

at 618 nm at 18 mW. 

As for the 1P excitation case, QDs alone do not show any angular dependence in their 

fluorescence, and the pump power dependence was evaluated before photodamaging.  

 

Figure 4.15 Intensity map displaying the emission angular characterization of a sample made with a 

plasmonic array (lattice pitch of 400 nm) assembled on top of a layer of QDs (excitation wavelength 1030 nm, 

excitation power 5.5 mW). (b) Emission spectra modulation evaluated from 0° to -10°. (c) Emission intensity 

power ramp of AgNPs array on QDs/SU8 substrate (red curve above), QDs/SU8 (brown curve below) QDs in 

solution (black curve below). 

As in the 1P case, a strong modulation and reshaping of the emission is observed as a function 

of the illumination angle (from -10° to +10°) (Figure 4.15 a). The comparison revealed 
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significant changes in spectral shape of the emission enhanced by the plasmonic array, evidenced 

by a distinct peak around 613 nm in the spectrum (Figure 4.15 b). The emission profile reaches 

the intensity maximum at -5.5° where the increase of scattering cross-section enhances 

efficiently the PL emission. The slight difference in angle compared to the 1P data falls within 

the experimental error in mounting the sample. 

The experimental results obtained by changing the illumination angle shows significant 

alterations in the emission spectral profile, with a second peak arising at 620 nm for illumination 

angles close to -8.5°. 

Comparing the profile at 0° of the 1P and 2P case, in the first case, as already mentioned, the 

spectral profile appears broaden, probably due to the excitement of localized resonances of the 

clusters, that in the 2P case are not excited directly by the pump, leading to sharper emission 

profile. However, it is important to mention that 515 nm falls within the spectral region where 

a SHG signal of the plasmonic array should arise, affecting the radiative decay pathway of the 

QDs. The observed different spectral shapes can be the result of competing and co-existing 

phenomena, including the modulation of far-field spontaneous emission through Purcell 

enhancement via coupling with a plasmonic structure,11,64 and/or waveguiding effects that led to 

trap the light for certain angles. Additionally, the QDs deposition onto the SU8 film can produce 

heterogeneity that influences the 2P photoluminescence process. Moreover, the thickness of 

the QD film can change the effective refractive index of the waveguide mode, and this allows 

the wavelengths of the W-SLR modes to be controlled.65 As a result, specific order of the lattice 

mode near the Γ point (0°) in the lattice structure shift their wavelengths to match the emission 

range of the QDs. For this reason, inhomogeneity on the film thickness may cause the variation 

of the W-SLR cavity modes selection for promoting the emission, which can lead to enhance 

certain wavelengths or directions of the emitted light. The shape of the emission reflects the 

interaction among plasmonic nanoparticles within the lattice. For certain angles and directions 
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(high-symmetry points), the emission can display different branches due to the coupling with 

specific diffraction modes of the SLR modes, such as (±1, 0) and (0, ±1).66 

Finally, the potential of plasmonic enhancements by using ultrafast laser pulses could be 

inherently affected by thermal reshaping effects on the structures and/or the transient 

broadening of plasmon resonances.67 Despite the significant advantages offered by plasmonic 

enhancement, these conditions impose some constrains on the usable power of the laser pulses, 

that can potentially hinder practical applications. 

The analysis of the emission intensity dependence from the pump power was conducted by 

increasing the pump output up to 6 mW, combining a OD6 filter to cut out any possible leak 

of the 515 nm second harmonic. 

The upconversion due to the 2P excitation should be evident by a quadratic dependence of the 

emitted light intensity from the illumination intensity (Iems ∝ I2
inc).60 However, by fitting the data 

with a function y = a+bxc  (Figure 4.15 c), the exponent c results to be: 

Table 4.2 exponent values for the two-photon excited samples. 

AgNPs array on QDs/SU8 1.73 ± 0.06 R2 = 0.99 

QDs/SU8 1.45 ± 0.013 R2 = 0.99 

QDs in solution 1.38 ± 0.010 R2 = 0.99 

This discrepancy can be attributed to the fact that with 1030 pump wavelength we are not 

reaching the strongest quantum yield of the QDs two-photon absorption/emission process, 

and part of the energy absorbed is lost in non-radiative decays of the photoexcited carriers, such 

as Auger recombination and exciton reabsorption.68,69 Despite this, we observe that a good signal 

to noise ratio is reached at lower excitation power in presence of the plasmonic array compared 

to the other cases, which suggests an enhancement of the emission due to the strong plasmon-

exciton coupling. It is worth noting that the emission of QDs alone comes out at around 620 

nm in both 1P and 2P excitation cases, while in presence of the array the emission is observed 

at 613 nm. This shift can be the sign of to the strong role of the array in boosting the emission 
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but also the absorption of the QDs, probably through second diffraction order, and thus 

lowering the optical losses which typically cause the red shift of the emission wavelengths from 

excitation. 

The presence of silver nanoparticles induce some optical nonlinearities and due to the strong 

excitation of the localized near-fields of both clusters and single particles components can lead 

to heating effects and plasmon-phonon coupling with subsequent increase of the non-radiative 

decay pathways and quenching of photoluminescence;45,70 thus, we cannot exclude that samples 

starts showing photodamage before the power ramp measurement was complete.  

In conclusion, despite the promising preliminary data, further in-depth experimental and 

theoretical analysis of this phenomenon are essential. One possible way forward could be to 

vary the emission wavelength and the concentration of the gain media, and/or the period of the 

array to tune the lattice resonance. This approach could allow a better separation between the 

far-field and near-field contributions, thus providing a more complete and detailed 

understanding of the phenomenon.  

4.4 Chiral Photoluminescence  

Induction and transfer of chirality are the two main approaches to confer chiral properties to 

achiral inorganic nanomaterials, including strategies such as ligand-induced chirality and chiral 

spatial organization.71,72 The versatility of self-assembly emerges once again as a powerful feature 

for the realization of CPL-active materials. In this context, a variety of chiral or achiral building-

blocks can be organized to form nanostructures showing CPL activity. For example, a chiral 

host can impart CPL activity to an achiral luminophore exploiting various non-covalent 

interactions such as π-π stacking, and H-bonds. Similarly, an achiral luminophore can be 

incorporated or encapsulated within a chiral entity, thereby acquiring CPL properties. 

Furthermore, self-assembly not only facilitates the acquisition of CPL activity but, thanks to the 

so called “hot-spot engineering” and the manipulation of the associated electric-field 
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enhancement, leading to an increase the dissymmetry factor. In fact, energy transfers have been 

identified as an effective route to enhance luminescence intensity, reaching an advanced stage 

in which the different mechanisms can be carefully designed and controlled.  These mechanisms 

include Förster energy transfer, radiative energy transfer and photon upconversion.64 

Overall, the combination of energy transfer and self-assembly offers a promising strategy for 

the development of highly efficient materials with circularly polarized luminescence activity.  

In this project, we have tested chiral metasurfaces (assembly of spherical AgNPs) coupled with 

achiral molecular emitters (Rhodamine B), fabricated as discussed in Paragraph 2.4.1 of 

Chapter 2, to study circularly polarization properties transfer to the photoluminescence of the 

emitting molecules. 

To automate the measurements, the experimental optical setup was customized using 

LabVIEW-licensed programs. For the PL evaluation, a 532 nm pulsed laser was used to induce 

an emission in the Rhodamine B molecules embedded in SU8 resin matrix.  

As shown in the scheme reproduced in Figure 4.16, the light emitted from the sample passes 

through a quarter wave (l/4) plate which transforms each handedness polarization into 

orthogonal linear polarizations, both directed to a Glan Thompson linear polarizer that allows 

only the vertical polarization to pass through, while reflecting the horizontal polarization out of 

the detection axis. Each polarization handedness can be selected by a rotation of ±45° of the 

l/4 respect to the linear polarizer vertical axes.  

 



 227 

 

Figure 4.16  Optical set up for the chiral PL experiments. 

The magnitude of the photoluminescence process for each polarization along the normal 

direction is quantified by the photoluminescence dissymmetry factor (glum) as:73,74 

𝑔Gd) 	= 	
km

! "⁄ (mHIH)
= 2 mCDE0mFDE

(mCDE$mFDE)
  (4.1) 

where the difference in intensity of the emitted light DI = ILCP - IRCP is normalized over the total 

emitted light Intensity (Itot = ILCP + IRCP). 
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Figure 4.17 Chiral emission evaluation for the sample with AgNPs of 50 nm. (a) R-Gammadion, (b) L-

Gammadion, (c) out of pattern, (d) g-lum of the metasurfaces comprising L-gammadions (black curve), R-

gammadions (red curve), and out of pattern emission (blue curve). 

One of the fundamental characteristics of 2D-chiral metasurfaces is their inversion symmetry, 

as highlighted in previous researches.75–78 Gammadion shapes exhibit 2D-chirality, meaning their 

handedness changes when viewed from different angles.79 This change in the chiroptical 

response is supported by the presence of chiral near-fields of opposite handedness on either 

side of the structure when illuminated from different angle.80 The reciprocity principle in 

electromagnetics suggests that a system’s response to an electromagnetic field remains 

consistent, regardless of whether the field originates from one direction or the opposite.75 

However, chiral structures are characterized by an inherent asymmetry or handedness, that leads 

to distinct responses depending on the light direction of propagation, challenging this principle. 

Typically, to evaluate the asymmetry in the electromagnetic response of the structures and the 

electromagnetic near fields on each side of Gammadion metasurfaces it is used a quantity known 



 229 

as optical chirality factor (C), related to the vacuum dielectric permittivity, the angular frequency 

w of the EM wave, and the conjugated electric and magnetic field components. 

It is defined as the difference between the helicities of the left- and right-circularly polarized 

components of the EM field, normalized by the total electromagnetic energy density. 

Higher values of the chiral factor suggest stronger chiral responses, while lower values indicate 

weaker or negligible chirality. 

When unpolarized light impinges, for example, on a single L-Gammadion structure the 

integrated chiral factor along the wave’s propagation direction changes values from LCP to RCP 

as it passes through the Gammadion. The refractive index mismatch between the superstrate 

(air), sample (SU8-RhB) and substrate (glass) disrupt the symmetry of the system. While 

traveling from air to glass or vice versa, the light refracts differently and alters its propagation 

direction. This asymmetry caused by the refractive index mismatch can contributes to the 

observed differences in the chiral activity depending on the detection side.  

This change is also transferred to PL properties. As can be observed in Figure 4.17, a slight 

difference in the emission of left- and right- handedness structures were registered (Figure 4.17 

a, b) measuring the PL spectra at normal incidence from the glass side.  

L-Gammadion metasurface emits Right-Circularly Polarized (RCP) light, while R-Gammadion 

emits Left-Circularly Polarized (LCP) (Figure 4.17 a, b). Moreover, no selective CPL was 

observed for the case out of pattern (Figure 4.17 c). This suggests that the presence of the 

lattice resonances, generated from isotropic units arranged into chiral shapes, induces a chiral 

activity in the emission of common dye molecules through resonant coupling and energy 

transfers. 

The structure exhibited preferential emissions of LCP and RCP, with maximum values of -0.08 

and 0.1, respectively (Figure 4.17 e). These values could be improved by optimizing several 

structural factors such as feature height, geometry, and refractive index of the environment. 
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This analysis emphasizes the importance of a comprehensive optical characterization of 

Circularly Polarized Luminescence (CPL) from 2D metasurfaces. 

High-refractive-index materials for example have found application in maximizing the 

interaction between light and matter in optically active nanostructures enabling to obtain strong 

electromagnetic resonances.81 Increasing the refractive index mismatch (to keep the cavity 

exposed) could help the light extraction from the metasurface and enhance the glum values. 

The fabricated Gammadion structures present several similarities with the lasing architectures 

discussed in Paragraph 4.2. As expected, by increasing the pump power it was observed a 

strong enhancement of emission intensity and the emergence of an amplified spontaneous 

emission (ASE) signal (Figure 4.18), originated from high internal conversion efficiency that 

induce the exciton re-absorption by the dye molecules. 

 

Figure 4.18 Circularly polarized amplified spontaneous emission (ASE) registered in some cases by 

increasing the power up to 250 µW. The ASE signal results peaked at 597 nm for the R-Gammadion (R-G), 596 

nm for the L-Gammadion (L-G) and 594 nm for the M-Gammadion (M-G).  

The slight difference between the emission signal peak can be attributed to difference in the 

quality of the array sample and spot investigated sample-to-sample. 

Unfortunately, the high-power density required (up to 1.2 mJ/mm2) makes it impossible to 

correctly evaluate the chiral nature of this emission, as the sample is photodamaged after a single 
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measurement, preventing us to reliably evaluate the dissymmetry factor and perform a complete 

characterization of a possible chiral amplified spontaneous emission. 

In conclusion, we collected promising results towards the development of architectures capable 

of chiral lasing emission, but further experimental optimization and detail simulations of the 

system are needed in order to support our results. 
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Chapter 5 

CONCLUSION AND PERSPECTIVES  
 

In summary, the aim of this thesis was to look for new solutions to explore the field of 

metamaterial chemistry by using colloidal plasmonic metasurfaces. My advancements in 

alternative fabrication strategies, including colloidal self-assembly and chemical contrast in situ 

growth, have enabled the creation of optical cavities with high quality factors, opening new 

avenues for investigating nonlinear optical processes.  

The collected data showcase the advantages of these methodologies, such as the possibility of 

tailoring both the localized and collective optical responses by tuning the individual nanoparticle 

properties, altering the internal structure of the repeating unit, and shaping the overall geometry 

of the metasurface. 

The versatility and flexibility of colloidal nanoparticle arrays could ultimately enable the rational 

design and engineer of plasmonic metasurfaces matching multiple optical fields, while keeping 

it freely labelled and fully accessible for further modification, while ensuring a high-quality 

optical response  

As shown in Chapter 3, significant alterations in the structural and optical properties of these 

colloidal plasmonic metasurfaces can be achieved in pre- or post-assembly procedures, by 

changing the size and composition of the nanoparticles in the repeating units, or by applying 

thermal annealing treatments, respectively. The seamless integration of different building blocks 

showing vastly different sizes and compositions paves the way for the creation of arrays of 

hierarchical structures, offering the potential for creating more sophisticated photonic 

architectures combining plasmonic, semiconducting and dielectric colloids.  In fact, while in our 

case gold and silver colloids exhibit a statistical distribution within the array, an intriguing future 

prospect lies in exploiting directional and specific interparticle interactions to achieve greater 
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control over the colloidal organization within the individual repeating unit. Post-assembly 

modifications could further exploit this higher level of engineering. In our study, a thermal 

annealing step was used to produce heterogeneous patchy structures or alloys, achieved simply 

by adjusting the annealing temperature within the range of 300-450°C. This strategy holds 

incredible potential for the fabrication of plasmonic structures that can't be precisely targeted 

by standard top-down lithographic methods. For example, the integration of catalytic metals 

such as palladium or platinum into this scheme could be particularly interesting for plasmon-

based (photo)catalysis and optoelectronic devices. 

Moving forward, it would be interesting to explore other chemical processing of colloidal 

metasurfaces. An interesting future perspectiveI would be to alter the optical response of the 

system by switching its behavior from metallic to dielectric or semiconductor. For example, 

silver nanoparticles subjected to oxygen plasma treatments undergo an oxidation reaction 

without altering their spatial arrangement on the substrate. This oxide layer introduces a 

bandgap into the electronic structure of the nanoparticles, effectively separating the valence and 

conduction bands. As a result, the delocalized electrons in metallic silver can no longer move 

freely, causing the nanoparticles to switch from metallic to dielectric, with significant 

consequences on their optical response. In a second example, chemical transformation of silver 

nanoparticles into the semiconductor Ag2S could be achieved via sulfidation reaction, providing 

another compelling way to showcase the potential of post-assembly modifications. This process 

involves a controlled reaction wherein sulfur atoms from a sulfidation agent react with the silver 

atoms on the surface of the nanoparticles to form silver sulfide species, leading to a fundamental 

change in the composition and structure of the nanoparticles and their toxicity, due to the lower 

solubility of Ag2S relative to elemental [Ag0].1 Again, as a result, the electronic structure of the 

nanoparticles is modified, leading to the transition from metallic to semiconductor state.  

These examples allow not only to experiment the versatility of self-assembled metasurfaces but 

also underscore their potential in enabling precise control over optical properties for various 
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applications. In addition, the surface chemistry and crystallographic control offered by colloidal 

systems could significantly impact the use of this new generation of metamaterials in catalysis, 

sensing and telecommunications.  

Another important contribution of this thesis was to demonstrate how colloidal plasmonic 

metasurfaces could reach the necessary optical quality to promote non-linear optical phenomena 

such as lasing and 2-photon emission.  

Specifically, we have explored two different fabrication strategies, i.e. template-assested self-

assembly and chemical contrast in situ growth, to prepare colloidal-based plasmonic 

metasurfaces to be used as high-quality optical cavities. In the case of self-assembled structures, 

we have tested the surface lattice resonances, emerging from free labeled metasurfaces, as optical 

cavity to promote the low threshold emission of some common emitters (dyes, and quantum 

dots) in the context of the weak coupling regime. 

In the context of hybrid plasmonic-photonic nanostructures the synergy between locally 

enhanced electromagnetic fields and engineered diffraction effects in periodic lattice geometries 

can be exploited to facilitate the reduction of ohmic and radiative losses in plasmonic antennas.  

This hybridization of subwavelength electric field confinement and high-quality lattice 

resonances places these architectures as essential tools in plasmonics, applicable across a 

spectrum of applications.2–6 Moving forward, we believe that our optical cavities made by 

colloidal nanoparticles can provide enough optical feedback to set a strong coupling regime with 

further optimization in the architecture such as increasing the concentration of the emitters and 

optimizing the geometry of the nanostructure. In the strong coupling regime, the energy levels 

of the hybrid system can differ significantly from those of either the emitter or the optical system 

alone. Here, the dynamics of the coupled system is not only determined by the original 

frequencies of the oscillators, but also by the energy exchange process inherent in the coupling. 

As a result, the energy spectrum of the system is altered, giving rise to new modes with 

frequencies different from those of the original oscillator modes. The magnitude of this 
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frequency can shift depending on the strength of the coupling.7 The appeal of pairing excitons 

with plasmon modes lies in the extensive control achievable over the latter, facilitated by a 

variety of advanced nanofabrication methods8 and a deep comprehension of the intricate 

interplay between nanostructure specifics and the characteristics of the corresponding plasmon 

modes.9  

Moreover, the ability of strong coupling to alter the electromagnetic surroundings of an emitter 

has been exploited for modifying chemical landscapes and regulating chemical reaction rates,10 

showing catalytic effects, enhancing the selectivity in reactions with more than one product,11 

light harvesting in solar cells,12 and facilitating the water-oxidation in splitting reactions by 

increasing photon-to-current conversion efficiency.13 

After this general overview, we conclude this thesis by presenting our thoughts and perspectives 

for the individual projects that were carries out in these 3 years. 

1. LASING EMISSION  

This study showcases the use of template-assisted self-assembly, a cost-effective, versatile, and 

easily scalable technique, for fabricating high quality plasmonic-based metasurfaces to assist 

nonlinear optical emission phenomena. 

In the developed laser architecture, the 

gain medium layer acts as a substrate for 

the construction of the optical cavity, 

exploiting the hydrophobicity of the 

photoresist to improve the quality of 

the assembled plasmonic arrays and 

improve the generation of hybrid 

waveguided SLR modes to enhance the 

light extraction without using index 

matching layers. A threshold of 0.3 mJ/mm2 was observed for samples with a lattice period Λ 
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of 400 nm; however, we believe that an improvement of the optical cavity quality and the use 

of a more efficient and photostable gain media could potentially lead to lower thresholds and 

greater performance of the device. Nevertheless, the simplicity of the fabrication process, 

avoiding metal evaporation steps, annealing treatment, or index matching layers, and the 

adaptability offered by template-assisted self-assembly mark significant advances for nonlinear 

optics. Notably, our fabrication methodology circumvents the necessity for clean room facilities. 

These benefits were shown through the easy manipulation and control achieved on the lasing 

angular emission through direct modification of the array’s lattice parameter, which led to 

exploit the delocalized nature of hybrid modes and observing a lasing emission at off-normal 

emission for the case of lattice period of 500 nm.  

 Supported by numerical simulations and theoretical models, the observed results confirm the 

attainment of lasing emission under various conditions. Furthermore, the advantage of having 

an exposed optical cavity offers the opportunity for chemical modification of the plasmonic 

metasurface, presenting a compelling novelty compared to high-performance architectures 

fabricated via conventional lithographic methods. In the future, this adaptability and their 

consequent versatility makes them ideal candidate for applications such as photocatalysis, 

biosensing, energy conversion, and structural color display devices. 
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1. CHIRAL EMISSION 

We have showcased the fabrication of large-area chiral structures using template-induced self-

assembly of silver nanoparticles, capable of inducing circularly polarized luminescence (CPL) 

through resonant coupling to achiral dye molecules. By arranging different AgNPs sizes into 

gammadion arrays, we successfully generated 2D-

chiral metasurfaces. This cost-effective and 

scalable fabrication method can be readily applied 

to various types of particles and emitters, including 

chiral and achiral species, to directly produce 

circularly polarized light with significant glum 

values. In this study, the fabricated 2D-chiral 

metasurfaces exhibited CPL selectivity, achieving 

glum values up to 0.1 at room temperature. We 

observed R- and L-handed CPL response induced 

to the emitter from the chiral activity arising in the metasurface. Moreover, in some cases an 

amplified spontaneous emission (ASE) was observed suggesting the possibility to achieve chiral 

lasing emission. We believe that the results presented in this study can contribute to the 

advancement of large-scale selective CPL sources using conventional light emitters. These 

sources can be further enhanced through chemical modification to achieve even higher CPL 

values, holding significant potential for several applications. 
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1. TWO-PHOTON EMISSION 

In this study we explored the two-photon excited fluorescence of core-shell type quantum dots 

mediated by the presence of plasmonic lattice array, leveraging an enhancement of the 

phenomenon provided by self-assembled silver nanoparticles. In our experiment, a lattice period 

of 400 nm was selected to generate 

a lattice resonance that could 

overlap with the emission of the 

QDs at approximately 620 nm, 

utilizing the high refractive index 

layer (QDs/SU8). Our hypothesis is 

that the second diffraction order 

associated with the lattice 

resonance, occurring around 420 

nm, should overlap the absorption 

of the QDs, leading to enhancement of both the emission and absorption processes 

simultaneously. The result achieved by changing the illumination angle shows significant 

alterations in the emission spectral profile. A deviation from the typical quadratic dependence 

of the emission intensity from the excitation was observed. This inconsistency can be attributed 

to the fact that the optimal quantum yield is not reached for the QDs’ two-photon emission 

process and part of the absorbed energy dissipates through non-radiative pathways and 

plasmon-phonon coupling. Despite this, we note a favorable signal-to-noise ratio at lower 

excitation powers when the plasmonic array is present, indicating enhanced emission likely due 

to robust plasmon-exciton coupling. Our findings underscore the potential of colloidal based 

plasmonic metasurfaces as excellent nanostructures for exploring applications based on two-

photon-excited fluorescence. 
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1. CHEMICAL CONTRAST IN SITU GROWTH  

In this study we have used an unconventional fabrication approach where plasmonic structures 

are formed directly onto the target substrate material from inorganic precursors, bypassing all 

the initial colloidal synthesis 

steps. In terms of fundamental 

synthetic considerations, 

understanding substrate 

wettability, particle-substrate 

interaction, secondary 

nucleation, the interplay of 

reducing agents on the substrate 

and in solution, the effects of 

surface charge, the chemical environment and screening effects is crucial to establish reliable 

protocols for achieving direct growth of nanoparticle arrays and opening up unexplored avenues 

for future synthetic advances. There are a variety of techniques for the in situ growth and 

overgrowth of colloidal nanoparticles on various substrates such as polymers, oxides, 2D 

materials and semiconductors.  

The versatility of the chemical contrast in situ growth method presented here makes it well-

suited for future investigations into wet-chemical shape control and selective surface growth.  

The formation of particles directly on the substrate offers a way of modifying particle geometries 

in all directions relative to the surface, a level of control typically challenging to attain through 

self-assembly, such as standing nanowires, oriented anisotropic structures (such as triangles, 

platelets, nanostars, and chiral nanohooks), truncated particles, and oriented dimers. Similarly 

to colloidal syntheses, adjustments to the components of the growth solution can improve the 

yield of a desired structure. One major advantage of in situ growth is the strong adhesion or 

binding of the particles to the substrate. This adhesion removes the need to consider colloidal 
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stability and solvent compatibility, allowing growth to be explored under more extreme 

conditions, such as high temperature, high salt concentration and extremely low or high pH 

environments. It also opens the door to surfactant-free synthesis, facilitating green and 

sustainable chemistry practices, and enables seamless integration with other materials such as 

graphene, 2D materials and other metals for applications in magnetism, optics, and catalysis. 

The demonstration of emerging lattice plasmon resonances through bottom-up, in situ growth 

substrates underlines the potential of this technique as a simple and readily accessible route to 

engineering plasmonic materials. The benefits of in situ growth goes even further, with exciting 

perspective for coupling our growth scheme with microfluidics (enabling the exploration of 

chemical gradients during growth and post-growth surface chemistry modifications), external 

electromagnetic field (using light to guide nanoparticle growth), and even electrochemical 

potentials. 
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EXPERIMENTAL SECTION 
 

1. Materials  

a. Synthesis of gold nanoparticles 

Hydrogen tetrachloroaurate trihydrate (HAuCl4 ∙ 3H2O, ≥99.9% CAS: 16961-25-4), L-

Ascorbic Acid (AA, ≥99% CAS: 50-81-7), Sodium borohydride (NaBH4, ≥99%, CAS: 16940-

66-2), Cetyltrimethylammonium chloride (CTAC, 25% w/w, 756 mM CAS: 112-02-7), Sodium 

bromide (NaBr, ≥99% CAS: 7647-15-6), Milli-Q water (resistivity 18.2 MΩ∙cm at 25 °C). 

b. Synthesis of silver nanoparticles 

Silver nitrate (AgNO3; 99%, CAS: 7761-88-8), sodium citrate tribasic dihydrated (SC, ≥99.0%, 

CAS: 6132-04-3); tannic acid (TA, CAS: 1401-55-4); poly(ethylene glycol) methyl ether thiol 

(PEG, MW 2000 g mol-1); hexadecyltrimethylammonium chloride (CTAC, 25 wt% in water, 

CAS: 112-02-7), purchased from Sigma Aldrich; Milli-Q water (resistivity 18.2 MΩ∙cm at 25 °C). 

c. Silicon masters 

Original silicon masters of squared arrays (purchased from EULITHA, Switzerland) have lattice 

periods of 400, 500 and 600 nm (diameter of 230, 277, 338 nm respectively, height of 390 nm) 

covering a 7 × 7 mm2 area. The chiral masters (purchased from CONSCIENCE, Sweden) 

feature gammadion shape arrays with 500 nm width and 120 nm depth, disposed in a squared 

arrangement forming a lattice of 600 nm pitch in a 3 × 3 mm2 areas. 

d. Silicon master’s replica 

Silanization of the silicon masters with trichloro (1H,1H,2H,2H-perfluorooctyl) silane (97%, 

CAS: 78560-45-9) purchased from Sigma Aldrich. SU8-2000.5 (14% in thinner) negative 

photoresist purchased from KAYAKU Advanced Materials (Westborough, MA 01581). The 

SU8-2000 thinner (Cyclophentanone) was purchased from MicroCHEM (Westborough, MA 

01581). 
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e. OrmoStamp® 

Ormostamp and primer for UV-based nanoimprinting were purchased from Micro resist 

technology- GmbH (viscosity [Pa∙s] = 0.4±0.2, Spectral sensitivity photo-curing 300 – 410 nm, 

refractive index of 1.51 (cured at 589 nm)). 

f. PDMS molds 

The hard PDMS (h-PDMS) used for the replicas of original silicon masters purchased from 

EULITHA (Switzerland), and was prepared by components purchased from Gelest 

(CymitQuimica, Spain): (7.0-8.0% vinylmethylsiloxane)-dimethylsiloxane copolymer, 

trimethylsiloxy terminated (CAS: 67762-94-1), 1,3,5,7-tetramethylcyclotetrasiloxane (95%, CAS: 

2370-88-9), platinum-divinyltetramethyldisiloxane complex (2% in Pt in xylene, CAS: 68478-

92-2), and (25-35% methylhydrosiloxane)-dimethylsiloxane copolymer, trimethylsiloxane 

terminated (CAS: 68037-59-2). The stamp backbone is made of soft PDMS (s-PDMS) in ratio 

10:1 of monomer and cross-linker. 

The s-PDMS(Sylgard 184)  used for the stamps was purchased from Dow Corning (Michigan, 

USA), was preparate in ratio 10:1 of monomer and cross-linker. 

g. Self-assembly 

Glass substrates were pre-cleaned with piranha solution prepared by mixing Sulfuric acid 

(H2SO4, 95–98% w/w) and Hydrogen peroxide (H2O2, 30% w/w) in a 3:1 ratio. 

Rhodamine B dye powder was purchased from Sigma Aldrich (RhB, CAS 81-89-9; MW 479.01 

g mol-1); core-shell type quantum dots (CdSe/ZnS) stabilized with octadecylamine ligand 

(powder) was also purchased from Sigma Aldrich; SU8-2000.5 (14% in thinner) negative 

photoresist was purchased from KAYAKU Advanced Materials (Westborough, MA 01581). 

The SU8-2000 thinner (Cyclophentanone) was purchased from MicroCHEM (Westborough, 

MA 01581). Polydimethylsiloxane (PDMS, Sylgard 184) used for the stamps was purchased 

from Dow Corning (Michigan, USA). 
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h. In situ growth 

Hydrogen tetrachloroaurate trihydrate (HAuCl4 ∙ 3H2O, ≥99.9%, CAS: 16961-25-4), L-

Ascorbic Acid (AA, ≥99%, CAS: 50-81-7), N-dodecyl-N,N-dimethyl-3-ammonio-1-

propanesulfonate (LSB, 99%, CAS: 14933-08-5), Silver nitrate (AgNO3, ≥99%, CAS: 7761-88-

8), Hydrochloric acid (HCl, ACS Reagent 37%, CAS: 7647-01-0), High-performance liquid 

chromatography (HPLC)-grade sub-micron filtered water,  Milli-Q water (resistivity 18.2 

MOhm). 

Piranha solution for cleaning glass slides (3:1 95-98% w/w sulfuric acid, CAS: 7664-93-9, and 

30% hydrogen peroxide, CAS: 7722-84-1; Fisher Scientific). 

For the silanization of the masters 1H,1H,2H,2H-perfluorooctyltrichlorosilane (97%, CAS: 

78560-45-9) purchased from Alfa Aesar (Thermo Fisher GmbH, Karlsruhe, Germany); 

Hydroxypropyl cellulose (HPC; average MW ~80,000, average MN ~10,000, powder, 20 mesh 

particle size (99% through; CAS: 9004-64-2) purchased from Sigma-Aldrich Quimica SL 

(Madrid, Spain); Polymethylhydrosiloxane (average molecular weight 1,700-3,200, CAS: 63148-

57-2) used as a chemical ink was purchased from Merck in Hexane (≥99%, CAS: 110-54-3).; 

Polydimethylsiloxane (PDMS, Sylgard 184) purchased from Dow Corning (Michigan, USA); 

Hard PDMS (h-PDMS) mixture components purchased from Gelest (CymitQuimica, Spain): 

(7.0-8.0% vinylmethylsiloxane)-dimethylsiloxane copolymer, trimethylsiloxy terminated (CAS: 

67762-94-1), 1,3,5,7 tetramethylcyclotetrasiloxane (95%, CAS: 2370-88-9), platinum-

divinyltetramethyldisiloxane complex (2% in Pt in xylene, CAS: 68478-92-2), and (25-35% 

methylhydrosiloxane)-dimethylsiloxane copolymer, trimethylsiloxane terminated (CAS: 68037-

59-2). All chemicals were used as received.  

For the diluted PDMS used as soft sacrificial substrate, it was used Polydimethylsiloxane 

(PDMS, Sylgard 184) purchased from Dow Corning (Michigan, USA), and Toluene (≥ 99.5%, 

CAS: 108-88-3) in different volume ratio (30, 40, 50, 70 %w). The h-PDMS stamps were rinsed 

after each use with Ethanol (99.8%, CAS: 64-17-5), and acetone (99.7%, CAS: 67-64-1). 
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2. Methods 

 

2.1 Synthesis  

Seed-growth techniques, which entail the growth of small particles (seeds) into larger ones, were 

employed to produce gold nanoparticles of various sizes. Depending on the target dimension, 

we utilized either a one-step or a multiple-step seed-growth methods. The latter  involves the 

overgrowth of larger particles, prepared as an intermediate stage, that are then used as seeds for 

the subsequent stages of particle growth.1  

2.1.1 Seed mediated Au nanoparticles synthesis 

Tetrachloroauric acid (HAuCl4) finds extensive use as precursor salt for the synthesis of Au 

nanoparticles. A characteristic equilibrium that has to be taken into account when synthetizing 

gold nanoparticle involves the balance between comproportion and disproportion reactions, 

depending on the relative stability of each species within the mixture. It involves three distinct 

oxidation states: Au(III) in the precursor, Au(I) as an intermediate, and Au(0) constituting the 

nanoparticles.2  

Au3+ + 2Au0 ⇄	 3Au+  (1) 

In the growth solution, the most stable species is Au(I), leading to the equilibrium being shifted 

towards comproportion between Au(III) and Au(0), implying that gold nanoparticles will 

undergo oxidation in the presence of Au(III).3,4 The shift in this equilibrium to favor the growth 

is caused by the presence of a mild reducing agent such as AA.  

In our protocol, spherical gold nanoparticles with cationic surfaces were prepared in 

hexadecyltrimethylammonium (CTA(+)) chloride (CTAC). To obtain uniform gold 

nanoparticles, seed particles (<5 nm) were first prepared in a CTAC solution in the presence of 

sodium borohydride (NaBH4) as strong reducing agent, which led to the rapid reduction of the 
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gold salt precursor into Au(0). Ideally, the seeds should exhibit uniform size distribution and 

maintain consistent crystallographic structure. This goal is practically attained by introducing an 

excess of a potent reducing agent under vigorous stirring.5 The second step of the sysnthesis is 

also carried out in aqueous CTAC solution. However, in this case the reduction of gold ions 

(AuCl4-) is realized with a weak reducing agent (ascorbic acid). This is extremely important, as 

ascorbic acid is not capable of inducing the nucleation of new colloids, and the final reduction 

to Au(0) can only be achieved on the surface of the small pre-synthetized nuclei used as seed. 

Ultimately, this led to the growth of gold nanoparticles with diameters ranging from 10 to 100 

nm. It is also important to notice how the reactivity of the AA depends on pH, showing a lower 

reduction potential in acidic conditions and higher at basic pH levels, when AA is cable of 

reducing Au(I) into Au(0), even in the absence of seeds, compromising the seeded-growth 

mechanism.6 For this reason, acidic conditions are almost always a requirement for a AA-driven 

nanoparticle growth. 

Upon adding AA to a growth solution, the reduction of Au(III) to Au(I) occurs, evidenced by 

the solution becoming colorless (indicating the disappearance of the ligand-to-metal charge 

transfer band for a d10 metal center like Au(I)). This step is pivotal as it ensures that when the 

seeds are introduced into this growth solution, their oxidation via the favorable comproportion 

reaction is circumvented. As we mentioned before, it is possible to grow 10-100 nm gold 

nanoparticles in a single step. However, we chose a more complicated synthetic protocol for 

this thesis, as template-assisted self-assembly gives much more reliable results using colloids 

with a small size distribution. Specifically, our protocol interchange two growth steps with two 

oxidation steps, which maximize size homogeneity and sphericity of the produced colloids. The 

final oxidation step is carried out in the presence of sodium bromide (NaBr), which modifies 

the redox potentials involved in the equilibrium discussed above due to the formation of 

[AuBr4]-CTA+ complex. 
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• Gold seeds (1-2 nm) 

Under stirring, 50 µL of a HAuCl4 (0.05 M) solution were added to 5 mL of a CTAC (0.1 M) 

solution. Then, 200 µL of a NaBH4 (0.02 M) solution freshly prepared was injected under 

vigorous stirring, to ensure the simultaneous formation of all nuclei dispersed uniformly 

throughout the solution volume. It’s crucial to note that NaBH4 is hygroscopic and can react 

with atmospheric humidity; hence, this reagent is rapidly weighted and prepared fresh for each 

use.  The solution turns out brownish, indicating the formation of seeds > 2 nm in diameter. 

After 3 min the mixture was diluted 10 times in CTAC (0.1 M).  

• 10 nm Spheres 

900 µL of the seed solution was added in 10 mL of a CTAC (0.025 M) solution, followed by 40 

µL of AA (0.1 M). Then, 50 uL of HAuCl4 (0.05 M) solution was added under vigorous stirring, 

initiating the growth. The suspension turns red, signaling the growth of the NPs and the 

emergence of a LSPR around 520 nm. The solution was left stirring at RT for 10 min before 

the next step. This colloidal suspension is stable at RT for months.  

• Seeded growth (10-100 nm) 

This synthesis requires a tight control over the temperature of the growth solution. For this 

reason, the preparation is carried out by submerging the reaction flask in a water bath over a 

hotplate equipped with a digital thermobar. The following experimental procedure is reported 

for the preparation of 10 mL of 50 nm NPs. However, the synthesis was typically scaled up to 

600 mL. 

1. In 10 mL of a CTAC (0.025 M) solution were added 65 µL of 10 nm nanospheres 

suspension and 25 µL of AA (0.1 M) solution. To prepare 25 nm NPs the amount of 

10 nm seeds is increased 10 times.  
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Under vigorous stirring, 25 µL of HAuCl4 (0.05 M) was added, and then the mixture is 

left stirring at RT for 30 min to enable the growth of the NPs. The growth time depends 

on the final dimension to be achieved but is typically completed in about 1 hour. The 

growth is followed by a significant change in the suspension color, becoming darker due 

to the red shift of the absorption plasmon band. If the particles are grown above 50 nm, 

the scattering of the nanoparticles can also be observed. 

2. Following the first growth step, the temperature is increased to 40 °C and an aliquot of 

25 µL of HAuCl4 (0.05 M) was added to induce the oxidation of the AuNPs, exploiting 

the comproportion reaction between Au(0) contained in the nanoparticles and the 

added Au(III). Once the oxidation is completed (45 min), the suspension is heated up 

to 75 °C, initiating the thermal reduction of the gold over the particle, increasing the 

dimension of the colloids. This second growth is completed in 20 min. 

3. Finally, the suspension is cooled down again at 40 °C. In the final step, 10 mg of NaBr 

and 25 µL of HAuCl4 were added to the mixture, inducing a second oxidative etching 

step in the presence of bromide that ultimately improves the spherical shape of the 

colloid. 

Once the synthesis is completed, the particles are cleaned and concentrated by 

centrifugation for further characterization by Transmission Electron Microscopy (TEM) 

and UV-Vis spectroscopy. Specifically, AuNPs stabilized by the capping surfactant (CTAC) 

were centrifugated 2 times (2500 rpm/10 min for 100 nm NPs, 7000 rpm/10 min for 50 

nm NPs, 10000 rpm/20 min for 25 nm NPs) and redispersed in certain amount of CTAC 

(>1 mM).  
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Figure ES 1 (a-c) AuNPs characterization through Transmission Electron Microscopy (TEM) and (d-f) size 

distribution histograms of (d) 24± 3 nm, (e) 49±3 nm, and (f )  96±9 nm in diameter NPs. (g)UV-Vis analysis: 

extinction maximum at 520 for 25 (black curve) and 50 nm (green curve) NPs, and 610 nm for 100 nm (red 

curve) NPs. 

2.1.2 Synthesis of silver AgNPs 

The synthesis of AgNPs with different sizes was carried out following the protocol of Bastus 

et al. with slight modifications.8 The robustness of this method relay in the reproducibility 

of monodisperse and stable AgNPs. Although the citrate surfactant has been proved to be 

effective reducing agent to produce spherical noble metals NPs in water with a controlled 

monodispersity, efforts to achieve the control of the AgNPs morphology during the 

synthesis by using sodium citrate (SC) faced persistent challenges over the years. The main 

issue in citrate-mediated synthesis is the dual role of citrate ions as weak reducing agent and 

a strong complexing stabilizer. 

This dual function affects the kinetics of Ag reduction, making it difficult to control the 

nucleation, growth and shape control. The oxidation of sodium citrate (first in 

dicarboxyacetone and then in acetoacetate)9 forms stable complexes with Ag+ and Ag2+ ions, 

stabilizing them and slowing down their conversion into Ag4
2+. The latter acts as a nucleation 

site for the formation of the nanoparticles, but its uncontrolled formation extendsthe 

heterogeneous nucleation of the AgNPs in time, promoting the formation of new nuclei 

during the growth process and leading large and polydisperse colloids. Over the years, other 

strategies to control the reduction kinetics of metal NPs have been widely investigated.  
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These approaches encompass, for example, incorporating chemical species that limit the 

reactivity of precursor molecules,10 reduction via oxidative etching,11 and regulation of the 

solution temperature.12  

The synthesis used for this thesis relay on the reaction kinetic control based on the reduction 

of silver nitrate combining two reducing agents: sodium citrate and tannic acid (TA). The 

latter is a highly biocompatible mixed gallotannin composed of gallic esters of glucose, to 

control size and the degree of monodispersity. The rate and extent of nucleation are 

governed by the concentration of TA. Lower concentrations promote rapid nucleation 

yielding small particles, while higher concentrations of TA lead to the production of larger 

particles with increased size dispersity. Specifically, through the temporal evolution of UV-

Vis spectra using fixed amount of the TA, it was found that the TA acts as primary reducer, 

and SC serves as secondary reducer and stabilizer. Additionally, certain amount of TA can 

be employed for nucleation, while SC takes part in the growth process once catalytic nuclei 

are already formed. This helps to achieve a high control over the particle’s growth. 

For the preparation of plasmonic metasurfaces we prepared colloids of 25, 50, and 100 nm 

(Figure ES 2). The smaller nanoparticles were applied in the preparation of lasing 

architecture as discussed in Chapter 4.  This size was selected to guarantee the optimal far-

field coupling within the plasmonic array units, while limiting at the same time near-field 

interactions. The use of bigger nanoparticles would imply a significant red shift and 

broadening effect of the plasmonic response, which would increase the optical losses 

lowering the quality factor of the lattice resonance.13 

The following stock solutions were prepared beforehand:  AgNO3 (0.025 M), SC (0.025 M), 

and TA (0.0025 mM). In a three-neck round-bottomed flask immersed in a silicon oil bath 

were mixed, under vigorous stirring and in the following order, 200 mL of an aqueous 

solution of SC (0.005 M) and 2 mL of TA.  
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The solvent evaporation was prevented using a condenser, and the temperature of the 

system was controlled using a digital thermobar placed in the oil bath.  

The temperature was increased until vigorous boiling was observed, followed by the 

addition of 2 mL of the AgNO3 stock solution. Within 1 minute the color of the growth 

mixture changes from a faint yellow, due to the presence of TA, to a deep brown shade, due 

to the presence of Ag seeds with diameter ~ 10 nm diameter. The LSPR absorption peak 

maximum in this step falls at 402 nm. After the formation of the Ag seeds was completed 

(in about 5 min), the reaction was cooled to 90 °C to begin the nanoparticle growth. 

• Growth of AgNPs from 10 to 25 nm 

At this point, 200 µL of SC, 500 µL of TA and 500 µL of AgNO3 of the stock solutions 

were injected into the growth mixture, with a delay time of ≈1 min between each addition. 

The suspension is then left stirring for 15 min, after which an aliquot of 1 mL was extracted 

for UV–vis characterizations. The spectral absorbance measured with a UV–vis 

spectrophotometer (HITACHI U-3010) is used to estimate the AgNPs size (according to 

Mie theory).14 For a size of 25 nm, the plasmon band maximum falls at 408 nm. The growth 

step was repeated until the desired size was reached. This procedure allows to perform 

highly controlled growth steps. 

• Growth of AgNPs from 20 to 200 nm 

In this case the reaction proceeds through less fine growth step until the desired size, 

involving bigger amounts of reducing agents and precursor. The Ag seeds solution in the 

same vessel was diluted by extracting 40 mL of sample for further UV-Vis characterization 

and adding 33 mL of Milli-Q-water. After setting a temperature of 90°C, 1 mL of SC, 3 mL 

of TA were added from the stock solutions, and, after 1 min, the additions were completed 

by 2 mL of AgNO3 stock solution. After 30 min, it is possible to proceed with another 

extraction of 40 mL of the Ag mixture for UV-vis characterization. Similarly to the previous 
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protocol, the procedure can be repeated starting from the addition of 33 mL with Milli-Q-

water until the desired dimension is reached.  

At the end of the growth step, in order to eliminate the excess of reagent and concentrate 

the particles, the colloidal suspension are centrifuged three times (rpm and time depend on 

the size; 15000 rpm/ 30 min for 25 nm NPs, 5000 rpm/ 15 min for 50 nm NPs, 2500 

rpm/10 min for 100 nm NPs), bringing the volume from 200 mL to less than 2 mL. 

 

Figure ES 2 (a-c) AgNPs characterization through Transmission Electron Microscopy (TEM) and (d-f) size 

distribution histograms of (d) 23±4 nm, (e) 45±4 nm, and (f )  93±7 nm in diameter NPs. (g) UV-Vis analysis: 

extinction maximum at 408 nm for 25 nm (black curve), at 427nm for 50 nm (yellow ochre curve) NPs, and 

458 nm for 100 nm (red curve) NPs. 

2.1.3 Ligand exchange 

Once concentrated, the Au and Ag NPs were functionalized via ligand exchange, by using 

thiol-terminated PEG (MW = 2000 g mol-1). In addition to shape and size monodispersity, 

the surface chemistry of the NPs is critical for achieving uniform colloidal assembly. This 

protocol yields NPs stabilized by loosely bound surfactant molecules of CTAC (with a cmc 

~ 1 mM). An excess of free ligand influences the suspension wetting on the substrate, 

leading to an accumulation of the particles on the contact line that hinders the fabrication 

process. Moreover, the net positive charge of CTAC-coated colloids creates a strong 

repulsion preventing the formation of close packing structures. To solve this issue, we 
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implemented a ligand exchange with the hydrophilic poly(ethylene glycol) methyl ether thiol 

(PEG), which enables the steric stabilization of the NPs throughout the assembly process, 

allowing to form densely close-packed assemblies.15 

After two centrifugation steps, the recovered precipitated NPs were transferred into a vial 

and diluted in water. Subsequently, 1 mg/mL of PEG (molecular weight of 2000 g mol-1) 

dissolved in a minimum amount of water (100 µL) was added dropwise in the suspension 

under vigorous stirring; the reaction was left overnight under mild stirring to promote NPs 

surface passivation. Finally, the NPs suspension was centrifuged two times (10000 rpm /20 

min for 20 nm NPs, 5000 rpm/15 min for 50 nm NPs, 2500 rpm/10 min for 100 nm NPs) 

to eliminate the excess of ligand and adjust the concentration of the nanoparticles.  The NPs 

were suspended in a final mixture of water:ethanol (6:4) with a [CTAC] = 50 µM. Here, the 

ethanol is used as cosolvent to improve template wetting and achieve kinetic control over 

NPs self-assembly by enhancing the wetting of the polydimethylsiloxane (PDMS) stamp, 

leading to a significant reduction in the formation of coffee rings, which had previously 

posed a considerable obstacle to the fabrication of well-defined colloidal arrays over areas 

exceeding a few hundred square micrometers.16,17 This composition was optimized to 

achieve the most homogeneous assemblies.18,19 The highest assembly quality was found for 

a concentration of Au0 of 750 mM (measured monitoring the absorption at 400nm),20 

utilizing ~1 µL of suspension for each assembly. In the case of Ag, the optimal NPs 

suspension concentration was chosen correlating the absorption peak maximum 

(Absorbance at 0.5 considering a dilution 1:1000) and the quality of the final assembly, 

ensuring to use the same volume (1 µL) and guaranteeing the reproducibility (defect-less 

structures and no particles outside the cluster area) for all the samples. The quasi-stationary 

regime introduces complexities in relying solely on UV-Vis characterization for estimating 
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the nanoparticles size. Additional techniques such as TEM characterization are needed to 

obtain accurate and detailed information about the nanoparticle size distribution. 

For the preparation of bimetallic metasurfaces (Chapter 2, Paragraph 2.4.1 and Chapter 

3, Paragraph 3.4), colloids of different sizes (25, 100 nm) and compositions (Au, Ag) were 

combined in different volume ratio (χAu = 0.75 and χAu = 0.35). An UV-Vis and EDX 

analysis were performed to analyze the composition of the final structures (the latter analysis 

was performed after drop-casting and drying the solution on a substrate, and keeping a low 

magnification in the SEM for the EDX spectra collection) 

 

Figure ES 3 (a) UV-vis and (b, c) energy dispersive X-ray spectroscopy of the mixtures of gold and silver 

colloids: χAu = 0.75 (b, blue line in a), and χAu = 0.35(c, red line in a).  

2.2 Molds and master fabrication 

2.2.1 s-PDMs molds  

soft-PDMS templates are employed for the self-assembly of NPs throughout the thesis, 

yielding molds that are notably more flexible and durable, even after multiple uses (typically 

10–15 preparations). In the case of chiral-shaped assembly, we have used h-PDMS stamp 

as template, given its higher precision required to replicate the intricate features such as the 

Gammadion’s arms. The polymer mixture is created by vigorously mixing a 10:1 weight 

ratio of monomer and curing agent, ensuring the homogeneous distribution by using a drill 

with a properly designed hook shaped tip. To avoid air bubble formation, the mixture is 

prepared into falcon tubes (PP) and then centrifugated at 3200 rpm for 5 minutes. As an 
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alternative, the air bubbles can be removed by preparing the s-PDMS mixture in plastic 

beaker (PP) and allowing to degas in a desiccator for approximately 1 h. Subsequently, the 

mixture was poured onto an operative masters of pillars that was previously silanized. The 

curing step is carried out on a hotplate with a temperature ramp of 60, 80, and 120 °C for 1 

hour (1°/min). After the curing is complited, the demolding is carried out by gently 

separating the PDMS from the master, resulting in s-PDMS stamp patterned with cylindrical 

nanoholes array.  

2.2.2 h-PDMs stamp for mater replicas and for HPC imprinting for 
in situ 

These are hybrid material systems, with a thin h-PDMS patterned layer (few microns) 

deposited and cross-linked to a backbone composed of s-PDMS, ensuring sufficient 

flexibility, mechanical rigidity, small shrinkage, and UV light transmittance. Both the 

Ormostamp operative master and the original masters can be replicated onto h-PDMS 

molds, which in turn can be used to reproduce the nanoscaled features patterns several 

times.  The h-PDMS mixture was prepared by adding the following components under 

vigorous stirring: 1.7g vinylmethylsiloxane, 50µL of 1,3,5,7-tetracetylcyclosilane, 4µL of Pt 

catalyst, 550µL of hydroxyl siloxane (co-polymer), and 2mL of toluene, decreasing its 

viscosity and facilitating the percolation into the nanosized features (<10nm). The addition 

sequence should be performed as fast as possible since the mixture will immediately start 

curing. Due to toluene rapid evaporation rate, the mixture remained usable for 

approximately 20 minutes, after which it started to solidify. After preparation, the mixture 

is drop-cast onto the patterned area, spread over the entire surface using a compressed air 

gun. This process is repeated three times for each sample, to provide a layer with thickness 

over few µm. The substrates are left at room Temperature (RT) for 30 min and then on a 

hotplate at 60 °C for 1 hour to evaporate all the toluene. After, approximately 25 mL of s-

PDMS is poured onto the masters, and left curing under a temperature ramp of 60, 80, and 
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120 °C for 2 hours (2°/min), in order to create a flexible backbone. This process is 

repeatable, allowing the generation of numerous PDMS templates from a single silicon 

master. 

2.2.3 Operative silicon masters 

For this thesis, together with the Ormostamp master discussed in the next section, h-PDMS 

molds were used to reproduce the operative masters onto a thin SU8 layer through thermal 

nanoimprinting lithography. These masters are then employed to recreate the s-PDMS 

templates used for colloidal self-assembly, discussed in Paragraph 2.3. The negative epoxy-

based photoresist (SU8 2000.5) is spin-coated (2000 rpm, 1000 rpm/s, 30 s) onto a cleaned 

glass or silica wafer. The h-PDMS mold is delicately pressed into the SU8 layer and then 

placed on a hotplate, where the Temperature is increased to 100 °C, causing rapid 

deformation of the epoxy layer. Subsequently, once the color of the pattern changes (~ 30 

s), indicating the percolation of the resist into the small features of the pattern, the substrates 

are cooled down at RT.  Finally, it is possible to perform the demolding of the stamp. The 

result is an SU8 operative master nanopatterned with the negative image of the h-PDMS 

mold. Following the demolding step, the patterned substrates undergo through 10 min 

direct UV-light exposure, in order to activate the monomer and start the cross-linking.21 

The lattice period used for the masters and molds of this thesis are reported in the table 

below. 

Table ES1 Geometrical parameters of the masters used in this work. The patterned area of each master is 

49 mm2. 

Name Lattice period (L) Diameter (nm) Depth (nm) 

L400 400 230 390 

L500 500 277 390 

L600 600 338 390 
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2.2.4 OrmoStamp® for operative master replicas fabrication 

Ormostamp, a photocurable polydimethylsiloxane with a Young's modulus of 650 MPa, is 

well-suited for replicating structures with high aspect ratio features (such as pillars and 

holes), effectively preventing the configuration collapse. The Ormostamp replicas (or 

operatives masters) were obtained from the original silicon masters purchased from 

EULITHA (Switzerland). In order to protect the original masters, avoiding the Ormostamp 

to stick permanently onto the silicon surface, they undergo through silanization step 

performed via chemical vapor deposition (CVD) of trichloro (1H,1H,2H,2H-

perfluorooctyl) silane (97%) for 20 min under vacuum in a desiccator. Once the deposition 

is completed, the master is rinsed with isopropyl alcohol (IPA) to remove all the silane 

leftovers and heated up to 120 °C for 20 min for drying. A cleaned glass slide, pre-treated 

with UV-ozone (UV-O3) for 20 min, is covered with Ormostamp primer via spin coating 

(4000 rpm, 1000 rpm/s, 60s), to ensure that the photoresist sticks well onto the glass 

substrate. The covered glass is then baked on hotplate at 150°C for 5 min, before proceeding 

with the imprinting step. A drop of liquid photoresist is placed directly on top of the 

silanized silicon master, and the glass slide is gently superimposed on the master, making 

sure that no bubbles remain trapped between the glass and the Ormostamp layer, letting it 

spread slowly under the effect of gravity. Finally, the photoresist is then activated under 

UV-light exposure for 10 min and cross-linking is favored by placing the substrates on a 

hotplate and applying a temperature ramp from 60 to 120 °C (6 °C min⁻1) for 30 min. The 

difference in thermal expansion coefficient between the photoresist and silicon facilitates 

the self-detachment of Ormostamp from the silicon master. Following this process, 

Ormostamp patterned as a negative master can then be employed to recreate tens of defect-

free replicas to be used as operative masters, safeguarding the originals. 
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Figure ES 4 Scheme of the molds and master fabrication: 1. Original master made via EBL. 2. h-PDMS to 

replicate the original master. 3. Replica master to generate the operative masters with SU8. 4. Ormostamp to 

pass from holes to pillars and viceversa. 

2.3 Sample fabrication 

All glass substrates used for the preparation of all the samples used in this thesis were pre-

cleaned with piranha solution prepared by mixing Sulfuric acid (H2SO4, 95–98% w/w) and 

Hydrogen peroxide (H2O2, 30% w/w) in a 3:1 ratio and let set for 30 min. After, they were 

well rinsed with Milli-Q water. 

2.3.1 Glass samples preparation 

A 1 µL droplet of AgNPs suspension is deposited at the center of a clean glass coverslip. 

Immediately after, a s-PDMS mold patterned as square array of cylindrical holes with a 

chosen lattice parameter (L) is placed over the dispersed nanoparticles. The evaporation of 

the solvent induces the self-assembly of the AgNPs into a plasmonic nanocluster array. The 

close-packing arrangement of the particles in clusters is controlled by the shape and size of 
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the cylindrical holes, which are influenced by the nanoparticle concentration, the solvent 

composition, and the CTAC concentration of the mixture. After drying overnight, the 

sample is ready for the demolding step. The samples were analyzed by scanning electron 

microscopy (SEM), using a FEI QUANTA 200 Electrons Field Emission Gun, operating 

between 5 and 15 kV in a low vacuum underwater atmosphere (60 Pa). 

2.3.2 Lasing samples  

For what concern the lasing architecture, Rhodamine B dye (RhB) was used as gain media 

dissolved (5.25 mg/mL in cyclopentanone and then mixed in ratio 1:1 with SU8 2000.5 

epoxy-based negative photoresist (assuming the complete evaporation of the solvent at the 

end of the preparation, the final concentration is 2.8% w/w).22 The SU8 was used also to 

replicate the operative master from which the PDMS molds are obtained. In the presence 

of UV light, these resists undergo a photochemical reaction, leading to the production of a 

photoacid, inducing the photopolymerization of SU8. Specifically, the photoacid catalyzes 

the cross-linking reaction in the exposed regions of the resin, making it to become less 

soluble in the developer solution. This selective insolubility allows for the formation of a 

stable and well-defined pattern in the exposed areas. A final post bake step is used to further 

cure and strengthen the polymerized structure, enhancing the mechanical and chemical 

stability and controlling the porosity of the final layer.21  
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Figure ES 5  Comparison of assembly on glass and SU8 for the case of a sample with lattice period of 500 

nm. (a, e): SEM images at different magnification (a-i, ii, iii and e-iv, v, vi) of the AgNPs array (a) on glass 

and (e) on SU8. [Scale bars: 500 nm (a-i, e-iv), 1 µm (a-ii, e-v), 5 µm (a-iii, e-vi)]. (b, f): Transmission 

spectrum of the sample (b) glass before (red curve) and after (black curve) index matching step, and on (f) 

SU8 index. (c, g): Intensity map (contour plots) of the transmission of the sample self-assembled on (c) glass 

and on (g) SU8. The degeneration of the first order of the sample on glass plotted in panel c, is due to the 

misalignment of the azimuthal respect to the illumination angle θ. 

In order to facilitate the dissolution of RhB, an ultrasonic bath (Branson 2800) was used for 

15 minutes. Once prepared, the mixture was spin-coated on a 20 × 20 mm cleaned glass 

coverslip (two steps receipt: 500 rpm, 100 rpm/s, 10 s and 2000 rpm, 300 rpm/s, 30 s). 

Then, samples were first pre-baked at 60 °C for 2 min and 95 °C for 5 min to ensure the 

solvent residues evaporation, secondly exposed for 25 min under UV light, and finally hard-

baked by using a Temperature ramp 95-150 °C for 30 min.157 The final thickness (t) of the 

dye-doped SU8 layer was estimated to be 250 nm by interferometry measurements, taken 

with an FTIR spectrometer (Vertex 70, Bruker) connected to an optical microscope 

(Hyperion, Bruker). The experimental data were processed using MathLab licensed program 

fitting the experimental measurements by a transfer matrix model. These measurements 

were then confirmed by profilometry measures (Figure 3.1). The assembly was performed 

as for the glass samples, exploiting the hydrophobicity of the resin layer that facilitate the 

self-assembly increasing the quality of the final structure. The advantage of this strategy is 
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that it enables to keep the nanoparticles completely exposed to air, without using index 

matching layer as usually reported in literature and discussed in Chapter 3.  

 

Figure ES 6 Final appearance of (a) s-PDMS molds and (b) lasing architecture sample. 

2.3.3 Gammadion samples for chiral fluorescence enhancement 

The fabrication of this samples involves the use of Left (L-), Right (R-), and Racemic (M-) 

Gammadion-shaped h-PDMS molds, replicated as mentioned in Paragraph 2.1. 

In this case, AgNPs with different size were used for studying the optical properties to 

promote the modulation of the fluorescence emission. However, the 50 nm NPs displayed 

the best result in terms of optical response, due to the right balance between the near-field 

coupling among the particles within the Gammadions shaped cluster, and the far-field 

coupling of the scattered field from each cluster. 

The architecture used for these samples, was the same of the lasing samples, namely a SU8-

RhB layer was used onto a glass coverslip as gain media layer and the assembly was 

performed on top of this layer.  The results are discussed in Chapter 4. The morphological 

characterization is discussed in Chapter 2, and the SEM are shown in Figure 2.6. 

2.3.4 Samples for two-photon photoluminescence (2PPL) 

In this case, AgNPs were assembled on top of a layer of bare core-shell quantum dots (QDs) 

green (CdSe/ZnO) and red (CdSe/ZnS), chosen for the high extinction coefficient and the 

long lifetimes. The QDs solution were prepared to maximize the concentration of the 

nanocrystals and at the same time have enough product to cover an entire glass coverslip. 

The concentration was kept at 0.1 M in toluene and the solutions were always used freshly 
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for the preparation of the samples, to prevent the changes in concentration induced by 

solvent evaporation. 

The sample architecture (Figure 2.10) involves a layer of SU8 2000.5 spin coated on top of 

cleaned glass coverslip and cured through UV light exposure (10 min) and post-bake step 

(20 min at 120 °C). Then, the QDs were spin coated onto the SU8 layer (1000 rpm, 100 

rpm/s, 30 s) reaching a thickness of about 10 nm, as estimated via atomic force microscopy 

(AFM).  

This multilayer structure was chosen for taking advantage of the formation of SLR/wave-

guiding hybrid modes which, again, support the outcoupling of the collective resonances 

without the need of index matching steps, as discussed in Chapter 3. 

2.3.5 In situ samples  

• PDMS substrate 

The published protocol involves the preparation of glass supported flat PDMS substrates 

via sandwich method. In this approach, one of the two flat substrates needs to promote the 

adhesion of the PDMS. For this purpose, glass substrate cut in pieces cm-squared were 

treated via UV-O3 (Jelight Model 42) treatment for 10-20 min. Instead, monocrystalline 

silicon wafer cut in cm-squared pieces were silanized via Chemical Vapor Deposition (CVD) 

with perfluorooctyl-trichlorosilane, by using a desiccator for 20 min. The wafers were then 

rinsed with IPA to remove the silane excess and dried with air compression gun. The PDMS 

is prepared by mixing the monomer and the curing agent in ratio 10:1 and degassed to get 

rid of the bubbles for 1h, if prepared in the beaker, or centrifugated for 5 min at 3200 rpm, 

if prepared in falcon tubes. A tiny drop of PDMS was then poured in the middle of the 

silanized silicon squares and degassed for 10 min to prevent that eventual bubbles remain 

trapped once the silicon is sandwiched with the glass. Finally, the glasses were superimposed 

from the UV-O3 treated side over the PDMS drop, trying to center it and left curing on a 



 274 

hotplate at 120°C for 1h. After 1h on hotplate, using a razor blade is possible to separate 

the glass from the silicon wafer.  

While baking removes some oligomers, further cleaning steps are necessary to guarantee 

minimal nucleation on the PDMS surface. To extract the remaining oligomers, the PDMS 

is subjected to sonication in ethanol for 5 minutes, followed by sonication in acetone for 30 

minutes.23 The PDMS should swell with acetone, and then de-swell upon drying for 30 min 

at 60 ºC in the oven. This process should be repeated three times. The final drying step 

should be extended to approximately 60 minutes to ensure complete de-swelling of the 

PDMS before coating with HPC. 

In the alternative approach, once prepared, the PDMS is diluted and before proceeding with 

spin-coating step, the solution is centrifuged at 3500 rpm for 2 minutes to eliminate trapped 

air. As part of the optimization process, the maximum revolutions per minute (rpm) were 

also optimized. Three different rpm settings were tested: 1000, 2500, and 5000. Although 

the spin-coater could reach 8000 rpm, this upper limit was not thoroughly explored. The 

decision was based on the observation that higher rpms led to a reduction in film thickness 

while compromising sample stability during spin-coating. Finally, the prepared samples 

underwent curing on a hotplate following a heat curve of 60-90-120°C, with temperatures 

increasing in 10-minute intervals. To assess the layer thickness, we utilized the generation 

of thin-film interference visible in the visible spectrum. This involved employing an FTIR 

spectrometer (Vertex 70, Bruker) in conjunction with an optical microscope (Hyperion, 

Bruker). By comparing the collected interference data with simulated plots, we estimated 

the film thickness by reflectance measurements and applying transfer matrix model. The 

thickness was evaluated on three different spots for all the samples, and a sample size of 

three was used for all the spin-coating conditions, unless otherwise specified. The average 

height and the standard deviation are reported in the following Table ES2: 
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Table ES2 PDMS diluted thickness measures evaluated on different substrates. 

RPM Height(mm) 
for 30% dilution 

Height(mm) 
for 40% dilution 

Height(mm) 
for 50% dilution 

Height(mm)  
for 30% dilution 

1000 4.0±0.5 7.8±0.6 12±1 - 

2500 3.0±0.2 5.1±0.4 7.3±0.1 14.4±0.1 

5000 2.3±0.1 3.8±0.2 5.4±0.2 10.5±0.1 

• Thermal Nanoimprint Lithography for HPC stencil 

Once prepared the polydimethylsiloxane (PDMS) substrates via sandwiched method, arrays 

of gold nanoparticles have been fabricated exploiting nanoscale chemical patterns formed 

via t-NIL. 23 g of HPC every 100 mL of water where prepared and left under stirring at RT 

for 5min. After ~5 min the solution will become a paste and the solution was left to dissolve 

over ~48 h at room Temperature until it appeared uniformly mixed. The working aqueous 

solution of HPC used were 21 mg/mL, 38 mg/mL, 53 mg/mL, and 66 mg/mL, prepared 

by adding 1.0 g, 2.0 g, 3.0 g, and 4.0 g of concentrated HPC stock solution to 10 mL of 

water and left under stirring for at least 1 h before using. The solution displaying the best 

results were the 1.0 g and 2.0 g cases. Once ready, the HPC aqueous solution was spin-

coated (3000 rpm, 300 rpm/s, 60 s) onto the PDMS substrate, and the film was brought 

into contact with a h-PDMS mold. Under an applied pressure of ≈1 bar, the substrate was 

heated above the HPC Tg (140 °C), to generate holes template with the mold. This step is 

carried out by using a compact nanoimprinting tool (CNI v 2.0 by NIL Technology ApS, 

NILT, DK). After this procedure step, the imprinting confer iridescence to the patterned 

films easily visible at naked eye. To remove any residual in the holes of the HPC fishnet, a 

short 30 s UV-O3 etching was used.  

• Chemical ink 

After the 30 sec UV–O3 etch, the chemical ink (PMHS) solution (0.1% (v/v) in hexane), 

stirred for 1h before use to ensure even distribution, was spin coated (5000 rpm, 2500 

rpm/s, 60 s) onto the stencil surface. The HPC fishnet integrity is entirely preserved after 
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the UV–O3 treatment and ink application steps. Subsequently, the HPC stencil was 

dissolved in water, by using Milli-Q water dropped on top, and left swelling for The HPC 

fishnet integrity is entirely preserved after the UV–O3 treatment and ink application steps. 

Subsequently, the HPC stencil was dissolved in water, by using Milli-Q water dropped on 

top, and left swelling for 30 min to facilitate the elimination. Therefore, the chemically 

patterned substrate was rinsed with water and dried using an air compression gun. This 

rinsing step is important, since the residual HPC can act as a reductant for the formation of 

gold nanoparticle.  

The chemical ink was tested first on an unpatterned, flat soft-PDMS substrate through 

various techniques. The substrate was then immersed in a cuvette containing the growth 

solution comprising 1.5 mL 25 mM CTAB, 18 μL of 50 mM HAuCl4, and 18 μL of 100 

mM ascorbic acid.  

• In situ growth 

The optimized growth solutionwas prepared in eppendorf using 12 µL of aqueous gold 

precursor (HAuCl4) solution (0.05 M) added to 1 mL of cetyltrimethylammonium bromide 

(CTAB) surfactant, acting as capping ligand (0.025 M). Consequently, 12 µL of ascorbic acid 

aqueous solution (0.1 M) was added and then the solution, rapidly stirred by vortex, within 

5 s changes color from orange to clear indicating the reduction of Au3+ to Au+. As soon as 

the solution turns transparent, it was added to the substrates and left reacting for 1, 2, 5 or 

10 min. Nanoparticle size was controlled by tuning the growth times. Then, the substrates 

were well-rinsed with Milli-Q water and dried by using air compression gun. 

For the Au nanostars, the overgrowth solution contains 15 µL of HAuCl4 solution (0.05 M), 

and shape-directing reagents as 1 mL of LSB surfactant aqueous solution acting as capping 

ligand, 6 µL AgNO3 (0.01 M), and 10 µL HCl (0.1 M) added to prevent significant secondary 

nucleation for the 10 min growth time., the latter to prevent significant secondary nucleation 
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for the 10 min growth time. All the reagents are mixed; then, 50 µL of AA (0.1 M) were 

rapidly added and mixed (using the vortex). Immediately, 150 µL of the solution were drop 

casted onto the substrate and left for 5 min. Afterwards the substrates were well-rinsed with 

Milli-Q water and dried by using air compression gun. 

2.4 Morphological characterization 

Transmission electron microscopy (TEM) images were collected with a JEOL 1210 TEM 

instrument (Tokyo, Japan) operating at 120 kV using carbon-coated 400 square mesh 

copper grids.  

Scanning electron microscopy (SEM) images were collected with a FEI QUANTA 200 

Field Emission Gun, and a FEI Magellan 400L, operating between 5 and 30 kV. Energy 

Dispersive X- ray Spectroscopy maps were collected using a FEI Magellan 400L equipped 

with a X-Max Ultim Extreme EDX (Oxford Instruments) detector.  

Atomic Force Microscopy (AFM) images were collected with a Bruker Multimode AFM 

equipped with Nanoscope V controller. 

Thermal annealing was performed in a AS-Micro Rapid Thermal Annealing Furnace by 

Annealsys. Extinction spectra of the colloids were recorded using a Hitachi U-3000 

spectrophotometer and customized optical bench set up.  

2.5 Optical characterizations 

Far-field transmission measurements the white light produced by a tungsten halogen lamp 

(Ocean Optics, HL-2000-HP, Florida, USA), was improved by using two filters (Edmund 

Optics, SCHOTT BG64, and Thorlabs, SRF11) to enhance counting in the UV and NIR 

regions. Two achromatic doublet lenses (f = 100.00 mm and f = 50.00 mm) were used to 

focus the light onto the sample and collected the signal with a fiber coupled 

spectrophotometer (Ocean Optics, QEPro-FL) with detection range of 380 - 1200 nm. The 

detection system was mounted on a rotational optical breadboard (Thorlabs, RBB12A, New 
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Jersey, USA), while the sample holder was secured on a rotational stage (Ø=50 mm) with 

resonant piezoelectric actuators (Thorlabs, ELL18/M) whose communication was 

controlled by interface board and software. The two-rotation system enables the concentric 

rotation of the sample and detector, allowing to perform the experiment by automatically 

rotating the illumination angle (θ) from 0° to 35° with a resolution of 0.1°. For some cases 

4× objective (Olympus, RMS4X, NA: 0.10) were used to collect the data. 

2.5.1 Transmittance circular dichroism 

The optical measurements were carried out by using a custom-made optical set up. A white 

tungsten halogen lamp (Ocean Optics, HL-2000-HP, FL, USA) corrected with two filters 

in the UV and NIR (Edmund Optics, SCHOTT BG64, and Thorlabs, SRF11) was coupled 

to reflective silver collimator based on a 90° off-axis parabolic mirror with a protected silver 

coating, for high reflectivity in the 450 nm to 20 µm wavelength range. (RC08SMA-P01, 

Thorlabs) as light source injection. The light was collected by another reflective silver 

collimator coupled to a spectrometer (Ocean Optics, QEPro-FL) by an optical fiber. The 

collimated white light beam was sent through a Glan-Thompson Calcite Polarizer 

(GTH10M, Thorlabs) and mounted on a stepper motor rotation mount (K10CR1/M, 

Thorlabs). The linearly polarized light obtained was directed to a super achromatic quarter 

wave-plate (SAQWP05M-700, Thorlabs) mounted at ±45° compared to the polarization 

direction on a rotation mount (ELL14, Thorlabs) to obtain a circularly polarized light beam. 

All the optical elements were controlled automatically by custom software (LabView NXG) 

to ensure the reproducibility of the measurements. The illumination area was controlled by 

a pinhole (SM1D12). Two dual-position sliders (ELL6, Thorlabs) were used to place a 

shutter and the sample in the beam path. The first one was used to measure the dark current 

of the spectrometer, whereas the second one was used to place the sample in the light beam. 

The sample was placed between a pair of 4× objectives (NA = 0.1). 



 279 

2.6  Lasing emission characterization 

A nanoseconds-pulsed green laser (CryLaS Gmb, Ostendstrasse 25, D-12459 Berlin, 

Germany), peaked at 532 nm, with a repetition rate of 100 Hz, and vertically polarized was 

used as pumping source. By using an external trigger, the pump laser output was set at 2 

pulses with a repetition rate of 100 Hz. To identify the lasing threshold, the laser power was 

increased from 4 µW up to 500 µW, monitored by using a power meter console (Thorlabs 

PM100D) coupled to a standard photodiode power sensor (Thorlabs S121C). The 

experimental hardware is the same used for the angular characterization, except for a 10× 

objective lens (NA = 0.25, WD = 12.1 mm) on the illumination path, to focalize the light 

in a small area on the pattern (diameter: 46.0 ± 0.4 µm, measured using a beam profiler 

BP209-VIS/M). The produced photoluminescence was collected by reflective silver 

collimator (Thorlabs, RC08SMA-P01) coupled coupled to a spectrophotometer with a fiber 

(Ocean Optics, QEPro-FL), and a long pass edge filter with high transmission (Semrock 

Edge basic BLP01-532R-25) was used to block the pump laser-line. The entire hardware 

was connected to a workstation and a customized (LabView NXG) program was used to 

manage the experiment. 

2.6.1 Circularly emission characterization 

Laser source (CryLaS Gmb, Ostendstrasse 25, D-12459 Berlin, Germany) with peak 

emission 532 nm were used to excite the Rhodamine B. The PL obtained from the samples 

was collected through a 4× objective with NA=0.1 and collimated to a super achromatic 

quarter-wave plate and a Glan-Thompson Calcite Polarizer (GTH10M, Thorlabs). By using 

a trigger controlled externally by an Arduino board (Arduino Uno), 2 laser pulses were sent 

onto the sample to ensure both polarizations were given the same amount of energy in the 

excitation process. The laser signals were optically filtered using longpass band filter 

(Semrock Edge basic BLP01-532R-25). 



 280 

2.7  Two-photon excitated emission 

The photoluminescence experiments were performed by using a spectroscopic system 

equipped with a 250 fs, 20W, 1030 nm NIR pulsed laser (Light Conversion, Pharos). The 

signals were acquired in transmission geometry with a 30 cm spectrograph (Princeton 

Instruments, SP300i) coupled with a thermoelectric cooled CCD (Princeton Instruments, 

PIXIS-BR). In the case of the 2P excitation, the laser runs with 100 Hz of repetition rate, 

and two short pass filters at 1 µm and 720 nm were used to cut the excitation beam from 

detection. For the one-photon excitation case, the 1030 nm laser was frequency doubled to 

515 nm with a BBO crystal to achieve enough power in the output. Additionally, the 

repetition rate was decreased to 100 Hz and a long pass filter (515 nm) was used to cut off 

the excitation from detection. 

2.8  Computational methods 

Simulations were performed using finite differences in the time domain (FDTD) 

implemented in the 3D Electromagnetic Simulator of Lumerical (FDTD solutions, Ansys). 

The calculations solve Maxwell's equations on a non-uniform mesh grid, with a minimum 

step size of 1 nm close to each NPs and diminishing the step up to 0.3 nm in the inter-

particle hot spots regions. In addition, a conformational variant refinement was used 

considering the presence of the dielectric/metal interface. The band structure simulation in 

Chapter 3 was calculated from the excitation of our system, by placing a random cloud of 

broadband dipolar sources in a cell. Bloch periodic boundary conditions were used at each 

boundary (x- and y- direction), to acquire the band frequencies for each k- wavevector 

simulated. The sum of electric field amplitudes was recorded across 20 specific monitors 

positioned throughout the simulation volume in order to set the color scale bar. Frequencies 

corresponding to the appearance of the band (i.e., the mode) exhibit longer lifetimes of 

electromagnetic fields due to constructive interference conditions. At all other frequencies, 
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the electromagnetic field distribution remains related. At the frequencies where the band 

(i.e. the mode) appears, the EM fields exists for longer times due to constructive interference 

condition. All the other frequencies correspond to electromagnetic field distributions that 

quickly vanish due to destructive interference; hence they do not contribute to mode 

evaluation. 
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Nanoparticles in Ordered Arrays  

- Gail A Vinnacombe-Willson, Ylli Conti, Steven J Jonas, Paul S Weiss, Agustín Mihi, Leonardo 

Scarabelli Advanced Materials 2022, 34, 2205330 DOI: 10.1002/adma.202205330 

2. Pre-and Post-assembly Modifications of Colloidal Plasmonic Arrays: the Effect of 

Size Distribution, Composition, and Annealing 

- Oriol Colomer-Ferrer, Serni Toda Cosi, Ylli Conti, David E Medina-Quiroz, Leonardo 

Scarabelli, Agustin Mihi Journal of Material Chemistry C, 2022,10, 13913-13921 DOI: 

10.1039/D2TC01148D 

3. Direct Bottom-Up in Situ Growth: A Paradigm Shift for Studies in Wet-Chemical 

Synthesis of Gold Nanoparticles 

- Gail Vinnacombe-Willson, Ylli Conti, Andrei Stefancu, Paul Weiss, Emiliano Cortés, 

Leonardo Scarabelli Chemical Reviews 2023, DOI: 10.1021/acs.chemrev.2c00914 

4. Colloidal Silver Nanoparticle Plasmonic Arrays for Versatile Lasing Architectures 

via Template-Assisted Self-Assembly 

- Ylli Conti, Nicolas Passarelli, Jose Mendoza-Carreño, Leonardo Scarabelli, Agustin Mihi 

Advanced Optical Materials 2023, 2300983 DOI: 10.1002/adom.202300983 

5. Colloidal Plasmonic Metasurfaces for the Enhancement of Non-Linear Optical 

Processes and Molecular Spectroscopies 

- Ylli Conti, Naihao Chiang, Leonardo Scarabelli, ChemNanoMat 2024,10, e202300566, DOI: 

10.1002/cnma.202300566 (corresponding author) 

6. Template-Assisted Self-Assembly of Chiral Plasmonic from Non-chiral Building 

Blocks for Enhanced Chiral Photoluminescence   

-Ylli Conti, Jose Mendoza-Carreño, Agustin Mihi, Leonardo Scarabelli (manuscript in 

preparation) 
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7. Enhanced Two-photon Emission of QDs through Lattice Plasmon Resonance 
Coupling 

- Ylli Conti, Yen-Chen Chen, Xing He, Naihao Chiang, Leonardo Scarabelli (manuscript in 

preparation) 

A.2 CONTRIBUTION TO SCIENTIFIC EVENTS 

1. Presenting author of an oral presentation entitled “Ordered arrays of silver nanoparticles 

for narrow bandwith lattice plasmon resonances” at Spanish Conference on 

Nanophotonics - CEN2021 – Vigo, September 20-22, 2021 

2. Poster presentation entitled “Narrow-bandwidth surface plasmon resonances from 

colloidal silver nanoparticles and their integration into lasing architecture” at 

Nanolight – Benasque Pedro Pascual Science Centre, Benasque, Huesca, March 06-12, 2022. 

3. Poster presentation entitled "Engineering of plasmonic nanoparticles substrates for 

narrow bandwith lattice plasmon resonance” at Plasmonics and Nanophotonic- Gordon 

Research Seminar (GRS) - Newry, ME, United States, July 09-10, 2022. 

4. Poster presentation entitled “Engineering of plasmonic nanoparticles substrates for 

narrow bandwith lattice plasmon resonance” at Plasmonics and Nanophotonic-Gordon 

Research Conference (GRC) - Newry, ME, United States, July 10-15, 2022. 

5. Presenting author of an oral presentation entitled “Silver Nanoparticle Plasmonic Arrays 

for Versatile Lasing Architectures via Template-Assisted Self-Assembly” at workshop 

ACTIVE 2022- Institute of Materials Science of Barcelona (ICMAB-CSIC), October 06-07, 

2022. 

6. Poster presentation entitled “Colloidal based plasmonic metasurfaces as optical 

cavities to promote non-linear optical phenomena” at Plasmonically Powered Processes-

Gordon Research Seminar (GRS) - Ventura, CA, United States, June 03-04, 2023. 
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7. Poster presentation entitled “Colloidal based plasmonic metasurfaces as optical 

cavities to promote non-linear optical phenomena” at Plasmonically Powered Processes-

Gordon Research Seminar (GRC) - Ventura, CA, United States, June 04-09, 2023. 

8. Scientific Equipment Platforms ICMAB- Institute of Materials Science of Barcelona 

(ICMAB-CSIC), June 29, 2022. 

9. Presenting author for invited seminar entitled “Plasmonic metasurfaces for non-linear 

optical phenomena” at University of Houston - Houston, TX, United States, July 14, 2023. 

10. Presenting author of a seminar entitled “Colloidal based plasmonic metasurfaces for 

advanced light-matter interactions” at Rice University - Houston, TX, United States, July 

24, 2023 

A.3 HONOURS AND AWARDS  

• VII call for JIQ Mobility Grants (2023) 
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ALANCE DE LA TESIS Y PREFACIO 

El trabajo de esta tesis de doctorado se realizó en el marco de la beca Postdoctoral Junior 

Leader-Incoming financiada por la Fundación “La Caixa” (ID 100010434, código de beca 

LCF/BQ/PI20/11760028) que tuvo como objetivo el desarrollo de estrategias alternativas para 

la construcción de materiales plasmónicos nanoestructurados para el estudio de la dinámica de 

moléculas de plasmón, procesos mediados por plasmones y química mejorada en superficie. 

Específicamente, mi trabajo se centró en la fabricación de arquitecturas plasmónicas/fotónicas, 

sus acoplamiento a especies moleculares, la caracterización de sus propiedades ópticas utilizando 

diversas técnicas experimentales y la aplicación práctica de las cavidades plasmónicas 

obtenidasen el ámbito de la óptica no lineal. 

Las metasuperficies fotónicas son estructuras artificiales 2D construida con componentes que 

presentan dimensiones inferiores a la longitud de onda de la radiación electromagnetica 

incidente. Estos componentes pueden ser dispuestos periódicamente o no periódicamente, con 

el fin  de producir una respuestas electromagnéticas especifica. Esta flexibilidad de diseño 

permite la creación de materiales con propiedades macroscópicas excepcionales que no se 

pueden encontrar en la naturaleza. 

Las nanopartículas plasmónicas también bueden actuar como componentes para la fabricación 

estructuras fotónicas, p. ej. En matrices ordenadas, donde el acoplamiento entre plasmones y 

estados difractivos conduce a la aparición de resonancias de plasmones de red superficiales, 

espectralmente sintonizables desde el ultravioleta (UV) al infrarrojo (IR) variando el parámetro 

de la matriz (Λ), el índice de refracción del medio y el ángulo de iluminación. 

Las resonancias reticulares conservan las propiedades de los dos componentes individuales, 

como una sección transversal de dispersión mejorada típica de las resonancias plasmónicas, y 

por el otro lado largos tiempos de vida y un perfil espectral muy fino, con factores de calidad 

altos y deslocalización espacial típica de los fenómenos difractivos. Como resultado, las 
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resonancias reticulares superficiales son candidatos ideales para promover fenómenos ópticos 

no lineales como el láser, el acoplamiento fuerte o la generación de segundos armónicos. 

La creación de matrices plasmónicas finamente sintonizadas requiere técnicas de fabricación 

escalables que combinen las ventajas de las fabricaciones top-down y bottom-up. Las técnicas de 

autoensamblaje coloidales ofrecen alternativas de bajo costo a las técnicas de litografia top-down, 

proporcionando un enfoque integral de alto rendimiento para implementar metasuperficies 

plasmónicas coloidales en una variedad de materiales diferentes. Los resultados obtenidos 

sugieren que el autoensamblaje se establece como alternativa viable para la fabricación de 

cavidades ópticas de alta calidad para aplicaciones ópticas avanzadas como el láser y la 

fluorescencia excitada de dos fotones mejorada. 

Además de optimizar la técnica de autoensamblaje asistido por molde, hemos desarrollado una 

nueva estrategia para superar algunas de las limitaciones de esta tecninca , como el exceso de 

reactivos y la necesidad de ligandos estabilizantes. El crecimiento in situ, donde las estructuras 

plasmónicas se forman directamente sobre los sustratos, evitndo la síntesis en disolución y los 

pasos de autoensamblaje, se desarrolló como una alternativa interesante para lograr patrones 

nanométricos sintonizables. La prueba de concepto presentada en esta tesis demuestra la 

posibilidad de hacer crecer matrices plasmónicas que se comporten como cavidades ópticas 

mediante crecimiento directo in situ, un resultado que nunca antes se había logrado. A pesar de 

estos interesantes resultados, es necesaria más investigación para comprender los aspectos 

mecanicistas del crecimiento in situ y controlar la morfología y orientación de las partículas, lo 

que en última instancia mejorará la escalabilidad y versatilidad de esta tecnica emergente. 

El trabajo experimental de la tesis se realizó principalmente en el Instituto de Ciencia de 

Materiales de Barcelona (ICMAB-CSIC), complementado con una estancia de investigación de 

cuatro meses en la Universidad de Houston (Texas, EE.UU.).  

A continuación se presenta un breve resumen de cada capítulo. 
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El Capítulo 1 proporciona el contexto esencial sobre plasmónica y óptica no lineal (NL) en el 

marco de esta tesis, con un enfoque específico en dilucidar las características de las 

nanopartículas metálicas, los conjuntos de nanopartículas metálicas y las interacciones 

nanopartículas-moleculares para promover fenómenos ópticos no lineales. 

El propósito del Capítulo 2 es resumir y categorizar los principios del ensamblaje coloidal 

plasmónico, comparando diferentes métodos de fabricación y destacando los emergentes. En 

particular, la atención se centra en enfoques alternativos que utilizan litografía blanda, incluido 

el autoensamblaje asistido por molde, y la estrategia más reciente de crecimiento in situ para 

construir nanoestructuras funcionales mediante la integración de litografía de nanoimpresión y 

técnicas de contraste químico. La discusión se centra en el uso de nanopartículas metálicas para 

crear metasuperficies plasmónicas de base coloidal. 

El Capítulo 3 presenta los resultados de la caracterización óptica obtenidos en el contexto de 

esta tesis. Se presentan varias estrategias para optimizar el diseño de una metasuperficie 

plasmónica coloidal. Estos incluyen cambiar el índice de refracción del entorno, la morfología 

de las unidades plasmónicas o el material del sustrato, en fases previas y posteriores al 

ensamblaje. Este estudio muestra la adaptabilidad del autoensamblaje con molde al utilizar 

varios componentes para fabricar matrices plasmónicas de mayor complejidad que permitan 

diseñar la respuesta óptica colectiva. 

En el Capítulo 4, nuestra investigación profundizó en las características de las metasuperficies 

plasmónicas coloidales para mejorar diversos fenómenos ópticos. Estos incluyeron la 

estimulación de la emisión láser en moléculas de colarante comunes (Rodamina B), la emisión 

excitada de dos fotones mejorada en puntos cuánticos y la emisión quiral inducida en moléculas 

emisoras aquirales mediante acoplamiento resonante con coloides dispuestos en matrices con 

forma quiral. 
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