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TIO2-EMBEDDED AG NANOCRYSTALS WITH TUNABLE PLASMON 

RESONANCE  

Abstract 

by 

Vincenzo Balzano 

 

Recent advancements in materials engineering have led to the development of novel 

composite systems that exploit plasmon-enhanced light matter interactions to significantly 

improve optical, electronical, and catalytic processes. These materials, which integrate 

plasmonic nanostructures with semiconductors, dielectrics, or 2D materials, enable 

unprecedented control over light absorption, charge carrier dynamics, and energy transfer. So 

far, the effectiveness of plasmonic structures in enhancing the local electric field has been 

confirmed by several theoretical, computational and experimental studies, and has brought 

drastic enhancements in a variety of light-matter interaction processes including fluorescence, 

Raman scattering, heat generation, photoacoustic effects, photocatalysis and solar energy 

conversion. Despite significant progress in the fabrication of plasmonic nanostructures, there 

are several limitations that hinder the scalability, precision and reproducibility of commonly 

used fabrication techniques. Nanolithography techniques such as electron beam lithography 

and nanoimprint lithography, for example, provide high spatial resolution and well-defined 

architectures, but are constrained by high costs, low throughputs, and challenges in large-area 
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patterning. On the other hand, chemical synthesis methods such as colloidal synthesis offer 

higher throughput, but often lack a precise control over the size, shape and composition of 

the nanostructures. Additionally, chemical synthesis often involves organic ligands or 

surfactants that can introduce surface contamination, altering the intended physicochemical 

characteristics of the material. Furthermore, many synthesis methods rely on hazardous 

reagents and solvents, raising environmental and safety concerns, particularly for large-scale 

production.  

The goal of this work is to investigate the potential and limitations of post-deposition 

annealing as a way to tune the optical and morphological properties of a paradigmatic 

plasmonic nanocomposite, Ag/TiO2, deposited by supersonic cluster beam synthesis (SCBD) 

on silica and sapphire. SCBD is a sustainable, high-throughput technique with high control 

over the composition of the target material. Due to the cluster-based nature of the technique, 

Ag/TiO2 films deposited by SCBD exhibit very small and finely dispersed Ag nanoparticles 

embedded in a TiO2 matrix, providing the perfect starting point for annealing treatments. 

Furthermore, since the nanoparticle deposition is ballistic in nature, films with the same 

properties can be deposited on different substrates, allowing a deeper understanding of film-

substrate interactions. We address the role of the substrate during thermal annealing, outlining 

how using different substrates can steer the evolution of the film morphology and optical 

properties in drastically different directions. Furthermore, we show how the combination of 

conventional oven annealing and light-induced photothermal melting allow us to tune the size 

and distribution of the Ag nanoparticles inside the material over a wide range of 

configurations, opening new potential applications for the material.  

Finally, we investigate the viability of the Ag/TiO2 nanostructured material described 

so far in the fabrication of novel plasmon-based substrates for superresolution fluorescence 
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microscopy, plasmonic structured illumination microscopy (LPSIM). To do so, we first define 

an effective dielectric function for our material, using the Drude-Lorentz multioscillator model 

and Bruggeman’s effective medium approximation. Then, we perform finite-element 

modeling simulations in COMSOL to ensure that the behavior of the electric field generated 

by the nanostructures satisfies the requirements of conventional LPSIM. Finally, we show a 

fabrication method for said nanostructures, which involves electron beam lithography (EBL) 

patterning of the desired nanostructures and SCBD deposition of the Ag/TiO2 cluster-based 

nanocomposite. 
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CHAPTER 1:  

INTRODUCTION 

1.1  Overview 

 

Plasmonic materials have emerged as a cornerstone in modern materials science, 

leading to tremendous advancements in a variety of fields, including spectroscopy, 

optoelectronics and biomedical diagnosis. The integration of plasmonic nanostructures with 

emerging materials, such as semiconductors and two-dimensional systems, further expands 

their potential, driving advancements in both fundamental research and technological 

innovation. In order to develop such innovative materials, it is first essential to understand the 

microscopic nature of plasmonic oscillations, which determine the desired light absorption 

and electric field enhancement properties. As we will see, these properties depend on the type 

of material used and its morphology at the nanoscale. Secondly, it is necessary to understand 

the extent to which these characteristics can be directly modified, both during the deposition 

of the material itself and through processing techniques. Finally, to integrate these novel 

plasmonic materials into practical applications, one has to outline a fabrication process based 

on the acquired knowledge, while also taking into account factors such as accessibility and cost 

efficiency. 

In this work, we study the case of an important metal-oxide nanocomposite, Ag/TiO2, 

whose properties are strongly influenced by the presence of plasmonic oscillations. In this 
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chapter, we introduce some of the concepts that will be addressed in the body of the work, 

providing the necessary background information and framework for this manuscript. In 

Chapter 2, we describe the deposition technique, which determines the starting properties of 

the material. In Chapter 3, we explore the substrate-dependent behaviour of the Ag/TiO2 thin 

films during post-deposition thermal annealing, and the impact of this technique on the 

microscopic properties of the material. In Chapter 4, we exploit the photothermal heating of 

plasmonic nanoparticles to further affect their morphology at the nanoscale, combining this 

technique with conventional oven annealing. Finally, in Chapter 5, we show a promising 

application for our Ag/TiO2 nanocomposite material as a substrate for a superresolution 

fluorescence microscopy technique. 

1.2 Plasmonic materials and localized surface plasmons 

 

Surface plasmons (SPs) are coherent and collective electron oscillations confined at 

the surface between a metal and a dielectric. When excited by light, the induced charge 

oscillation creates an electromagnetic field at the metal-dielectric interface, which can 

propagate along the surface (surface plasmon polariton, SPP) or be confined in the case of a 

small particle (localized surface plasmon polariton, LSPP). Among the most widely used 

materials in plasmonics, noble metals such as gold and silver are excellent candidates because 

of their relatively low loss in the visible and NIR range: gold is preferred for its chemical 

stability, while silver offers strong resonance absorption and low-cost fabrication. Other 

materials include metals like copper, palladium, platinum and nickel, heavily doped 

semiconductors and 2D materials like graphene [1–3].  
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Over the past decades, SPs have been extensively used to enhance the interaction 

strength between photons and materials in a variety of applications. In Raman spectroscopy, 

for example, the excitation of a surface plasmon resonance (SPR) in the substrate can lead to 

a drastic amplification of the Raman signals produced by the analysed samples, allowing single-

molecule sensitivity and an increase in spatial resolution for the detection of small molecules, 

living cells and other targets [4,5]. In photocatalysis, plasmonic materials such as noble metal 

nanoparticles are employed to enhance light absorption, hot carrier generation and overall 

catalytic efficiency: in fact, such materials can harvest light in the visible and near-infrared 

spectrum, overcoming the intrinsic bandgap limitations of conventional semiconductors [6,7]. 

The light-harvesting properties of plasmonic materials are also exploited to enhance the 

efficiency of novel solar energy conversion devices [8]. The efficient resonant absorption of 

light due to the presence of SPPs or LSPPs can also result in the conversion of energy into 

heat through non-radiative decay processes [9]. As we will further explore in Chapter 4, 

photothermal heating of plasmonic nanostructures can be exploited in a variety of 

applications, and can even be used as a processing tool to impact the shape and size of 

plasmonic nanoparticles. Finally, the electric field amplification produced by plasmonic 

structures can increase the excitation of fluorescent molecules, leading to drastically increased 

performances in biosensing, medical imaging and optoelectronics [10–13]. We will further 

discuss about plasmon-enhanced fluorescence in Chapter 5, where we will investigate the 

application of plasmonic nanostructures to a super-resolution fluorescence microscopy 

technique. In this section, we will provide an introduction to the SPPs and LSPPs, which are 

a fundamental aspect to the operation of the plasmonic materials mentioned above. 

To provide the fundamentals of surface plasmon polaritons, we start by modelling the 

interaction between an electromagnetic wave and a generic material. Since plasma oscillations 
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occur predominantly in materials where the electrons exhibit high mobility, such as metals, a 

free electron gas model is usually employed to describe the properties of plasmonic materials. 

Here, we prefer a more general description of the propagation medium, since our samples 

consist of bielement nanocomposites. If we consider that the mass of atomic nuclei is several 

orders of magnitude greater than the mass of electrons, we can model the electrons as driven 

damped harmonic oscillators, bound to nuclei by a hypothetical spring with spring constant 

C. The driving force is represented by an electric field, which we can write as 𝐸 =

𝐸଴ cos (−𝜔𝑡) in the case of an incoming electromagnetic wave, where 𝐸଴ is the amplitude of 

the electric field. The damping force, proportional to velocity, represents collisions occurring 

during motion, occurring with a characteristic collision frequency γ (At room temperature, 

typical values for γ are around 100 THz). From Newton’s second law, we can derive the 

motion equation of an electron: 

 

𝑑ଶ𝑥

𝑑𝑡ଶ
+ 𝛾

𝑑𝑥

𝑑𝑡
+

𝐶

𝑚
𝑥 =

𝑞𝐸଴

𝑚
cos(−𝜔𝑡) (1.1) 

 

Where m is the effective mass of the electron and q its charge. Here, we can define the natural 

frequency of oscillation for the electron, 𝜔଴ = ඥ𝐶 𝑚⁄ , and write: 

 

𝑚
𝑑ଶ𝑥

𝑑𝑡ଶ
+ 𝑚𝛾

𝑑𝑥

𝑑𝑡
+ 𝜔଴

ଶ𝑥 = 𝑞𝐸଴ cos(−𝜔𝑡) (1.2) 

 

The solution to this equation is of the form 𝑥 = 𝑥௢ cos(−𝜔𝑡 + 𝛷), or: 
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𝑥 = 𝑥଴𝑒௜ః𝑒ି௜ఠ௧ = 𝑥෤଴𝑒ି௜ఠ௧; (1.3) 

 

where the complex amplitude 𝑥෤଴ incorporates the phase shift between the driving field and 

the oscillating electron. By plugging this solution into Equation 1.1, also converting the cosine 

into a complex exponential, we obtain: 

 

(−𝑖𝜔)ଶ𝑥෤଴𝑒ି௜ఠ௧ + 𝛾(−𝑖𝜔)𝑥෤଴𝑒ି௜ఠ௧ + 𝜔଴
ଶ𝑥෤଴𝑒ି௜ఠ௧ =

𝑞𝐸଴

𝑚
𝑒ି௜ఠ (1.4) 

 

This equation ultimately gives the expression for the amplitude of the oscillation: 

 

𝑥෤଴ =
𝑞𝐸଴

𝑚

1

𝜔଴
ଶ − 𝜔ଶ − 𝑖𝜔𝛾

(1.5) 

 

The oscillating dipole moment is: 

 

𝑝෤ = 𝑞𝑥෤ =
𝑞ଶ

𝑚

1

𝜔଴
ଶ − 𝜔ଶ − 𝑖𝜔𝛾

𝐸; (1.6) 

 

From here, we can recall that the dielectric function of a material depends on the atomic dipole 

moment according to the relation: 

 

𝜖௥ = 1 +
𝑁𝑝

𝜖଴𝐸
; (1.7) 
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where 𝜖଴ is the electric permittivity of vacuum. Therefore, the dielectric function of the 

material is: 

 

𝜖௥(𝜔) = 1 +
𝑁𝑞ଶ

𝑚𝜖଴

1

𝜔଴
ଶ − 𝜔ଶ − 𝑖𝜔𝛾

= 1 +
𝜔௣

ଶ

𝜔଴
ଶ − 𝜔ଶ − 𝑖𝜔𝛾

(1.8) 

 

Here, we have defined the plasma frequency 𝜔௣  of our material as: 

 

𝜔௣ = ඨ
𝑁𝑞ଶ

𝑚𝜖଴
(1.9) 

 

This is the frequency a plasma will naturally oscillate at when the positive and negative charges 

are displaced. Equation 1.8 clearly shows that permittivity depends on the frequency of the 

electric field, besides the plasma frequency and damping. In other words, the material is 

dispersive. The damped driven harmonic oscillator is often referred to as the Lorentz oscillator 

model for permittivity. In the case of a metal, however, the valence electrons in metals are not 

anchored to their nuclei (as shown in Figure 1.1a), but are instead free to move against a fixed 

background of positive ion cores (Figure 1.1b). They still experience collisions, expressed by 

the damping term, however their restoring force (indicated by the term 𝜔଴ in Equation 1.8) 

can be set to 0. 
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Figure 1.1:  a) A scheme of the Lorentz oscillator model, where the 
attractive force between electrons and nuclei is represented by a 

hypothetical spring. b) Representation of the Drude model for a free 
electron gas. 

 

The free electron gas model is usually called the Drude model and results in: 

 

𝜖௥(𝜔) = 1 −
𝜔௣

ଶ

𝜔ଶ + 𝑖𝜔𝛾
(1.10) 

 

The Drude and Lorentz models are often combined into a more general Drude-Lorentz 

multioscillator model [14,15], where the Drude component describes the intraband electron 

contribution to the dielectric function, while a sum of Lorentz oscillators are used to describe 

the interband contributions: 

 

𝜀௥(𝜔) = 𝜀௥
(஽)(𝜔) + 𝜀௥

(௅)(𝜔) = 𝜀ஶ −
𝜔௣

ଶ

𝜔ଶ + 𝑖𝜔𝛾
+ ෍

𝑓௟𝜔௣
ଶ

𝜔଴௟
ଶ − 𝜔ଶ − 𝑖𝜔𝛾௟

௄

௟ୀଵ

(1.11) 
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Here, 𝜀ஶ is the high frequency permittivity, 𝛾 is the damping term for the Drude oscillator 

and 𝜔௣ is the plasma frequency. In the last term, 𝐾 is the number of oscillators with resonance 

frequency 𝜔଴௟
ଶ , strength 𝑓௟ and lifetime 1/𝛾௟. Figure 1.2 shows the real (Panel a) and imaginary 

part (Panel b) of the permittivity of gold, which is a well-known plasmonic material, calculated 

using the Drude-Lorentz model, showing a good agreement with the experimental values. 

Note that the Drude model alone cannot accurately describe the high frequency permittivity, 

below the energy threshold of transitions between electronic bands. 

 

 

Figure 1.2:  a) Real and b) imaginary part of the permittivity of gold, 
experimental (thin solid line) and calculated using Drude and Drude-

Lorentz oscillator models.  

 

The existence of SPPs, i.e. propagating electromagnetic modes at the interface between 

a metal and a dielectric, can then be inferred by solving Maxwell’s equation for eigenmodes at 

the interface, in conjunction with the material-specific dielectric functions. At the interface, 

the continuity of the tangential components of the electric and magnetic fields yields a unique 
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solution to the wave equation characterized by a complex wavevector (Figure 1.3a). Solving 

the resulting dispersion relation reveals a bound mode where the local charge displacements 

on the surface of the metal results in an evanescent wave propagating along the interface and 

decaying exponentially away from it into both the metal and dielectric sides [14]. Given the 

properties of SPP dispersion, coupling light into SPPs is not a straightforward process, since 

it requires overcoming the inherent momentum mismatch between free-space photons and 

the evanescent plasmonic modes confined at the metal-dielectric interface. This is typically 

achieved through momentum matching techniques such as prism coupling (Kretschmann and 

Otto configurations), grating coupling, or near-field excitation [15–17]. However, if the 

particle supporting the oscillation is sufficiently small (i.e. smaller than the wavelength of the 

incident light), the collective oscillation of electrons takes the name of localized surface 

plasmon polariton (LSPP). Differently from SPPs, LSPPs are non-propagating excitations 

which arise naturally from the scattering problem of a small conductive particle in an 

oscillating electromagnetic field. 
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Figure 1.3:  a) A representation of surface plasmons in a metal-
dielectric planar interface, where the collective oscillation of electrons 
at the interface gives rise to evanescent waves that decay in both sides 

of the interface. b) A representation of localized surface plasmon 
oscillations, where the free electrons oscillate in response to an 

external electric field. 

 

Here, the curved surface of the particle exerts an effective restoring force on the driven 

electrons, in a similar fashion to the Lorentz oscillator introduced earlier (Figure 1.3b). 

Contrary to SPP, LSPPs can be coupled to through by direct illumination with coherent light, 

and do not require the momentum matching techniques mentioned earlier. However, in order 

to maximize the coupling efficiency, a precise fabrication of the metal structures is often 

required. 
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1.3 Deposition and tuning of plasmonic nanocomposites 

 

Aside from the material’s electrical properties, the key features of plasmonic 

oscillations, such as the plasmon resonance frequency, strongly depend on the size, geometry 

and dielectric environment of the particles and structures involved in the oscillation. For this 

reason, in recent years, much attention has been dedicated to finding reliable ways to tailor the 

plasmon resonance frequency of plasmonic materials through precise control of their 

morphology. At the deposition stage, key parameters such as nanoparticle size, shape, and 

composition can be controlled by through a variety of different methods: for particles in 

solution, shape-controlled synthesis is achieved by using different solvents and precursors 

[18,19]. Additionally, nanofabrication techniques such as focused ion beam (FIB) milling, 

electron beam lithography (EBL), nanoimprint lithography and optical lithography have been 

employed to fabricate plasmonic nanostructures for use in applications like plasmon-enhanced 

Raman scattering and fluorescence microscopy [20]. Larger nanoparticles typically exhibit 

redshifted plasmonic resonances, while anisotropic geometries, such as nanorods or nanostars, 

can exhibit multiple resonating modes as well as enabling polarization-dependent tunability. 

Figure 1.4, for example, shows the dependence of the optical scattering and absorption profile 

of colloidal silver nanoparticle on their size and shape: Panel a shows the scattering profile of 

particles with different shape [21], while Panel b shows the absorption profile of gold particles 

with different size [22]. 
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Figure 1.4:  a) Optical scattering spectrum of individual silver 
nanoparticles, showing a TEM image of the respective particle (see 
Ref. 21). b) Histogram distributions of the plasmon resonance peak 

for gold nanoparticles of different diameter (See Ref. 22) 

 

One of the most important aspects of plasmonic structures, however, is their 

integration with other materials to fully exploit their ability to concentrate light and enhance 

electric fields. In plasmon-assisted photocatalysis, for example, the interaction between metal 

particles with oxide supports can radically enhance the performance of supported-metal 

catalysts [23,24]. In photovoltaics devices, designs based on small plasmonic particles can be 

used to improve efficiency and/or extend the spectral range, allowing a considerable reduction 

in the thickness of solar cells [25]. Moreover, the production of thin films composed of noble 

metal NPs supported by a host matrix is paramount to the development of LSPR-based optical 

sensing platforms [26].  

In recent years, significant effort has been focused on the development of self-

assembled plasmonic nanocomposites, i.e. materials composed of metal nanoparticles 
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integrated with a polymer, semiconductor or dielectric host matrix. However, in plasmonic 

nanocomposites such as metal-oxide thin films, the optimization of plasmon resonance 

frequency is not always feasible at fabrication. For this reason, post-deposition treatments such 

as high-temperature annealing have been attracted lots of attention due to their ability to affect 

several crucial aspects during the fabrication of plasmonic materials. In fact, thermal annealing 

is already a widely used technique in device manufacturing: it is used, for example, to reduce 

stress and structural defects in thin films or silicon wafers, to activate ion-implanted dopants 

or to improve adhesion in multilayer systems [27–29]. In metal-oxide nanocomposites, if the 

melting temperature of the metal is lower than that of the surrounding dielectric matrix, the 

metal particles can undergo an Ostwald-like ripening process, where smaller particles merge 

into larger ones in order to reach a more thermodynamically stable configuration [30–33]. In 

turn, the change in size, morphology and distribution of the metal particles deeply affects the 

optical and electrical properties of the material, as we have seen in Figure 1.4, allowing the 

functionalization of the nanocomposites for different applications. Post-deposition thermal 

treatments can also be used as a tool to control the oxidation state of the elements in the film. 

One notable example of this technique is given by Zhang et al., where the reduction of Ag(I) 

to Ag(0) was obtained in Ag-TiO2 nanocomposites by subjecting the material to thermal 

annealing [34]. Another promising application for annealing treatments is to impact the surface 

roughness of thin films as an alternative to chemical etching or electrochemical roughening. 

As we will further explore in Chapter 3, annealing promotes the crystallization of TiO2 to rutile 

or anatase, while also increasing the surface roughness of the films. In the fabrication of TiO2 

electrodes for photocatalysis, both effects are highly desirable, since the formation of a 

crystalline phase increases electron mobility while a larger surface roughness increases the 

active surface area of the electrode [35]. Furthermore, in the case of SERS-active substrates, 
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surface roughening can induce an amplification in the surface enhancement factor of one to 

three orders of magnitude in the Raman signals [36,37].  

Since thermal annealing is a scalable, accessible and cost-effective technique, it plays a 

fundamental role especially in the large-scale production and implementation of plasmon-

based materials, such as photocatalytic devices and solar conversion platforms. However, in 

smaller scale applications such as plasmon-enhanced microscopy or other optoelectronic 

devices, thermal annealing can be used as a complementary technique, unlocking behaviours 

that would be otherwise unattainable through direct deposition alone. 

1.4 Fluorescence microscopy and the diffraction limit 

 

Among the various microscopy techniques, fluorescence microscopy is one of the 

most widely used in biology and biomedical sciences due to its ability to observe specific 

cellular components through molecule-specific labelling and to study the evolution of specific 

cellular processes inside a live sample in real time. However, despite the advancements in 

analysis and fabrication techniques, optical microscopes are still hampered by an ultimate limit 

in the optical resolution that is imposed by the diffraction of visible light wavefronts. 

According to Huygens’ principle, wave propagation can be understood by considering each 

point on a wavefront as generating its own spherical wavelet, and the future position of the 

wavefront is formed as the sum of these secondary waves [38]. A direct outcome of this 

principle is that, when light is passed through apertures as in microscopy, it gives rise to 

diffraction patterns on the imaging plane. For a circular aperture, the diffraction pattern takes 

the shape of an Airy disk, characterized by a brighter region in the center together with a series 

of concentric rings of decreasing intensity around it, as shown in Figure 1.5.  
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Figure 1.5: Airy disks produced by the same object with different 
wavelengths (λ1 and λ2) and different lens apertures (D1 and D2) 

 

The angular diameter of the central peak of the Airy pattern depends on the 

wavelength 𝜆 of the illuminating light and the diameter 𝐷 of the aperture, according to the 

formula: 
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𝛿௦ =
1.22 𝜆

𝐷
(1.12) 

 

Determining the size of the diffraction pattern also allows to define a resolution for a 

microscope system via the Rayleigh criterion. In fact, if we define the resolution as the 

minimum separation between two objects that can be resolved, we can deduce that the Airy 

disc peaks corresponding to the objects must also be distinguishable from each other. 

According to the Rayleigh criterion, this happens if the maximum of the Airy disk of one 

object is lined up with the first minimum of the diffraction pattern of the other. For a lens 

aperture, this happens when: 

 

𝑟 =
0.61𝜆

𝑁𝐴
(1.13) 

 

Here, NA is the numerical aperture of the system, defined as: 
 

 

𝑁𝐴 = 𝑛 sin 𝛼 ; (1.14) 

 

where 𝑛 is the index of refraction and α is half of the angular aperture of the lens or microscope 

objective used, also defined as: 

𝛼 = 2 arctan ቆ
𝐷 2⁄

𝑓
ቇ ; (1.15) 

 

where f is the focal length of the lens and D its diameter. 
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The Rayleigh criterion is represented conceptually in Figure 1.6 for two point-like 

objects. A system is said to be diffraction-limited or unresolved (leftmost image) if the main 

diffraction peaks of the objects are within the range defined by the Rayleigh criterion. 

 

 

Figure 1.6: Graphical representation of the Rayleigh principle for two 
point-like objects: in the center image, the main diffraction peak of 

one object corresponds to the first minimum of the diffraction 
pattern of the other. The leftmost image represents an unresolved 
system, where the distance between the main diffraction peaks is 
lower than the limit set by the Rayleigh criterion. The rightmost 

image shows a resolved image, where the two diffraction patterns are 
sufficiently spaced. 

 

 

For a typical optical microscopy setup (λ=550 nm, NA=1.2), the smallest structures 

that can be resolved are on the order of half the wavelength of the light used, or typically 

around 250 nm, which is comparable to or larger than many subcellular features. This 

resolution limit can be improved by using shorter wavelengths, as shown in Figure 1.5; 
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however the higher photon energy can easily lead to photodamage in the case of biological 

imaging [39]. 

To visualize smaller cellular features, researchers have relied on electron microscopy 

(EM), which offers a high resolution due to the short De Broglie wavelength of electrons [40]. 

However, when it comes to biological research, EM has several limitations, requiring samples 

to be fixed, dehydrated and thinly sectioned in vacuum to avoid electron interactions with air 

and the samples themselves. These preparations can introduce artifacts and prevent live-cell 

imaging. As a result, there's a strong need for a microscopy method that combines the high 

resolution of EM with the non-destructive and live-cell imaging capabilities of optical 

microscopy. In recent years, numerous techniques, commonly referred to as super-resolution 

microscopy, have been developed to surpass the diffraction limit while still relying on optical 

microscopy. Stimulated-emission depletion microscopy (STED) was the first concrete method 

to break the diffraction limit [41]. Since then, many other techniques have been developed for 

nano-imaging of fluorescent samples, such as photo-activated localization microscopy 

(PALM) [42,43], stochastic optical reconstruction microscopy (STORM) [44] and structured 

illumination microscopy (SIM) [45]. We will further discuss the peculiarities and differences 

between the different super-resolution techniques in the introduction to Chapter 5. For now, 

we will focus on SIM, since it will be the focus of the final part of this work. 

 

1.5 Structured illumination microscopy and Blind-SIM 

 

Compared to other super-resolution techniques, SIM is of special interest for 

biological applications because of its compatibility with a wide array of fluorophores and its 
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capability for high imaging speeds, which are needed for the observation of cellular processes. 

In this technique, the sample is illuminated with a spatially structured excitation light, which 

makes high-resolution features visible in the observed image in the form of moiré fringes. In 

microscopy, any observed image can be thought of as the multiplication of an object pattern 

and an illumination pattern, convolved with the point spread function (PSF) of the optical 

system employed, which represents the intensity distribution of light in the image plane 

resulting from observing a single point object (delta function) in the object plane. In the case 

of SIM, the object pattern is the spatial distribution of the fluorescent dye, which is unknown, 

while the illumination pattern is the structured excitation light intensity, usually a known 

sinusoidal or grid-like pattern. When these two fine patterns are multiplied, a beat pattern will 

appear (moiré fringes), which encode sub-wavelength information about the object. Figure 1.7 

shows an example of the working principle of structured illumination microscopy by using a 

sinusoidal illumination pattern. By acquiring multiple images of the object under varying 

pattern orientation and phases, one can reconstruct the super-resolution image of the sample 

by feeding the set of diffraction-limited sub-images to an image reconstruction algorithm [48]. 
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Figure 1.7: A simulated representation of Equation 1.16, where a set 
of diffraction-limited images (to the left) is obtained by multiplying 
the object image (i.e. the spatial distribution of the fluorophores in 

the sample) with a set of illumination patterns with different phases. 
The result is then convolved with the PSF of the optical system. 

 

As an example, let’s suppose we want to reconstruct an object pattern o(x,y) through 

the acquisition of a set of diffraction-limited images. According to what we have learned so 

far, the equation for a recorded image will be of the form: 

 

𝑚௟(𝑥, 𝑦) = [𝑜(𝑥, 𝑦)𝐼௟(𝑥, 𝑦)] ⊗ 𝑝(𝑥, 𝑦); (1.16) 

 

where 𝑚௟(𝑥, 𝑦) is the 𝑙 -th acquired image, 𝐼௟  is the 𝑙 -th illumination pattern, and 𝑝 is the PSF 

of the optical system. Let’s take a sinusoidal pattern in the x-direction as our illumination 

pattern: 

 

𝐼௟(𝑥, 𝑦) = 1 + cos(2𝜋𝑥𝑘௜௟௟ + 𝛷௟) ; (1.17) 
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where 𝑘௜௟௟ represents the spatial frequency of the illumination pattern and 𝛷௟ the phase of the 

𝑙-th illumination pattern. Substituting this into Equation 1.16, we can write the Fourier 

transform of the acquired images: 

 

𝑀௟൫𝑘௫ , 𝑘௬൯ =

൤𝑂൫𝑘௫, 𝑘௬൯ +
1

2
𝑂൫𝑘௫ + 𝑘௜௟௟ , 𝑘௬൯𝑒ି௜ః೗ +

1

2
𝑂൫𝑘௫ − 𝑘௜௟௟ , 𝑘௬൯𝑒ି௜ః೗൨ 𝑃൫𝑘௫ , 𝑘௬൯ (1.18)

 

 

As we can see in the equation, the spatial frequency of the object is shifted by the frequency 

of the illumination pattern 𝑘௜௟௟ . To retrieve the super-resolution real space image, one must 

solve Equation 1.18 for every different illumination pattern, separating the sub-image 

frequency information from the shifted high-frequency information. Then, the final image can 

be retrieved via inverse Fourier transform. This approach can be implemented with an 

arbitrary number of desired illumination patterns, providing that one has control over their 

phase and orientation. As we can infer from Equations 1.17 and 1.18, the final increase in 

resolution depends on the frequency of the illumination pattern 𝑘௜௟௟ . For this reason, there is 

a strong push towards researching novel substrates that are able to support illumination 

patterns with a high 𝑘௜௟௟ . In this perspective, substrates that support plasmonic oscillations 

(either SPPs or LSPPs) are excellent candidates, giving rise to plasmonic structured 

illumination microscopy and localized plasmonic illumination microscopy (PSIM and LPSIM, 

respectively). Compared to SPPs, LSPPs have an additional advantage when it comes to 

generating illumination patterns for SIM: in fact, in small metal structures, the electromagnetic 

modes are discretized, which means that an efficient coupling is achieved by matching the 

momentum of the incident wave to the momentum associated with the LSPR frequency, or 



 

22 

 

vice versa. For this reason, having access to a material with a tuneable LSPR frequency 

represents an invaluable tool to optimise the illumination pattern for specific fluorescent dyes 

or molecules. An experimental demonstration of this localized plasmonic structured 

illumination microscopy (LPSIM) has been given by Ponsetto et al., showing a potential 3x 

improvement in the imaging of subcellular features compared to the diffraction-limited case 

[46]. 

Another interesting aspect of SIM is that the image reconstruction can also be 

performed without knowing the illumination patterns, by using an algorithm called Blind-SIM 

[47]. This technique dramatically simplifies the experimental set-up and allows the use of a 

wider variety of nanostructures as platforms for structured illumination microscopy. The 

principle of Blind-SIM is similar to that of conventional SIM, except that it not only seeks to 

reconstruct the original image, but also the incident illumination patterns. Referring to 

Equations 1.16, this means that the system has L+1 unknowns: the object image 𝑜(𝑥, 𝑦) and 

the 𝑙 illumination patterns 𝐼௟(𝑥, 𝑦). In this state, the system is highly undetermined. To avoid 

this, we introduce a constraint on the illumination patterns, requiring that the sum of all 

intensities be roughly homogeneous over the sample plane, or: 

 

෍ 𝐼௟ ≈ 𝐿𝐼଴

௅

௟ୀଵ

; (1.19) 

 

where 𝐼଴ is constant over the sample plane. The last intensity can then be written as: 
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𝐼௅(𝑥, 𝑦) = 𝐿𝐼଴ − ෍ 𝐼௟

௅ିଵ

௟ୀଵ

(𝑥, 𝑦) (1.20) 

 

By combining this expression with Equation 1.16, we obtain a formula for the 𝐿 -th image: 

 

𝑚௅(𝑥, 𝑦) = ቎ቌ𝐿𝐼଴ − ෍ 𝐼௟

௅ିଵ

௟ୀଵ

(𝑥, 𝑦)ቍ 𝑜(𝑥, 𝑦)቏ ⊗ 𝑝(𝑥, 𝑦) (1.21) 

 

Here, note how 𝐼௅ is now absent, outlining how the constraint introduced in Equation 1.19 

can be effectively used to reduce the number of unknowns. By iterating this approach, the 

object image and the first 𝐿 − 1 illumination patterns are jointly estimated so as to minimize 

the cost functional: 

 

𝐹൫𝑜, 𝐼ଵ,…,௅ିଵ൯ = ෍‖𝑚௟ − (𝐼௟𝑜) ⊗ 𝑝‖ଶ + ะ𝑚௟ − ൥൭𝐿𝐼଴ − ෍ 𝐼௟

௅ିଵ

௟ୀଵ

൱ 𝑜൩ ⊗ 𝑝ะ

ଶ

;

௅ିଵ

௟ୀଵ

(1.22) 

 

where ‖∙‖ is a Euclidian norm over the image space. A conjugate gradient algorithm is then 

used to modify the estimates of 𝑜(𝑥, 𝑦) and 𝐼ଵ,…,௅ିଵ to minimize 𝐹.  

A graphic representation of the Blind-SIM algorithm is represented in Figure 1.8 for a 

simulated object pattern and a set of 𝐿 random speckle patterns, outlining how the 

reconstruction algorithm is able to simultaneously estimate object image and the random 

illumination patterns. As we will see in Chapter 5, Bind-SIM has been validated experimentally 

by using a variety of different substrates as a source for the random speckle illumination 
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patterns, including small beads [47], silver nanodiscs [46] and self-assembled gold 

nanoparticles [48]. In Chapter 5 of this work, we will explore the viability of cluster-based 

Ag/TiO2 nanostructured thin films as a substrate for SIM.  

 

 

 

Figure 1.8: Illustration of the different steps of a Blind-SIM 
experiment: the different illumination patterns I1, I2, I3, … are 

multiplied by the object pattern and convolved by the microscope 
PSF to provide a set of diffraction-limited images. The algorithm 

then simultaneously reconstructs the object pattern and the 
illumination patterns. 
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CHAPTER 2:  

MATHERIALS AND METHODS 

2.1 Fabrication and Processing Techniques 

 

In this chapter we will provide detailed information on the tools, materials and 

techniques used to fabricate, process and characterize our samples. 

Ag/TiO2 samples described in Chapters 3, 4 and 5 were deposited in Università 

Cattolica del Sacro Cuore, Brescia, using a custom-built supersonic cluster beam source, which 

will be described in better detail in Section 2.3. The SCBD apparatus is provided with a quartz 

microbalance, which is used to measure the final thickness of the sample. As more and more 

mass is deposited on the quartz oscillator, its oscillation frequency decreases. The final 

thickness of the material was obtained in every deposition via the following steps: first, a test 

sample is deposited on a Si wafer placed directly on the side of the quartz microbalance; then, 

the thickness of the test sample is then measured via AFM by performing a scratch on the 

sample itself or by using a simple tin foil mask, to obtain the relation (in Hz/nm) between the 

drop in oscillation frequency of the quartz microbalance and the corresponding deposited 

thickness. This proportionality factor depends on the nature of the target material and, to a 

lesser extent, on the deposition parameters such as the gas pressures. The final samples are 

then deposited by calculating the expected drop in Hz for a sample of the desired frequency.  

In Chapter 5, the Ag layer was deposited at Notre Dame Nanofabrication Facility using 

an AIRCO TEMESCAL FC-1800 e-beam evaporator with an in-build thickness monitor. The 

lithography was achieved using a Raith EBPG5200 electron beam lithography system with a 
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100kV accelerating voltage and a beam size of 36 nm during the fabrication of the nanridges 

and of 50 nm for the nanocylinders.  

The oven annealing described in Chapters 3 and 4 were performed using a Zeta 

Magnum Colac FQ5005 oven, with a power of 0.9 kW and a maximum heating temperature 

of 1100°C. For samples annealed at temperatures up to 500°C, the samples were inserted 

directly into the oven and annealed for 1 hour at the setpoint. For annealing temperatures 

higher than 500°C, the sample was inserted at 500°C, then the temperature was ramped up to 

the desired temperature and kept at setpoint for 1 h. The heating ramp was about 40°C/min. 

In all cases, no ramp down was used and the samples were extracted immediately after the 

annealing process and let to cool at room temperature. For characterization, we used different 

samples for each defined temperature. 

During the annealing process, the samples were placed on alumina slabs in order to 

minimize heating by contact with the oven surface. The white light exposure described in 

Chapter 4 was achieved via a 175W Xenon lamp, placed orthogonally at a distance of 30 cm 

from the samples. 

 

2.2 Characterization Techniques 

 

All AFM measurements performed on the samples were acquired using a Park NX10 

AFM system in tapping mode. A PPP-XYNCSTR-50 cantilever with 10 nm nominal tip radius 

and a typical resonating frequency of 160 kHz was employed. When analyzing sparse particles 

(See for example Figure 3.2), particles were deposited on a polished Si wafer with an estimated 

RMS roughness of ~0.5 nm. All AFM images were analyzed via the software Gwyddion. For 
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sparse particle analysis, after applying a background leveling algorithm, we removed particles 

with a diameter smaller than 4σ, where σ is the standard deviation of the background height.    

To determine the GSD, we applied a watershed algorithm to deduce the grain size. 

The film transmittance and reflectance were obtained in the UV-Vis-NIR range (2002500 nm) 

with a Perkin-Elmer Lambda 950 spectrophotometer (Perkin Elmer Inc., Waltham, MA, USA) 

equipped with a 150 mm integrating sphere. The Raman spectra were acquired on a Renishaw 

inVia microscope equipped with a 633 nm laser (Renishaw RL633, maximum nominal power 

of 10 mW). A 50× objective and a laser beam intensity of 1% were used. 

The film composition was evaluated by X-ray photoelectron spectroscopy (XPS) at 

the end of the annealing cycle using a dual anode (Mg-Al) X-Ray source and a Phoibos 100 

SPECS analyser. The samples were introduced directly after deposition in the XPS system 

without any further treatment. The incident photon energy was 1253.6 eV. The corresponding 

photoelectron sampling depth for the elements composing the film is up to 5 nm. A field 

emission scanning electron microscopy (SEM) apparatus (FESEM, JEOL JSM 7100F TTLS) 

operating at a base pressure of <1 × 10−4 Pa and equipped with secondary and backscattered 

electron detectors was used for imaging of the film. The spatial distribution and the relative 

concentration of Ag and Ti were evaluated by energy dispersive X-ray spectroscopy (EDX) 

(spectrometer: Oxford X-Max 80) installed on the same microscope. Prior to the SEM/EDX 

analysis, the samples were coated with a 6 nm thick carbon film to avoid charging. 

 

2.3 Supersonic Cluster Beam Deposition 
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In the previous chapter, we have mentioned how post-processing techniques such as 

thermal annealing are becoming an important part in the manufacturing of plasmonic 

nanocomposites, allowing to control different crucial aspects of the selected material, such as 

the nanoscale morphology, crystallinity and roughness. However, to unlock the full potential 

of post-deposition tuning, it is necessary to start from a deposition technique which is 

accessible and offers a high deposition rate. This is especially true for large-scale production 

of plasmonic nanocomposites. In this perspective, cluster-based synthesis has attracted a lot 

of attention and has brought considerable advancements in the production of plasmonic 

nanocomposite films [4,50–52]. Clusters are defined as aggregates ranging from a few atoms 

to a few thousands of atoms, where the structure and chemical composition is well-defined 

and dependent on the type of process used for deposition. In this work, we used supersonic 

cluster beam deposition (SCBD) to fabricate plasmonic metal-oxide thin films made of Ag 

and TiO2. 

Figure 2.1 shows the schematic of the SCBD process: the clusters are formed using a 

pulsed microplasma cluster source (PMCS), where ablation of the target material is achieved 

via a pulsed gas discharge and the vaporized metal atoms undergo a rapid nucleation phase. 

The mixture of carrier gas (usually helium) and nanoclusters undergoes a free expansion into 

the deposition chamber, where the larger clusters are filtered by a set of aerodynamic lenses. 

Here, a skimmer is used to select the central part of the beam. In the deposition chamber, the 

carrier gas is removed via differential pumping, and the clusters are ballistically deposited onto 

the chosen substrate. 
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Figure 2.1:  Scheme of the SCBD apparatus. 

 

PMCS-SCBD is a physical, bottom-up approach to thin film synthesis, where the 

fundamental structure of the building blocks (i.e. the clusters) is maintained during deposition. 

This characteristic of SCBD is extremely important, since it allows to deposit the same 

substrate on different materials. As we will see in Chapter 3, this allows a deeper understanding 

of the film-substrate interactions during post-deposition annealing treatments, which is crucial 

to achieve tuneability in metal-oxide nanocomposites. Furthermore, since the aerodynamic 

lenses can be used to filter the size of the clusters during the expansion, the deposition of 

clusters with a precisely controlled size distribution is allowed. In particular, the size of the 

nanoscale components of the films (i.e. nanoparticles or nanoclusters) should be minimized 

to allow a larger number of possible outcomes during annealing. In the case of metal-oxide 

nanocomposites, for example, we have mentioned how the morphological evolution of the 
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metal nanoparticles mainly happens through an Ostwald-like ripening, meaning that the initial 

size distribution should be as small as possible in order to provide true tuneability over the 

nanoparticle size. Finally, the chemical composition and structure of the clusters can be easily 

modified by changing the target material, providing additional control over the final result. 

Regarding the deposition of the Ag/TiO2 samples described in Chapters 3, 4 and 5, 

the target material was an Ag-Ti rod (ACI Alloys, San Josè, CA, USA) with a mass abundance 

of 50% Ag and 50% Ti. After deposition, the films were exposed to air to obtain titanium 

oxidation to TiO2. The oxidation of TiO2 was confirmed via XPS analysis performed on the 

samples after deposition (See Supplementary Information of [49]). He gas at a pressure of 50 

bar was used as a carrier. The gas was injected into the PMCS through a needle valve, opening 

for 322 μs at a frequency of 3 Hz. The discharge was triggered after every gas injection, with 

a delay of 0.75 ms and a pulse duration of 120 μs. The applied voltage between the cathode 

(rod) and anode (located inside the PMCS) was 800 V. The base pressure of the PMCS was 

~10-3mbar, while the pressure of the deposition chamber was ~10-6mbar. 
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CHAPTER 3:  

EFFECT OF SUBSTRATE ON THE THERMAL EVOLUTION OF AGTIO2 

NANOMATERIALS 

3.1 Background and motivation 

The functionalities of metal/oxide thin films depend on the physical properties of the 

constituents and on the microscopic interactions at the film/substrate interface. Several 

factors such as the morphology, composition, crystalline phase and porosity of the materials 

may be controlled at deposition by using synthesis methods such as cold gas dynamic spray 

[53], jet printing [54], supersonic cluster beam deposition (SCBD) [52,55], sol-gel methods 

[56,57], magnetron sputtering [58–60] and dip-coating [61]. After deposition, annealing 

treatments such as oven and laser annealing can further tweak the properties of a large variety 

of thin films, able to impact both microscopic (surface morphology, crystallinity) and 

macroscopic (conductivity, absorption profile) properties [57,58,60,62,63]. Being able to 

functionalize these properties after deposition is a major advantage in terms of efficiency, 

because one can optimize the deposition process and the properties functionalization 

separately, leading to a dramatic increase in deposition rates and to a more streamlined 

fabrication process. This is especially true for self-assembled structures, where little or no 

lithography steps are involved and where the final morphology of the film is only determined 
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by the deposition parameters and by the chemical and thermodynamical transformations 

induced by post-deposition processing. In recent years, much research has been devoted to 

understanding the potential of post-deposition annealing. Most of the times, however, film-

substrate interactions during annealing are neglected or ignored. This is probably due to the 

fact that, to properly identify the substrate influence on the film behaviour as a function of 

temperature, one should be able to deposit the same film independently on the support type. 

Such opportunity is provided by spray synthesis techniques such as SCBD, where the film 

building blocks are maintained during landing and the film morphology at the nanoscale is 

determined only by the NP assembly [50,64–66]. 

In this chapter, we will investigate the temperature-induced transformation of a 

paradigmatic model constituted by a nanostructured film composed of metal and oxide 

nanoparticles (NPs). In fact, Metal/titanium dioxide (TiO2) nanostructures have unique 

properties for applications in photocatalysis [67–70], antibacterial coatings [51,66], sensors 

[71–74], solar cells [75,76], and energy storage [77]. The addition of NPs of different materials 

to a host matrix of TiO2 usually results in an increase of the stable temperature range of the 

composite film, due to the pinning force introduced by the NPs that hampers the coalescence 

and crystallization [78,79]. For example, the addition of small silica and alumina particles in 

TiO2 allows for a stabilization of the anatase phase up to 800°C [80]. In this perspective, 

SCBD, which allows the deposition of clusters composed of both the host material and the 

pinning particles [51], is a promising technique for the deposition of multielement heat-

resistant thin films. 

Temperature may also lead to structural modifications and variation of the optical 

response of the system. Ag/TiO2 nanocomposites exhibit an optical absorption band around 

400-500 nm, which is usually associated to the plasmonic nature of nanometer-sized Ag 
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particles [81–84]. After annealing, Ag interdiffusion and the NPs coalescence inside the film 

results in the formation of larger Ag clusters on the film surface [30,32,58,81,85]. The 

wavelength and shape of the absorption feature can then be drastically modified by heat 

treatments: for example, in Ag-TiO2 coatings prepared by atom beam sputtering, annealing at 

600°C causes a redshift and a width increase of the absorption band [30]. Modification of the 

Ag morphology and distribution within the film would hence affect also the multicolour 

photochromism [86,87], the surface-enhanced Raman scattering [88,89] and the antimicrobial 

activity of such systems [66]. Since the amount, dimension and distribution of Ag NPs 

determine the optical properties of the films [34,90,91], understanding the mechanics of Ag 

segregation and clustering is a necessary step towards the synthesis of new materials with 

specific absorption and transmission bands. This is especially important for applications in 

photocatalysis: for example, the inclusion of Ag NPs can be used to extend the photoresponse 

of TiO2 to the visible range of the spectrum. 

In the study of the temperature dependent morphological changes of Ag/TiO2 

nanostructured materials, however, the role of the substrate was only considered in a single 

case, where a large decrease in optical absorption in the 400 – 500 nm wavelength range after 

an annealing at 450 °C was attributed to the diffusion of Ag atoms into the substrate [92]. This 

indicates a lack of a deep understanding of the substrate role for this type of nanocomposites, 

that would be of paramount importance to fully understand the formation of tailor-sized Ag 

clusters in the development and engineering of applications. This open issue asks for a 

synthesis technique of nanogranular systems allowing the deposition of films with the same 

properties independently of the substrate characteristics. SCBD presents several advantages in 

terms of deposition rate, control over the film thickness and roughness and mass selection of 

the particles by aerodynamic effects, which allow to fabricate nanostructured system with the 
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desired structural properties in an effective way [50,93–95]. Furthermore, SCBD allows for 

the simultaneous deposition of both metal and oxide NPs, maintaining the nanostructured 

nature of the building blocks, the AgTiO2 NPs. Since the films deposited by SCBD are the 

same independently of the substrate on which they are deposited, this technique is suitable to 

investigate the role of the substrate on the evolution of the films during thermal annealing. 

In this chapter, we will discuss the case of a paradigmatic metal-oxide thin film, 

Ag/TiO2, and study the temperature-induced transformation of its optical and morphological 

properties on two different substrates. In Section 2, we will focus on the surface morphology 

of Ag/TiO2 thin films deposited by SCBD, and study the impact of post-deposition annealing 

on the grain structure and roughness of the films. In Section 3, we will focus on the optical 

properties of the films, and specifically on the plasmonic absorption properties related to the 

presence of Ag nanoparticles embedded in a dielectric matrix. In Section 4, we will discuss the 

effect of substrate on silver diffusion and make some hypotheses to explain the experimental 

outcomes. Finally, in Section 5, we will address the impact of silver inclusions on the phase 

transition of TiO2 nanocrystals. 

 

3.2 Surface morphology of AgTiO2 nanocomposites 

 

The morphological properties of the Ag/TiO2 films were investigated at room 

temperature by AFM on the as-deposited films and after every annealing step on film 

deposited on both silica and sapphire. Films deposited by SCBD are unaffected by the 

substrate at deposition, since their structure is only determined by the properties of the 

Ag/TiO2 NPs and their aggregation on the substrate. In particular, the landing energy per 
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atom allows for the conservation of the NPs integrity [50,96–98]. It is worth recalling that the 

NPs forming the nanogranular film are constituted by Ag nanocrystals partially embedded into 

an amorphous TiO2 matrix, as reported in details elsewhere [51,52]. 

Figure 3.1a shows a high-angle annular dark field scanning transmission electron 

microscopy (HAADF-STEM) image of sparse Ag-TiO2 nanoclusters produced with SCBD: 

the clusters show a Janus-like profile, where both Ag and Ti components are present at the 

nanoscale. As shown in Figure 3.1b, the size distribution of the Ag nanoparticles is bimodal, 

where the modes have an average size of 1.2 nm and 2 nm, respectively [52].  

 

 

Figure 3.1:  a) HAADF-STEM of low coverage Ag/Ti 50-50 NP film 
on the same type of substrate; b) Ag NP size distribution as extracted 
from a collection of 70 40x40 nm2 wide frames, only sizes of Ag NPs 

embedded in oxide matrix are considered. 
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The average dimension of the AgTiO2 nanoclusters was further investigated by AFM 

profiling of a sparse sample of nanoclusters on a Si wafer (Figure 3.2a). After background 

levelling, the max z height of each particle compared to the Si background, obtained by AFM 

data, has been used to trace a size distribution histogram of the Ag-TiO2 clusters, shown in 

Figure 3.2b. The size distribution is trimodal, with most of the particles having a radius of 2.81 

nm. Since TiO2 has a lower density than Ag, this result is compatible with the nature of the 

Ag-TiO2 clusters. 

 

Figure 3.2: a) AFM image of sparse Ag-TiO2 nanoclusters on a Si 
wafer; b) Z size distribution (radius) of the Ag-TiO2 nanoclusters as 

investigated by AFM data: the distribution is trimodal. The lognormal 
functions used in the fit are commonly used to describe the size 
distribution of particles generated by Ostwald ripening, which is 

comparable to the cluster formation mechanism inside the PMCS. 

 

To study the effect of annealing on thin films, we deposited a 50 nm film of Ag-TiO2 

(50-50) on single crystal (0001) α-Al2O3 single-crystal and amorphous fused silica substrates. 

Silica and sapphire were chosen due to their chemical and thermal stability at high 
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temperatures and constant dielectric constant in the Vis-IR range. The target material was a 

99.99% purity Ag/Ti rod with a nominal 50–50 Ag-Ti wt.%. The nominal thickness and 

deposition rate of the films were monitored using a quartz microbalance, while the actual film 

thickness, measured on an edge using atomic force microscopy (AFM), is 50 ± 2 nm. 

Annealing steps of 1 h were performed in an oven at standard atmosphere and pressure at 

temperatures of 200°C to 900°C, with a step of 100°C. After annealing, the samples were 

characterized using via UV-VIS spectrophotometry, AFM, x-ray photoelectron spectroscopy 

(XPS) and Raman spectroscopy. 

Figure 3.3 shows the evolution of the surface morphology of the two films obtained 

by AFM. The as-deposited films exhibit a granular and homogeneous morphology which is 

typical of cluster-based thin films [50–52]. For annealing temperatures up to 500°C, no 

significant change in the surface structure or grain size is observed. Above 500°C, the 

formation of new island-like structures on the surface are visible on the sample deposited on 

sapphire. The size of these structures increases gradually with subsequent annealing steps, 

reaching a mean width of 570 ± 12 nm at 900°C, with a mean height of 360 ± 8 nm. The 

presence of such islands is compatible with the migration and clustering of Ag [32]. On the 

sample deposited on silica, however, no such structures can be observed at any stage of the 

annealing process. In addition to the migration and surfacing of Ag, the annealing of the films 

for temperatures higher than 600°C also results in a noticeable coarsening of the Ag/TiO2 

grains on both substrates. Moreover, on the sapphire deposited film one observes the 

formation of 50 ± 1 nm deep pits, thus reaching the substrate. 
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Figure 3.3: AFM images of the Ag/TiO2 (Ag/Ti 50–50) films on 
silica (top) and sapphire (bottom) as a function of the different 

annealing steps. 

 

To quantify the grain coarsening effect, we extracted the normalized grain size 

distribution (GSD) from AFM data, shown in Figure 3.4a, for the silica-deposited film as a 

function of the annealing temperature. For each GSD, we used three different AFM images 

of the same sample in different spots, with a total of 1200 – 1500 grains per distribution. Here, 

“grains” does not indicate the crystal domains, since the TiO2 is amorphous; rather, it indicates 

cluster aggregates which are formed during deposition. The grain size was measured from the 

grain projected surface area, a value that is influenced by tip-sample convolution effects. The 

GSD follows a lognormal shape typical of films deposited by SCBD [50]. The evolution of 

the mode and standard deviation of the GSD patterns are shown in Figure 3.4b, while the root 

mean square roughness (RMS) of the surface is given in Figure 3.4c. For temperatures up to 
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500°C, the GSD maintains the lognormal shape with the most recurring grain radius being 20 

± 1 nm, indicating that the film is nearly unaffected by the annealing process, as expected from 

our earlier analysis of the surface. This behaviour is different from pure TiO2 NPs films, where 

grain coarsening is taking place for temperatures as low as 300°C [35,99–101]. 

 

 

Figure 3.4: a) Evolution of the GSD of the Ag/TiO2 (Ag/Ti 50-50) 
film on silica as a function of the annealing temperature. b) Evolution 

of the mode (red dots, left axis) and standard deviation (blue dots, 
right axis) of the GSD as a function of the annealing temperature. c) 

RMS roughness of the Ag/TiO2 (Ag/Ti 50-50) film on silica as a 
function of the annealing temperature. The percentage increase in 
RMS roughness, compared to the as-deposited film, is reported on 

the right axis referring to the same data. 
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The thermal stability of the grains in the present Ag-TiO2 nanocomposite is 

compatible with the hypothesis of a Zener pinning pressure exerted by the Ag NPs on the 

grain boundaries of the TiO2 NPs [102]. This effect, related to the presence of a finely 

dispersed distribution of secondary particles or defects within a granular material, is known to 

prevent or delay the temperature-induced nucleation and recrystallization of the principal 

grains in a variety of polycrystalline materials [103]. The intensity of the pinning force is 

determined by several factors, including the radius (r) and volume fraction (f) occupied by the 

secondary particles. In a three-dimensional, polycrystalline material, temperature-induced 

grain growth is inhibited when the Zener pinning pressure overcomes the driving force for 

grain growth [104]. This happens when the grain size of the main phase (R) reaches the Zener 

limit Rz = 4r/3f. 

In order to apply the Zener pinning hypothesis to our system, we consider that the 

mean radius of the Ag NPs in our material is 0.75 nm [51], and that the volume fraction of Ag 

is 𝑓 = 𝜌்௜ைଶ/𝜌஺௚ = (3.4 𝑔/𝑐𝑚ଷ)/(10.5 𝑔/𝑐𝑚ଷ) ≈ 0.32, thus obtaining a Zener limit R = 

3 nm for the TiO2 NPs. Most of the Ag-TiO2 NPs in our film have a mean radius of 2.8 ± 1 

nm. Since they are composed by a main TiO2 body partially embedding Ag NPs, as observed 

by previous transmission electron microscopy measurements [51], we may assume a mean 

radius of 2 nm for the TiO2 NPs, which is reasonably close to the radius predicted by the 

Zener limit. Moreover, since the Zener pinning is not the only force to counteract grain 

growth, the limit we obtained is likely an overestimation of the grain stagnation limit. The 

presence of pores and other defects, for example, can introduce an additional energy barrier 

to the grain coalescence phenomenon [105]. Also, the Zener pinning in 2D systems is a quite 

different phenomenon than its 3D counterpart. In fact, it has been suggested [106] that the 
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Zener limit in 2D systems depends on 𝑓ିଵ/ଶ rather than 𝑓ିଵ, which means that the grain 

stagnation radius should decrease further as we approach lower-dimensionality systems such 

as thin films. Since we observe no grain coalescence for temperatures up to 500°C, we deduce 

that the radius of the TiO2 particles in the as-deposited film is already higher than the grain 

stagnation limit. This result indicates SCBD as a preferred method to deposit multielement 

thin films with high heat resistance.  

Above 600°C, the Ag-TiO2 grain coarsening starts to take place, as shown in Figure 

3.4b, where the mode radius of the GSD increases linearly from 20 nm at 500°C to 30 nm at 

900°C. This could indicate that the driving force for grain growth has overcome the Zener 

pinning pressure, leading to a higher grain boundary mobility. The release of the Zener force 

can be explained by considering a temperature-induced modification of the Ag NPs (see also 

the optical behaviour described below), by analogy with a statistical mean-field model 

simulating the grain growth in systems with a time-decreasing pinning force [107]. In the 

model, the GSD evolution presents an initial stagnation of the average grain size followed by 

a roughly linear growth regime with time. Even though this is very close to our observations, 

we recall that here the pinning force decreases with every successive annealing, and not over 

time, hence we are cannot directly apply such model to our system. However, this approach 

could likely be used as a starting point for a theoretical description of many types of 

multielement nanogranular materials. 

The RMS follows the temperature dependence of the GSD, as shown in Figure 3.4c. 

The initial value is almost unchanged up to 500°C, then rapidly increases by up to 25% with 

subsequent annealing, the sharpest increase being after the annealing step at 900°C. The sharp 

increase in surface roughness is mainly due to the formation of pits and cracks, which originate 



 

42 

 

during the grain coarsening of the film. The depth of the cracks ranges from 25 nm up to 50 

nm, thus partially exposing the underlying silica substrate. 

3.3 Optical properties of the Ag/TiO2 films 

 

The difference in behaviour between the silica and sapphire-deposited samples during 

annealing is reflected in the evolution of their optical properties. Panels (a) and (b) of Figure 

3.5 show the optical absorption spectra of the films deposited on silica and sapphire, 

respectively, as a function of the annealing temperature. The spectra are similar for the two 

substrates up to 600°C. The steep increase in absorption located between 320 and 360 nm is 

due to TiO2 interband transitions. The RT spectrum broad absorption band, centered at 451.8 

± 0.8 nm on silicon and at 453.2 ± 0.8 nm on sapphire, has been observed in other Ag/TiO2 

nanocomposite thin films [82,92] and attributed to the surface plasmon absorption of Ag NPs 

having a radius of 5–9 nm. To the best of our knowledge, there is little to no record of smaller 

Ag nanoparticles embedded in TiO2. However, it is well documented that embedded metal 

nanoparticles usually show a broad absorption band due to the interaction with the 

surrounding material, like the one we observe in our samples. 

Upon annealing the films at temperatures up to 500°C, the maximum of the 

absorption band is shifted to 522.6 ± 0.8 nm and 526.4 ± 0.8 nm, for the film deposited on 

silica and on sapphire, respectively. If one considers the size-dependent plasmon frequency of 

the metal NPs, the redshift could be explained by Ag diffusion through an unmodified TiO2 

matrix forming larger NPs. Diffusion-based coalescence between Ag NPs has been observed 

in Ag/TiO2 thin films for temperatures up to 600°C [32]. In this temperature range we did not 

observe variations of GSD (Figure 3.4a) nor of RMS (Figure 3.4c), that are measured on the 
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film surface, which implies that the coalescence between Ag NPs doesn’t affect the Zener 

pinning applied to the TiO2 grains. This can be explained by considering the Ag diffusion 

along the TiO2 grain boundaries. As we will see in Chapter 4, the diffusion of Ag for annealing 

temperatures lower than 500°C is observable via SEM and can justifies the shift in plasmon 

resonance frequency as larger Ag particles are formed. Also, we have to take into account that 

defects in the TiO2 material, such as oxygen vacancies and impurities, could also affect the 

absorption bands in the visible spectrum. Since annealing can modify such defects, it cannot 

be excluded that the modification in the optical absorption band could also be caused by a 

modification of TiO2, too. 

 

Figure 3.5: a) Optical absorption spectrum of the Ag/TiO2 (AgTi 50-
50) film on silica as a function of the annealing temperature. b) 

Optical absorption spectrum of the Ag/TiO2 (AgTi 50-50) film on 
sapphire as a function of the annealing temperature. 
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At 600°C, both films exhibit a broadband absorptivity of 30-32% for wavelengths 

above 380 nm. It is worth noting that broadband plasmonic absorbers are excellent candidates 

for light harvesting and hot carrier generation [108,109]. From this perspective, our Ag/TiO2 

film annealed at 600°C could be a very interesting material to study for application in the fields 

of photo-catalysis, photovoltaics and photodetection. 

For temperatures of 700°C and above, the films exhibit a very different behaviour 

depending on their substrate. For the sample deposited on sapphire (Figure 3.5b), the 

absorptivity of the film at λ> 800 nm is steadily reduced after every annealing step, with the 

film becoming transparent (A = 2.4%) for wavelengths above 380 nm at 900 °C. As observed 

from AFM data, annealing at 900 °C for 1h on this film results in the formation of Ag clusters 

on the surface of the film, whose dimensions (570 ± 12 nm) are too large to produce an LSPR 

oscillation in the visible range, justifying the absence of absorption features in this sample after 

annealing at 900 °C. In the sample deposited on silica (Figure 3.5a), the annealing process 

brings to the formation of a new absorption band in the 400–600 nm range of the spectrum. 

 

3.4 Substrate effect on silver diffusion 

 

From the AFM observations, it is clear that silver diffusion in Ag/TiO2 films can lead 

to drastically different outcomes depending on the underlying substrate. To fully understand 

the difference between the samples, and in particular what happens in the silica-deposited 

sample, we investigated the Ag amount and distribution via SEM and EDX at the end of the 

annealing process. Panels (a) and (b) in Figure 3.6 show the SEM images taken after annealing 

at 900°C for 1h on the films deposited on silica and sapphire, respectively, while panels (c) 
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and (d) show the corresponding Ag EDX maps. On the sapphire-deposited substrate, the 

images are compatible with AFM data, showing the presence of large (~500 nm) islands on 

the surface of the film. We can also see that almost all of the Ag signal is concentrated in these 

islands, as shown by the EDX map. On the other hand, panels (a) and (c) in Figure 3.6 clearly 

show that Ag is distributed into smaller particles evenly dispersed throughout the TiO2 film. 

The overall Ag/(Ag+Ti) atomic ratio, calculated via EDX, is the same for the two substrates 

within the statistical error (0.205 ± 0.009 for the film on silica and 0.189 ± 0.010 for the film 

on sapphire).  
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Figure 3.6: a) SEM image (backscattered mode) of the Ag/TiO2 
(AgTi 50-50) film on silica after annealing at 900°C for 1h. b) SEM 
image (secondary electrons) of the Ag/TiO2 (AgTi 50-50) film on 

sapphire after annealing at 900°C for 1h. c) EDX map of the Ag La 
emission acquired on the same area of (a). d) EDX map of the Ag La 

emission acquired on the same area of (b). 

 

On each sample, this parameter was calculated by averaging the results obtained on 

four different areas, spanning a total surface of 120x90 μm2. Since EDX has a surface 

sensitivity of about 2 μm, this Ag/Ti ratio is not referred to the film only, but also to a portion 

of the underlying substrate, meaning that, despite being arranged differently, the overall 

quantity of Ag is roughly the same on the uppermost part of the samples. 

The temperature and composition of the substrate has been shown to play a key role 

in determining the crystallinity and orientation of TiO2 [30,110] during deposition. Singh et al. 

[111] observed that the deposition of TiO2 on LaAlO3 (001) at 650°C leads to the formation 

of anatase crystals with a (100) preferred orientation, while the deposition of the same material 

on Al2O3 (0001) at the same temperature leads to rutile crystals with a (200) orientation. 

Nevertheless, our data clearly show that the evolution of the optical and morphological 

properties of the films under post-deposition treatments is drastically different depending on 

the underlying material. Since the films were grown simultaneously by SCBD, their properties 

are unaffected by the substrate at deposition, depending only on the low-energy ballistic 

aggregation of the clusters on the surface of the deposition substrates. Moreover, all the 

samples underwent the same annealing steps, meaning that the difference in distribution of 

Ag in the two substrates is to be ascribed only to the differences in physical and chemical 

properties of the substrates. It is hence possible that temperature-induced crystallization of 

TiO2 grains develops in different ways depending on the thermal properties and composition 
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of the underlying material. A substrate-dependent evolution of the morphology during 

annealing was previously observed in other nanogranular materials such as ZnO [112] and Pt 

[113] thin films, where the mean dimension and arrangement of the surface grains were 

different depending on substrate material. However, to our current knowledge, there was no 

comparative study between annealing-related transformations of TiO2 on different substrates.  

Although the accurate determination of the thermal and physical exchanges at the film-

substrate interface is beyond the scope of this work, requiring a considerably different 

experimental setup and sample preparation, we identified three possible factors which may 

play a significant role in determining the thermodynamics of the annealing and cooling process 

of the Ag/TiO2 films: 

Difference in Ag diffusivity: silver atoms are able to diffuse through SiO2 under 

annealing temperatures below 600°C [114–116]. Above this temperature, part of the Ag 

contained in the film deposited on silica film would hence be able to migrate within the 

substrate during the annealing process, thus lowering the Ag concentration inside the film. To 

the best of our knowledge, we did not find any work regarding the Ag diffusion through 

sapphire. We, hence, suppose that this phenomenon could be far less significant in the 

sapphire-deposited film, thus resulting in the Ag migration towards the surface and the 

formation of the large islands. 

Difference in cooling rate: the thermal conductivity of single-crystal sapphire (30.3 

W/mK) [117] is 30 times that of fused silica (1.1 W/mK) [118] at room temperature. Even if 

the conductivity of sapphire decreases with temperature, it is always at least one order of 

magnitude higher than that of silica during the entire annealing process: this could play a key 

role during the heating and cooling cycles of the films. Viana et al. [81] have observed the 

formation of Ag aggregates on the surface of Ag/TiO2 nanocomposite films after annealing, 
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where the dimensions of the aggregates was dependent on the cooling rates: a faster cooling 

rate produces bigger clusters, and vice versa. In our case, the higher thermal conductivity of 

the sapphire substrate could lead to a faster cooling process of the associated Ag/TiO2 film. 

This, according to Viana et al., could explain the higher cluster size of Ag in the sapphire-

deposited sample. It is also worth noting that the sapphire substrate has a lower thickness 

compared to the silica substrate, which could further affect the cooling rate of the films. 

However, since the thermal conductivity of sapphire is 10 to 30 times that of silica, while the 

thickness differs by a factor 2, we expect the effect of thermal conductivity to be the most 

important factor in determining the cooling rate of the films. 

Difference in thermal expansion coefficient: the thermal expansion coefficient of 

sapphire (5.0x10-6 /°C) [117] is nearly an order of magnitude higher than that of fused silica 

(4.1x10-7 /°C) [119]. This may lead to a higher stretching of the deposited film on sapphire 

and hence favouring the Ag migration towards the surface of the film. 

 

3.5 Effect of silver on the phase transition of TiO2 

 

Nanocrystalline TiO2 exists in several polymorphic forms, including amorphous, 

anatase and rutile depending on synthesis conditions and post-synthesis heat treatments. Since 

amorphous TiO2 is thermally unstable, it transforms into anatase or rutile if heated. The 

temperatures of the amorphous-to-anatase and anatase-to-rutile phase transitions are 

different, depending on the film synthesis methods and the annealing atmosphere [32,120]. In 

SCBD-deposited TiO2 thin films annealed in the air atmosphere, amorphous-to-anatase phase 
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transition onsets at 400°C, while, after 600°C, there is coexistence of both anatase and rutile 

phases [65,70]. 

To investigate the evolution of the crystalline phase of TiO2, we acquired the 

vibrational spectra of Ag/TiO2 films via Raman spectroscopy after every annealing step. 

Figure 3.7a and 3.7b show Raman spectra of the Ag/TiO2 films on sapphire and silica for 

selected temperatures, respectively. At RT, the absence of the characteristic anatase and rutile 

Raman peaks indicate that the films are amorphous, as previously observed [4]. The weak band 

located at 150 cm-1 is commonly observed in the Raman spectra of silver oxides [121,122]. 
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Figure 3.7: Raman spectra of the Ag/TiO2 film on silica (a) and 
sapphire (b) as a function of the annealing temperature, respectively. 
The dotted lines represent the Raman spectra of anatase (red) and 

rutile (black). 

 

The films remain amorphous for annealing temperatures up to 600°C, differently from 

TiO2 films only deposited by SCBD, where the phase transition of amorphous TiO2 to anatase 

onsets at 400°C [65]. After annealing at 700°C, the Raman peaks of rutile at 244, 440 and 610 

cm-1 are clearly visible in both films, as shown in Figure 3.7a and Figure 3.7b. Also, the band 

at 150 cm-1 becomes sharper and more intense, presenting a maximum at 144 cm-1, which 

corresponds to the main vibrational mode of anatase. 

The inclusion of Ag NPs in TiO2 thin films has been observed to deeply affect the 

phase transition temperatures of TiO2. In Ag/TiO2 thin films grown by pulsed cathodic arc, 

for example, an increase in Ag concentration causes a delay in the amorphous-to-anatase phase 

transition [32]. For Ag/TiO2 thin films with Ag:Ti atomic ratio higher that 28% (which is equal 

to a mass percentage of 46%), amorphous TiO2 is stable for temperatures up to 600°C, while, 

for T > 600°C, there is coexistence of both anatase and rutile phases, which is compatible 

with our observations. Therefore, it is likely that the difference between our films and the TiO2 

films deposited by SCBD is due to the presence of Ag. In particular, the delay of the 

crystallization process could be related to the Zener pinning pressure applied by the Ag NPs 

on the grain boundaries of TiO2. 
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3.6 Conclusions 

 

We investigated the substrate role on temperature activated processes in nanogranular 

Ag/TiO2 thin films deposited on fused silica and sapphire, thanks to the SCBD synthesis 

method that allowed to deposit identical films on the two different supports. Our observations 

clearly show that the evolution of the optical and morphological properties of the films under 

post-deposition treatments is drastically different depending on the substrate. The film 

morphology is stable up to 600°C, likely due to the Zener pinning pressure exerted by the Ag 

NPs on the TiO2 grain boundaries. Above this temperature, we observe grain coalescence and 

formation of both anatase and rutile phases begins, accompanied by a drastic change in the 

film optical properties. This is explained by hypothesizing Ag diffusion through TiO2, thus 

releasing the Zener pinning. Above 600°C, the silver distribution ends up in a completely 

different way depending on the deposition substrate: on silica, Ag is still present as NPs 

distributed into the TiO2 matrix, while on sapphire hundreds of nm wide Ag aggregates are 

left on top of the film. The optical properties of the annealed films reflect the different size 

and distribution of the Ag NPs, with the silica-deposited film presenting a broad absorption 

band in the visible range even after annealing at 900°C, and the sapphire-deposited film 

becoming almost transparent for wavelengths above 380 nm. 

Since the materials were grown by SCBD, their structure at deposition depends only 

on the low-energy ballistic aggregation of the clusters on the surface of the substrate. 

Moreover, all the samples underwent the same annealing steps, meaning that the difference in 

distribution of Ag in the two substrates is to be ascribed only to the differences in physical 

and chemical properties of the substrates. In particular, the different Ag diffusivity, cooling 

rate, and thermal expansion coefficient between silica and sapphire could all play an important 
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role in determining the thermodynamics of the annealing process and the final properties of 

the film [49]. 
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CHAPTER 4:  

PHOTOTHERMAL TRANSFORMATIONS IN ANNEALED AGTIO2 THIN FILMS 

4.1 Background and motivation 

 

Localized surface plasmons are known to not only produce an intense localized electric 

field, but to also give rise to local photothermal heating when excited by an external light 

source [123,124]. The heating effect is enhanced at plasmon resonance, i.e. when the energy 

of the incident photons is close to the plasmon frequency of the nanoparticles. The large 

absorption cross sections and tunability of plasmonic nanoparticles makes them prime 

candidates for photothermal agents in applications such as plasmon-enhanced 

photochemistry, where the local heating produced by the nanoparticles is exploited to activate 

reactant molecules and boost numerous types of chemical reactions [125,126]. The generated 

heat can also be used for melting the surrounding matrix, like in the case of ice or polymers 

[123,127], as well as for cancer diagnosis and therapy [128]. However, in the case of metal-

oxide nanocomposites, where the surrounding matrix exhibits a higher melting temperature, 

photothermal heating can lead to the melting of the metal nanoparticles themselves, followed 

by a drastic change in the properties of the material. This phenomenon can be exploited to 

induce specific transformations in the material after deposition. 



 

54 

 

The melting of nano-objects is a well-known and well-studied phenomenon. If the 

heating happens by conduction only, the melting process of small metal particles is usually 

modelled as a Stefan problem, where the melting point of the nanoparticle decreases with the 

particle size [129–132]. However, particles embedded in a matrix can behave differently, 

leading to the phenomenon of overheating, as found for example in Pb and In nanocrystals 

embedded in aluminium matrix [133,134], or Ag particles embedded in Ni [135]. Several 

reports indicate that superheating only happens in some matrices, while the same nanoparticles 

embedded in some other matrices show lower melting temperature. According to Sheng et al., 

this could be related to the epitaxy between the nanoparticles and the embedding matrix [134]. 

Furthermore, in the melting of nanocomposite materials, a large difference in thermal 

conductivity between the embedded particles and the surrounding matrix can lead to longer 

annealing times and a less efficient heating. In the case of Ag-TiO2 nanocomposites, for 

example, the reported thermal conductivity of Ag is 430 𝑊𝑚ିଵ𝐾ିଵ, while the thermal 

conductivity of TiO2 is much smaller at 7 𝑊𝑚ିଵ𝐾ିଵ [136]. 

When it comes to light-induced melting, new and not fully understood mechanisms 

emerge. In the case of photothermal heating of plasmonic nano-objects, for example, heating 

is no longer achieved by conduction only, but electron excitation and subsequent electron-

electron and electron-phonon scattering [137,138]. This can lead to large temperature 

gradients near the excited nano-objects near resonance, due to the plasmon-enhanced optical 

absorption and highly localized electric fields involved in the plasmonic oscillation [138]. For 

this reason, light-induced melting can be used as a more versatile alternative to conventional 

thermal annealing for inducing microstructural modifications in nanocomposite materials. 
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In the case of metal-semiconductor nanocomposites such as Ag-TiO2 thin films, metal 

nanoparticles are often specifically designed to harvest light at visible wavelengths. After light 

absorption, “hot electrons” can be created in the metal particle and injected into the 

semiconductor, greatly increasing the performance of the material in novel applications such 

as photocatalysis and photovoltaics [139,140]. In this perspective, given the high absorption 

profile of metal nanoparticles in the visible range of the spectrum, light-induced melting can 

be used to control the final size of the metal particles, which in turn deeply affects the carriers’ 

injection yield [139,140]. A significant example of this technique is given by the work of Liu 

et al., where the authors were able to obtain a large variety of different Ag size distributions 

by changing the scanning speed of the incident laser [141]. In fact, silver nanoparticles 

subjected to laser illumination can either shrink as a result of photo-oxidation or grow as a 

result of the high temperature rise and coalescence. This oxidation-reduction process depends 

on the initial Ag nanoparticle size and is also responsible for the multicolour photochromism 

often found in Ag-TiO2 nanocomposites [86,87,142].  

In this chapter, we will address the light-induced transformations of Ag-TiO2 thin 

films deposited by SCBD on a silica substrate, combining both traditional oven annealing and 

white light illumination to achieve different outcomes for the final Ag nanoparticle size 

distribution. For embedded Ag nanoparticles, the plasmonic absorption peak is rather large 

due to the interaction with the surrounding matrix, which is why we used a continuous white 

light source instead of a laser, with the added advantage of being able to illuminate larger 

samples without the need for a raster process. Also, while pulsed laser annealing and flash-

lamp annealing of plasmonic structures are well-studied, especially in recent years, continuous 

white light annealing is a relatively unexplored technique. 
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In Section 2, we will show the heat-induced diffusion and growth of Ag nanoparticles 

in the TiO2 matrix during oven annealing at high temperatures, while in Section 3 we will show 

the effect of white light illumination on the Ag-TiO2 nanocomposite samples and analyse the 

changes in optical properties and nanoscale structure. 

 

 

4.2 Heat-induced diffusion of silver in Ag/TiO2 thin films on silica 

 

In the previous chapter, we have shown that thermal annealing can lead to Ag diffusion 

and segregation in Ag/TiO2 thin films deposited by SCBD. However, this phenomenon 

produces different results depending on the underlying substrate. On the films deposited on 

sapphire, the Ag diffusion is also accompanied by segregation leading to the formation of 

nanoislands on the surface of the films, observed via AFM. On the films deposited on silica, 

however, the Ag diffusion activates Ag clustering taking place under the surface [49]. Since 

the Ag clustering induces a drastic modification in the optical absorption profile of the films, 

we expect that the photothermal heating of the films will be more or less noticeable depending 

on the annealing temperature: for example, films with a broader absorption feature should be 

able to generate more heat than films exhibiting a single, sharp absorption peak. Furthermore, 

the oxidation-reduction processes observed during the illumination of Ag-TiO2 

nanocomposites have already been shown to depend on the initial size of Ag nanoparticles 

[141]. To further investigate the physical behavior induced by annealing in metal-oxide thin 

films at the nanoscale, we deposited 48 ± 2 nm thick AgTiO2 thin films on silica via SCBD 

and we analysed their behaviour after annealing at high temperatures via SEM. The annealing 
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steps were performed in the same way as previously mentioned [49]. The SEM images were 

taken in both backscattered and secondary electrons mode, to obtain information about the 

vertical distribution of silver during annealing. In fact, while secondary electrons are usually 

used to investigate the uppermost few nanometers of a sample, backscattered electrons can 

gather information from the entire depth of our film, up to ~1 μm, and is therefore more 

suitable to investigate the entirety of the sample [143]. 

Figure 4.1 shows the backscattered electrons map for different annealing temperatures. 

Here, we can clearly identify Ag as the brighter component in the image, due to the atomic 

number sensitivity of SEM. In the as-deposited sample, the Ag nanoparticles are finely 

distributed in the TiO2 matrix. As we have seen in previous chapters, the average size of the 

Ag component in the clusters is smaller than 2 nm, which is below than the spatial resolution 

of the SEM. This is why the nanoparticles don’t appear as clearly defined objects, but rather 

like a finely dispersed distribution. However, as the sample is annealed at higher temperatures 

(400°C), we clearly see the result of diffusion and coalescence of Ag, as larger (~5-10 nm) 

nanoparticles are formed. Given the lower melting temperature of Ag compared to TiO2, it is 

likely that the nanopores in the TiO2 matrix act as molds in this phase of the annealing process, 

playing a key role in the dynamics of Ag diffusion [86]. Nevertheless, the vast majority of the 

silver nanoparticles remains finely dispersed inside the TiO2 matrix. 
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Figure 4.1: Backscattered SEM images of 50 nm Ag-TiO2 thin films 
on silica as a function of the annealing temperature (magnification: 

100.000x). The brighter parts of the image represent the distribution 
of Ag inside the film. 

 

For annealing temperatures of 600-700°C, some of the smaller aggregates are still 

present, while larger interconnected structures (~50-100 nm) start forming. By comparing 

Figure 4.1 with Figure 3.3 in the previous chapter, we can clearly see that similar structures 

also form on AgTiO2 thin films deposited on sapphire, albeit on the surface of the sample, 

instead of inside the TiO2 matrix. Finally, after annealing the films at 900°C for 1h, Ag 

segregates in clearly defined nanoparticles with a measured average diameter of 22 ± 3 nm, as 

measured by SEM. It is likely that the size of the nanoparticles at this point is only defined by 
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the initial density of Ag in the film, which can be easily modified in SCBD by using a different 

target rod.   

 

4.3 Photothermal heating of Ag nanoparticles 

 

After annealing the samples at high temperatures, we investigated the effect of room 

temperature white light illumination on the as deposited and thermally annealed films, via SEM 

and optical spectrophotometry. The light source was a 175W Xenon gas discharge lamp, set 

at 30 cm from the sample. White light exposure was performed in 3 steps of 10 minutes each. 

After each step, spectrophotometry was performed to monitor the evolution of the absorption 

behaviour of the samples. Figure 4.2 shows the optical absorptivity of the samples annealed 

at different temperatures, before and after exposure to white light. The spectra obtained after 

annealing are compatible with previous measurements of the optical properties of Ag-TiO2 

films deposited on silica [49] and mirror the evolution of the morphological properties of the 

films at the nanoscale. In particular, the redshift of the plasmonic absorption band from 458 

nm to 538 nm (Figure 4.2, panels a and b) can be attributed to the increase in the average size 

of the Ag nanoparticles observed by SEM (Figure 4.1). In fact, larger metal nanoparticles are 

usually associated to a larger absorption wavelength [145]. 

For annealing temperatures of 600°C and 700°C, the broadband optical absorption 

band (Figure 4.2, panels c and d) can be justified by the presence of a large variety of different 

Ag nanostructures inside the TiO2 matrix: as observed by SEM, this stage of the annealing 

process is associated with the formation of large (50-100 nm) silver aggregates, which coexist 

with smaller particles (Figure 4.1). This broadband absorption feature could be of great interest 
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for applications in photocatalysis, photovoltaics and photodetection. In fact, much effort has 

been devoted in the past years to design broadband plasmonic absorbers with the aim of 

enhancing hot-electron charge generation and separation [108,146,147]. Furthermore, a 

spectrally broad LSPR band is highly desirable in detection applications via surface-enhanced 

Raman spectroscopy, to achieve resonant matching to a large variety of electronic transitions 

in the detected species [148]. Finally, in the samples annealed at 900°C (Figure 4.2e), the 

double-peak absorption band can be associated to the coalescence of Ag into more clearly 

defined nanoparticles, as seen by SEM (Figure 4.1). 

After exposing the samples with white light, we can observe a drastic difference in 

behaviour between the samples, depending on their annealing temperature (Figure 4.2). The 

unannealed sample (panel a) and the sample annealed at 900°C (panel e) show no substantial 

change in optical absorptivity after light exposure, while the sample annealed at 400°C (panel 

b) shows a shift of the optical absorption band from 538 to 464 nm after 10 minutes of white 

light exposure. This phenomenon is interesting, since we observe a blueshift, and not a 

redshift, of the plasmonic absorption band. Following our consideration on the dependence 

of the plasmon resonance frequency, this should correspond to particles shrinking after white 

light illumination. A possible explanation of this phenomenon is that white light is responsible 

for breaking down larger Ag aggregates, which have a broader absorption profile, into smaller 

particles. In fact, the final spectrum of the film annealed at 400°C closely resembles that of 

the as-deposited film, except for a ~20% drop in absorption in the visible range due to the 

annealing process. On the other hand, the samples annealed at 600°C and 700°C (panels c and 

d) show a dramatic decrease in absorptivity after white light illumination, from ~25% to less 

than 3% in the visible and infrared region of the spectrum, after which the broadband 

absorption feature transforms into a narrower band centered at 456 nm. 
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Figure 4.2: Panels a-e): optical absorption spectrum of the Ag/TiO2 
(AgTi 50-50) film on silica at different annealing temperatures, before 

and after exposure to continuous white light. Panel f): optical 
absorption spectra of the Ag/TiO2 (AgTi 50-50) film on silica 

annealed at different temperatures, then exposed to white light (30 
min). 
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This remarkable transformation is not unexpected: in fact, as we have already 

mentioned, the samples annealed at 600°C and 700°C exhibit a much broader absorption 

feature in the visible range. This allows them to more effectively collect light from the entirety 

of the visible spectrum, transforming it into localized heat. In turn, the heat heavily modifies 

the structure of the particles: Figure 4.3 shows the SEM images of the sample annealed at 

700°C before and after light exposure. From the comparison between the images, we can see 

that the exposure to white light causes the silver particles to recrystallize into more clearly 

defined particles. Furthermore, in the comparison between the secondary electrons emission 

map (panels b and d) we can see, thanks to the atomic number sensitivity of the SEM, that the 

Ag particles are also brought to the surface by the exposure to light. 

The ability to manipulate the spatial distribution of plasmonic nanoparticles is 

especially useful in plasmon-enhanced microscopy techniques: in fact, similar metal-

semiconductor heterostructures have been widely used recently as effective SERS substrates 

for biosensing and detection of dye molecules [4,149–151]. Such materials present a double 

advantage: first, metal-semiconductor interfaces can show enhanced synergistic charge 

transfer effects [152]; second, metal nanoparticles embedded in a matrix show enhanced 

chemical stability, increasing the durability of the substrate compared to single and dispersed 

nanoparticles [4].  
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Figure 4.3: Backscattered (panels a and c) and secondary electrons 
emission (panels b and d) SEM images of 50 nm Ag-TiO2 thin films 

on silica annealed at 700°C for 1 h, before and after exposure to 
white light (30 min). The brighter parts of the image represent the 

distribution of Ag inside the film. 
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4.4 Conclusions 

 

We studied the optical and morphological transformations induced by both 

conventional oven annealing and white light illumination in 48 nm thick Ag-TiO2 thin films 

deposited by SCBD on silica. Our findings show how post-deposition processes can impact 

the nanoscale properties of metal-semiconductor nanogranular thin films deposited by SCBD, 

allowing to functionalize them for different applications depending on the qualities required. 

The electron microscopy images taken on the films before and after annealing show that the 

diffusion and coalescence of silver nanoparticles onsets at 400°C, leading to a redshift in the 

absorption band of the film: this is compatible with the lowering of the melting temperature 

of small nanoparticles compared to the bulk material observed in literature. After annealing at 

600-700°C, we observe the formation of larger interconnected silver nanostructures, which 

are responsible for the broadband optical absorption of the samples.  

The formation of self-assembled broadband absorbers in metal-semiconductor thin 

films is very interesting, since it can be used to improve the light harvesting and hot electron 

generation in photovoltaic and photocatalytic devices [108,146,147]. In this perspective, oven 

annealing can be used as a cheap and scalable way to achieve large-scale production of these 

devices. Finally, after annealing at 900°C for 1h, we see the formation of clearly defined, 

spherical silver nanoparticles inside the TiO2 matrix. It is likely that the final size of the 

nanoparticles can be easily modified by changing the Ag percentage in the target material at 

deposition. In addition, the combined effect of oven annealing and light-induced 

transformations have a dramatic effect on the overall silver distribution: for example, in the 

samples annealed at 600 and 700°C, exposure to white light leads to the nucleation and 

surfacing of Ag nanoparticles, whose final size distribution is 3.9 ± 4.1 nm. The surfacing of 
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silver nanoparticles is particularly interesting for application in plasmon-enhanced microscopy 

techniques such as SERS, where embedded metal nanoparticles are used to increase the 

durability and reusability of the substrates [4]. Furthermore, the self-assembled nature of our 

Ag-TiO2 films implies a lower production cost compared to other laboratory techniques such 

as nanolithography.  

From our observations, it’s clear how the localized heating produced by the 

photothermal effects in the Ag nanoparticles and the diffuse heating produced by oven 

annealing lead to completely different outcomes. It is also worth mentioning that the post-

deposition functionalization of AgTiO2 is made possible by the exceptionally small initial size 

distribution of silver nanoparticles (1-2 nm) [51], which allows silver diffusion and coalescence. 

For this reason, cluster-based deposition techniques such as SCBD are here reaffirmed to be 

prime choices for the production of tunable plasmonic devices. 
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CHAPTER 5:  

CLUSTER-BASED METACRYSTALS FOR STRUCTURED ILLUMINATION 

MICROSCOPY 

5.1 Background and motivation 

 

Fluorescence microscopy is an indispensable tool in modern biology, enabling high-

resolution visualization of cellular structures, molecular interactions, and dynamic biological 

processes with exceptional specificity and sensitivity. Since the development of the first 

fluorescence microscopes in the early 1900s, by the companies Carl Zeiss and Carl Reichert, 

fluorescence microscopy has undergone significant advancements that have transformed 

biological research [153]. The ways of labeling a specimen greatly expanded over the decades: 

in the early 1940s, fluorescent antibody labeling was developed [154], while in the 1990s the 

cloning of the green fluorescent protein (GPF) and its spectral variants allowed protein 

labeling and tracking in real time [155,156]. Furthermore, the development of new 

instrumentation and techniques such as confocal microscopy greatly enhanced the optical 

sectioning capabilities and image clarity [157]. 

However, compared to other microscopy techniques such as electron microscopy, 

conventional fluorescence microscopy is limited by the diffraction of the light. In fact, the 

resolution of a traditional optical microscope can be expressed as ∆𝑥 ~ 𝜆/2𝑁𝐴, where 𝜆 is 

the wavelength of light and 𝑁𝐴 the numerical aperture of the setup [158]. For most imaging 

setups, this results in a lateral resolution of 200-300 nm, which is comparable to or larger than 

many subcellular structures [159]. 
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To overcome this resolution limit, one can use light with a shorter wavelength, 

however, using high-energy illumination can lead to photodamage to biological cells, limiting 

the ability to observe their behavior [160]. For this reason, a variety of “super-resolution” 

techniques have been developed in recent years to overcome the diffraction barrier without 

resorting to high-energy illumination.  

A successful approach to super-resolution developed by S. W. Hell and J. Wichmann 

[41] and later experimentally demonstrated by Klar et al. [161] is stimulated emission depletion 

(STED), which employs nonlinear effects to selectively suppress fluorescence in specific 

regions of the sample, minimizing the illumination area at the focal point. A related, more 

general method employs reversible saturable optically linear fluorescence transitions 

(RESOLFTs) to overcome the diffraction limit of light [162]. This approach works by 

employing specific fluorophores which can be switched between an “on” and “off” state using 

reversible optical or chemical transitions. Compared to STED, RESOLFTs microscopy uses 

lower-intensity light, making it less phototoxic and better for live-cell imaging. However, it 

shares the low imaging speed of STED, while also requiring specific fluorophores to enable 

the required transitions. 

Other techniques, such as stochastic optical reconstruction microscopy (STORM) 

[163] and photoactivated localization microscopy (PALM) [42,43], achieve nanoscale imaging 

by slowly controlling the activation of blinking fluorophores or photo-activable fluorescent 

proteins, which act as point-like emitters. A high-resolution image can then be obtained by 

acquiring a large number of images each with a very small number of excited fluorophores. 

For this reason, image acquisition is usually very slow, requiring thousands of images. Also, 

depending on the observed sample, the computational demand for reconstructing the high-

resolution image can be complex and time-consuming. Near-field scanning microscopy 
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(NSOM) [164] employs a different approach, focusing the exciting laser through a nanoscale 

aperture or sharp tip and exploiting the properties of evanescent waves to scan the sample at 

a distance smaller than the wavelength of light. Requiring a precise tip-sample control, the use 

of NSOM is often limited to small scan areas; furthermore, the probe cannot penetrate deep 

into biological tissues, limiting the technique to surface imaging. 

Compared to the aforementioned techniques, structured illumination microscopy 

(SIM) has several advantages when it comes to the observations of cellular processes, being a 

wide-field technique with a higher imaging speed and compatibility with a wide variety of 

fluorophores [45,165]. In SIM, the sample is illuminated with different high-frequency 

illumination patterns, creating moiré fringes that encode high-resolution information from 

structures smaller than the diffraction limit. By acquiring multiple images with different 

illumination patterns, it becomes possible to mathematically extract and reconstruct fine 

spatial details that would otherwise remain unresolved in conventional fluorescence 

microscopy. 

Standard SIM usually employs two-beam or three-beam interference to produce 

sinusoidal interference patterns [166–168]. However, recent advances in the field have 

explored new ways to generate the illumination patterns: in this perspective, plasmonic 

materials stand out because of their ability to produced high intensity localized electric fields. 

Plasmonic structured illumination microscopy (PSIM) employs surface plasmon polaritons 

(SPPs) to generate a high-frequency illumination pattern. Since SPPs are confined to the 

substrate surface, the intensity of the illumination pattern decays within tens of nanometers 

from the surface, effectively suppressing background fluorescence. Furthermore, in certain 

setups, the high-frequency illumination pattern can be excited with a single beam using 

appropriately structured metal films [169,170]. A variant of PSIM, named localized plasmonic 
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structured illumination microscopy (LPSIM), makes use of localized plasmons (LPs) excited 

near nanostructures periodically placed directly on the microscope slide [46,171]. Here, the 

frequency of the illumination pattern is not determined by that of the illumination light, but 

only by the spatial period of the chosen nanostructured pattern. In conventional SIM, the 

precise knowledge of the illumination patterns is required in order to precisely reconstruct the 

object pattern from the diffraction-limited images. However, as we mentioned in Chapter 1, 

recent advances in the field have introduced new algorithms that allow image reconstruction 

without knowing the illumination patterns. The validity of this blind structured illumination 

microscopy (Blind-SIM) was demonstrated both theoretically and experimentally by Mudry et 

al. [47], who achieved a resolution about two times better than conventional wide-field 

microscopy by illuminating the sample with several uncontrolled random speckles, provided 

that their density is roughly homogeneous over the sample. Ponsetto et al. have successfully 

integrated the Blind-SIM algorithm with LPSIM, by using a silver nanodisc array as a substrate 

[172]. In this perspective, self-assembled supported plasmonic metal nanoparticles could 

provide an excellent substrate for Blind-SIM, providing the required different speckle 

illumination patterns while also being relatively easy to manufacture. Furthermore, tuning the 

nanoparticle size and material could be extremely important in the optimization of SIM 

substrates, allowing their use with different fluorophores and excitation wavelengths. 

So far, we have shown how the optical properties of a paradigmatic metal-oxide 

plasmonic nanocomposite, Ag/TiO2, deposited by supersonic cluster beam deposition 

(SCBD), can be tweaked using post-deposition annealing and a careful design of the deposition 

substrate [49]. In particular, the size and distribution of the silver nanoparticles are dependent 

on the annealing temperature, ranging from ~1-2 nm at deposition to ~600 nm after annealing 

at 900°C. We have also shown that the plasmon-mediated photothermal heating can be 
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exploited to further affect the Ag distribution in AgTi thin films deposited on silica, promoting 

Ag nucleation and surfacing. Furthermore, the plasmonic absorption band of the Ag/TiO2 

nanocomposites deposited by SCBD sits in the visible range at ~450-500 nm, corresponding 

to some of the most commonly used excitation sources in standard fluorescence microscopy 

setups. All these properties suggest that Ag/TiO2 nanocomposites could be versatile LPSIM 

substrates, providing a random speckle pattern with a controllable size and satisfying the 

homogeneity requirements of the Blind-SIM reconstruction algorithm. In this chapter, we will 

analyze the viability of this material in existing LPSIM configurations: in section 2, we will 

focus on deriving the dielectric function of our material by combining the Drude-Lorentz 

oscillator model with Bruggeman’s effective medium approximation (EMA). In section 3, we 

will use the derived effective optical constants of Ag/TiO2 to simulate the response of the 

electric field around the substrate under external illumination. Finally, in section 4, we will 

propose a method for fabricating cluster-based metacrystals, which involves EBL 

nanopatterning and SCBD deposition of the desired material. 

 

5.2 Effective optics model for nanogranular AgTiO2 

 

To evaluate the possible application of a substrate in structured illumination 

microscopy, one must verify that the designed structure is able to produce different 

illumination patterns. This is usually achieved by exciting a specific resonant state of the 

system, usually a nanopatterned material, with an external electromagnetic wave. These modes 

correspond to standing waves of electromagnetic fields, phonons, plasmons, or other 

excitations that are characteristic of the nanostructure's geometry and material properties 
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[172,173]. A simulation of the excited electromagnetic field can be achieved in dedicated 

software like COMSOL or Lumerical, by replicating the geometrical features of the substrate 

and simulating the response of the material after being irradiated by a plane wave. This is a 

straightforward process if the dielectric constants of the materials involved are well-known, as 

in the case of silver and gold nanostructures. However, in the case of composite systems with 

a large number of interfaces, like our Ag/TiO2 nanogranular thin film, the derivation of the 

dielectric constants can be challenging: in fact, replicating the actual geometry of the thin films 

is a highly inefficient and time-consuming approach. Instead, since the lengths associated with 

local variation in permittivity in our material are well below the wavelength of light, we can 

treat our material as an effective homogeneous medium characterized by a dielectric function 

𝜀௘௙௙. 

To do that, however, we must consider that the presence of voids or pores inside the 

film, can deeply affect the overall dielectric function of the medium [174]. The same can be 

said for films with a surface roughness comparable with the film thickness. In both cases, 

Bruggeman’s effective medium approximation (BEMA) can be used to calculate the effective 

dielectric function of the material [175–177]. In the BEMA model, if a material is composed 

of N elements, the effective dielectric function 𝜀௘௙௙ can be found by solving Bruggeman’s 

equation: 

 

෍ 𝑓(௜)

௡

௜ୀଵ

𝜀(௜) − 𝜀௘௙௙

𝜀௅ + 𝑞൫𝜀(௜) − 𝜀௘௙௙൯
= 0; (5.1) 
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where 𝜀(௜) are the dielectric functions of each of the components, 𝑓(௜) their volume fraction, 

and 𝑞 the depolarization factor, which is related to the shape of the inclusions: for 𝑞 = 0, the 

inclusions have a sheet shape with an oscillation parallel to the electric field; for 𝑞 = 1/3, the 

inclusions are sphere-like, while for 𝑞 = 1 the inclusions become pillar-like with sides normal 

to the electric field.  

To find the dielectric function of our Ag/TiO2 film, we modeled our film using a 

recently developed code (Determination of Effective Multilayer Optical constants for 

Nanotechnology – DEMON) [178]. This code allows us to build a multilayer geometry, where 

each layer can be described by any number of custom oscillators. The code then calculates the 

dielectric function of each layer through BEMA, giving the overall R and T spectra of the film. 

To model our Ag/TiO2 composite film, we used a bilayer geometry comprised of a core layer 

and a roughness layer, as shown in Figure 5.1. In Chapter 1, we mentioned how the optical 

permittivity of a general medium can be expressed analytically by a Drude-Lorentz (DL) 

multioscillator model of the form: 

 

𝜀௥(𝜔) = 𝜀௥
(஽)(𝜔) + 𝜀௥

(௅)(𝜔) = 𝜀ஶ −
𝜔௣

ଶ

𝜔ଶ + 𝑖𝜔𝛾
+ ෍

𝑓௟𝜔௣
ଶ

𝜔଴௟
ଶ − 𝜔ଶ − 𝑖𝜔𝛾௟

௄

௟ୀଵ

; (5.2) 

 

where 𝜀௥
(஽)(𝜔) is a Drude oscillator describing the intraband contributions, and 𝜀௥

(௅)(𝜔) is a 

sum of N Lorentz oscillators describing the interband contribution to the dielectric function 

of the medium. This model has been extensively used to describe both noble and transition 

metals, including Ag and Ti [179]. Since the clusters in our material are composed of two 
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elements, one way to find the effective medium of our system is to double our DL oscillator 

model, since Ag and Ti have their own characteristic interband and intraband transitions: 

 

𝜀஺௚்௜ =  𝜀்௜ைଶ
(஽) (𝜔) + 𝜀்௜ைଶ

(௅) (𝜔) + 𝜀஺௚
(஽)(𝜔) + 𝜀஺௚

(௅)(𝜔). (5.3) 

 

Here, 𝜀்௜ைଶ
(஽) (𝜔) and  𝜀஺௚

(஽)(𝜔) are Drude oscillators, and 𝜀்௜ைଶ
(௅) (𝜔) and 𝜀஺௚

(௅)(𝜔) are Lorentz 

oscillators. Here, instead of taking a sum of N independent Lorentz oscillators, we simplify 

the equation by taking a single Lorentz oscillator to model the interband transitions in TiO2. 

In a similar fashion, the function for the interband transitions in Ag can be expressed as a 

single modified Lorentz oscillator: 

 

𝜀஺௚
(௅)(𝜔) = 𝐴௟௢௥

(Γ௟௢௥
ଶ )

(𝜔 − 𝜔௟௢௥)ଶ + Γ௟௢௥
ଶ + 𝑖 ൤𝑏 +

𝐻

1 + 𝑒(ఠ೎ିఠ)/௦
൨ ; (5.4) 

 

where the real part is a Lorenz oscillator with amplitude 𝐴௟௢௥ , width Γ௟௢௥ and position 𝜔௟௢௥, 

and the imaginary part is a step function centred at 𝜔௖ with amplitude 𝐻, width 𝑠, and offset 

𝑏 [178]. To validate our model, we compared the calculated reflectivity and transmissivity 

spectra obtained from the dielectric function of the composite material with the 

experimental spectra obtained via UV-Vis spectrophotometry on a 50 nm Ag-TiO2 thin film 

on silica. The samples were deposited via SCBD using the deposition process explained in 

previous chapters [49]. 

Table 5.1 shows all the parameters for the Drude and Lorentz oscillators used in our 

calculations (no errors are present since they are simulation parameters rather than fit 
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parameters). To account for the pores in the film structure, a BEMA was performed using 

𝜀஺௚்௜ as one of the components and vacuum (𝜀 = 1) as the second one. For the core layer, 

we obtained a thickness of 36.8 nm with a vacuum volume fraction of 22%, while for the 

roughness layer, we obtained a thickness of 8.34 nm with a vacuum volume fraction of 50%. 

Fig. 5.1b shows the experimental (dotted line) and calculated (solid line) transmissivity, 

reflectivity, and absorptivity of a 50 nm as-deposited Ag/TiO2 thin film. The calculated optical 

spectra show a good agreement with the experiments, highlighting how the combination of a 

multilayer geometry and the BEMA approach can be an effective tool to model the dielectric 

properties of complex porous materials. 

 

 

Figure 5.1: a) Multilayer model scheme for Ag/TiO2 nanoparticles on 
silica; b) Measured (dotted line) and simulated (solid line) 

transmissivity, reflectivity and absorptivity spectra for a 50 nm 
Ag/TiO2 thin film on silica. 
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TABLE 5.1 

PARAMETERS FOR THE MULTIOSCILLATOR MODEL FOR AGTIO2 

 

Oscillator Parameter Value 

𝜀்௜ைଶ
(஽) (𝑤) 

𝑓ℏ𝜔௣(𝑒𝑉)   4.0 

ℏ𝛾(஽)(𝑒𝑉) 2.0 

𝜀஺௚
(஽)(𝑤) 

ℏ𝜔௣(𝑒𝑉) 9.2 

ℏ𝛾(𝑒𝑉) 2.0 

𝜀்௜ைଶ
(௅) (𝑤) 

ℏ𝜔௣(𝑒𝑉) 7.89 

ℏ𝛾(௅)(𝑒𝑉) 0.92 

ℏ𝜔଴(𝑒𝑉) 3.77 

𝜀஺௚
(௅)(𝑤) 

𝐴௟௢௥ 1.70 

ℏ𝜔௟௢௥(𝑒𝑉) 3.95 

ℏΓ௟௢௥(𝑒𝑉) 0.25 

𝐻 3.26 

𝑏 0.19 

ℏ𝜔௖(𝑒𝑉) 4.06 

ℏ𝑠(𝑒𝑉) 0.09 
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5.3 Simulation of the illumination pattern 

 

In Chapter 1 we have mentioned how in SIM it is possible to reconstruct a high-

resolution object pattern by taking multiple diffraction-limited images of the object under 

different illumination patterns. We also anticipated how plasmonic nanostructures based on 

SPs and LSPs have been used in the recent years as promising platforms for SIM. In order to 

be used in SIM, a nanostructure must meet two important criteria: first, it has to support an 

optical mode with a high effective mode index near the surface of the structure; second, it has 

to be designed so that the phase of the illumination pattern can be sufficiently tuned. This is 

usually achieved by altering the angle of the plane wave incident to the nanostructures [173]. 

So far, different nanopatterned structures have been proposed as substrates for LPSIM: 

Ponsetto et al. used a silver nanodisc array embedded in glass [172], while Haug et al. employed 

a silver nanoridge array [173]. The main difference between existing Ag substrates and 

embedded Ag nanoparticles is that the illumination pattern in the first case will be determined 

by the frequency of the optical mode excited on the top of the surface, while in the case of 

embedded plasmonic nanoparticles the illumination pattern will result from the highly 

localized electric field generated from the plasmonic excitation. Nevertheless, to avoid “blind 

spots”, i.e. regions where no plasmonic excitation is present, we must make sure that the 

optical modes excited in our nanostructures can be tuned in phase.  

To do this, we set up a simulation in COMSOL to investigate the behaviour of the 

material under external plane wave excitation. We chose two different designs for our 

simulations, as shown in Figure 5.2. The first design consisted of a nanoridge array, with the 

ridges having width w, length l, thickness h, lateral periodicity ps, and longitudinal periodicity 

pl. The second design consisted of an array of nanocylinders of diameter d and thickness h, 
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with a periodicity of pc in both directions. The thickness, size, and spacing of the structures 

were set as sweep parameters in COMSOL, to choose the best possible design among different 

combinations. First, we considered a nanostructure made entirely out of the Ag/TiO2 cluster-

based material described so far. 

 

 

Figure 5.2: Schematic view of the nanoridge and nanocylinders arrays. 

 



 

78 

 

To simulate the properties of the Ag/TiO2 nanocomposite, we defined a custom 

material within COMSOL using the real and imaginary refractive index obtained from the 

multilayer optical model simulation in the previous section. The substrate was set to silicon 

and the surrounding medium was set to water (n=1.33), to reproduce the conditions of a 

standard fluorescence microscopy setup. Of all the chosen thicknesses (20, 50, 100 nm), the 

100 nm thick nanostructures showed an overall better phase tunability compared to the others, 

and a more pronounced electric field oscillation. For this reason, we chose to fabricate 

structures with this thickness. It is worth noting, however, that for the COMSOL simulations 

to be as accurate as possible, one should also repeat the simulation of the dielectric function 

from Section 5.2 with a 100 nm thick AgTiO2 film, since the optical properties of the material 

could be different with thickness. The same is true for the 10 nm AgTiO2 top layer described 

later. This was not possible to do in this work due to time limitations, but should surely be 

done in future simulations. 

Figure 5.3 shows the electric field intensity distribution calculated using COMSOL 

eigenmode analysis for a 100 nm thick Ag/TiO2 nanoridge. We can see that the nanostructure 

exhibits a high field intensity along the top of its surface, which can facilitate the excitation of 

phenomena within cells and objects placed on top of them. However, a high field intensity is 

also present at the interface with the substrate, which is not ideal because some of the light is 

conveyed far from the sample. To investigate the possibility of producing different 

illumination patterns by altering the phase of the standing wave, we used COMSOL to 

calculate the electric field magnitude on top of our nanostructures. This time, instead of 

performing an eigenmode analysis, we set up an incident plane wave with wavelength 𝜆଴ = 

458 nm and studied the behavior of the standing wave along the structure as a function of 

size, separation, and incident angle of the light. Figure 5.3b shows the calculated normalized 
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electric field on the top of the nanostructures, at a distance of 5 nm from their surface: we can 

see that the change in phase is roughly 45° for illumination angles ranging from 0° to 8°, or 

90° from -8° to 8°, while for most applications a total shift of 4ω/3, or 240°, is required. 

 

 

Figure 5.3: a) Calculated electric field mode profile obtained using 
COMSOL eigenmode analysis, for a 100 nm thick AgTiO2 nanoridge; 

b) Calculated normalized electric field along the top of a 600 nm 
nanoantenna AgTiO2 nanoantenna at different incident angles. 

 

Since Ag-only nanoridges show an improved optical mode profile and a better ability 

to tune the phase of the standing wave pattern compared to an Ag/TiO2-only nanoridge, we 

repeated the same simulations with a bilayer nanostructure, composed of a lower layer of Ag 

and an upper layer of Ag/TiO2. As shown in Figure 5.4, the intensity of the electric field is 

mostly localized on the surface of the nanostructure, while the intensity at the interface with 
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the substrate is significantly lower than in the single-layer AgTiO2 design. Furthermore, as 

shown in Figure 5.4, the change in phase for this design is more pronounced: in fact, we obtain 

an almost 180° phase shift for angles ranging from 0° to 8°, or double that amount for angles 

of -8° to 8°, meeting the requirements for standard SIM. 

 

Figure 5.4: a) Calculated electric field mode profile obtained using 
COMSOL eigenmode analysis, for a 100 nm Ag + 10 nm Ag/TiO2 
nanoridge; b) Calculated normalized electric field along the top of a 

600 nm nanoantenna made of 100 nm Ag + 10 nm Ag/TiO2 at 
different incident angles. 
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5.4 Fabrication of the metacrystals 

 

After choosing the most promising designs for nanostructures based on COMSOL 

simulations, we moved to fabrication. The fabrication method is shown in Figure 5.5: after 

cleaning the Si substrate with acetone, ethanol, and isopropyl alcohol, a MMA:PMMA electron 

beam resist bilayer (200 nm MMA + 100 nm PMMA) is deposited by spin-coating on top of 

the silicon wafer and baking each layer at 190°C. An MMA:PMMA bilayer was chosen over 

single-layer resist because it has been shown to produce a cleaner liftoff in many cases [180]. 

After applying the resist, the desired pattern is transferred to the resist by first exposing 

it with electron-beam lithography (EBL), and developing it with a MIBK:IPA:MEK (1:3:0.1) 

solution for 40 seconds. To validate the fabrication process and find the best settings for the 

EBL beam, we performed a dose test by using a simple nanoridge array as a test pattern, 

exposing the double-layer resist to doses ranging from 500 to 1400 μC/cm2 (Figure 5.5a). The 

pattern consisted of nanoridges with different widths (100 nm and 200 nm), to evaluate the 

quality of the liftoff and deposition with differently sized structures. After exposing and 

developing the pattern, deposition of a 100 nm thick Ag/TiO2 (50-50) film was achieved via 

SCBD directly on top of the pattern. Liftoff was performed in acetone at room temperature.  
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Figure 5.5: Fabrication process of cluster-based nanostructures for 
SIM. a) Bilayer MMA:PMMA resist spin coating on Si wafer; b) EBL 
nanopatterning of the resist; c) Supersonic cluster beam deposition of 
a thick (100 nm) layer of Ag/TiO2 on top of the resist; d) Liftoff of 
the resist layer in acetone; e) e-beam evaporation of Ag; Supersonic 
cluster beam deposition of a thin (10 nm) layer of Ag/TiO2 on top 

of silver; g) Liftoff of the resist layer in acetone.  
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Figure 5.6: a) SEM image of the preliminary nanoridge pattern array 
for the EBL dose test. The numbers represent the different doses 

employed in μC/cm2. b-e) SEM images of the preliminary nanoridge 
pattern for the following EBL doses: 600 μC/cm2 (b), 800 μC/cm2 

(c), 1200 μC/cm2 (d), 1400 μC/cm2 (d).  

 

Figure 5.6b-e shows the results of the preliminary dose test for different e-beam doses: 

the pattern is well-formed and consistent with the desired design for all doses. Following this 

information, we settled on 800 μC/cm2 for all the following nanofabrication processes. Some 

of the resist is still present on the surface of the sample (visible as dark spots in Figure 5.6): 

this is likely due to the “gentle” liftoff process operated with acetone at room temperature. 

To the best of our knowledge, this is the first time SCBD is used in conjunction with 

EBL patterning to produce patterned nanogranular structures, confirming its versatility. It is 

also worth mentioning that the patterning and liftoff processes were performed at the 

University of Notre Dame, Indiana, USA, while the SCBD deposition was performed at 

Università Cattolica del Sacro Cuore, Brescia, Italy. 



 

84 

 

After the preliminary tests, we chose two different designs for the fabrication of the 

metacrystals: a nanoridge array with ridge length = 500 nm, width = 100 nm, lateral spacing 

= 100 nm and longitudinal spacing = 90 nm, and a nanocylinder array with cylinder diameter 

= 600 nm and spacing = 90 nm. We also chose to fabricate both the single-layer Ag/TiO2 and 

the double-layer Ag + AgTiO2 nanostructures used in our COMSOL simulations (see Section 

3), to investigate the differences and performance of both designs. After defining the 

deposition mask using EBL (Fig. 5.5b), the samples undergo different deposition steps 

depending on the desired outcome: for Ag/TiO2-only nanostructures, SCBD is used to 

deposit a 100 nm film on top of the deposition mask (Figure 5.5c); for Ag+AgTiO2 

nanostructures, a 100 nm layer of Ag is deposited via e-beam evaporation (Figure 5.5e), then 

10 nm of AgTiO2 are deposited via SCBD on top (Figure 5.5f). In both cases, the liftoff is 

performed by soaking the sample in acetone at room temperature (Figure 5.5d, Figure 5.5g). 

Figure 5.7 shows an SEM image of the fabricated samples, highlighting how the fabrication 

process was successfully accomplished for all designs: Figure 5.7a shows the double-layer 

(Ag+AgTiO2) nanocylinder array pattern; Figure 5.7b shows the single-layer (AgTiO2) 
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nanocylinders; Figure 5.7c shows the double-layer nanoridge array, and Figure 5.7d shows the 

single-layer nanoridges. 

 

 

Figure 5.7: a) SEM image of 600 nm wide nanocylinders (100 nm Ag 
+ 15 nm AgTiO2); b) SEM image of 600 nm wide nanocylinders (100 
nm AgTiO2); c) SEM image of 100 nm wide, 500 nm long nanoridges 
(100 nm Ag + 15 nm AgTiO2); d) SEM image of 100 nm wide, 500 

nm long nanoridges (100 nm AgTiO2). 
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5.5 Conclusions 

 

In this chapter, we analyzed the viability of cluster-based Ag/TiO2 nanostructured 

materials as substrates for LPSIM. In Section 2, we analyzed the optical properties of the 

Ag/TiO2 nanostructured material, which at room temperature is composed of Ag 

nanoparticles finely dispersed in a TiO2 matrix. To properly account for the material’s porosity 

and roughness, we employed a two-layer model to calculate the effective complex refractive 

index of the material. The dielectric function of the Ag/TiO2 clusters was approximated with 

a Drude-Lorentz oscillator model, to account for both intraband and interband transitions in 

both Ag and TiO2. An effective medium approximation was performed using Bruggeman’s 

formula to account for vacuum inclusions. The proposed model successfully reproduces the 

optical transmission, absorption and reflection spectra in the visible range, providing a solid 

base for further analysis. 

In Section 3, we investigated the ability of hypothetical nanostructures fabricated using 

the Ag/TiO2 nanocomposite material to support optical modes with a variable phase near the 

surface, which is a key requirement for SIM substrates. To do so, we performed some 2D 

simulation in COMSOL, calculating the electric field intensity distribution of selected 

nanostructures. A parameter sweep was performed to find the nanostructures which best suit 

the requirements of SIM. We performed the COMSOL simulations on both monolayer (100 

nm AgTiO2) and bilayer (100 nm Ag + 10 nm Ag/TiO2) structures. Our analysis showed that 

the bilayer structure has a greater electric field intensity near the surface of the sample, while 

also featuring a standing wave with a highly variable phase. Finally, in Section 4, we showed a 

fabrication method for our substrates based on the creation of an EBL nanopatterned mask, 

followed by SCBD deposition of the desired material and liftoff. SCBD offers several 
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advantages over other deposition techniques (i.e. e-beam evaporation) commonly used in the 

deposition of patterned nanostructures: in particular, it allows the deposition of self-assembled 

metal nanoparticles supported by a dielectric matrix. The optical and geometrical properties 

of the supported nanoparticles have been shown to be tuneable over a wide range of 

possibilities through thermal annealing [49] and exposure to white light. 

It is worth mentioning that the proposed fabrication method was only demonstrated 

with an as-deposited film of the Ag/TiO2 nanocomposite: here, the supported Ag 

nanoparticles exhibit the smallest size (~1-2 nm, [52]), which theoretically should provide the 

best configuration for LPSIM. In fact, smaller, more finely dispersed plasmonic particles will 

generate a higher frequency (random) illumination pattern, which in turn should result in a 

higher resolution. To demonstrate the tunability of the substrate, we propose two possible 

pathways: the first is to simply perform an oven annealing of the fabricated nanopatterned 

substrates, in a similar way as shown in previous chapters. This should result in the coalescence 

of Ag particles, leading to a shift in the optical properties of the film and to the generation of 

a coarser illumination pattern due to the increase in size of the plasmonic particles. Another 

approach could be to start from an annealed Ag/TiO2 sample, where the film already has the 

desired Ag NPs size and distribution: in this case, a selective etching of Ag/TiO2 can lead to 

the formation of the desired nanostructured for use in LPSIM. Selective etching of TiO2 has 

in fact already been demonstrated for waveguide fabrication, with resolutions as low as 100 

nm [181,182]. Since the Ag nanoparticles are supported by the TiO2 matrix, we expect this 

method to also work for Ag/TiO2 nanocomposites. 
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CHAPTER 6:  

CONCLUSIONS AND PERSPECTIVES 

6.1 Summary 

 

The goal of this work was to study the effects of post-deposition processing 

techniques, namely thermal annealing and photothermal heating, on the morphological and 

optical properties of nanostructured thin films composed of Ag nanocrystals embedded in an 

amorphous TiO2 matrix, and evaluate the possible applications of such material. There are 

many reasons behind the choice of AgTiO2. First, it provides a paradigmatic example of a 

plasmonic metal-oxide nanocomposite, where the optical properties of the material in the 

visible range are mainly dictated by the shape and size of the Ag nanocrystals. Furthermore, 

AgTiO2 nanocomposites are well-studied for their applications in fields such as solar energy 

conversion and photocatalysis, where there is a strong interest in finding accessible and cost-

efficient ways to tailor the optical and structural properties of the material. In this perspective, 

the choice of supersonic cluster-based synthesis represents a leap in terms of sustainability and 

deposition rate. 

In Chapter 3, we studied the evolution of AgTiO2 nanostructured thin films deposited 

via SCBD during thermal annealing at high temperatures, focusing on an important and often 

overlooked aspect of this post-deposition technique, i.e. the substrate. In fact, the properties 

of the substrate are often neglected when studying the thermal evolution of thin films, likely 

because there is a lack of a deep understanding of the film-substrate interactions during 

annealing. By using SCBD, we ensure that we are depositing the same film on different 
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substrates, since the film properties are determined only by the low-energy ballistic aggregation 

of clusters. Therefore, we deposited 50 nm-thick AgTiO2 thin films on both silica and sapphire 

and characterized the evolution of their morphological and optical properties via AFM, Raman 

spectroscopy, SEM and spectrophotometry. Our findings clearly show that the substrate is 

able to steer the evolution of the morphological and optical properties of AgTiO2 

nanocomposites, especially for annealing temperatures higher than 600°C. 

In Chapter 4, we combined conventional oven annealing and photo-induced thermal 

heating to further affect the properties of AgTiO2 thin films deposited on silica. A 175W 

Xenon white light lamp was chosen as the illumination source, since the absorption band of 

Ag/TiO2 nanocomposites is quite broad. Also, this type of lamp is more commonly available 

and allows the illumination of larger sample areas compared to monochromatic laser sources. 

In samples annealed at 600-700°C, photothermal heating produced a drastic change in the 

optical absorption spectrum, caused by the surfacing of the Ag nanoparticles on top of the 

sample. In both Chapter 3 and Chapter 4, we were able to drastically affect the size, shape and 

distribution of the silver nanoparticles inside the TiO2 matrix, which are responsible for the 

visible absorption band of the material. Our results show the viability of post-deposition 

techniques as effective tools to functionalize AgTiO2 plasmonic nanocomposites for different 

applications. 

Finally, in Chapter 5, we explored the viability of cluster-based AgTiO2 materials as 

substrates for LPSIM. First, we employed a bilayer effective medium approximation to 

determine the complex index of refraction of our material. Then, we used COMSOL to 

simulate the response of the excited electric field in selected nanostructures to ensure that they 

support standing waves with a high field intensity near the top of the nanostructure, as required 
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by SIM. Finally, we successfully fabricated some samples based on our designs by combining 

SCBD and EBL to produce cluster-based metacrystals. 

6.2 Future work and perspectives 

 

Our findings and results open new and exciting perspectives in the development and 

study of novel plasmonic nanocomposite materials. However, many unknowns and open 

issues remain regarding the post-deposition tuning of plasmonic nanocomposites. First of all, 

as we highlighted already in Chapter 3, all of our analyses focused on the study of materials 

composed of 50% wt. silver and 50% wt. titanium. Despite this limitation, we were able to 

tune the properties of the materials over a relatively wide range of possibilities by employing 

techniques such as thermal annealing and photothermal heating. However, it is certain that 

the initial distribution of silver and titanium can play an extremely important role in the 

evolution of these materials during annealing. Therefore, to further enhance the 

functionalization of these materials, it would be very interesting to repeat the measurements 

with different initial material concentrations. 

Speaking of the actual tuning of the properties of AgTiO2 nanomaterials, we have to 

underline two important results we obtained through post-deposition techniques, which could 

have interesting implications. The first one is the broadband absorption feature we achieved 

in Chapter 3 and Chapter 4 after annealing the 50 nm AgTiO2 thin film at 600°C. As explained 

in Chapter 4, this feature is likely due to the formation of deep interconnected structures 

following the diffusion of silver inside the TiO2 matrix. We mentioned how plasmonic 

broadband absorbers are of great interest in applications such as solar energy conversion and 

photocatalysis, due to their ability to harvest light from the entire visible spectrum. In this 
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perspective, our approach to the tuning of plasmonic thin films could represent a simple and 

efficient way to produce self-assembled plasmonic absorbers. For this reason, it would be 

extremely interesting to test the performance of these materials by comparing them with 

existing structures, as long as they can withstand the annealing process. For example, TiO2 is 

already a widely used material in solar cells, and the presence of a broadband absorber could 

easily enhance its performance due to charge transfer effects. The implementation of AgTiO2 

thin films in photocatalytic would be an even more straightforward process, as annealing is 

already used to improve the properties of the electrodes. 

The second important result is represented by the surfacing of Ag nanoparticles in 

samples annealed at 600-700°C after being exposed to white light. The ability to control the 

distribution of the nanoparticles, as well as their size, is a very interesting result, which 

probably arises from the difference between the local photothermal heating of plasmonic 

nanoparticles (generated by the enhancement of the electric field in the proximity of the 

particle) and the widespread heating induced by conventional heating. This manipulation of 

embedded Ag nanocrystals could be extremely useful in the fabrication of SERS substrates, 

where having a large quantity of plasmonic nanoparticles near the surface of the sample leads 

to better enhancements of the Raman signal. 

Another aspect worthy of attention is the substrate-dependent evolution of our thin 

films: following our observations, it is clear that the role of substrate could represent a key 

factor for an effective tuning of the properties of plasmonic nanocomposites during thermal 

annealing. Despite our hypotheses on the interplay between film and substrate during the 

annealing of AgTiO2 thin films, many questions remain on how the substrate impacts the 

properties of the film. To shine light on this phenomenon, one could systematically investigate 

the film-substrate interactions during annealing by depositing the same film on different 
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substrate and studying the thermodynamic, chemical and physical exchanges between the two 

layers, for example through cross-sectional TEM analysis. This approach could surely lead to 

a better understanding of the complex phenomena behind thermal annealing, as well as to 

better designs for tunable plasmonic nanostructures. 

In the study of TiO2 crystallization in Chapter 3, we also observed how our samples 

behaved differently from TiO2-only thin films deposited with the same technique. In fact, 

TiO2 in our samples remains amorphous for annealing temperatures up to 600°C, and shows 

coexistence of both anatase and rutile for temperatures higher than 600°C. We attributed this 

phenomenon to the Zener pinning pressure exerted by the finely dispersed Ag nanoparticles 

on the grain boundaries of TiO2. The Zener pinning, which is a well-known phenomenon in 

metallurgy, is a noteworthy phenomenon when applied to nanostructured materials, as it could 

be intentionally exploited to enhance the thermal resistance properties of thin films or in cases 

where it is necessary to prevent or delay the crystallization of a material. For example, it might 

be interesting to use the cluster source to attempt the deposition of thin films composed of a 

large number of elements (four or five). If the materials are finely dispersed within the clusters, 

as observed in our AgTiO2, these materials could exhibit very high thermal resistance 

properties due to the large number of interfaces, which increase the potential barrier required 

for melting. 

Finally, we have shown how SCBD can be used in conjunction with EBL to produce 

cluster-based nanopatterned substrates for different applications. In Chapter 5, we have 

investigated how our AgTiO2 nanocomposites could be used as efficient substrates for LPSIM. 

However, there is still much work to be done to achieve an actual implementation of those 

materials in a LPSIM setup. First, we must prove that we can couple light into an optical mode 

on the surface of the sample. This can be done qualitatively, by characterizing the samples via 
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spectroscopic ellipsometry: in fact, the presence of optical modes is usually reflected in the 

angle-dependent reflectivity spectrum of a sample in the form of sharp dips or phase changes 

in Ψ/Δ. If those features shift consistently with the wavelength/angle, they could indicate the 

presence of one or more optical modes forming a mode dispersion curve. After identifying 

the excited optical modes, one could then proceed with testing the substrate using benchmark 

samples. At this stage, it is necessary to determine whether the embedded Ag nanocrystals are 

capable of providing a set of illumination patterns of sufficient quality for the image 

reconstruction algorithm, or if additional fabrication steps are required. Undoubtedly, the 

ability to tune the plasmon resonance of the embedded nanocrystal is an invaluable tool for 

the development of better substrates for LPSIM.   
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