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Abstract (English) 

The development of nanotechnology has provided a variety of noble metal 

nanostructures with unique optical properties that are useful for different application fields. 

Metal nanoparticles present strongly enhanced optical properties associated with localized 

surface plasmon resonance (LSPR): here, the effect on the optical properties of metal 

nanostructures is investigated by different techniques. The large AuNPs absorption cross 

section coupled with fast nonradiative decay rate and low radiative decay efficiency make them 

perfect converter of light into heat: the high temperatures reached can be used for photothermal 

terapy, light conversion in thermal and photovoltaic devices, but our interest has been focused 

on optical limiting application against cw laser.  

The study of the thermal conversion of incoming light could be useful for the protection 

of the human eye from accidental or intentional damage. A good protection device should be a 

“smart material” able to activate the protection at high energy with a large dynamic range and 

in a wide wavelength interval. The last property is especially required in the case of military 

use, for protection against laser pointing devices or blinding weapons of unpredictable emission 

wavelength. In this case, passive filters, commonly used for specific wavelengths, are useless 

because of their selectivity and lack of tuning properties. The irradiation of an optical limiting 

material with a focused cw laser beam induces energy absorption rapidly converted into a local 

heating and a temperature gradient corresponding to a refractivity index variation across the 

sample. In this way, even a flat sample acts as a focusing or defocusing lens and spreads the 

laser beam.  

We have studied different aspects of the phenomenon, as described below, to achieve 

the application in a solid state device with a broadband range of activity and a fast response 

time.  

In the first experimental part of this thesis different nanostructures have been synthesized, 

starting from gold nanoparticles, nanoshells and nanorods with different aspect ratio, in order 

to obtain plasmonic resonances in a wide range of the visible spectrum. Nanostructures has 

been then manipulated for the functionalization with a thiolated-fulleropyrrolidine (FULP-SH) 

to combine the thermal relaxation process with a faster one. A useful material for protection 



devices should preferably be in the solid state, so a thorough study has been centered on 

polycarbonate (PC) as matrix because of its good optical qualities. Film production and 

nanoparticles embedding require a specific study of the functionalization and transfer of 

nanostructures synthesized in aqueous solvent. 

We characterized the morphology and their linear optical properties with conventional 

techniques: transmission electron microscopy (TEM) gives information about the dimension of 

nanostructures to implement the synthesis, UV-Vis spectroscopy correlates structures with 

extinction properties and surface enhanced Raman spectroscopy (SERS) of the nanosystems 

defines the correct functionalization with organic molecules.  

In the second part of the project we studied and tried to improve the nonlinear optical response 

of these promising systems in order to obtain different characteristics.  

Using z-scan technique we define the nature of the defocusing mechanism, confirming the self-

defocusing behavior and giving nonlinear efficiency parameters to compare different systems. 

Optical power limiting measurements give direct information on the protection ability of these 

systems. Thanks to the easy functionalization of nanostructures we figured out promising 

properties for a solid state protection device. 

First we have studied the optical limiting properties of gold nanoparticle solutions identifying 

a thermal response as the main mechanism. We have then compared these results with those 

obtained by coupling gold nanoparticles with a thiolated-fulleropyrrolidine. In this way we 

wanted to combine the thermal process with a faster one, to permit a stronger reduction of 

transmittance and a better limiting efficiency. Such a strategy has been proved to be effective 

for improving OL through a quite different mechanism that is activated in a much shorter time.  

Optical limiting measurements have been conducted on gold nanoparticles embedded in 

polycarbonate with good results that have been compared to the colloidal solutions. The study 

of a different matrix for optical limiting studies has been attempt: silk fibroin. This matrix has 

been selected because of the easier nanoparticles embedding. Furthermore it can be applied for 

instance in controlled release of drugs, thanks to the biocompatibility and gradual solubility of 

silk matrix. Preliminary studies discourage the use of this system for optical limiting but 

different application could be considered. The fibroin-nanoparticles solution can be easily 

transform to obtain a porous structure: the idea is to employ this matrix as a sensor for liquid 



 

 

 

samples with SERS characterization, taking advantage of the high porosity and the presence of 

plasmonic structures. 

In the last part we tried to compare thermal properties revealed by our systems through cw laser 

excitation to nonlinear optical properties classically expressed by pulsed laser excitation. 

Optical limiting related to photoacoustic measurements allow us to discriminate the 

contribution of the absorption and to choose the best system with higher linear transmittance 

and lower threshold for nonlinear behavior 

  



Abstract (Italiano) 

Lo sviluppo delle nanotecnologie ha fornito una varietà di nanostrutture metalliche con 

proprietà ottiche uniche utili per diverse applicazioni. Le nanoparticelle metalliche presentano 

una forte amplificazione delle proprietà ottiche associate al plasmone di risonanza superficiali 

(LSPR): in questo lavoro abbiamo studiato le proprietà ottiche di nanoparticelle d’oro (AuNPs) 

con diverse tecniche. La grande cross section di assorbimento delle AuNPs accoppiata con la 

rapido decadimento non radiativo e la scarsa efficienza di decadimento rendono efficace la 

conversione di luce in calore: le alte temperature raggiunte possono essere utilizzate per terapia 

fototermica, conversione luminosa in dispositivi fotovoltaici, ma il nostro interesse si è 

focalizzato sull’applicazione nella limitazione ottica contro laser in continuo (cw). 

Lo studio della conversione termica della luce incidente può essere utilizzato per la 

realizzazione di dispositivi per la protezione dell’occhio contro danni accidentali o intenzionali. 

Un buon dispositivo di protezione dovrebbe essere un materiale intelligente in grado di attivarsi 

sopra una certa soglia di intensità, con un ampio intervallo di attività e a diverse lunghezze 

d’onda. Quest’ultima proprietà è di particolare interesse in ambito militare per la protezione 

contro dispositivi laser di puntamento o armi accecanti di lunghezze d’onda non note a priori. 

In questo caso sono i filtri passivi per specifiche lunghezze d’onda attualmente utilizzati 

risultano inefficaci data la loro alta selettività e scarsa versatilità. 

L’irraggiamento di un limitatore ottico con un raggio laser cw focalizzato induce un 

assorbimento dell’energia che viene rapidamente convertito in un riscaldamento locale e la 

formazione di un gradiente di temperatura che corrisponde ad una variazione di indice di 

rifrazione attraverso il campione. In questo modo anche un campione piatto agisce come una 

lente focalizzante o defocalizzante e diffonde la luce. 

Abbiamo studiato diversi aspetti del fenomeno, come descritto in seguito, per ottenere un 

dispositivo a stato solido con un ampio intervallo di attività e una risposta rapida. 

Nella prima parte sperimentale di questa tesi sono state sintetizzate diverse nanostrutture, a 

partire da nanoparticelle d’oro, nanoshells e nanorods con aspect ratio differenti, al fine di 

ottenere risonanze plasmoniche in un ampio intervallo dello spettro visibile. Le nanostrutture 



 

 

 

sono state in seguito funzionalizzate con molecole di fulleropirrolidina tiolata (FULP-SH) per 

combinare il processo di rilassamento termico con uno più rapido. 

Un limitatore ottico per un dispositivo di protezione deve essere preferibilmente solido, e quindi 

lo studio delle proprietà ottiche è stato effettuato anche in matrice, in particolare in 

polycarbonato (PC), scelto per le sue ottime qualità ottiche. La produzione dei film e 

l’inglobamento delle nanoparticelle ha richiesto degli studi sulla funzionalizzazione e la 

stabilizzazione delle nanostrutture sintetizzate in solvente acquoso. 

Abbiamo caratterizzato la morfologia e le proprietà ottiche lineari con tecniche convenzionali: 

microscopia a trasmissione elettronica (TEM), che fornisce informazioni sulle dimensioni e la 

forma delle nanostrutture al fine di implementarne la sintesi, spettroscopia UV-Visibile che 

correla le strutture con le proprietà di estinzione, e la spettroscopia Raman che ha verificato 

l’effettiva funzionalizzazione dei sistemi con le molecole organiche. 

Nella seconda parte del progetto abbiamo studiato le risposte ottiche non lineari di questi 

promettenti sistemi per poterne modulare le proprietà. 

Attraverso la tecnica Z-scan siamo stati in grado di definire la natura del meccanismo di 

defocalizzazione e di ottenere i parametri non lineari che ci hanno permesso di confrontare i 

nostri risultati con quelli attualmente presenti in letteratura. Misure di limitazione ottica hanno 

dato informazioni sull’efficacia di protezione dei nostri sistemi. Grazie alla semplicità di 

funzionalizzazione delle nanoparticelle abbiamo individuato delle nuove e promettenti 

proprietà per un dispositivo di protezione a stato solido. 

In primo luogo abbiamo studiato le proprietà di limitazione ottica di nanoparticelle in soluzione 

per identificare la tipologia di funzionamento. In seguito i risultati sono stati confrontati con 

quelli ottenuti con nanoparticelle funzionalizzate con FULP-SH. In questo modo abbiamo 

tentato di associare al processo di rilassamento termico un meccanismo più rapido, in modo da 

ridurre maggiormente la trasmittanza e migliorare l’efficienza di limitazione. Abbiamo quindi 

verificato l’efficacia della strategia utilizzata evidenziando un miglioramento della limitazione 

ottica in un tempo inferiore. 

Le misure di limitazione ottica eseguite su nanoparticelle in matrice di PC hanno dato ottimi 

risultati, paragonabili a quelli ottenuti in soluzione. Un primo di studio di matrici differenti si è 

concentrato sulla fibroina della seta, scelta per la semplicità di inglobamento delle 



nanoparticelle. Inoltre questo sistema AuNPs-fibroina potrebbe trovare sbocco anche in diverse 

applicazioni: grazie alla biocompatibilità della matrice ed alla sua solubilità graduale in acqua 

potrebbe essere usato per il rilascio controllato di farmaci. Studi preliminari scoraggerebbero 

l’utilizzo di questo sistema nella limitazione ottica ma possono essere comunque considerate 

altre applicazioni. Le nanoparticelle in fibroina possono infatti essere facilmente trasformate in 

strutture porose: un’idea potrebbe essere quella di utilizzarle come sensori per campioni in 

soluzione con caratterizzazione Raman amplificata (SERS), combinando l’alta porosità e la 

presenza di strutture plasmoniche. 

Nell’ultima parte abbiamo confrontato le proprietà termiche dei nostri sistemi attraverso studi 

di fotoacustica che ci hanno permesso di discriminare il contributo assorbitivo dall’estinzione 

totale e di scegliere il sistema migliore con alta trasmittanza lineare e basse soglie di attivazione 

nonlineari. 

 

. 
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Chapter 1  

1 INTRODUCTION 

1.1 Nanotechnology  

In the last years, we witnessed the massive advance of nanomaterials in material science. Since 

nanotechnology was introduced by Nobel laureate Richard P. Feynman in 1959 lecture “There’s 

Plenty of Room at the Bottom”1, many revolutionary developments have been made in 

manipulating matter at the nanoscale, i.e. at the level of molecules and atoms, giving birth to 

this new  research field of objects of dimensions less than 100 nm. With these dimensions, the 

ratio between surface and inner atoms becomes significant and changes the original properties 

of the bulk system.  

Among this variety of nanosystems, metal nanostructures have revealed interesting properties, 

dependent on their size and shape2–10, the distance between them11–13 and the environment14–23. 

The particular success of noble metal nanoparticles is due to the presence of the surface plasmon 

resonance7,24 (SPR), a coherent oscillation of conduction electrons on the surface of the 

nanostructure. This phenomenon results in interesting absorption and scattering properties in 

the visible region and can be exploited for many applications10,25,26. The main characteristic is 

the great surface plasmon absorption, with a 105 larger extinction cross section than ordinary 

chromophores. To date, nanotechnologies apply to several fields as photovoltaic27–33, 

catalysis34–36, optical limiting37–40, medicine41–44 and sensing45–47. 

More tunable SPR properties can be obtained with rod-like structures, increasing their aspect 

ratio, and core-shell gold nanoparticles, varying the thickness of the shell; thus also the near 

infrared region (NIR) can be reached. Considering the high transparency of biological tissues 
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to these wavelength radiations, these systems can allow the application of SPR in 

biomedicine48–58. Moreover, nanostructures present fast and highly efficient energy conversion 

and dissipation, readily used for the heating of the local environment: the achievement of high 

temperatures contributes to the cell destruction by photothermal therapy and can be exploited 

in thermal and photovoltaic devices. Our interest has been focused in optical limiting 

application against cw laser. 

1.2 Aim of the thesis 

Among the applications of these versatile metal nanostructures we have been interested in the 

last one: optical limiting. In this work we tried to obtain a solid state device to protect the human 

eye against unpredictable cw laser radiation, with a broadband range of activity, that presents a 

fast response time. We study these different properties as described below.  

Until now filters have been used for this scope, but active materials, able to be transparent at 

low input powers and become opaque at higher ones, represent a class of useful material. We 

have chosen gold nanostructures as active media, because of their tunable optical properties 

that allow us to select a desirable wavelength. Moreover, colloidal nanoparticles work typically 

by dissipating the absorbed energy through environment heating, with the generation of a 

temperature gradient corresponding to a refractivity index variation across the sample. In this 

way, even a flat sample acts as a focusing or defocusing lens and spreads the laser beam.  

A part of the PhD has been dedicated to find out an efficient synthesis, stabilization and transfer 

route of metal nanostructures. Many studies have been conducted on different structures: in 

particular nonlinear properties, i.e. nonlinear absorption and refraction coefficients, have been 

determined with z-scan, optical limiting and thermal response. An in-depth analysis has been 

made on the possible origin of metal nanoparticles response to cw excitation through a 

comparison between different theories and experiments. The main interest has been the 

determination of the processes involved in the limiting action, with the attempt at improving 

the properties of nanoparticles through the functionalization with organic molecules. These 

studies of gold nanostructures in colloidal solution and embedded in a solid matrix required 

investigation of the stabilization, concentration and solvent transfer. An analysis of the 
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characteristics of the device has been conducted, in order to define the linear transmittance and 

the maximum permissible exposure (MPE) required to obtain a low output fluence and so 

prevent retina injuries.   

1.3 Thesis overview 

The thesis is divided in 3 main Chapters: the first one concerns a theoretical description of the 

properties and phenomena generated by plasmon nanostructures, the second is focused on their 

synthesis and optical and morphological characterization, and the third is the description of 

nonlinear measurements and final characteristics of the solid state devices. 

 

In Chapter 2 a brief description of the theory of plasmon resonance in metal surfaces is 

introduced: Mie theory and its extension to spheroidal and core-shell nanoparticles is 

introduced. Nonlinear optics with some examples on metal nanostructures is described, as well 

as thermal refraction processes due to cw laser irradiation. Finally, an overview of optical 

limiting mechanisms of different structures irradiated with pulsed and cw laser is presented. 

 

In Chapter 3 the syntheses of gold nanospheres, nanorods and gold silica core-shells have been 

described and a strategy to transfer them into different solvents and matrices have been 

developed. The morphological characterization of these nanostructures has been conducted 

thorough Dynamic Light Scattering and Transmission Electron Microscopy techniques. Linear 

measurements on both colloidal solution and polymer matrix have been performed through UV-

Vis absorption spectroscopy, and nanoparticles functionalization has been verified with Raman 

Spectroscopy. 

 

In Chapter 4 and Chapter 5 the nonlinear optical properties of gold nanostructures are described. 

Optical power limiting, Z-scan and temporal response techniques are used to characterize 

nonlinear absorption of colloidal solutions and films, together with photoacoustic 

measurements. The comparison of photoacoustic and optical limiting measurements allows us 
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to determine the thermal contribution to the limiting process. Preliminary theoretical results 

with two different simulations have been compared with experimental ones. 

 

In Chapter 6 we have discussed the results presented before, comparing different nanostructures 

both in solution and in film. Moreover, we compared the final performance of our system with 

the requirements of an ideal eye protection device. 

 

Finally, conclusions with a brief overview of the results will be given in Chapter 7. 
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Chapter 2 

2 SURFACE PLASMONS IN METAL NANOSTRUCTURES 

In this Chapter the physical origin of the surface plasmon absorption in metallic nanostructures 

and the nonlinear properties induced after interaction with a laser radiation will be described, 

focusing on the specific application in optical limiting. 

 

The phenomenon of collective oscillation of the conduction electrons of a metal at the interface 

with a dielectric is called Surface Plasmon Resonance (SPR). It was first described by Gustav 

Mie in his paper on the scattering of light by small spherical particles using Maxwell’s 

electromagnetic theory59. It occurs when an electromagnetic radiation of a well-defined 

wavelength interacts with the metallic system: the free electrons in the conduction band will 

oscillate with respect to the fixed positive ions (Figure 2.2: Surface plasmon on a metal nanoparticles in 

a) absence and b) presence of an external electromagnetic field.Figure 2.2). When the exciting field is 

resonant with the electron oscillation frequency, a strong electromagnetic field develops near 

the nanostructure surface. This field can be exploited to enhance some linear and nonlinear 

properties of molecules adsorbed or bound to the metallic surface. 

. 

To better understand this phenomenon, we have to introduce the dielectric function of a metal, 

which is related to the plasmon frequency that characterizes the electrons oscillation:   

𝜀𝐷(𝜔) = 1 −
𝜔𝑝

2

𝜔2 + 𝑖𝛾𝜔
                                                      (2.1) 

where 𝛾 is the characteristic collision rate responsible for damping of electron oscillations and 

𝜔𝑝 is the plasma frequency of the free electron system defined as: 
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𝜔𝑝 = √
𝑛𝑒2

𝜀0𝑚
                                                                 (2.2) 

where 𝑒 is the elementary charge, 𝜀0 is the permittivity of free space and 𝑚 is the electron mass. 

The excitation of the bulk plasmon polariton is not allowed as shown in Figure 2.1 because the 

dispersion curve of the incident light (black straight line) does not intersect the dispersion curve 

of the bulk plasmon polariton (black curve).  

 

Figure 2.1: Dispersion relation curves of an electromagnetic mode of the incident radiation in vacuum (black 

line), for the bulk plasmon polariton (black curve) and for surface plasmon polaritons (red curve). 

Only the introduction of boundary conditions, i.e. the presence of an interface, determines the 

matching between the dispersion relation of the plasma frequency and the electromagnetic 

radiation, generating the so called Propagating Surface Plasmon Polaritons. 

2.1 Mie and Gans theories for spherical-spheroidal nanoparticles 

Mie in 1908 developed a complete theory of the scattering and absorption of electromagnetic 

radiation by a sphere, in order to understand the colours of colloidal gold particles in solution60. 

The very small dimensions of nanoparticles (1-100 nm) do not require anymore the boundary 

conditions needed for the bulk system to match the plasmon frequency of the metal with the 

one of the radiation. For small isolated metal particles (20 nm size), an external field can 
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penetrate into the volume and shift the conduction electrons with respect to the ion lattice 

(Figure 2.2). 

The coherently shifted electrons together with the restoring field represent an oscillator: if 

excited at resonance, the amplitude of the induced electromagnetic field can exceed the exciting 

fields by a factor on the order of 10. 

 Figure 2.2: Surface plasmon on a metal nanoparticles in a) absence and b) presence of an external 

electromagnetic field. 

The bright color shown by metallic nanoparticles such as gold and silver, is due to excitation 

of the collective oscillation mode by electromagnetic radiation in the visible range. 

The solution of the electrodynamic calculation obtained solving exactly the Maxwell's 

equations with the use of appropriate boundary conditions, leads to a series of multipole 

oscillations of the extinction cross section7 and to the following expression for the absorption 

cross section σabs as the difference between the extinction σext and scattering σsca ones: 

 

𝜎𝑎𝑏𝑠 = 𝜎𝑒𝑥𝑡 − 𝜎𝑠𝑐𝑎      (2.3)  

𝜎𝑒𝑥𝑡 =
2𝜋

|𝑘2|
∑ (2𝐿 + 1)𝑅𝑒(𝑎𝐿 + 𝑏𝐿)∞

𝐿=1     (2.4) 

𝜎𝑠𝑐𝑎 =
2𝜋

|𝑘2|
∑ (2𝐿 + 1)(|𝑎𝐿|2 + |𝑏𝐿|2)∞

𝐿=1     (2.5) 

𝑎𝐿 =
𝑚𝜓𝐿(𝑚𝑥)𝜓′

𝐿−𝜓′𝐿(𝑚𝑥)𝜓𝐿

𝑚𝜓𝐿(𝑚𝑥)𝜂′
𝐿−𝜓′𝐿(𝑚𝑥)𝜂𝐿

      (2.6) 

𝑏𝐿 =
𝜓𝐿(𝑚𝑥)𝜓′

𝐿−𝑚𝜓′𝐿(𝑚𝑥)𝜓𝐿

𝜓𝐿(𝑚𝑥)𝜂′
𝐿−𝑚𝜓′𝐿(𝑚𝑥)𝜂𝐿

     (2.7) 
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where m=n/nm (n complex refractive index of the particles, nm real refractive index of the 

medium), k is the wave vector (with r particle radius) and ψL and ηL are Ricatti-Bessel functions 

with L index of summation over spherical harmonics. 

If the particle size is much smaller than the wavelength of the incident radiation (2𝑟 ≪ 𝜆) we 

can introduce the dipole approximation. The Mie theory reduces to the following expression: 

𝜎𝑒𝑥𝑡(𝜔) = 9
𝜔

𝑐
𝜀𝑚

3/2
𝑉

𝜀2(𝜔)

[𝜀1(𝜔)+2𝜀𝑚]2+𝜀2(𝜔)2    (2.8) 

where V is the volume of the particle, 𝜔 is the angular frequency of exciting radiation, c is the 

speed of light and 𝜀𝑚 and 𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔) are, respectively, the dielectric function of 

the medium and of the bulk metal. The former is independent on frequency if the medium is 

not absorbing and the resonance condition is satisfied when 𝜀(𝜔) = −2𝜀𝑚. 

In the dipole approximation, the Mie theory also predicts an increase of the electric field at the 

surface of the nanoparticle and we can describe the local electromagnetic field as the sum of 

the incident field E0 and of the polarization induced by the surface plasmon excitation for 

spherical particles: 

𝐸𝑙𝑜𝑐 = 𝐸0 + 𝐸      (2.9) 

𝐸𝑙𝑜𝑐 = 𝐸0 − 2 (
𝜀𝑚−𝜀

𝜀−2𝜀𝑚
) 𝐸0 =

3𝜀

𝜀+2𝜀𝑚
𝐸0   (2.10) 

Extending problems with spherical symmetry to spheroidal particles (Gans theory), we can treat 

elongated nanoparticles in dipolar approximation regime (e.g. nanorods) and the extinction 

cross section is defined as7: 

𝜎𝑒𝑥𝑡(𝜔) =
2𝜋

3𝜆
𝜀𝑑

3 2⁄
𝑉 ∑

(1 𝑃𝑗
2)⁄ 𝜀2

{𝜀1+[(1−𝑃𝑗)/𝑃𝑗]𝜀𝑑}
2

+𝜀2
2𝑗     (2.11) 

Where 𝑗 = 𝐴, 𝐵, 𝐶 are the three axes of the spheroid, with A>B 

𝑃𝐴 =
1−𝑒2

𝑒2
[

1

2𝑒
ln (

1+𝑒

1−𝑒
) − 1]     (2.12) 

𝑃𝐵 = 𝑃𝐶 =
1−𝑃𝐴

2
      (2.13) 

𝑒 = [1 − (
𝐵

𝐴
)

2

]
1 2⁄

;  
𝐵

𝐴
=

1

𝑅
     (2.14) 
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where R represents the ratio between the two dimensions of the nanostructure (R=A/B). In 

Figure 2.3 are shown the two oscillation modes along the two main axes, one transverse (B) 

and the other longitudinal (A) that lead to the presence of two bands in the extinction spectrum.  

 

Figure 2.3: Extinction spectra of nanorod with different R values7. 

In this description is shown the shift of the longitudinal peak obtained by varying R: it is 

possible to tune the resonance peak from the visible and to the infrared region. Later it will be 

shown how this shift of the absorption peak can be exploited for very different application. 

2.2 Nonlinear optics of metal nanoparticles 

The presence of this strong absorption in metal nanoparticles generates an enhancement of 

several non linear phenomena, widely used in very different applications. Their description 

starts from the interaction between a material with electromagnetic radiation that causes a 

variation of the polarization, written as:  

𝑃 =  (1) 𝐸 +  (2) 𝐸2  +  (3) 𝐸3 +     (2.15) 

where P is the polarizability, χ the susceptibility and E is the electromagnetic field. Nonlinear 

phenomena will depend on different orders of the susceptibility. 

The optical processes can be distinguished in parametric, or active, and non-parametric, or 

passive ones. While parametric processes involve virtual states, non-parametric ones are 
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characterized by a transfer of population from the ground to the excited state. The susceptibility 

(χ) odd orders express these passive processes: linear absorption is described by the first order 

of the imaginary part while nonlinear absorption depends on higher odd orders. 

More common phenomena of the second order are second harmonic generation and sum-

frequency generation, while example of third order phenomena are multi-photon absorption and 

optical Kerr effect. This last process has been largely used in optoelectronics to change the 

refractive index of the medium. When an intense light source crosses the medium, its refractive 

index is given by: 

𝑛 = 𝑛0 + 𝑛2𝐼      (2.16) 

where n0 is the linear refractive index, n2 the nonlinear index and I is the intensity of the 

incoming radiation. The nonlinear coefficient can be presented as function of susceptibility: 

𝑛2 =
12𝜋2

𝑛0
2𝑐

𝜒(3)      (2.17) 

This coefficient can be positive (self-focusing process) or negative (defocusing process). These 

kind of processes will be revealed using Z-scan analysis described in Chapter 4. 

 

Among the multi-photon absorption, Two Photon Absorption (TPA), Saturable Absorption 

(SA) and Reverse Saturable Absorption (RSA) represent the more common processes involved 

in optical limiting mechanism, described below. These phenomena are optically revealed in a 

reduction (saturable) or increase (reverse saturable) of absorption. 

Two photon absorption (TPA) involves a transition from the ground state of a system to a 

higher-lying state by the simultaneous absorption of two photons from an incident radiation 

field. After the interaction with the first photon and before the coherent state decays, a second 

photon is employed to excite the system to a real excited state (Figure 2.4). 

The variation of the incident intensity with the optical path is given by: 

𝜕𝐼

𝜕𝑧
= −𝛼𝐼 − 𝛽𝐼2     (2.18) 

𝛽 =
3𝜋

𝜀𝑐𝑛0𝜆
𝐼𝑚[𝜒(3)]     (2.19) 

with α and β the one- and two-photon absorption coefficient respectively.  
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Figure 2.4: Scheme of one- (blu arrow) and two-photon (red arrows) absorption mechanisms. 

Contrary to TPA, in the SA mechanism we have a decrease in the absorption coefficient at high 

incident intensities, with the material that becomes more transparent. In the case of RSA, 

instead, we have a two-step sequential absorption: a photon is excited from the ground state to 

an excited one and then can be photoexcited to another excited state (Figure 2.5). The 

probability of this process depends on the number of molecules in the first excited state.  

 

Figure 2.5: Scheme of reverse saturable absorption mechanism (red arrows). 

Among the materials studied for application in optical limiting devices there are organic dyes 

solutions or doped solids61–63 and metallic nanostructures64,65. A very recent study published on 

Nature Materials66 shows a dyad system with a large RSA under weak continuous incoherent 

light. Authors exploit an accumulation by photosensitization of long-lived room-temperature 

triplet excitons in acceptors with a large triplet–triplet absorption coefficient that allows a 
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nonlinear increase in absorbance also under low-power irradiation conditions. The evident 

recent attention in the low power optical limiting mechanism in materials and in phenomena 

previously studied with pulsed laser, highlights the possibility to use optical protection devices 

also for cw lasers, which are increasingly exploited in the common use.  

2.3 Thermal properties generated by cw laser irradiation 

 

The thermo-optic process is one of the de-excitation channels of a molecule (or a particle) after 

an interaction with an electromagnetic radiation. It becomes the main mechanism if the 

interaction involves a cw source. The interaction can generate a strong beam deflection which 

can be caused by different effects: i) a thermal effect caused by a thermally induced refractive 

index gradient (dn/dT), and ii) a concentration induced effect, where the deflection is caused 

by a concentration induced refractive index gradient (dn/dC). 

In the case of dyes embedded in solid matrices the more common effect is the first one, because 

the high temperature induces a density variation, causing the refractive index changes. In liquid 

samples the two effects could overlap and contributions will depend on the diffusivity power 

of the medium. 

 

The thermal lens (TL) effect or thermal blooming was discovered by Gordon and co-workers67 

only a few years after the invention of the continuous wave (cw) laser. The TL effect may be 

described as a change in the optical path of the sample induced by absorption of a laser beam. 

The heat increases the temperature in the centre of the beam profile and creates a refractive 

index gradient. 

Most liquids expand upon heating, which lowers the refractive index (n), changing the optical 

path along the sample. The resulting thermo-optical element has the shape of a negative lens 

that causes the laser beam to diverge. This type of limiting action can be understood with the 

simplified model shown in Figure 2.6 
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Figure 2.6: Typical optical configuration for a) self focusing and b) self defocusing active media 

In addition, in the simplest case, the change in index due to the incident beam is linearly 

dependent on the incident excitation intensity or fluence. Hence, the radial dependence of the 

intensity gives rise to a radially dependent parabolic refractive index change near the beam axis. 

That is,  

∆𝑛 =
∆𝑛0𝑒−2𝑟2

𝜔0
2 ≈ ∆𝑛0 (1 −

2𝑟2

𝑎𝜔0
2)     (2.20)  

where n, is the on axis index change, r is the radial distance,  is the electric field radius 

associated with the beam in the medium, and a is a correction term to the Taylor expansion for 

higher order terms. For the thin nonlinear medium of thickness L, the parabolic approximation 

yields a thin spherical lens with a focal length of:  

𝑓 =
𝑎𝜔0

2

4∆𝑛𝐿
      (2.21) 

Equation (2.21) clearly demonstrates that the effective focal length of the lens decreases as the 

strength of the nonlinearity (Δn) increases. If the nonlinearity of the medium is negative, then 

the resulting focal length is negative and self-defocusing occurs. On the other hand, if the 

nonlinearity is positive, the effective focal length of the induced lens is positive and self-

focusing occurs.  

A large body of experimental work is based on the application of nonlinear refraction for optical 

limiting; perhaps, the first such demonstration was reported by Leite et al.68 who used thermal 

lensing in a cell of nitrobenzene.  

Exploiting this phenomenon, the photothermal technique has been developed, able to 

investigate the optical properties of materials, which cannot be studied with traditional 



2. SURFACE PLASMONS IN METAL NANOSTRUCTURES 

 

 

14 

 

spectrophotometry. With this technique, the energy absorbed by the material as a result of its 

interaction with the incident radiation, is measured directly and the heat produced by 

nonradiative decay of excited species acts to modify the optical properties of the sample. In the 

case of metal nanoparticles the very localized and very rapid photothermal heating can be 

achieved to produce new effects. 

 

In the last two years a particular interest has been given to thermal properties of these metal 

nanosystems for different applications, generated by a cw laser irradiation. In optical limiting 

(as analyzed in Chapter 4) with the spread of an incoming radiation14. 

Applications in 3-D optical storage69are permitted for the high absorption cross section and fast 

electron-phonon thermalization of metal nanostructures. The use for energy conversion or 

sensitizer for optical storage media is comparable to phtalocyanine dyes and GeSbTe (GST): 

photothermal energy conversion induce a phase change or decomposition of recording mask. 

Gold nanoparticles are being studied also as light localizer in solar cell devices70: this 

phenomenon is due to a collective effect mediated by multiple light scattering from the 

dispersed nanoparticles that both scatter and absorb light. They are able to concentrate light 

energy into mesoscale volumes near the illuminated surface of the liquid and create intense 

localized heating and efficient vaporization of the surrounding liquid. 

Other applications of these systems in recent studies are light modulation71, Plasmonic heating 

litography72, Photothermal Probing73 and thermoplasmonic74. Until now only preliminary 

studies have been performed, but this new interest in thermal responses of plasmonic structures 

persuades us to future applicability of these systems. More common research are represented 

by photothermal therapy, but several recent studies confirm the renovate interest in this 

field54,55,75,76. 

2.4 Optical limiting  

The optical limiting effect is an increase of opacity of a material after the interaction with an 

incident light with intensity over a certain threshold (Figure 2.7). This kind of limitation effect 
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can be achieved with all the nonlinear phenomena described in the paragraphs above as TPA, 

RSA, Kerr effect, scattering, etc.  

 

Figure 2.7: Scheme of the OL mechanism. 

This required “control of light by light” is exploited for the protection of sensors, in particular 

the human eye, against laser radiations: in particular a good protection device should be a “smart 

material” able to activate the protection at high energy with a large dynamic range and in a wide 

wavelength spectrum. The last property is especially required in the case of military use, for 

protection against laser pointing devices or blinding weapons of unpredictable emission 

wavelength.  

Active materials, useful for optical limiting, should possess high solubility in suitable solvents 

and solid matrices, fast response and good linear transparency. Generally, with short pulses (in 

the nano and picosecond range), fullerenes, metal phtalocyanines and metal porphyrins63,77–82 

are considered, where processes involved are mainly TPA and RSA.  

Recently, attention has turned to optical limiting processes generated by cw laser39,83–86. When 

an optical material is irradiated with a focused cw laser beam, the absorbed energy may induce 

a local heating and a temperature gradient corresponding to a refractivity index variation across 

the sample. In this way, even a flat sample acts as a focusing or defocusing lens and spreads the 

laser beam. An exception to these studies is represented by the optical limiting mechanism of 

carbon black suspensions against pulsed laser87: authors ascribe the nonlinear scattering to a 

rapid heating of carbon particles and their subsequent vaporization and ionization, which lead 
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to the formation of rapidly expanding microplasmas. This thermal response has been pointed 

out in the recent years as the main reason of optical limiting results with gold nanospheres. 

These studies show the importance of different parameters as particle size2,6–8,88–92, balancing 

the scattering and the absorption contribution, and the shape 93–97, changing the strong visible 

plasmon absorption of gold nanospheres into the near-infrared with rod-like particles. The 

mechanisms proposed for the optical limiting properties of gold nanoparticles include nonlinear 

scattering. Literature of very recent years94,98,99,99–101, including patents, suggests that a 

concerted effort to study gold nanoparticles as a function of size, shape, and in the presence of 

interesting chromophores, is needed. 

 

2.4.1 Requirements for the realization of a power limiter device 

Sensor protection is defined as anything that can be used to protect optical systems and human 

eyes from debilitating laser effects. The optimal design of an optical limiting device requires 

some knowledge of the sensor and optical arrangement leading to the sensor, as well as the 

nature of the most likely threat. It is necessary to determine the limiting thresholds, the sensor 

bandwidth, the dynamic range, as well as the sensitivity and the field of view, minimizing the 

losses of performance under normal operating conditions. 

 

Different phenomena can be achieved to limit incoming light into the sensor or eye: blocking, 

scattering, diffraction or absorption of incoming laser light. The goal device should be sensor 

protection that would provide the least amount of impact on a view capability while removing 

the risk of incapacitation due to a laser threat. The simplest configuration for optical limiting is 

realized by simply placing a nonlinear absorber or scatterer in front of the sensor. 

The main sensor protection used was predominantly neutral density filters but they present a 

very low transmittance (10-20%) and colour distortion, reducing their efficiency, or shutter 

systems, that respond in 10 µs, not sufficient to prevent damage from pulsed laser. In both the 

cw and pulsed cases, however, the optical system is effective if the activation is extremely fast.  

What scientist are trying to do in the recent years is to obtain a device that can rapidly tune off 

unpredicted wavelengths through an active interaction with the laser radiation. Over the last 
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decade, innovative techniques have been developed: passive devices, those that are activated 

by the incoming radiation itself, are seen as the best approach to counter the frequency agile, 

short pulse threat. 

The effectiveness of the device over the entire operating wavelengths (broadband operation) is 

one of the most important requirements. Every sensor protection device or material integrated 

into new sensor system design must have a minimal impact on the operating performance of 

the sensor. The dynamic range is the ratio between the input energy at which the device fails 

and the input energy, at which it begins to protect. The ratio of transmitted energy to maximum 

incident energy, in terms of orders of magnitude, is referred to as optical density (OD): 

 

𝑂𝐷 = −𝑙𝑜𝑔10 (
𝐸𝑇

𝐸𝑚𝑎𝑥
)     (2.22) 

 
 
where ET is the Transmitted Energy and Emax the Maximum Incident Energy Before Device 

Failure.  

In general, for systems involving the human eye, an OD of 4 is chosen as the desirable 

maximum protection102. In some cases, system failure results in damaging the sensor protection 

device which limits even more radiation to enter the eye. This is the case of a solid host which 

results irreversibly damaged when the thermal heating becomes too large. The most widely 

studied optical limiters rely on either liquid or solid nonlinear media. Liquid limiters are often 

very desirable because they are extremely resilient. The energy from high intensities is typically 

dissipated by solvent heating and bubbling which, for sufficiently long pulses, adds extra 

reversible protection through scattering. The thermal dissipation can be a limit in a solid 

material, because of irreversible degradation of the matrix, but this process is fail-safe for the 

sensor. 

Additional design requirements that must be taken into consideration are the environmental 

stability of the material or device and its toxicity. The major part of the studies concerning smart 

materials have been conducted in solution, with faster responses but usually in organic volatile 

solvents. For a personnel protection, a goggle-type optical limiting device is highly desirable. 

Sandwiching a thin nonlinear medium between a pair of lenslet arrays, it will be possible to 

reimage the light to the eye. Thus, if the lenslets are sufficiently small, they will act as pixels 
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and eventual material damage will be localized in a small spot. Moreover the lenses will provide 

the focalization required for the activation of the optical limiting process. 

Sandwiching a thin liquid film of nonlinear medium between a pair of lenslet arrays can be 

dangerous in the event of brake, especially when toxic solvents are involved. For this reason, a 

liquid limiter for goggle protection is not desirable and have been replaced in favour of solid 

state devices. 

 

The ANSI Z-136.1103 exposure limits for visible light (400 to 700) nm for times between 18 x 

10-6 to 10 seconds can be obtained from the relation, using a 300 ms exposure time (t): 

 

𝑀𝑃𝐸 = 1.8 × 𝑡
3

4 = 0.7296 [
𝑚𝐽

𝑐𝑚2]    (2.23) 

 

Where the maximum exposure limit (MPE) is given in terms of an energy flux (or fluence) as 

if the energy were evenly distributed across the incident beam. For laser safety calculations, a 

7 mm, aberration-free pupil is assumed: a worst-case assumption. 

The MPE defined in this way can be recast in terms of maximum transmitted energy that a 

protection device should guarantee in 300 ms, that is the blinking time:  

 

𝐸 = 𝑀𝑃𝐸 × (𝑝𝑢𝑝𝑖𝑙 𝑎𝑟𝑒𝑎) = 0.7296 × 0.3848 = 0.28 𝑚𝐽  (2.24) 
 

In Chapter 5 and Chapter 6 we will compare and discuss the results obtained with our systems 

with these pursued thresholds  
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Chapter 3 

3 SYNTHESIS AND CHARACTERIZATION OF METAL 

NANOSTRUCTURES 

In this chapter, we describe different syntheses and functionalization of gold nanostructures. 

The chemical reduction method has been chosen because it presents several advantages with 

respect to other physical methods, mainly for the variety of solvent that can be used and for the 

high control of size and shape of the structures that can be obtained. We prepared nanostructures 

with various shapes that present different linear and nonlinear optical properties.  

Gold spherical nanoparticles (NPs) present a plasmon resonance that is not widely tunable, but 

we used them as a starting model for their easy synthesis and quite simply functionalization. 

Nanoparticles with a tunable plasmon band in the visible and near infrared regions, such as 

nanorods (NRs) and nanoshells (NSs) have been prepared in order to obtain large nonlinear 

optical responses under irradiation with a strong electromagnetic field in resonance conditions. 

3.1 Synthesis of nanostructures: growth and stabilization mechanism  

The colloidal method is based on a thermodynamic approach that consists in the nucleation of 

small particles and their subsequent growth. The mechanism of nuclei formation in dilute 

solutions is usually described according to the nucleation theory of fluctuation. This requires 

the formation of a supersaturated solution of metallic gold atoms, some of which coalesce into 

a nucleus when the statistical fluctuation of their concentration reaches values sufficiently large 

to allow the formation of a stable particle.  

This mechanism occurs spontaneously when the Gibbs free energy of the system is negative: 

 

∆𝐺 = ∆𝐺𝑉 + ∆𝐺𝑆 < 0    (3.1) 
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∆𝐺𝑉 ∝ −
4𝜋

3
𝑅3𝑘 𝐵𝑇𝑙𝑛 (

𝐶

𝐶0
)     (3.2) 

 

∆𝐺𝑆 ∝ 4𝜋𝑅2𝛾𝑆−𝐿     (3.3) 

 

ΔGV is the Gibbs volume free energy related to the particle volume and it is negative because 

energy is released into the liquid in solid transformation. ∆𝐺𝑆 is the surface Gibbs free energy: 

in this case the value is positive because energy is used in the formation of the liquid-solid 

interface. C and C0 are the concentrations of precursor before the nucleation and at equilibrium, 

respectively. The ratio between these quantities is called oversaturation and is the driving force 

for the nucleation process; 𝛾𝑆−𝐿 is the surface free energy of the liquid-solid interface. 

Differentiating Equations 3.4 with respect to the radius, we obtain the critical radius and the 

critical energy that a nucleus must have to grow and reduce the free energy: 

 

𝑅𝐶 ∝
𝛾𝑆−𝐿

𝑘𝐵𝑇𝑙𝑛(
𝐶

𝐶0
)
   and  ∆𝐺 ∝

𝛾𝑆−𝐿
3

[𝑘𝐵𝑇𝑙𝑛(
𝐶

𝐶0
)]

2    (3.4) 

 

By increasing the change of Gibbs volume free energy ΔGV and reducing the surface free 

energy of the new phase γS-L one can reduce the critical size RC and the free energy ΔG. 

Equations. 3.4 are inversely proportional to the supersaturation: the higher the supersaturation, 

the lower the energy barrier to overcome in order to form clusters. 

In Figure 3.1 a scheme of the concentration of precursor as a function of time is shown: when 

the solute concentration, during nucleation, decreases to the minimum nucleation concentration, 

nucleation stops and growth begins. 
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Figure 3.1: Solute concentration as a function of time: nucleation and growth processes104 

 The growth process can be controlled by the diffusion of the solute to the nuclei and the 

adsorption and incorporation of the solute into the nuclei. The limiting step will determine the 

dimensional distribution of the nanoparticles in solution. If the growth process is under 

diffusion control, the slow stage is reaching the surface of a particle and the distribution will be 

monodisperse. If the diffusion is fast and the adsorption is the limiting process, the slow stage 

of reaction is in absorbing species and this may lead either to a growth layer by layer or to a 

polynuclear growth. 

Also, the surface energy has to be taken into account because in a crystalline solid like gold, 

different crystal facets possess different surface energy and not exactly spherical nanostructures 

are synthesized. For example, nanorods synthesis exploits the selective attachment of CTAB to 

some gold crystalline facets to orient the growth along one single axis105,106. Anisotropic growth 

is commonly realized through a faster development along a certain orientation, faster than other 

directions. A significant role in the final morphology depends also on defects and impurities at 

the growth surface. 

Another important aspect is the stabilization of the nanoparticles because the aggregation 

process in solution through Van der Waals forces is a thermodynamically favoured mechanism. 

The stabilization of the colloidal solution for keeping the nanoparticles monodispersed can be 

achieved with two different approaches: electrostatic and steric. The theory of electrostatic 

stabilization of colloidal nanoparticles107 (DLVO), developed in the early 1940, states that the 

stability of the colloidal solution is given by the sum of attractive Van der Waals forces and 
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repulsive ones given by the double electrostatic layer on the nanoparticles surface. The 

combination of opposite forces gives rise to an energy barrier which avoids particle 

coalescence. This scheme is depicted in Figure 3.2. 

 

Figure 3.2: Scheme of the DLVO theory 108. 

For a stable solution the energy barrier has to be high enough because when the energy barrier 

is exceeded the particles begin to coalesce due to Van der Waals forces. The double layer 

thickness decreases with increasing concentration and valence of the counter-ion, and increases 

with increasing dielectric constant of the solvent. The presence of ions in solution (the ionic 

force slightly increases) can cause a sort of a secondary minimum, where little nanoparticles 

aggregates can be stabilized, but this situation is very difficult to obtain experimentally.  

Nanoparticles surface can be charged through ionization or dissociation of surface species or 

by adsorption of charged species, and its charge will be balanced by counter ions. In Figure 3.3 

are represented the exponentially decay of the surface potential. 
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Figure 3.3: Scheme of the electrostatic double layer and potentials in the diffuse layer108. 

In particular, the surface potential at the interface between electrostatic double layer and 

solution is known as Z-potential. Its value gives an idea of the stability of the colloidal solution 

and can be measured: if the value is between 30 and 50 mV, negative or positive, the colloid is 

stable.  

The steric stabilization is often easier to obtain, e.g. with polymers or surfactants, although it 

can present problems for further functionalization.  The steric volume of the molecules avoids 

the nanoparticles to come too close together and therefore to aggregate. 

3.2 Materials and characterization techniques  

We synthesized the following gold nanostructures: nanoparticles, nanorods and nanoshells in 

water.  

Gold (III) chloride solution 30% w/w in dilute HCl (HAuCl4), silver nitrate (AgNO3),  sodium 

citrate dihydrate (Na3C6H5O7·2H2O), Tetraethyl orthosilicate (TEOS), 

cetyltrimethylammonium bromide (CTAB), Tetrakis(hydroxymethyl)phosphonium chloride 

(THPC) 80% in water, 3-Aminopropyl)trimethoxysilane (APTMS), sodium borohydride 
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(NaBH4), ascorbic acid, formaldehyde solution, potassium carbonate (K2CO3) and 

Polyvinylpyrrolidone (PVP, average mol wt 40000), purchased from Sigma-Aldrich, and m-

PEG-SH (mol wt 2000), purchased from Laysan Bio Inc., are used without further purification. 

PC (Calibre 200–14) was provided as pellets LEXAN* OQ4320R resin, with a refractive index 

of 1.585 and density of 1.2 g cm−3.The synthesis were performed in deionized Milli-Q filtered 

water.  

Colloidal samples were characterized through UV-Vis absorption spectroscopy, dynamic light 

scattering (DLS), Z-potential and transmission electron microscopy (TEM). 

3.2.1 UV-Visible Absorption Spectroscopy 

The UV-Vis absorption spectra were collected with a Cary 5 Varian instrument. The deuterium 

lamp provides the UV region wavelengths, while a quartz-iodine halogen lamp works in the 

visible and infrared region. Measurements were performed using quartz cells with optical path 

of 1 or 10 mm or directly on thin films (polycarbonate or silk) of around 100 µm thickness. 

3.2.2 Raman Spectroscopy 

Raman measurements were carried out in a home-made setup equipped with an upright 

microscope (Olympus BX 41, 20x objective) coupled to a triple subtractive spectrograph (Jobin 

Yvon S3000). The Raman signal was detected by a liquid nitrogen cooled CCD (Jobin Yvon, 

Symphony). The laser source was an Ar+/Kr+ gas laser (Coherent, Innova 70) providing the 

lines at 488, 514.5, 530.8, 568 and 647.1 nm. 

3.2.3 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) gives the possibility to analyze the morphology of a 

sample at high resolution. The electron generator is a field emission gun, where the electrons 

are extracted from a tungsten filament. The electron beam is then focused on the sample by 

electronic and magnetic lenses (condenser). The interaction between electrons and the sample 

atoms can generate elastic or inelastic scattered electrons. The elastic scattered electrons were 

deflected by an objective lens on a focal plane, where the diffraction image is collected. After 
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the focal plane the scattered beams are then focalized through another lense system on the image 

plane, where the constructive and destructive interference of the electrons creates the sample 

image. From bright field images it is possible to construct the dimensional distribution 

histogram of the observed nano-objects. 

In the present work the samples were prepared by putting some drops of liquid sample on a 

copper support mesh grid. To prevent charge build-up at the sample surface, the samples need 

to be coated with a thin layer of conducting carbon material. The instrumentation used is a 

Field-Emission Gun (FEG) Tecnai F20 Super-twin TEM operating at 200 keV. 

3.2.4 Dynamic Light Scattering and Z-potential measurements 

Dynamic Light Scattering is also known as Photon Correlation Spectroscopy. This technique is 

one of the most popular methods used to determine the size of particles. Shining a 

monochromatic light beam, such as a laser, onto a solution with spherical particles in Brownian 

motion causes a Doppler Shift when the light hits the moving particle, changing the wavelength 

of the incoming light. This change is related to the size of the particle. It is possible to compute 

the sphere size distribution and give a description of the particle’s motion in the medium, 

measuring the diffusion coefficient of the particle and using the autocorrelation function, i.e. a 

measure of how the intensity at time (t+τ) is correlated to the intensity at time t (Figure 3.4).  

 

Figure 3.4: Light intensity fluctuation (left) and related correlation function (right). 

The DLS instrument measures the degree of similarity between two signals over a period of 

time and constructs the correlation function 𝐺(𝜏): 
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𝐺(𝜏)2 = 〈(𝐼(𝑡) − 𝐼𝑎𝑣)(𝐼(𝑡 + 𝜏) − 𝐼𝑎𝑣)〉                                        (3.5) 

that can be written as 

𝐺(𝜏)2 = 𝑐𝑒−2ℎ2𝐷𝜏                                                             (3.6) 

For a large number of monodispersed particles in Brownian motion we can relate the diffusion 

coefficient to the hydrodynamic radius through the Stokes-Einstein relation: 

𝑅ℎ =
𝑘𝐵𝑇

6𝜋𝜂𝐷
                                                                            (3.7) 

where 𝑘𝐵 is the Boltzmann constant, T the temperature and 𝜂 the viscosity of the solvent. This 

hydrodynamic radius of the particle can be calculated by fitting through Equation 3.7, using the 

known values of temperature, viscosity and sample concentration. 

For Z-potential measurements, an electric field is applied inside the liquid sample: the charged 

particles will then move with a velocity that depends on the dielectric constant, the solution 

viscosity and the Z-potential. In our work DLS and Z-potential measurements are performed 

on nanoparticles in solution with a Malvern Zetasizer Nano ZS with a 633 nm laser excitation. 

3.3 Synthesis and characterization of metal nanostructures 

3.3.1 Synthesis and characterization of gold nanospheres 

In the literature, there is a huge number of recipes for the synthesis of gold nanoparticles, but 

the most popular one is the synthesis developed by Turkevitch109 in 1951 in water. This system 

was used as a model for subsequents studies of gold nanorods and nanoshells.  

In the well known Turkevitch synthesis, HAuCl4 is reduced by sodium citrate in water. Sodium 

citrate works both as reducing and stabilizing agent. By varying the ratio between HAuCl4 and 

citrate and the reduction temperature, it is possible to prepare particles of different size and 

monodispersity and to red shift the plasmon band starting from approximately 520 nm (Figure 

3.5). 
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Figure 3.5: Schematic illustration of the interaction of polarized light and gold nanospheres to form the 

electronic coherent SPR49 

In this thesis work Au NPs in aqueous solution were synthesized through the citrate Turkevich 

method109.  For the preparation of Au NPs solutions, 1 ml of a 39 mM aqueous solution of 

sodium citrate were added to 9 ml of a 1 mM solution of Gold (III) chloride 30% w/w in dilute 

HCl, under reflux conditions. The reaction is kept for 30 min under vigorous stirring.  

 

Figure 3.6: Extinction spectra of three different AuNPs (right) colloidal solutions. 

As predicted, the synthesis is very reproducible (Figure 3.6), and it is easy to obtain stable and 

monodisperse solution of AuNPs. In Figure 3.7 a TEM image and the histogram of the 

dimensional distribution of AuNPs3 is reported.  
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Figure 3.7: TEM image of a gold colloidal solution (left) and histogram of the dimensional distribution (right). 

The concentrations of Au NPs in solution, expressed as NPs/ml, can be calculated with different 

methods.  

In addition to the mean diameter extracted by histogram of the dimensional distribution, when 

TEM analysis is available it is possible to calculate NPs concentration using a different 

mathematical method: 

 

𝑤(𝐴𝑢) =  𝑁𝑃𝑠 ∙ 𝜌(𝐴𝑢) ∙
4

3
𝜋 ∑ 𝑅𝑛

3

𝑛

𝐴𝑛                                                (3.8) 

𝑤(Au) is the weight of gold calculated from the precursor amount assuming all the gold 

precursor is reduced by sodium citrate (ICP-AES measurements are performed to demonstrate 

that more than 99% of gold precursor is reduced). ρ(Au) is the bulk weight density of gold. Rn 

and An are parameters extracted from the TEM histogram: Rn is the mean radius for each n 

histogram column and An is the fraction of Au NPs with the n-th mean radius. By this way, the 

total number of nanoparticles (NPs) is calculated taking into account the observed distribution 

of NPs dimension and not only its mean value110. The error affecting NPs is then calculated 

through a series expansion of the errors on Rn, according to the expression:  

 

𝜎𝑁𝑃𝑠
2 =  ∑ [(

𝜕𝑁𝑃𝑠

𝜕𝑅𝑛
)

2

∙ 𝜎𝑅𝑛

2 ]

𝑛

                                                    (3.9) 
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Doing so, the errors on precursor mass and solvent volume are considered negligible, whereas 

the error of Rn (𝜎𝑅𝑛
) is equal to half the width of each n-th column of the TEM histogram. Once 

the total number of 𝑁𝑃𝑠 is established, the concentration of Au NPs (NP/ml) is calculated as 

the ratio of 𝑁𝑃𝑠 to the solution volume.  

With this method, 120 nanoparticles have been analyzed for solution AuNPs3 with a resulting 

dimension of (14±2.6) nm diameter and a concentration of (6.1 ± 0.3) x 1012 NP/ml. 

A faster method of estimating the NPs dimension and concentration is fitting the UV-Vis 

spectrum in solution with the Mie-Gans relation and extracting the extinction cross section111. 

The resulting diameters for AuNPs 2 and AuNPs 3 are 14 nm and 16 nm diameter and 

concentrations are 6.8 x 1012 NP/ml and 5.1 x 1012 NP/ml, respectively. The values of the 

AuNPs3 are similar to that calculated with the above described TEM method (within 11% error) 

and could be a very interesting alternative when no TEM analysis is available.  

DLS gives for the three solutions a diameter of 16, 18 and 19 nm respectively. Results are 

higher than the TEM ones because the method of calculation overrate bigger nanoparticles. Z-

potential measurements confirm the stability of the AuNPs solutions, with values of about -45÷ 

-40 mV are obtained. 

3.3.2 Synthesis and characterization of gold nanorods 

Once size control and monodispersity have been reasonably achieved, the next level is 

achieving shape control: synthesis of non-spherical nanoparticles where not only the size, but 

also other topological aspects can be controlled changing experimental conditions and 

additives, as surfactants, ligands, adsorbates (Figure 3.8). 

 

Figure 3.8: Schematic illustration of the seed-mediated for the growth of Au nanorods 
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The specific mechanisms governing morphology and geometry control over particle growth are 

not so well understood, but different theories has been proposed112,113. 

In the case of gold nanorods, electron oscillation can occur in one of two directions depending 

on the polarization of the incident light: the short and long axes. The excitation of the surface 

plasmon oscillation along the short axis (transverse band) induces an absorption band in the 

visible region at wavelength similar to that of gold nanospheres (Figure 3.9). Much stronger 

absorption band in the longer wavelength region (longitudinal band) are induced exciting the 

surface plasmon along the long axis. The longitudinal band is affected by the size of nanorods 

and is red-shifted from the visible to near-infrared region with increasing aspect ratio 

(length/width)49. This optical behavior can be well understood according to Gans114 theory 

which was developed for the explanation of optical properties of ellipsoid particles based on a 

dipole approximation. 

 

Figure 3.9: Schematic illustration of the interaction of polarized light and gold nanorods to form the electronic 

coherent SPR49 

In aqueous media, hexadecyltrimethylammonium bromide (CTAB; Scheme 1) has been one of 

the most popular molecules in the synthesis of metals105,115. 

The as-grown Au nanorods using the seed-mediated method usually possess hemispherical 

heads. Close inspection of the heads indicates that they are enclosed with {110}, {111}, and 

{001} facets106. The formation of such structures is attributed to the site dependence of the 

CTAB binding strength on the surface of the nanorods. CTAB molecules are believed to 

preferentially bind to the middle cylindrical surfaces of the nanorods. This preferential binding 
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causes more Au atoms to be deposited at the ends, leading to the production of the dog-bone-

like nanorods (Figure 3.10). 

 

Figure 3.10: Schematic illustration of the UV-Vis spectrum change of the growth of Au nanorods53 

Gold NRs synthesized in water present two plasmon bands due to their asymmetric structure. 

The one at lower wavelength (520 nm) arises from the electrons coherent oscillation along the 

short axis and is know as transverse mode  and it is equivalent to the plasmon oscillation in a 

spherical particle of the same size. The second band arises from the electrons coherent 

oscillation along the long axis (longitudinal mode). The longitudinal plasmon wavelength is 

strongly tunable and it red shifts on increasing the rod length. The synthesis of gold nanorods 

is a two-step process: first a seeds solution is prepared and then the seeds are let grow along 

one preferential direction, thanks to a rod-like micellar environment. In this work, growth and 

seed solutions were prepared according to the protocol described by Jana et al.105 Au seeds, 

smaller than 3 nm, were prepared by mixing equal portion (5 mL) of an aqueous 0.2 M CTAB 

solution and a 0.5 mM HAuCl4 solution, followed by the injection of 10 mM NaBH4 solution 

(0.6 mL) as reductant. Au seeds were then added to the growth solution composed by an 

aqueous solution of 0.08 M CTAB (5 mL) with 0.01 M AgNO3 (various quantities from 0.3 to 

0.05 mL). The presence of AgNO3 is essential for producing and controlling the aspect ratio of 

spheroids and rods nanostructures. The growth solution was treated with 0.024 M HAuCl4 (0.5 

mL) and 0.08 M ascorbic acid before the injection of the seed solution. In this way, we obtained 

NRs with aspect ratio from 1.9 to 2.4, with a longitudinal plasmon band at 620-680 nm (Figure 

3.11).  
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Figure 3.11: Photograph of AuNRs solution with different aspect ratio 

All the syhteses conditions are resumed in Table 3.1. Differences in AuNRs absorption spectra 

of the samples with the same starting condition depend on little differences in the seed solutions 

that represent the critical step in the reproducibility in the synthesis. 

Table 3.1: Reaction condition for nanorods synthesis after the addition of 12μL of seed solution 

Solution CTAB HAuCl4 AgNO3 Ac. asc. 

AuNRs 3 5mL 5mL 200 uL 70 uL 

AuNRs 5 5mL 5mL 200 uL 70 uL 

AuNRs 8 5mL 5mL 200 uL 70 uL 

AuNRs 10 5mL 5mL 200 uL 70 uL 

AuNRs 11 5mL 5mL 125 uL 70 uL 

AuNRs 12 5mL 5mL 175 uL 70 uL 

 

In order to functionalize the NRs with molecules soluble in organic solvents, we tried to 

stabilize and transfer them to a compatible solvent. Instead of using the functionalization 

method described by Jebb et. Al., requiring dodecanthiol, we tried to stabilized nanorods with 

polyvynilpyrrolidone (PVP). In this way, the subsequent functionalization with thiolated 

molecules does not require the thiol-thiol replacement but only a molecules displacement, faster 

and more efficient. After 3 hours the solution can be centrifuged, and re-dispersed in organic 

solvents with low aggregation effects. 

 

Nanorods synthesized in this work have different UV-Vis absorption spectra, shown in Figure 

3.12 induced by the difference in concentration of solutions and the ratio between longitudinal 

and transversal dimension. 
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Figure 3.12: Different AuNRs synthesis with plasmon resonance peak tunable in the visible range 

Nanorods grow and modify their shape between 20 minutes and an hour, and we followed the 

process through UV-Vis absorption. It is visible in Figure 3.13 the characteristic blue shift of 

the longitudinal resonance peak, that moves from 730 to 670 nm, while the transversal peak at 

520 nm increase in intensity. 

 

Figure 3.13: Normalized UV-Vis absorption spectra of AuNRs1 growth in 60 minutes 
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We characterize the nanorods shape the day after the synthesis with TEM analysis and conduct 

statistical calculation on the longitudinal and transversal dimensions.  
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Figure 3.14: UV-Vis absorption spectra and TEM images of a) AuNRs3 b) AuNRs5 c) AuNRs8 and d) 

AuNRs10 

Solutions result very dilute but we decided to not centrifuge to improve concentration in order 

to prevent aggregation and few AuNRs per image has been collected. Results are resumed in 

Table 3.2. The monodispersion of nanorods is not as high as for nanospheres: for three samples 

we find a dispersion of around 10-20%. 

Table 3.2: Statistical calculation by TEM analysis for three nanorods synthesis, where N represent the number of 

nanoparticles analyzed, dTRAN and dLONG the transversal and longitudinal dimension respectively, λ the longitudinal 

peak position and R the ratio between the two dimensions. 

Sample N dTRAN (nm) dLONG (nm) λLONG (nm) R 

AuNRs3 40 19 ± 4.3 42 ± 6.8 618 2.2 

AuNRs5 28 21 ± 4 44 ± 3.5 610 2.1 

AuNRs8 65 23 ± 5 49 ± 8.6 626 2.1 

 

This change proceeds during months as highlighted by the spectra in Figure 3.15: 
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Figure 3.15: Comparison between different AuNRs synthesis with the same reagent ratio a) after 20 minutes 

reaction and b) after 4 months (black and red line), 3 months (green line) and 1 month (blue line) 

We can analyze the spectra of distinct gold nanorods synthesis with the same reagent ratio and 

focus the attention on the resonance peak: both the longitudinal and the transversal are 

overlapped, respectively at 520 and 620 nm, but the extinction ratio are quite different. In 

particular the transversal plasmon peak is well overlapped between the two synthesis conducted 

4 months ago (Figure 3.15 b) black and red line), while the other two (green and blue line) are 

different but comparable to each other, respectively at 3 and 1 month. This observation can 

suggest that nanorods change their shape during three months (decreasing ratio 

longitudinal/transversal peak IL/IT), and stop growing after the fourth. We take the IL/IT of 

different synthesis at various months in the attempt to compare the changes of the shape of 

nanorods (Figure 3.16 a-b). 
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Figure 3.16: Ratio IT/IL of a) different nanorods measured up to six months, b) zoom with highlighted only 

AuNRs with same synthesis parameter 

Synthesis of AuNRs2 and AuNRs3 are well reproduced (in Figure 3.16 with green and orange 

dots), but for example AuNRs5 and AuNRs8, synthesized in different days and so with different 

seed solutions, present a shifted ratio IT/IL. 

 

The low reproducibility of the synthesis of gold nanorods, depending strongly on seed solution, 

is already know in literature116: the comparison of three different synthesis far-between a month 

present similar extinction at around 680 nm, while the transversal peak at 520 nm is quite 

different. Little differences in seeds solutions can lead to strong variation in final structure 

(Figure 3.17).  

 

Figure 3.17: Comparison between different two seed solutions of AuNRs5 (black line) and AuNRs8 (red line) 
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The reshaping of gold nanorods has been followed by TEM analysis. To minimize the surface 

energy the structure drift from the cylindrical shape to a bone-shape configuration (Figure 3.18). 

 

Figure 3.18: TEM images of bone-shape gold nanorods after 6 months after sysnthesis 

It is possible to stabilize these nanostructures with PVP: as shown in Figure 3.19a that PVP 

stabilize the shape of nanorods, highlighted by the absorption spectra reproducibility.  

 

Figure 3.19: AuNRs6 a) after functionalization with PVP (red line) stable also after 3 months (blue line) and b) 

zoom on the transversal resonance peak 

This functionalization can be useful for studies in solution, while present some problems in 

polycarbonate embedding, because PVP seems to induce segregation of nanostructures and 

preclude homogeneity in films. For this reason, PEG-2000 will be used for the solvent transfer 

for film production, described in paragraph 3.4.1. 
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3.3.3 Synthesis and characterization of gold nanoshells 

In the present work gold nanoshells with a silica core and a gold shell were prepared following 

the multi-step process described by Pham et al.117, to exploit the interesting plasmonic 

properties at different core and shell dimensions introduced by Halas et al. in 1998118. 

The synthesis of NSs (SiO2@Au) is realized in water following the procedure developed 

sketched in Figure 3.20. 

 

Figure 3.20: Simple scheme describing the synthesis of gold nanoshells 

We first synthesized the silica cores via the Stöber method119. In this work the nanoshell 

samples are synthesized as follows: different amounts of ammonium hydroxide solution 30% 

are added (1.5-3 ml) to 50 ml of ethanol, dependent on the desired final silica particle 

dimension. Under vigorous stirring, 1.5 ml of TEOS are added slowly and dropwise, and the 

reaction is kept under stirring overnight, leading the formation of an opaque solution with a 

concentration of 8·1011 NPs/mL.  

We than functionalized silica NPs with 3-aminopropyltrimethoxysilane (APTMS), to allow the 

decoration of silica nanoparticles with gold nuclei. These molecules present amine groups 

outward as a new termination of the nanoparticle surface, act as a binding site for small colloidal 

gold particles (of about 2 nm diameter) prepared separately119. The covalent bonding between 

silica nanoparticles and APTMS is improved by heating the solution to 80°C. The solution 

(SiO2@APTMS) is then purified by centrifugation and redispersed in ethanol.  

The small gold nanoparticles for silica-APTMS decoration, are synthesized adding to 4.5 ml 

milli Q water 50 µl of a 1 M NaOH solution and subsequently 0.1 ml of a 68 mM THPC 

solution. The mixture is kept under vigorous stirring for 5 min and then a 0.2 ml of a 1% aqueos 
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HAuCl4 solution is quickly added. The obtained NPs solution has a concentration of 4 x 1014 

NPs/ml, calculated by estimating the NPs radius of 1 nm.  

The gold/potassium carbonate (K2CO3) solution is prepared by dissolving 50 mg of K2CO3 in 

100 ml H2O Milli Q. After 10 min vigorous stirring 1.5 ml of a 1% HAuCl4 aqueous solution 

is added to the salty water. The reaction is kept under stirring for 30 min, until the solution 

becomes colorless from bright yellow. The solution is aged at least for one night.  

The final nanoshell synthesis is then performed by adding a different amount of 

SiO2@APTMS@Au solution (100 µl) to 8 ml of aged HAuCl4/ K2CO3 and finally 50 µl of 

formaldehyde. A different amount of SiO2@APTMS@Au influences the final thickness of the 

gold shell. The NPs concentration depends on the silica core diameter. Nanoshells are stabilized 

by adding some PVP to the solution. By varying the ratio between the growth solution and the 

amount of gold-decorated silica particles, we could obtain different thickness for the Au shell 

covering the silica core surface. TEM analysis gives a diameter of DTEM= (75 ± 18) nm, as 

shown in Figure 3.21.  

 

Figure 3.21: TEM analysis on SiO2 (R1=38) cores: SiO2@APTMS@Au (left and middle) and histogram of 

dimensional distribution (right). 

The nuclei decoration seems to be homogeneous. The total diameter of the core-shell structure 

is 115± 17 nm, with a 20 nm shell thickness. We chose this core-shell ratio for our measures 

because we want a resonance peak around 650 nm (Figure 3.22). 

The growth of a continuous, uniform Au layer on the dielectric core is the critical step in the 

synthesis of nanoshells120:  the aqueous phase synthesis of gold nanoshells depends on the 
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reduction of tetrachloroauric acid in the presence of a reducing agent. Moreover both colloidal 

solutions and reductant solutions are known to change slowly over time, resulting in the growth 

of nanostructures with morphologies deviating from those achieved with freshly prepared 

solutions. All these elements make nanoshells synthesis a very sensitive process, which requires 

much care in operating and quite often leads to inhomogeneous and incomplete shell formation. 

 

Figure 3.22: Extinction spectra of AuCSs as synthesized in H2O (black line) and AuCSs in CH2Cl2 (red line) 

Decrease of extinction show a lost nanoshells in the transfer and the change in the curve shape 

reveal a starting of aggregation. This solution will be functionalized with fulleropyrrolidine, as 

described in the the next paragraph. 

3.3.4 Functionalization of gold nanospheres with fulleropyrroldine 

Thiol functionalized fulleropyrrolidine dye was synthesized by Prof. Maggini group, at the 

Dept. of Chemical Science, of the University of Padova. We used it to functionalize NPs and 

NRs in dichloromethane. 
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Scheme 1. Synthesis of thiolated fulleropyrrolidine (FP-SH) 1. Reagents and conditions: (a) 4-

hydroxybenzaldehyde, 1,6-dibromohexane, K2CO3, acetone, reflux 14h, N2, 62%; (b) potassium thioacetate, 

acetone, room temperature, 16h, N2, 87%; (c) THF, aq. NaOH, room temperature, 14h, N2/dark, 48%; (d) N- 

methylglycine, [60]fullerene, chlorobenzene, reflux, 70 min, N2/dark, 17%. 

Stabilization and transfer of nanostructure in organic solvent have preceded the 

functionalization of gold nanoparticles with FP-SH.   

The transfer of nanoparticles into organic solvents is generally made by thiols stabilization, for example 

with polyethylenglycol (PEG) or dodecanthiol13,121,122. We rather prefer using polyvinylpirrolidone 

(PVP): the displacement of PVP molecules by thiolated FP-SH results faster and more effective than the 

ligand replaces reaction123. We checked the development of the reaction using UV-Vis absorption: 

changing the nanostructure environment led to a shift of the resonance peak. After only 2 hours there 

are no more variation in absorption spectrum, and we proceed with the centrifugation for 10 minutes at 

10000 rpm, adding an amount of acetone to promote the precipitation. Re-dispersion in CH2Cl2 has high 

yield, as shown in Figure 3.23, adding EtOH to promote further the dissolution. The comparison of the 

extinction value of the starting solution of AuNPs functionalized with PVP and the value of the 

supernatant extract from the centrifuged solution allow us to calculate the loss of nanoparticles, resulting 

in the order of 4-6%.   Comparable results have been obtained with PEG-2000 functionalization, used 

for the film production. 
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Figure 3.23: Absorption spectrum of AuNPs functionalized with PVP in H2O (black line), CH2Cl2 (red line) and 

the supernatant after centrifugation (green line) 

Gold nanoparticles in CH2Cl2 were than functionalized adding a solution of 0.5 mM of 

fulleropyrrolidine. The Surface Plasmon Resonance (SPR) peak is dependent upon the 

refractive index of the surrounding media, and its red-shift can be explained by the presence of 

FP-SH close to the AuNPs surfaces (Figure 3.24).  

 
 

Figure 3.24: Absorbance of AuNPs (red dashed), AuNP-S-FP (black line) and FP-SH (blu dotted); the inset 

shows the zoom of FP-SH extinction curve 

Extinction spectra of NPs colloids allow us the determine the particle size using a procedure 

reported in literature111: the diameter obtained was 14 nm. 
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Nanoparticles colloids were stabilized with a PVP 1 mM solution with a ratio 50:1, centrifuged 

and dissolved in CH2Cl2, adopting procedures described elsewhere124. 

Three samples were prepared, the first with AuNPs only, the second with both AuNPs and FP-

SH, and the third one with only FP-SH, with concentrations of 6.4x10-9 molNP/L for gold 

nanoparticles and 0.45 mM for fulleropyrrolidine, to have around 10 time excess to ensure 

completion of ligation on nanoparticles.  

Calculation of the complete coverage of a single nanoparticle with FP-SH molecules can be 

obtained with the areas ratio between the two systems:  

 

𝑁𝑚𝑜𝑙𝑒𝑐

𝑁𝑃
=

𝐴𝑁𝑃

𝐴𝑚𝑜𝑙𝑒𝑐
    (3.10) 

 

where ANP is the area of one nanoparticle (diameter of 14 nm) and Amolec is the area occupied 

by the fullerenthioled molecules (correspond to 0.785 nm2), giving a value of around 1500 

molecules for nanoparticle. 

Samples are denoted AuNPs, AuNP-S-FP and FP-SH respectively. The AuNP-S-FP system is 

stable for more than 10 hours. After that period the unbound thiol molecules form disulfide 

crosslinks, changing the absorption spectrum.  

After centrifugation an extinction spectrum of the supernatant has been made, confirming the 

excess of around 10 times unbounded molecules. 

OL and z-scan measurements were conducted with solutions without further purification, to 

prevent nanoparticles aggregation and subsequent changes in the absorption profile.  

In order to verify the functionalization of the AuNP surface with fulleropyrrolidine, the AuNP-

S-FP solution was analyzed with two different techniques: Raman and Thermogravimetric 

Analysis (TGA).  

A previous purification by centrifugation was carried out to separate the unbounded FP-SH 

molecules from the thiolated-nanoparticles. To confirm the removal of unbound molecules the 

supernatant of the second purification was also analyzed and did not show residual presence of 

FP-SH. 
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Information about the bonding of fulleropyrrolidine molecules to the gold surface could be 

given by a comparative Raman analysis of FP-SH powder and AuNP-S-FP purified and 

deposited on glass slide (Figure 3.25). 

Both samples present peaks at 260-275 cm-1 and 486 cm-1, assigned to intramolecular breathing 

modes125, and 1434, 1470 and 1571 cm-1 modes, corresponding to CC stretching of the phenyl 

group of fullerene126. The presence of these bands in both spectra confirms the presence of the 

FP-SH molecules on the metal surface. Some spectra performed also at 647 nm irradiation 

wavelength show the quenching of the FP-SH fluorescence when AuNPs are present, 

confirming the proximity of the molecules to the gold surface.  

 

Figure 3.25: Raman spectra of FP-SH (black line) and AuNP-S-FP (red line) a) at 568 nm excitation wavelength 

and b) at 647 nm excitation wavelength 

 

The thermal stability of the samples was verified by thermogravimetric analysis (Figure 3.26). 

Four samples were prepared by drop casting a dichloromethane solution of each material into 

platinum crucibles followed by thermal evaporation at 60 °C: PVP stabilized gold 

nanoparticles, FP-SH, centrifuged AuNP-S-FP and supernatant of the second centrifugation. 

The analysis of the supernatant verified the absence of FP-SH, confirming that all the FP-SH 

signals derive from the decomposition of bound molecules.  



3. SYNTHESIS AND CHARACTERIZATION OF METAL NANOSTRUCTURES 

 

 

46 

 

In the case of the gold nanoparticles functionalized with the fulleropyrrolidine moieties (AuNP-

S-FP), the weight loss at 700 °C for gold nanoparticles is 47.4% which could be attributed to 

the thermal degradation of both the fulleropyrrolidine moieties and residual PVP. Since the 

value of the residue (52.6%) is similar to the value obtained for gold nanoparticles stabilized 

with PVP, it is arguable that the fulleropyrrolidine moieties replace the stabilizing PVP during 

the functionalization process. If, on the other hand, the fulleropyrrolidine moieties would have 

been physisorbed on the surface of PVP, the residue at 700 °C (i.e., the fractional amount of 

gold) would decrease with respect to the PVP stabilized nanoparticles. 

Moreover, in addition to the peaks assigned to the degradation of PVP stabilizing the gold 

nanoparticles, the thermogram in Fig. 3.20 is characterized by a sharp degradation peaked 

between 408 and 440 °C which are compatible with the presence of pyrrolidine moieties on the 

sample. Under this assumption we may calculate the percentage in weight of each component: 

(a) 4.3% of fulleropyrrolidine; (b) 43.1% of PVP, and (c) 52.6% of gold. 

These are typical shifts of the decomposition temperature for organic molecules in presence of 

metal nanoparticles127,128. A weight loss at 192 °C is attributed to the thermal retro-

cycloaddition of the fulleropyrrolidine (retro-Prato reaction)129,130.  

This analysis allows us to calculate the number of molecules bound to the nanoparticle surface 

which is in the order of 103 molec/NP, with a coverage of 92%, consistent with other studies 

for the coverage of smaller nanoparticles in the way of molec/NParea
131. 

 

Figure 3.26: TGA spectra of AuNP-S-FP, bare AuNP and FP-SH. 
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In order to get optical limiting properties in a wider wavelength range, we have also studied 

gold nanoshells (AuNSs) whose plasmonic resonance can be tuned over all the visible and near 

infrared range depending on the ratio between Au shell thickness and SiO2 core radius. This 

offers us the opportunity to protect the eyes against laser emitting in the red region. In order to 

obtain comparable limitation at high input intensity (see Chapter 4), the linear transmission of 

the nanoshell samples (Figure 3.27) is smaller than that of the AuNPs (Figure 3.19). This can 

be explained by a greater contribution of linear scattering to the extinction spectra of the 

nanoshells88,110.  

 

Figure 3.27: Extinction of AuCSs (black line), AuCSs-FP (blue line) and FP-SH (red line) 

3.4 Film manufacturing 

The inclusion of active materials, as gold nanostructures, in solid matrices is an essential step 

to realize optical devices: different matrices are used to this end, like polycarbonate 132, 

polyvinylpyrrolidone 133 and PMMA 134,135. 

Interesting studies have also been conducted to embed nanostructures in polycarbonate. Larosa 

et al. 4 have studied a new nanostructured composite film, based on thiolated gold nanoparticles 

dispersed in polycarbonate, developed for applications as optical lenses. Many published papers 

40,83,100,136 indicate AuNPs as promising active materials for the realization of solid state 

protection devices. 
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We have chosen polycarbonate (PC) because of its good optical properties, thermal stability 

and ease to process, that make it the favourite material for eyeglass production, from military 

to sport applications137,138.  

On the other side a useful matrix can be silk fibroin: some studies for the functionalization of 

silk matrix with nanostructures have been tried in the past139–141, but it is in this last two years 

that silk fibroin coupled with gold nanoparticles has strongly emerged. Different applications 

borne out the great interest of this system: tissue engineering, with printable bio-electronic 

devices142 and cell-biomaterial interactions study143, thermoresponsive polymer51, infection 

treatment144 thanks to its good biocompatibility41, etc. Its hydrosolubility after the extraction 

allow us to overcome the transfer of nanoparticles in organic solvent, while the conformation 

changes after thermal treatment stabilize the hydrophobic phase, improving mechanical 

properties. 

3.4.1 Polycarbonate matrix 

Polymer in form of pellets have been used without pre-thermal treatment and have been 

dissolved in dichloromethane by sonication and then mixed with solutions with different dyes 

and concentrations. The solvent was evaporated by drying under vacuum at 50 °C for 2 h in a 

Petri dish. When the procedure has been optimized, we proceeded with the functionalization 

with precise amount of nanostructures. We first tried different dyes to improve the embedding 

method, as phtalocyanine, spiropyran and fulleropyrrolidine. Then we started to embed 

different nanostructures, in particular AuNPs. 

We obtain film with AuNPs at different concentration, but we used only two of them for the 

OL and z-scan analysis  (see Chapter 4) namely those with PC weight ratios: 2.5 : 200 

(AuNPs1), and 6 : 200 (AuNPs2) and a final thickness of 109 μm and 103 μm, respectively, 

shown in Figure 3.28b. Using a NPs diameter of 14 nm, the final concentrations have been 

calculated to be 1.14x10-7 molNP/dm3 for AuNPs1 sample and 2.74x10-7 molNP/dm3 for AuNPs2 

sample. 

Upon inclusion of NPs in PC (Figure 3.28 a-b) linear extinction properties are well preserved, 

confirming a high degree of NPs dispersion without aggregation. The observed peak shifts is 
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well explained by the variation of the dielectric constant, which is known to affect the plasmon 

resonance frequency 46,145. 

 

Figure 3.28: Normalized UV-Visible extinction spectra of a) AuNPs in different solvents and matrix and b) 

Samples of AuNPs in polycarbonate films, with different concentrations, and pure polycarbonate film 

In order to obtain an eye protection device, two relevant parameters to consider are the photopic 

and the scotopic transmittance, the eye visibility in light and dark condition, generally higher 

than 20%. 

To calculate the luminosity of a filter, simply calculate the area under the transmission spectrum 

curve weighted by the Photopic Curve V(λ), and divide by (normalize by) the area under the 

photopic curve. The photopic and scotopic curves account for the eye sensitivy of human eyes 

to different visible wavelengths. Photopic refers to vision in daylight by “cones” as opposed to 

scotopic which refers to vision in dim light by the more sensitive but less color-discriminating 

“rods”. Mathematically, the luminosity L is given: 

 

𝐿 =
∫ 𝐼(𝜆)𝑇(𝜆)𝑉(𝜆)𝑑𝜆

∞

0

∫ 𝐼(𝜆)𝑉(𝜆)𝑑𝜆
∞

0

     (3.11) 

T(λ) is the transmission spectrum of the filter (0 ≤ T ≤ 1), V(λ) the photopic curve of the human 

eye, I(λ) is the spectrum of the illuminant146. 
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Figure 3.29: (a) Photopic Trasmittance of AuNPs1 is 65.2%, AuNPs2 is 47.3%, and (b) Scotopic Transmittance 

of AuNPs1 is 66.3%  and  AuNPs2 is  49.2%. 

Our samples present a photopic transmittance of 65.2% for AuNPs1 and 47.3% for AuNPs2; in 

dark conditions the transmittance is lightly higher, 66.3 and 49.2 respectively (Figure 3.29). 

 

The same procedure has been used to transfer AuNRs in CH2Cl2 and for the embedding in 

polycarbonate matrix. Firstly we conducted a study on the stabilization of AuNRs with various 

concentration of two different capping agents, PEG and PVP: AuNRs capped with PVP result 

not stable and aggregates after centrifugation and redispesion, while PEG seems to be efficacy 

at the lower concentration tried (200uL/mL of a solution with 2 mg/mL). Results reported in 

Figure 3.30 show the high stability of AuNRs functionalized with PEG-2000 (Samples 1-2-3) 

and the aggregation of samples functionalized with PVP (Samples 4-5). 

 

Figure 3.30: Extinction spectra of AuNRs with different capping agents normalized at 520 nm 
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A preliminary study of properties of AuNRs embedded in polycarbonate matrix are reported 

below: the functionalization only shift the transversal resonance peak as expected and also the 

film formation maintain the plasmon resonances and ratio between longitudinal and transversal 

peaks. 

 

Figure 3.31: Extinction spectrum of AuNRs embedded in PC matrix 

In the inset of Figure 3.31 the film appear transparent and homogeneous and also the UV-Vis 

spectrum do not present aggregates, compared with the starting AuNRs in CH2Cl2 solution.  

3.4.2 Silk fibroin matrix 

Silk fibroin has been provided by Prof. Zamboni group, at the Insitute for the organic synthesis 

and photoreactivity, of the CNR of Bologna. The extraction and purification of this fiber follow 

the procedure describe in literature147.  

There are at least four different types of secondary structures in silk, depending on the physical 

state of silk: random coil, α-helix, silk I, and silk II. Silk fibroin in solution consists of a 

combination of random-coil, silk I and α-helical conformations, that represent the non-

crystalline region of the protein, with only a small percentage of β-sheet silk II.  On the contrary, 

the decreasing of water content in the solid form promote interaction through hydrophobic 

sequences in the protein, generating crystalline domains148.  
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The hydrosolubility of silk fibroin allowed us to eliminate the step of the functionalization and 

solvent transfer, reducing the time of production and the loss of nanoparticles.  

Homogenizing AuNPs and silk fibroin solutions does not require sonication, as for 

polycarbonate, because of inter-diffusion with gentle mixing. The stability of silk in presence 

of nanoparticles is anticipated by the z-potential value (-40). 

With our film production technique, we have been able to obtain good optical quality film 

(Figure 3.32) also for undoped silk fibroin. 

 

Figure 3.32: Silk fibroin film 

We have tried different substrate in order to improve the optical quality of the film. Simple drop 

casting produce high rough surface (Figure 3.33).  

 

Figure 3.33: Silk fibroin and AuNPs a) solution and b) films 

We implemented the technique used for polycarbonate casting through a PDMS petri dish 

obtained casting PDMS on a silicon surface (Figure 3.34 a). The film casted show a high 

homogeneity and transparency with no image distortion (Figure 3.34 b). 



3. SYNTHESIS AND CHARACTERIZATION OF METAL NANOSTRUCTURES 

 

 

53 

 

 

Figure 3.34: a) PDMS petri dish with optical quality bottom obtained with silicon surface master, b) AuNPs-SF 

film obtained casted in PDMS petri dish  

AuNPs common stabilizers, as PEG or PVP, seem to destabilize silk, causing the formation of 

fibroin domains and aggregation of gold nanoparticles. We do not achieve the embedding of 

AuNRs in silk matrix because also CTAB destabilizes the solution and induces the formation 

of a gel. 

Absorption spectra of films show that the adopted procedures are successful in producing good 

nanoparticles embedding without aggregation (Figure 3.35 a-b). 

The ratio between silk fibroin and AuNPs solutions together with the deposition substrate used 

for the casting process are resumed in Table 3.1. 

Table 3.1: Experimental details of silk matrix film manufacturing  

Sample Substrate 
Ratio 

(Au:SF) 

Thickness 

(um) 

Extinction 

(514 nm) 

SF1 Petri PDMS - 80 - 

SF2 Becher - 120 - 

Au-SF1 PDMS 2:1 125 0.25 

Au-SF2 Becher 1:1 114 0.33 

Au-SF4 Petri glass 1:1 102 0.35 

Au-SF7 Petri PDMS 2:1 85 0.19 

 

Good optical quality has been reached also for simple silk fibroin matrix: this goal can be useful 

also for different applications149. 
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Figure 3.35: Extinction spectra of a) AuNPs transfer in silk fibroin and b) AuNPs-SF films obtained with 

different casting methods  

Thermal analysis of the matrix, doped and undoped, show differences in conformational 

organization of the fibers due to the production technique (Figure 3.36). This behavior of silk 

fibroin has been studied varying the deposition temperature150, revealing a maximum in B-sheet 

formation at between 50 and 60 °C. TGA analysis on our films confirm this preferential 

configuration.  The presence of nanoparticles induce in the matrix an increase in thermal 

stability, as shown in the Figure 3.36 a, higher for the deposition over plastic than over glass. 

 

Figure 3.36: TGA and DSC analysis of silk and composite silk-AuNPs films obtained with different casting 

support 
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Chapter 4 

4 NONLINEAR OPTICAL MEASUREMENTS 

In this chapter, the nonlinear (NL) optical properties of gold nanospheres, nanorods and 

nanoshells bares, functionalized and embedded in different matrices are described. It starts with 

the description of laser systems (paragraph 4.1) and the nonlinear characterization techniques 

(paragraphs 4.2-3-4-5): z-scan technique is used to characterize nonlinear absorption and 

refraction coefficients and Optical limiting (OL) to characterize the thresholds of nonlinear 

effect. Temporal responses at different input powers have been collected and analyzed. 

4.1 Laser system 

Z-scan and Optical limiting experiments are performed with Innova 70, a mixed Ar+/Kr+ cw 

laser system delivering a set of discrete emission lines within the range 450-647 nm. The output 

power of the laser system has the following features: wavelength of 488 nm at about 400mW, 

514 nm at 600mW and 647 nm at 200mW. During the experimental measurements, the beam 

properties – time duration, power – were controlled through two photodiodes calibrated and 

connected to an oscilloscope, and interfaced to the computer with a LabView program, while 

spatial shape of the beam is measured with a CCD camera. 

The set-up used for Z-scan, Optical limiting and temporal response measurements is shown in 

Figure 4.1: F are the filters used to change the input power, BS is the beam splitter to collect a 

part of the incoming intensity and get a reference signal, L1 and L2 are the focalizing lenses, D 

the diaphragm, P1 and P2 the photodiodes and S the sample (free standing film or solution in 

1mm or 1cm cuvette). 
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Figure 4.1: Z-scan and optical limiting setup 

4.2 Z-scan measurements 

The z-scan is a technique151 that allow to measure characteristic constants associated at NL 

optical phenomena (i.e. NL refractive index and NL absorption coefficient) simply measuring 

variations in transmittance. This is possible because the NL optical effects depend on the 

irradiance of the incident beam: moving the sample along the z direction of propagation of the 

focalized beam, the cross-section area decreases, hence the irradiance (power per unit area) 

increases.  

In Figure 4.1 is represented the setup configuration: a laser beam is focused by a lens (L1) onto 

a sample mounted on a translation stage and reaches the detector: the stage is moved around 

the focal region along the beam propagation direction (Z axis).  

 

Away from the focus, the beam irradiance is low, nonlinear phenomena do not occur and the 

transmittance remains constant. As the sample get close to the focus, the beam irradiance 

increases, leading to NL phenomena. 

When all the transmitted light passed through the sample is collected (open-aperture 

configuration) the transmittance decreases and this can be due to different processes, i.e. 

multiphoton absorption, reverse saturable absorption etc. In the closed-aperture configuration, 

a diaphragm is put after the sample, before the photodetector, and allow us to measure changes 

in spatial intensity distribution of the light beam due to changes in nonlinear refractive index of 

the sample. 

Considering the case of closed-aperture, z-scan measurements are used to determine the 

nonlinear refractive index (n2). For a material with negative n2, as the sample approaches the 

focus the irradiance increases and the sample acts as a defocusing lens. In this way the beam is 
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narrowed increasing the intensity that reach the detector (Figure 4.2a). On the other hand, when 

the sample passes the focal plane (Figure 4.2b) the beam diverges and the transmittance 

collected decreases. 

 

Figure 4.2: Example of closed-aperture z-scan measurement of a self-defocusing mechanism indicated by red 

arrows a) pre-focal position and b) post-focal position 

Assuming a TEM00 Gaussian beam of beam waist radius w0 traveling in the +z direction: if the 

sample length (L) is small enough that changes in the beam diameter within the sample due to 

either diffraction or nonlinear refraction can be neglected, the medium is regarded as “thin,” in 

which case the self-refraction process is referred to as “external self-action”. For linear 

diffraction, this implies that L << z0, while for non-linear refraction, L << z0, where z0 =
πω0

2

λ
 

is the diffraction length of the beam and ω0 is the beam waist. For nonlinear refraction process 

L<<z0/Δφ0, where Δφ0 is the maximum phase shift induced, that must be small to satisfied the 

condition. Such an assumption simplifies the problem considerably, and the amplitude and 

phase of the electric field as a function of z’ are now governed in the slowly varying envelope 

approximation (SVEA) by a pair of simple equations: 

 

𝑑∆𝜑

𝑑𝑧′
= 𝑘∆𝑛(𝐼)      (4.1) 

𝑑𝐼

𝑑𝑧′
= −𝛼(𝐼)𝐼      (4.2) 
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where z' is the propagation depth in the sample and a (I), in general, includes linear and 

nonlinear absorption terms.  𝛥𝑛(𝐼) is the nonlinear refractive index variation and 𝛼(𝐼) is the 

nonlinear absorption coefficient. In the case of a cubic nonlinearity and negligible nonlinear 

absorption, Eq. (4.1) and (4.2) are solved to give the phase shift at the exit surface of the sample, 

which follows the radial variation of the incident irradiance at a given position of the sample z. 

Thus: 

 

∆𝜑(𝑧, 𝑟, 𝑡) =
∆𝜑(𝑡)

1+
𝑧2

𝑧0
2

𝑒
−2𝑟2

𝜔2(𝑧)     (4.3) 

𝜔2(𝑧) = 𝜔0
2(1 +

𝑧

𝑧0
)      (4.4) 

Where 𝜔2(𝑧) is the beam radius and 

∆𝜑(𝑡) = 𝑘∆𝑛2(𝑡)𝐿𝑒𝑓𝑓     (4.5) 

with 𝑘 =
2𝜋

𝜆
 is the wave vector and λ the laser wavelength, 𝐿𝑒𝑓𝑓 =

(1−𝑒−𝛼𝐿)

𝛼
. The refractive index 

variation ∆𝑛0 = 𝑛2I0(t) is defined through n2, the nonlinear refractive index and 𝐼0 is the 

irradiance at the focus. 

In the limit of small non-linear phase change |∆𝜑0| ≪ 1 and in the far field condition 𝑑 ≫ 𝑧0 

the normalized transmittance read by the detector can be written as: 

𝑇(𝑧, ∆𝜑0) = 1 −
4∆𝜑0𝑥

(𝑥2+9)(𝑥2−1)
     (4.6) 

where 𝑥 =
𝑧

𝑧0
 represent the ratio between the position and the Rayleigh range and so, it is 

possible to obtain the nonlinear refractive index n2. 

With larger phase distortions (|∆𝜑0| > 1), for the corresponding sign of non-linearity (±∆𝜑0) 

the peak-valley separation remains nearly constant, given by: 

∆𝑧𝑝−𝑣 =  1.7 𝑧0     (4.7) 

For all aperture sizes (S) of the iris positioned before the photodiode (Figure 4.1), the variation 

of ∆𝑇𝑝−𝑣 is found to be almost linearly dependent on |∆𝜑0|. For small phase distortion and 

small aperture (𝑆 ≅ 0): 
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∆𝑇𝑝−𝑣 = 0.406|∆𝜑0|     (4.8) 

Numerical calculations show that this relation is accurate within 0.5 percent for |∆𝜑0| < 𝜋. For 

larger apertures, the linear coefficient 0.406 decreases such that with S = 0.5, it becomes 0.34, 

and at S = 0.7, it reduces to 0.29. Based on a numerical fitting, the following relationship can 

be used to include such variations within a +2% accuracy: 

∆𝑇𝑝−𝑣 = 0.406(1 − 𝑆)0.25    (4.9) 

The model equation that we have used include the parameter S (aperture), obtained as the ratio 

between the linear absorption without and with diaphragm 151. 

∆Tpv  =  0.290 ∙ (1 − 𝑆)0.25  ∆Φ0      (4.10) 
 

∆Φ0 =
2πLeffn2I0

λ
     (4.11) 

The on-axis nonlinear phase-shift (ΔΦ0) can be experimentally measured from the peak-to-

valley transmittance (ΔTpv).  

If the detector (removing the diaphragm) collects the total transmitted irradiance it is possible 

to determine also the nonlinear absorption coefficient. In the open-aperture configuration the 

normalized transmittance become: 

𝑇(𝑧) =
1

√𝜋𝑞0(𝑧)
∫ ln[1 + 𝑞0(𝑧)𝑒−𝜏2

] 𝑑𝜏
+∞

−∞
    (4.12) 

 

q(z, t) =
βI0Leff

(1+
z2

z0
2)

     (4.13) 

 

where β is the nonlinear absorption coefficient, correspond to TPA coefficient for ultrafast 

processes or effective coefficient for different processes, including thermal (see Paragraph 4.4). 

Under the condition |𝑞0| < 1 the resulting formula is: 

T(z, S = 1) = ∑
[−q0(z,0)]m

(m+1)
3
2

∞
m=0     (4.14) 

where |q0(z,t)| < 1 for the validity of the model, β is the effective nonlinear absorption 

coefficient, z0 is the Rayleigh range of the focusing optics, I0 the intensity at the focus, 𝐿𝑒𝑓𝑓 =

(1−𝑒−𝛼𝐿)

𝛼
 the effective length of the sample and α is the linear absorption coefficient.  
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Guo et al.152 described a simplified second Z-scan technique for cases where nonlinear 

refraction is accompanied by strong nonlinear absorption and for extracting the nonlinear 

refraction, separately evaluating the nonlinear refraction and the nonlinear absorption by 

performing straightforward measurement with the aperture removed. In the same condition of 

Gaussian beam, thin film and low irradiance limit Δφ0 < 1, the normalized transmittance can 

be written as153,154: 

 

𝑇 = 1 +
(1−𝑆)𝜇𝑠𝑖𝑛𝜉

𝑆(1+𝑥2)
Δφ0 −

1−(1−𝑆)𝜇𝑠𝑖𝑛𝜉

𝑆(1+𝑥2)
Δψ0    (4.15) 

𝜇 =
2(𝑥2+3)

𝑥2+9
      (4.16) 

𝜉 = −
4𝑥𝑙𝑛(1−𝑆)

𝑥2+9
     (4.17) 

∆𝜑0 = 𝑘𝛾𝐼0𝐿𝑒𝑓𝑓     (4.18) 

∆𝜓0 =
𝛽𝐼0𝐿𝑒𝑓𝑓

2
      (4.149 

 

Defining the Δψ0=0 the theoretical normalized transmittance from the contribution of the pure 

nonlinear refraction can be obtained from Equation. 4.20: 

𝑇𝑟𝑒𝑓𝑟 = 1 +
(1−𝑆)𝜇𝑠𝑖𝑛𝜉

𝑆(1+𝑥2)
∆𝜑0     (4.20) 

 

An interesting contribution to z-scan measurements using cw laser has been given by Tian et 

al.155. 

They gave an indication that can be employed to distinguish thermally induced nonlinearities 

from others by varying the beam waist radius and measuring the peak-valley distance. If only 

thermal nonlinear refraction is present, 𝛼(𝐼) can be consider constant, we can write: 

∆𝑛 =
𝑑𝑛

𝑑𝑇
∆𝑇 ≈

𝑑𝑛

𝑑𝑇

𝐼𝜏𝛼

𝜌𝐶
      (4.21) 

 

where 
1

𝜏
=

1

𝑡
+

1

𝑡𝑐
 with t time exposed to the laser and 𝑡𝑐 =

𝜔2𝜌𝐶

4𝐾
 is the thermal relaxation time, 

K is the thermal conductivity, ρ is the density and C is the specific heat. Thus: 

∆𝑛 =
𝑑𝑛

𝑑𝑇

𝐼𝜔2𝛼

4𝐾
       (4.22) 
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The solution obtained in Equation. 4.5 changes substituting the irradiance with the power using 

the relation 𝑃𝑖𝑛 =
𝐼𝜔2𝜋

2
 : 

∆𝜑0 =
𝑑𝑛

𝑑𝑇

𝑃𝑖𝑛𝐿𝑒𝑓𝑓𝛼

𝜆𝐾
     (4.23) 

 

By spatially integrating the electric field to the aperture radius, we can obtain transmitted power 

and then the normalized transmittance through the aperture results: 

𝑇(𝑧) =
𝑃𝑇

𝑃𝑖𝑛𝑆𝑒−𝛼𝐿     (4.24) 

when the linear transmittance is 𝑆 ≪ 1 the calculate: 

 

∆𝑇𝑝−𝑣 ≈ 1.35|∆𝜑0|,  |∆𝜑0| ≪ 𝜋   (4.25) 

∆𝑧𝑝−𝑣 ≈ 5.9𝑧0       (4.26) 

In this analysis Δφ0 is proportional to the power, not to the intensity, for thermally induced 

nonlinearity for cw illumination. 

 

NL optical properties of noble metal NPs in solution and embedded in a polymer matrix have 

been investigated by the open aperture z-scan technique because of their large third-order 

susceptibility20,38,93,156–159. In general, when excited with ultrafast pulses near to the Surface 

Plasmon Resonance (SPR) band, metal NPs behave as a saturable absorbers owing to the 

bleaching of the ground-state plasmon band. In some cases, at higher pump intensity, gold 

nanospheres and nanorods160, change their behavior from saturable absorber to reverse 

saturable absorber (i.e., absorption increases at high input intensities) due to free carrier 

absorption.  

Also using cw laser excitation the behavior of gold nanostructures give negative nonlinear 

refraction process, leading to a diminishing of transmittance after a certain threshold8,39,100,133. 

Nanospheres (AuNPs) nanorods (AuNRs) and nanoshells (AuNSs) are typically characterized 

by z-scan technique, the majority in solution, but for gold nanoparticles also in film. 

Metal nanostructures have been excited by 488, 514 and 647 nm cw laser excitation, depending 

on the SPR band wavelength. By fitting the experimental results, it is possible to obtain 

effective NL absorption coefficients; the data obtained are strongly dependent on the 

experimental conditions as we will discuss in this chapter. Very different nonlinearity values 

are published for different dyes134,161–163 and metal nanostructures39,40,83,136 from 10-1–10-3 
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cmW-1 for effective nonlinear absorption coefficient, to 10-5–10-8 cm2W-1 for nonlinear 

refractive coefficient. For this reason, comparing NL absorption coefficient for different 

nanostructures should be difficult when the experimental condition are not the same. 

4.3 Optical power limiting 

The optical power limiting technique, already described in Chapter 1, with a simple geometry 

and instrumentation allow determining the transmittance decrease after irradiation with 

different input intensities. The setup is the same used for z-scan measurements, with the only 

difference of changing input irradiance: instead of varying the beam area on the sample moving 

the stage, we maintain constant the position varying the input power with optical density filter 

(Figure 4.3). 

 

Figure 4.3: Optical limiting measurements setup 

The sample is placed in different positions, depending on the type of measure: for example 

measurements in polycarbonate matrix are conducted in pre- and post-focal positions. Each 

position and consequent irradiance are reported in the correspondent paragraph. 

4.4 Temporal responses 

We have discuss in Chapter 1 the importance of the exposure time also in presence of cw laser, 

and specific characteristic of a protection device. 

Concerning the damage threshold for optical sensors, also low power cw lasers, with output 

powers in the 1–5 mW range, can damage the human eye if directly exposed for times less than 

0.25 s. Therefore, the maximum permissible exposure by a laser is calculated to be at an 

irradiance of ~2.5 mW cm−2, corresponding to a fluence of 0.63 mJ cm−2 for a safe exposure of 

0.25 s 164,165. In other words, a good optical limiter for cw lasers should activate in a short time, 

less than 0.25 s and present output irradiance lower than 2.5 mW cm−2. 
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For these reasons, the temporal response analysis represents an instrument to determine the total 

fluence that reaches the sensor under defined geometrical condition. We have chosen an 

exposure interval of 300 ms for the characterization of our systems to overestimate the energy 

in the sensor. 

We analyzed the dynamics of the nonlinear transmittance responses of colloidal nanoparticles 

samples (Figure 4.4) using a model for the time evolution of the thermal lens effect under 

illumination with varying input intensities 166. The time dependent expression for the far-field 

on-axis transmittance can be written as a function of the sample position: 

 

𝑇𝑁
𝑇𝐿𝑀(𝑧, 𝑡) = {1 + [

𝜃

1+(1+𝑥2)
𝑡𝑐
2𝑡

]
2𝑥

1+𝑥2}

−1

     (4.27) 

 

where 

𝜃 =
𝛼0𝑃𝑑

𝜆𝑘

𝑑𝑛

𝑑𝑇
       (4.28) 

 

𝑡𝑐 =
𝜔2

4𝐷
      (4.29) 

 

with θ is the phase-shift, α0 is the absorption coefficient, P is the input power, d is the thickness 

of the sample, λ is the irradiation wavelength, k is the thermal conductivity and dn/dT is the 

thermo-optic coefficient, tc is the diffusion time, w the beam diameter and D the diffusion 

coefficient. 

 

Figure 4.4: Example of trasnmittance decrease caused by a thermal lens process in 50 ms 
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4.5 Photoacoustic measurements  

Photoacoustic spectroscopy is part of a class of photothermal techniques, in which an 

impinging light beam is absorbed and alters the thermal state of the sample. This process was 

first invented by Bell, Tyndall and Rontgen in 1880, and in 1973, Parker167 noticed a 

photoacoustic signal apparently coming from the windows of the sample cell, which should 

have been transparent to the incoming radiation. Gordon et al.67 first by means of this technique 

measure very low absorption in liquids. The commonly accepted mechanism for the 

photoacoustic effect is called RG theory, after its developers Rosencwaig and Gersho168. The 

basic theory behind photoacoustic detection is quite simple. Light absorbed by a sample will 

excite a fraction of the ground-state molecular population into higher energy levels. These 

excited states will subsequently relax through a combination of radiative and nonradiative 

pathways. The nonradiative component will ultimately generate heat in the localized region of 

the excitation light beam and generate a pressure wave that propagates away from the source. 

The pressure wave is then detected with a suitable sensor such as a microphone used for a 

gaseous sample. 

In the present work, photoacoustic excitation profiles are performed on different gold 

nanospheres and nanorods in water solution (Figure 4.5). Measurements are performed with a 

Quanta System Nd:Yag laser-pumped dye laser at 532 nm (10 ns pulse duration, 10Hz 

repetition rate ). The incident laser energy was measured with a pyroelectric head energy meter 

before each measurement, put in front of the sample cuvette (1 cm length).  

Photoacoustic signals were detected with a 1 MHz bandpass Panametrics V103-RM 

piezoelectric transducer clamped to a standard quartz cuvette for absorption spectroscopy. The 

signals were amplified with a Panametrics 5660 B amplifier and averaged with a Tektronix 

TDS-3054B digitizing oscilloscope. The minimum number of signals was 512 for each average. 

The sample temperature was kept constant within 0.1°C with a Lauda Eco RE 415 cryostat and 

monitored by a thermocouple placed inside the cuvette. The excitation source was a GWU – 

Lasertechnik GmbH optical parametric oscillator pumped by the third harmonic of a Quanta 

System Nd:Yag laser.  

The fluence was therefore on the order of 0.1 mJ/cm2, with a beam shaped by a rectangular slit 

1x10mm. The photoacoustic signal was considered as the peak to valley value of the oscillation 
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observed on the oscilloscope (Figure 4.6). Each sample was controlled comparing the extinction 

spectra before and after each measurement.  

 

 

Figure 4.5: Photoacoustic Spectroscopy setup and recorded signal scheme. 

The equation which describes the photoacoustic signal can be written as: 

𝑆 = 𝑘𝑛𝑝ℎ(𝐸𝜆𝛽 𝐶𝑝𝜌⁄ )                                                         (4.30) 

The signal depends on the instrumental constant k, the number of absorbed photons 𝑛𝑝ℎ, the 

photon energy 𝐸𝜆, the volumetric thermal expansion coefficient 𝛽, the heat capacity at constant 

pressure 𝐶𝑝 and the solvent density 𝜌.  

The signal of the sample has to be correlated to the signal of a calorimetric reference and the 

substance generally used is KMnO4-CuSO4 solution, because the absorption covers the whole 

Vis- near IR region, releases all the absorbed energy as heat instantaneously and does not scatter 

light.  

 

Figure 4.6: Example of photoacoustic signal and zoom in the first “echo”, with a highlight on the peak-valley 

measurement 
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The signal was normalized for small extinction variations between sample and  reference: we 

correlated the absorption contribution of the sample to the ratio between the slope of the 

reference and the sample one (Figure 4.7). 

 

Figure 4.7: Fitting of linear ratio between photoacoustic signal and energy 

In absence of other photochemical and photophysical processes in the sample, the distance 

between the reference and the sample slope, measured starting from the same extinction, can 

only depend on scattering losses.  
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Chapter 5 

5 RESULTS  

In this Chapter we show all the different analysis that we have conducted on different gold 

nanostructures, comparing solution and films, functionalized systems, different matrices and 

photothermal properties. All the measurements lead to the characterization of an optical limiting 

material for cw laser protection. In particular, we will present a comparison between film and 

solution of gold nanostructures (paragraph 5.1), their functionalization with an organic 

molecule to improve the limiting action (paragraph 5.2) and a specific analysis of different 

AuNPs film in polycarbonate and silk matrices (paragraph 5.3-4). The thermal effect generated 

in these systems by cw laser irradiation has been correlated with absorption contribution, 

measuring separately the linear scattering contribution and the photoacoustic measurements 

(paragraph 5.5). Comparison between experimental and theoretical models are discussed 

(paragraph 5.6). 

5.1 Gold nanospheres in solution and in polymer matrix 

In this paragraph we compare nonlinear responses of AuNPs in CH2Cl2 solution and in 

polycarbonate matrix, in order to understand if properties studied in literature for solution can 

be obtain also in a film: a solid free standing smart material could be a good candidate for the 

realization of a protection device. 

Gold nanoparticles synthesized through the Turkevich109 method described in Chapter 3 and 

transferred into CH2Cl2 with a concentration of 8.2x10-9 molNP/dm3, have been compared with 

a solid sample of AuNPs in polycarbonate (PC) matrix through z-scan, optical limiting and 

temporal response measurements. AuNPs extinction spectra are reported in Figure 5.1: the 

embedding in polymer matrix causes a red-shifts of the resonance peak, from 530 to 535 nm.  
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Figure 5.1:  Extinction spectra of AuNPs in CH2Cl2 and AuNPs in PC film 

The final concentration of AuNPs in CH2Cl2 solution is 1.2x10-8 molNP/dm3, while the one of 

AuNPs in film have been calculated to be 1.14x10-7 molNP/dm3. Such concentration difference 

should nearly compensate for the difference in sample thickness. The inclusion in PC does not 

change the shape of the resonance peak, confirming the absence of AuNPs aggregation. The 

higher background signal in the PC film is likely due to some weak scattering that is barely 

visible by visual inspection of the optically clear polymer films.  

The nonlinear properties of AuNPs in CH2Cl2 are measured by z-scan measurements. An 

example of open-aperture configuration at different input powers is reported in Figure 5.2. The 

value of nonlinear absorption coefficient is calculated using the Sheik-Bahae method151 to fit a 

Z-scan curve with a minimum normalized transmittance ca. 0.8. 

Figure 5.2: Open-aperture z-scan measurements of AuNPs in CH2Cl2 (dots) expressed in normalized 

transmittance a) at different input powers and b) with nonlinear fit (red line) 

The values of β calculated result 0.1 cm/W, comparable with literature data for AuNPs in 

solution40. 
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Optical limiting measurements at 488 nm have been made placing samples in a pre-focal 

position, with an exposure time of 300 ms limited by a shutter. Each point in the graph in Figure 

5.3 is the mean value of irradiance, calculated in the time interval. 

 

Figure 5.3: Optical limiting measurements of AuNPs in CH2Cl2 solution plotted as a) output versus input 

irradiance and b) time dependent transmittance in 300 ms interval. The curves in b) correspond to irradiance 

values of circled point evidenced in a). 

High input irradiance produces a matrix modification, visible by comparing the output 

irradiance at fixed position with that obtained at different positions on increasing the input 

irradiance (Figure 5.3). For this reason we preferred performing measurements while varying 

the irradiated spot on the sample, in order to avoid affecting the measurements with previous 

irradiations. Error bars are calculated with a 5 measures statistics. 

 

Figure 5.4: Comparison of optical limiting measurements of AuNPs solution and film at the same sample 

position and at different positions 

Another interesting comparison can be made observing the temporal response of solution and 

film samples Figure 5.5 shows the transmittance variation at different input irradiances for 
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solution and films. In the first 30 ms, the transmittance decrease is faster for the solution, 

probably due to the easier refreshing of the media surrounding the nanoparticles.  

Nevertheless at longer time the irreversible modification of the film causes a continuous 

decreasing in transmittance, which results in a mean value of output irradiance comparable with 

the solution.  

 

 

Figure 5.5: Comparison of transmittance variation of AuNPs in solution and in film a) in 300 ms and b) zoom in 

30 ms 

In view of the production of a smart optical limiting device, it can be useful to extend the 

protection in a wide range of wavelengths: we have made optical limiting measurements at 488, 

514 and 647 nm, shown in Figure 5.6. Threshold values, defined as the deviation from linearity, 

have a strong dependence from the absorption characteristics: the best efficiency is evident at 

514 nm irradiation, corresponding to the resonance peak, with an output of 25 W/cm2 at input 

irradiance of 85 W/cm2. At 488 and 647 nm instead the performances are poorer, in particular 

for the last one that is out of the resonance region. 

 

Figure 5.6: Optical limiting measurements of AuNPs film at three different wavelengths 
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Nonlinear absorption coefficient calculated as 0.1 cm/W is comparable with the values reported 

in the literature for gold nanoparticles colloids.  

5.2 Gold nanospheres and core-shells functionalized with fulleropyrrolidine 

In order to improve the protective action of these smart materials we decided to combine the 

thermo-optical process with a faster one, so as to reduce the light intensity that can reach the 

eye during an accidental exposure. We functionalized two different metal nanostructures with 

thiolated-fulleropyrrolidine (FP-SH): gold nanoparticles and silica-gold core-shell for 514 and 

647 nm irradiation wavelengths, respectively. 

As we have seen in the Chapter 3, for the transfer of gold nanoparticles in an organic solvent to 

promote the subsequent FP-SH functionalization, instead of using  common thiols5,56,122, like 

thiolated-polyethylenglycol (PEG) or dodecanthiol, we preferred polyvinylpirrolidone (PVP): 

this steric stabilizer can be displaced by FP-SH molecules and results in a faster and more 

effective functionalization. Gold nanoparticles solutions, transferred in CH2Cl2 solvent have a 

concentrations of 6.4x10-9 molNP/L, while gold core-shell have a concentration of 2x10-11 

Au/mL. To compare the limiting behavior of bare nanostructures with those functionalized, we 

add a 0.45 mM fulleropyrrolidine solution (FP-SH).  

Solutions were diluted but used without further purification, to prevent nanoparticles 

aggregation and subsequent changes in the absorption profile. In order to verify that the 

unbound molecules do not cause a fictitious improvement of power limitation, also a solution 

of only FP-SH has been measured. 

Z-scan experiments on nanoparticles functionalized and bare give information about nonlinear 

properties, and among these parameters we find Rayleigh range zR, reported in Table 5.1, used 

as fixed parameter for the time response analysis. 

Table 5.1: Nonlinear properties of the three samples obtained with an irradiation of 16 mW, with α the linear 

absorption coefficient, z0 the Rayleigh range, β the nonlinear absorption coefficient, ΔΦ0 the phase shift, n2 the 

nonlinear refractive index 

 

 

Sample α z0 β ΔΦ0 n2 dn/dT 

 (cm-1)  (cm/W)  (cm2/W) (K-1) 

AuNP 1.1 0.24 0.9x10-2 4.6 4.6x10-7 2.6x10-4 

AuNP-S-FP 1.2 0.25 1.2x10-2 4.7 4.7x10-7 2.7x10-4 
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Figure 5.7: AuNP-S-FP closed-aperture z-scan measurement (black point) and nonlinear fit (red line) at 16mW 

Parameters obtained from the fit of the Z-scan are in the same order of magnitude as literature 

reported values39,40,83. 

 

Optical limiting (OL) measurements performed with the sample in a pre-focal position (with a 

beam diameter w=100 μm) show a nonlinear response of AuNP-S-FP at lower input power 

compared to AuNPs, with similar linear transmittance. Also, a solution with only FP-SH 

molecules has been analyzed but no limitation occurs at comparable input power values (Figure 

5.8a).  

It is worth noting that, for the case of AuNP-S-FP solution samples used for OL measurements, 

it was not possible to eliminate the excess of FP-SH since AuNP-S-FP aggregation occurred in 

the course of the purification procedure. Thus, in order to further verify that the improvement 

of power limiting was not caused by the unbound molecules, solutions with three different 

concentrations of FP-SH were analyzed: corresponding to 50, 100 and 250 times excess on the 

calculated amount for nanoparticles coverage. The value of power limiting of these solutions 

did not show any noticeable dependence on concentration compared with measurements of only 

nanoparticles solution.This result is also confirmed by the absence of power limiting effects by 

only FP-SH in that range of input powers (Figure 5.8a). 

Therefore, OL measurements show an improvement brought about only by the chemically 

bonded FP-SH molecules (Figure 5.8).  
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Figure 5.8: optical limiting in pre-focal position a) AuNPs, AuNP-S-FP, FP-SH and b) AuNPs and AuNP-S-FP 

comparison 

We also analyzed the dynamics of the nonlinear transmittance responses of AuNPs and AuNP-

S-FP samples using a model for the time evolution of the thermal lens effect under illumination 

with varying input intensities 166. The time dependent expression for the far-field on-axis 

transmittance is described in the paragraph 4.4; the phase shift θ and the diffusion time tc are 

kept free during data fitting in order to obtain respectively the thermo-optic coefficients and 

response times, are shown in Figure 5.9. The range of analysis was limited to the first 50 ms to 

permit a coherent characterization of all the responses at different input powers: thermal lens 

model approximation needs a short exposure time otherwise the relation in Equation 4.2 is no 

longer valid169. Fig. 4a shows an example of 50 ms normalized time response of AuNPs and 

AuNP-S-FP at 18 mW input power: it is evident observing the fitting curve, that FP-SH capped 

nanoparticles have a faster response than AuNPs, confirmed by fitting data reported in Table 

5.2. The faster response in first milliseconds (Figure 5.9b) of the thioled nanoparticles results 

in a lower total fluence compared to the bare ones. 

 

Figure 5.9: Examples of normalized thermal responses of AuNPs (black line) and AuNP-S-FP (blue line) 

samples with nonlinear curve fits (green and red lines) at (a) 18 mW input power and (b) 24 mW input power.  
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Thermal time response values, thermo-optical coefficients and nonlinear phase shifts θ, 

obtained through a systematic study at different input powers with and without FP-SH 

functionalization, are resumed in Table 5.2. At first we fit data with free parameters for both 

samples and notice that time response decreases with the increase of input power, faster for 

coupled system than bare AuNPs. 

Table 5.2: Values of thermal response time (tc), nonlinear phase-shift (θ) obtained by fits for different input 

powers, and calculated thermo-optic coefficient (dn/dT) 

 

 

To understand the behavior of the two systems and obtain the thermo-optic coefficient, we fixed 

the thermal diffusion coefficient (D) (Equation 4.2), which decreases in presence of 

nanostructures with respect to the pure solvent, as shown in previous studies21.  

With D derived from the analysis of AuNPs with free parameters (both tc and θ) we can so fit 

AuNP-S-FP responses and determine the nonlinear phase-shift. Values of thermal response 

time (tc), nonlinear phase-shift (θ) obtained by fits for different input powers, and calculated 

thermo-optic coefficient (dn/dT). The thermo-optic coefficients result higher for AuNP-S-FP 

than for AuNPs, of around 10-4 (Table 5.2), comparable with values obtained in closed-aperture 

z-scan measurements (Table 5.1). 

The temporal responses in Figure 5.9 show that these differences are not just represented by the 

final transmittance values after 300 ms irradiation, but are also evident in the faster 

transmittance decrease for AuNP-S-FP in the first 50 ms. Actually, it is the integrated irradiance 

over the 300 ms interval, i.e. the fluence, that should be kept under control to avoid damages to 

the eye. With this in mind, in order to give information about the efficiency of protection, we 

have integrated the output intensities at different input powers and compared the results for 

AuNPs and AuNP-S-FP. 

P 

 

tc  

(ms) 

 

D  

(m2/s) 
θ 

dn/dT  

(K-1) 

 Au AuNP-S-FP Au Au AuNP-S-FP Au AuNP-S-FP 

        

18 194 174 1.3x10-7 10.1 12.4 3.6 x10-4 4.1 x10-4 

24 112 95 2.2 x10-7 13.4 16.0 3.6 x10-4 4.0 x10-4 

32 76 61 3.3 x10-7 17.8 19.9 3.5 x10-4 3.7 x10-4 

38 53 41 4.7 x10-7 19.9 22.6 3.4 x10-4 3.6 x10-4 

50 32 25 7.7 x10-7 24.8 28.1 3.2 x10-4 3.4 x10-4 
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Despite the fact that all the data in Table 5.3 pertain to dilute solutions with a linear transmission 

of 77%, the use of functionalized NPs produces a significant improvement in the attenuation of 

the output fluence.  

Table 5.3: Fluences of AuNPs and AuNP-S-FP calculated as the integral of the output irradiances (mW/cm2) in 

300 ms, and transmittances (T) 

 

In order to get optical limiting properties in a wider wavelength range, we have also studied 

gold nanoshells (AuNSs) whose plasmonic resonance can be tuned over all the visible and near 

infrared range depending on the ratio between Au shell thickness and SiO2 core radius. This 

offers us the opportunity to protect the eyes against laser emitting in the red region. 

Measurements were conducted on bare and functionalized AuNS-FP nanoshells using 647 nm 

irradiation. 

Optical limiting in 300 ms interval shows again an improvement in limitation effects upon 

functionalization with FP-SH. The nonlinear behaviour (Figure 5.10) shows significant 

differences with respect to that of gold nanoparticles: the nonlinear transmission starts at around 

20 mW input power and reaches a plateau.  

  

Figure 5.10: Optical limiting in pre-focal position of AuNSs (blue dots) and AuNS-FP (red square) 

  AuNPs AuNP-S-FP 

Input 

Power 

(mW) 

Input 

fluence 

(mW·s/cm2) 

Linear 

fluence 

(mW·s/cm2) 

Output 

fluence 

(mW·s/cm2) 

T 

Linear 

fluence 

(mW·s/cm2) 

Output 

fluence 

(mW·s/cm2) 

T 

18 20318 15627 9038 0.38 15413 7975 0.27 

24 27091 20837 8318 0.25 20551 6983 0.19 

32 36122 27782 7502 0.18 27401 6616 0.13 

38 42894 32991 6782 0.13 32539 6120 0.1 

50 56440 43410 6463 0.09 42814 5695 0.07 
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However, in order to obtain comparable limitation at high input intensity, the linear 

transmission of the nanoshell samples is smaller than that of the AuNPs, evident by absorption 

spectra in Figure 5.11Errore. L'origine riferimento non è stata trovata.. This can be 

explained by a greater contribution of liner scattering to the extinction spectra of the 

nanoshells88,110.  

 

Figure 5.11: Extinction of AuNSs (black), AuNS-FP (blue) and FP-SH (red) 

Optical power limiting values for both nanoshell systems are reported in Table 5.4: in terms of 

the improvement obtained upon functionalization, the results are comparable with those for 

AuNPs, but we have to remark the different linear absorbance of the two systems, changing 

from around 0.14 for AuNPs to 0.6 for AuNSs.  

Table 5.4: Optical power limiting values of AuNSs and AuNS-FP at different input intensity 

Pin (mW) Pout (mW) 

 AuNSs AuNS-FP 

   

19 4.1 3.5 

25 4.8 4.1 

36 5.1 4.2 

46 5.1 4 

55 5.1 4 

 

Transient transmission measurements on AuNSs confirm an improvement of temporal response 

for functionalized nanoshell system, as we have seen for nanoparticles. An example of temporal 

response curves is reported in Figure 5.12: the transmittance decreases faster for AuNS-FP than 

for AuNSs and the final value reached in a 50 ms time window is lower.  
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Figure 5.12: Examples of time responses curves of AuNSs (black line) and AuNS-FP (red line) at 36 mW input 

power, and and thermal lens model nonlinear fit 

As we have seen before, the response is faster for high input powers, with a strong transmittance 

decrease in the first 50 ms (Figure 5.13). 

 
 

Figure 5.13: Normalized responses of AuNS-FP sample at different input power in a 50 ms interval 

This can represent an efficient method to functionalize gold nanoparticles and nanoshells, 

synthesized in aqueous solution, with a thiolated fulleropyrrolidine. SERS and TGA 

characterizations on this system after purification confirm the effective bonding of the 

molecules on the metal surface. Nonlinear optical measurements show improvements in the OL 

effect in the functionalized AuNPs both in terms of a reduced nonlinear transmission and of a 

faster response, fully described in Chapter 6. 
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5.3 Different concentrations of gold nanoparticles in polycarbonate matrix 

In this Paragraph we made an in depth study of the AuNPs film through different analysis and 

characterize the self-diffraction beam pattern. To promote the inclusion of AuNPs in 

polycarbonate films, Au colloids were firstly functionalized with mPEG2000-SH, the water 

was removed and NPs were dissolved in dichloromethane, obtaining a solution with a 

concentration of 7.6x10-9 mol/L. Nanoparticles were mixed with polycarbonate by 

ultrasonication in dichloromethane to obtain solutions with different concentrations. The 

solvent was evaporated by drying under vacuum at 50 °C for 1 h in a Petri dish. We finally 

obtained two films, shown in Figure 5.14, with different NPs:PC weight ratios:, 2.5:200 

(AuNPs1), and 6:200 (AuNPs2) and a final thickness of 109 and 103 μm, respectively.  

 

Figure 5.14: AuNPs in PC films with concentration (a) 1.14x10-7 molNPs/L (AuNPs1), and (b) 2.74x10-7 

molNPs/L (AuNPs2). 

Open and closed-aperture Z-scan measurements permit the determination of an effective 

nonlinear absorption coefficient and of the nonlinear refractive index, respectively. 

The PC matrix does not show nonlinear behavior even at the highest energies used: the data 

indicate that there is no nonlinear absorption contribution nor laser damage. AuNPs in PC 

measurements reported in Figure 5.15 show a deep dip of nonlinear transmittance. 

 

Figure 5.15: Open aperture z-scan of AuNPs2 at 488 nm irradiated with 7 mW reported a) as a function of 

sample position b) as a function of irradiance; the solid line is obtained on approaching the focal plane, the 

dotted line is obtained on moving away.  
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Notice that the linear transmittance value in the flat regions of the Z-scan curve (Figure 5.15a) 

shows some reduction after crossing the focal plane. Furthermore, Figure 5.15b shows some 

hysteresis on cycling the irradiance on the sample while performing a Z-scan. Both features are 

probably due to some laser induced matrix modification when the irradiance reaches high 

values (see below). 

The parameters obtained from the fit of the Z-scan data are reported in Table 5.5, and are in the 

same order of magnitude as those reported in the literature. 

Closed Aperture Z-scan experimental data of AuNPs2 at 488 nm, are reported in Figure 5.16. 

The reduced data are obtained as the ratio (closed aperture)/(open aperture) Z-scan values. The 

peak to valley configuration suggests that the sign of n2 is negative, indicating self-defocusing 

effect. The solid line is a theoretical fit. 

 

Figure 5.16: AuNPs2 at 488 nm: (a)Closed-aperture z-scan of  and (b) ratio closed/open with fit Equation 4.4. 

The modulus of the nonlinear refractive index is high for AuNPs2 at 514 and 488 nm, which 

are wavelengths close to the plasmon resonance peak. A comparison with data reported in the 

literature for organic dyes in solid matrices as well as for AuNPs in solution is also provided in 

Table 5.5.  
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Table 5.5: Nonlinear optical parameters of dyes in films and gold nanoparticles in solution of recent 

works; λ is the irradiation wavelength, β the effective nonlinear absorption coefficient, n2 the nonlinear 

refractive index and dn/dT thermo-optical coefficient. 

Sample matrix λ β n2 dn/dT Ref. 

 nm cm/W cm2/W K-1  

Night blue (2006) PMMA 

film 

633  -1.47x10-7  161 

Phthalocyanines 

 in  

PMMA (2007) 

PMMA 

film 

10μm 

633 1.1 -1.5x10-5  134  

Amido Black 10 B  

(2007) 

PVA film 633  -1.5x10-7  162 

Metanyl yellow  

(2009) 

film 532 1x10-3 -4x10-8  163 

       

AuNPs (2008) water 

solution 

633  -1.6x10-8 -2x10-4 136 

AuNPs in  

Cyclohexanone 

(2010) 

solution 532  -3x10-7 -1.5x10-4 39 

AuNPs (2010) water 

solution 

532  -1x10-8 -2x10-5 100 

AuNPs in castor oil 

(2012) 
solution 532  -5x10-7 -2x10-4 83 

AuNPs (2012) solution 633 0.5 -2x10-7  40 

          

AuNPs1 film 
488 

514 

a 5x10-2 

b 3x10-2 

-1x10-6 

-2x10-5 

-2.9x10-4 

-4.4x10-4 
 

AuNPs2 film 
488 

514 

a 7x10-2 

b 6x10-2  

-1x10-6 

-3x10-5 

-2.3x10-4 

-5.0x10-4 
 

a- I0=1121 W/cm2 

b- I0=660 W/cm2 

 

CW measurements show that the nonlinear absorption depends on a thermal effect. The 

effective nonlinear absorption coefficient (β) depends on irradiation wavelengths: β reported in 
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Table 5.5 at 514 nm is obtained with much lower irradiance than at the other wavelength. For 

660 W/cm2 at 488 nm no signal occurs. This indicates that at comparable irradiance the 

nonlinear absorption coefficient is higher at 514 nm. As expected, the values for AuNPs2 are 

consistently larger than those for AuNPs1 owing to the larger NP concentration in the polymer.  

A peak-to-valley amplitude greater than 1.7 of the Rayleigh range (z0) confirms the thermal 

origin of the phenomenon151,170. In Table 5.6 are reported the on-axis nonlinear phase-shift, 

ΔΦ0, for different wavelengths. 

When considering only thermally induced nonlinear refraction, making use of the thermo-

optical coefficient, dn/dT, one can express the refractive index change (Δnth) as: 

𝛥𝑛𝑡ℎ  =  −
𝑑𝑛

𝑑𝑇
 ∙  𝛥𝑇     (5.1) 

If, in the steady state (cw irradiation), it is assumed that  

 ∆𝑇 = 𝛼𝜔0
2𝐼0 4𝐾 ⁄      (5.2) 

and ∆𝑛𝑡ℎ = 𝑛2𝐼0, we can extract the thermo-optical coefficient from:  

 
𝑑𝑛

𝑑𝑇
 =  − 𝑛2

4 K

α𝜔0
2     (5.3) 

In Equation. 5.2, α is the linear absorption coefficient, ω0 the beam waist and K is the thermal 

conductivity. 

All the parameters used and our results for the thermo-optical coefficient are reported in Table 

5.6. Values in the order of 10-4 K-1 for dn/dT are comparable with the literature data reported in 

Table 5.5. 

Table 5.6: Nonlinear parameters obtained from z-scan measurements: z0 is the Rayleigh range, ω0 is the beam 

waist, α is the linear absorption coefficient, I0 irradiance at the focus,  Leff the effective length, S the diaphragm 

aperture, ΔΦ the on-axis phase shift, n2 the nonlinear refractive index and dn/dT the thermo-optic coefficient. 

Sample 

(488 nm) 

z0 ω0 αAu I0 Leff S Δ Φ n2 dn/dT 

cm cm cm-1 W/cm2 cm   cm2/W  

AuNPs1 0.61 2.5x10-3 33.1 1121 9.1x10-3 0.62 -1.63 -1.23x10-6 -2.9x10-4 

AuNPs2 0.20 2.3x10-3 61.8 1121 7.7x10-3 0.73 -1.45 -1.31x10-6 -2.3x10-4 
 

Sample 

(514 nm) 

z0 w0 αAu I0 Leff S Δ Φ n2 dn/dT 

cm cm cm-1 W/cm2 cm   cm2/W  

AuNPs1 0.33 2.6x10-3 53.1 1036 8.5x10-3 0.74 -2.30 -2.68x10-6 -4.4x10-4 

AuNPs2 0.12 2.6x10-3 86.4 1036 6.9x10-3 0.64 -3.14 -4.20x10-6 -5x10-4 
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Optical limiting measurements were performed in a pre-focal position to compare, with a beam 

area of 0.03 mm2 at 488 and 514 nm wavelengths. The exposure time has been limited to 300 

ms by the use of a shutter. Experiments were also conducted by putting a 7 mm diameter 

diaphragm before the sensor, representing the pupil diameter in the worst condition. 

Measurements on neat polycarbonate film at different wavelengths are made and no limitation 

occurs. An example of limitation for AuNPs2 with and without diaphragm is reported in Figure 

5.17. 

 

Figure 5.17: Optical limiting of AuNPs2 at 488 nm with (open circles) and without (black squares) diaphragm. 

The threshold values of the input intensities required for the beginning of optical limiting, also 

corresponding to the appearance of self-diffraction rings, are reported in Table 5.7 for different 

wavelengths.  Best result is obtained for the more concentrated AuNPs2 sample.  

Table 5.7: Optical limiting thresholds at different wavelengths for the 

two samples. IIN and IOUT are the input and the output irradiances, 

respectively. 

Sample 488 nm 514 nm 

 IIN IOUT  IIN  IOUT  

 W/cm2  W/cm2  

AuNPs1 243 84 166 45 

AuNPs2 161 22 123 13 
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The effect of a focused cw laser beam on AuNPs doped polymer samples is to induce a local 

heating followed by heat diffusion in the medium. This effect can be easily observed by 

recording the dynamics of the sample transmittance during a time interval of 300 ms for 

different irradiation powers, with the concentric rings formation. 

 

We tried to give a global description of the optical limiting response of our systems with 3D 

depiction of transmittance decrease in function of time for different input powers 

Experimental data have been collected by positioning samples 10 mm before the beam-waist 

position, with an area of around 0.03 mm2. The transmittance is recorded in a time window 0-

300 ms, while the samples are irradiated with laser wavelengths at 488 and 514 nm, with input 

irradiance in the range 30-700 W/cm2. 

The transmittance is a function of both the input power and the irradiation time: for AuNPs2 at 

514 nm thetransmittance (TL = 0.10) decreases by increasing the power and reaches a constant 

value of 0.04 after 300 ms, by pumping with an irradiance of about 160 W/cm2. With input 

irradiance of 300 W/cm2 and above, a value of 0.01 is attained after less than 50 ms. The 

behavior of AuNPs2 sample is reported in Figure 5.18, using input irradiances in the range 40-

700 W/cm2.  

 

 

Figure 5.18: Response dynamics of AuNPs2 sample at 514 nm for different irradiance values without diaphragm 

in a 300 ms interval at 10 mm before focus. 

The thermal diffusion effect of all film samples has been measured at different input powers 

using 488 and 514 nm wavelengths. All results are reported in Table 5.8, with similar input 
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irradiance for the two wavelengths. The response time and the plateau transmittance decrease 

at increasing concentration, as expected. 

Table 5.8: Threshold values and dynamics of optical limiting measured at 10 mm before the focal 

point. Tin is the linear transmittance of the samples. In the 300 ms measurement time window, 

t1/2 is the signal at half-time, tplateau is the time required to reach the plateau and Tplateau is the least 

value of transmittance (all times in ms). 

Wavelength I 
AuNPs1 AuNPs2 

nm W/cm2 

Tin t1/2 tplat Tplat Tin t1/2 tplat Tplat 

488 250 0.44 160 300 0.12 0.14 14 140 0.003 

514 180 0.31 191 240 0.034 0.11 85 170 0.002 

 

The thermo-optical effect can be observed also by detecting the far field beam shape with a 

CCD camera.  

The self diffraction beam patterns, generated with a 514 nm TEM00 laser beam, on AuNPs2 

placed at 10 mm in the pre-focal position, are shown in Figure 5.19 (images are collected with 

15 Hz acquisition rate, i.e. at 67 ms time intervals): the sample forms a doughnut shaped 

diffraction pattern with a bright spot in the center. The transmittance variation during 300 ms 

irradiation time is shown in Figure 5.20 and compared with the corresponding diffraction 

patterns at the end of the time steps. 

 

Figure 5.19: Diffraction patterns. generated by AuNPs2 placed at 10 mm before focus, irradiated for 300 ms with 

a 514 nm TEM00 laser beam at different input powers: 82, 129, 165 W/cm2. 
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Figure 5.20: Response of AuNPs2 placed at 10 mm before focus, irradiated for 300 ms with a 514 nm TEM00 

laser beam. The insets show the self-diffraction patterns collected with 15 Hz acquisition rate. 

At increasing input power, when the laser intensity exceeds a certain threshold value, multiple 

concentric diffraction rings appear: there is a dynamic change in the pattern during irradiation, 

with a continuous ring formation with expanding propagation. The number and dimension of 

rings change with different wavelengths under the same intensity and with the sample position 

with respect to the focal point171. 

Measurements made after the focus, instead, present a dark spot in the middle, as reported in 

Figure 5.21 (clearly seen in panel b). Therefore, the post-focal position yields an increase of the 

limitation efficiency, changing the threshold irradiance value, defined as that for initial 

deviation from linearity, from around 230 W/cm2 to 100 W/cm2, with a maximum output 

irradiance of 26 W/cm2 instead of 50 W/cm2. These results agree with those reported in the 

literature171 and are exemplified in Figure 5.22 for convergent (black squares) and divergent 

(open circles) beam on a self-defocusing medium. 

 

 

Figure 5.21: Self diffraction patterns at far field generated after a 300 ms irradiation, collected in a) pre-focal 

position b) post-focal position. 
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Figure 5.22:  Input/output analysis at 514 nm of AuNPs2 for a10 mm pre (black squares) and post (open circles) 

focal positions, with around 0.03 mm2 illuminated area. 

Clearly, to optimize the protection the position of the active material in the focusing system and 

that of the sensor are critical. In particular, as shown in Figure 5.22 moving the sample from 

pre- to post-focal position, with constant beam area, the threshold for deviation from linearity 

is reduced from 166 W/cm2 to 130 W/cm2. In particular, the position with respect to the focus 

becomes relevant when the ring thickness increases, because it is the dimension of the dark 

central spot that cause a significant decrease of transmitted irradiance when the sample is placed 

in a post-focal position.  

The rings formation and the optical limiting effect due to the change of nonlinear refractive 

index start at irradiance close to or above the nonlinear threshold. The corresponding thermal 

gradient at the illuminated area, as calculated from Equation. 5.2172, is given in Table 5.9.   

 

Table 5.9: Temperature variation when starts optical limiting (ΔT) 

Wavelength   ΔT 

AuNPs1 
 ΔT 

AuNPs2 

nm  °C  °C 

488   152  146 

514  140  181 

 

This variation reaches a temperature higher than the polycarbonate melting point (270 °C), 

causing irreversible changes in the polymer microstructure that are the likely origin of the 

hysteresis observed on cycling the irradiance Figure 5.15b), as confirmed by the irregular shape 
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of the central spot of the diffraction pattern recorded for irradiance values above the nonlinear 

threshold (Figure 5.19).  

Other works based on polymer films (Table 5.5) do not consider the temperature variation 

induced in the matrix by dyes absorption. This is a crucial point in the nonlinear response of 

the sample. Only Mathews134 notice the damage of the matrix. However, this phenomenon does 

not hamper the use of polymer composite materials for protection devices since it is unlikely 

that cw beams hit the device consecutively in exactly the same position. 

 

The ANSI Z-136.1103 exposure limits for visible light (400 to 700) nm for times between 18 x 

10-6 to 10 seconds can be obtained from the relation, using a 300 ms exposure time (t): 

 

𝑀𝑃𝐸 = 1.8 × 𝑡
3
4 = 0.7296 [

𝑚𝐽

𝑐𝑚2
]                                                    (5.4) 

 

The maximum exposure limit (MPE) is given in terms of an energy flux (or fluence) as if the 

energy were evenly distributed across the incident beam. For laser safety calculations, a 7-mm, 

aberration-free pupil is assumed, a worst-case assumption. 

The MPE defined in this way can be recast in terms of maximum transmitted energy that, in 

300 ms, a protection device should guarantee:  

 

𝐸 = 𝑀𝑃𝐸 × (𝑝𝑢𝑝𝑖𝑙 𝑎𝑟𝑒𝑎) = 0.7296 × 0.3848 = 0.28 𝑚𝐽  (5.5) 
 

Considering the data in Table 5.8 for the AuNPs2 sample, one can see that, when the 

transmittance plateau is reached for irradiation at 488 and 514 nm, the requirements for eye 

protection would be within reach. The energy reaching the retina in the second part of the 

exposure time would be roughly in the order of 50 and 20 mJ, respectively.  

 

Different plasmonic nanostructures can be used to widen the wavelength range of operation, 

and a first approach has been tried with nanorods, promising for their tunable longitudinal 

plasmon peak and their high absorption coefficient (see Paragraph 4.5.6).  

A first analysis at 647 nm irradiation wavelength of AuNRs solutions confirmed the nonlinear 

refraction behavior at different positions along the beam direction. In fact, in the post-focal 

position they act as a self-defocusing medium crossed by a divergent beam, causing the 
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formation of a central hole in the diffraction image. Results are in agreement with the ones 

obtained for gold nanoparticles, with a higher limiting in the post focal position in respect of 

the pre-focal position with the same beam diameter and thus irradiance value (Figure 5.23). 

 

Figure 5.23: Optical limiting measurements of AuNRs solution irradiated at 647 nm in a pre-focal (balck 

squares), focal (red dots) and post-focal (green triangles) position 

We tried to compare optical limiting measurements of AuNRs with different aspect ratio 

obtained by different syntheses and ageing of the solutions. As we have seen in Chapter 3, 

without adding a further stabilizer (e.g. PVP) we observed a reshaping of the rods. This process 

diminishes the aspect ratio of cylindrical rods towards cubic or spherical shapes (Paragraph 

3.3.2). This behavior is shown by the comparison of optical limiting action in Figure 5.24 for 

three different aspect ratio with the same extinction values. Samples 1 (black dots), sample 4 

(blue square) and sample 6 (pink triangles) have respectively 1.25, 1.5 and 1.3 aspect ratios. 

We can observe an increase of limiting action for nanorods with higher aspect ratio, in this case 

AuNRs4.  

 

Figure 5.24: Optical limiting measurements of different AuNRs at 647 nm irradiation wavelength in a pre-focal 

position 
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Another parameter to take into account is the ageing of the solutions: if we look at the first three 

samples in Figure 5.24 (black, red and green dots) with the same aspect ratio, we can see very 

different behaviors. In this case the three samples have been synthesized 4 months before and 

the reshaping process generated different structures. Looking at the extinction spectra in Figure 

5.25 we can see the widening of the longitudinal peak, pointing out the presence of a different 

contribution to the extinction. We can deduce that AuNRs2 possesses a higher scattering 

component in the extinction peak and less absorbed energy can contribute to the optical limiting 

process, confirmed by the photoacoustic measurements described in paragraph 5.5. 

 

Figure 5.25: Extinction spectra of AuNRs 2 (red line) and AuNRs 4 (blue line) solutions with the same 

extinction intensity at 647 nm 

After the transfer in organic solvent we embedded AuNRs in polycarbonate matrix and we 

started a preliminary study of its optical limiting properties.  

 

Figure 5.26: Optical limiting measurements of AuNRs film at 647 nm irradiation wavelength  
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Optical limiting measurements on AuNRs in PC matrix show that effective limitation occurs at 

100 mW input power (Figure 5.26) and those results are similar to the one obtained for AuNPs 

in PC.   

5.4 Gold nanoparticles in silk matrix 

In order to try different embedding matrix for gold nanostructures, we conducted OL 

measurements at 514 nm on silk fibroin that, as we have seen in Chapter 3, is water soluble so 

the embedding of AuNPs is easier. Film of AuNPs in silk fibroin (Au-SF) obtained with 

different deposition techniques are resumed in Table 5.10: the four samples present different 

final extinction spectra and optical limiting properties. 

Table 5.10: Au-SF samples obtain with different techniques and different concentration 

Sample AuSF-1 AuSF-2 AuSF-4 AuSF-7 

Substrate PDMS becher petri petri PDMS 

Ratio 2:1 1:1 1:1 2:1 

Volume (mL) 5 5 5 3 

 

Measurements on AuNPs in silk matrix reveal different optical limiting properties depending 

also on the deposition method, as already shown by TGA: different substrate contribute to the 

formation of distinct organization of silk fibers and a consequent different stability increasing 

temperature. 

 

Figure 5.27: Optical limiting measurements of AuNPs in silk matrix using different substrate for the film 

production 
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In Figure 5.27 the comparison between PDMS substrate (black dots) and PDMS petri (green 

dots) shows a faster matrix degradation for the second: the low affinity of the solution with the 

support and the freedom film formation let the fibers aggregates randomly (α-elic) while the 

confinement generated by the petri blocks the fibers, forcing them to elongate during the solvent 

evaporation (β-sheet). 

The two thicker samples (blue and red dots) compare the results of a plastic becher and glass 

petri dish: the second one present a higher affinity with the solution and the temporal responses 

confirms a redistribution of the fibers before the complete matrix degradation. These results are 

verified looking at the temporal responses of the samples shown in Figure 5.28 : the Au-SF2 

(red dots) at different input powers show an instantaneous decrease of the signal, while Au-SF4 

present a slower transmittance variation. 

 

Figure 5.28: Temporal responses of a) AuNPs-SF2 and b) AuNPs-SF4 

High irradiances produce a modification of the matrix revealing the presence of a melting 

process. The Figure 5.29a shows a microscope image where the film gets thinner and this causes 

the transmittance increase. In fact, the temperatures reached correspond to the matrix 

degradation results by TGA measurements (Paragraph 3).  

Compare silk fibroin and PC matrices show that silk melts while in PC presents density 

variation and bubble formation (Figure 5.29b). 
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Figure 5.29: Microscope image of a) silk fibroin matrix and b) PC matrix after high input powers irradiation 

The very high stability of AuNPs in fibroin matrix could be used for sensing: in fact porous 

matrix can be easily obtain adding acetone or by sonication (Figure 5.30). These homogeneous 

plasmonic matrices presents porous of around 1um, where the molecules in solution can be 

trapped and revealed by SERS analysis. 

 

Figure 5.30: Microscope images of silk fibroin porous matrix in a) transmission and b) reflection 

First SERS studies conducted on Malachite Green, a common pesticide, in these matrices show 

the signal of the molecule but further improvement should be done on the matrix production 

parameters. 

5.5 Comparison between AuNPs and AuNRs with photoacoustic technique 

Photoacoustic measurements give information about absorption and scattering contribution of 

a solution, in this case colloids. This analysis helps us to understand how nanoparticles increase 

the limiting process in respect with a classical absorptive medium as an organic or inorganic 

molecule, and to compare results obtained for AuNPs and AuNRs, starting from the same 

absorbance, not extinction, intensity. 

In 1995 Chen et al.173 discover an anomalous photoacoustic effect in carbon nanoparticles 

suspension:  an amplitude three order of magnitude higher than the one produced by a dye 
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solution with an equivalent absorption coefficient. The effect is thought to originate in high-

temperature chemical reactions between the surface carbon and the surrounding water. 

Photoacoustic measurements with 514 nm pulsed laser at 10 Hz were conducted using KMnO4 

as the reference and on two samples in water of AuNPs and AuNRs with extinction value of 

0.2, as displayed in Figure 5.31: 

 

Figure 5.31: Extinction spectra of KMnO4 (black line), AuNPs (blue line) and AuNRs (red line) with the same 

intensity at 514 nm 

The photoacoustic signal, together with the energy measured, has been fitted (as described in 

Paragraph 4.5) and the slope gives us information about the absorption and subsequent heat 

conversion percentage, calculated in 93.5% for AuNPs and 86.9% for AuNRs.   

  

Measurements have been conducted on dilute solutions of around 0.2 extinction intensity, 

comparing optical limiting effects of AuNPs solution with and absorbance of 93% and KMnO4 

with absorbance of 100%. In fact, as we have seen in paragraph 4.5, KMnO4 is used as a 

reference for absorption in the visible range because it is an only absorptive molecule. 

 

Figure 5.32: Optical limiting measurements of KMnO4 (black dots), AuNPs 3 (red dots) and AuNRs 8 (blue 

dots) in water irradiating at 532 nm wavelength. 
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Figure 5.32 shows optical limiting measurement at 532 nm for solution of KMnO4 and AuNPs 

with the same linear absorbance, highlighting the difference in threshold values for the two 

systems: AuNPs start limiting at around 120 mW while KMnO4 at 200mW. This is a 

confirmation of the improvements given by the nanostructured system instead of simply 

absorbing molecules: not only absorption contributes at the density change and consequent the 

refractive index change.    

Optical limiting results for AuNPs (red dots) show a lower threshold and output transmittance 

than and AuNRs (blue dots) at the same irradiation wavelentgh. We can explain this behavior 

with the different parameters that contribute to the extinction: absorption and scattering. The 

thermal response depends only on the absorption part so we tried to discriminate the two 

contributions with the photoacoustic measurements. We have also performed Z-scan 

measurements at 532 nm at 8 mW and 14mW. 

 

Figure 5.33: Open-aperture z-scan measurements of AuNPs 4 (red line) and AuNRs 8 (blue line) 

Different results obtained for AuNPs 1 and AuNRs 8 confirm the different absorption 

efficiency: starting from the same extinction value at 532 nm, the two structures show different 

thresholds (Figure 5.34 a-b). 

 

Photoacoustic measurements on two couple of AuNPs and AuNRs with similar structures are 

presented in Figure 5.34. In particular, in Figure 5.34a) are represented extinction spectra of 

AuNPs 2 with 21 nm diameter and AuNRs 5 and 25x50 nm, while in Figure 5.34b) AuNPs 4 

14 nm and AuNRs 8 21x44 nm respectively.  
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Figure 5.34: Extinction spectra of AuNPs and AuNRs with a) 21 nm and 25x50 nm and b) 14 nm and 21x44 nm 

respectively 

 Measurements of AuNPs and AuNRs with the one similar dimension and the presence (or 

absence) of aggregation show different percentage of absorption. 

The shift of the plasmon resonance peak can be different for the two nanostructures and give 

an additional parameter that has to be controlled. 

 

Another important parameter that must be taken into account is the reshaping of the nanorods 

that can occur with the local increase of temperature95. It is obvious that dynamics depend on 

the time duration of the heating, so probably no strong changes should verify in 300 ms, but 

this fact must be taken into account. 

 

Gonzàlez et al.174 demonstrated that the photoacoustic signal is grater for smaller nanoparticles, 

because the absorption/scattering ratio is higher and this confirms our choice to use small 

nanoparticles (12-14 nm diameter). We have analyzed two different AuNPs with 14 nm (black 

dots) and 21 nm (red dots) diameter: our results (Figure 5.35) confirm the decrease of the 

threshold for smaller AuNPs of previous studies.  

Table 5.11: Absorption percentage of AuNPs and AuNRs 

Sample AuNPs 2 AuNRs 5 AuNPs 4 AuNRs 8 

Extinction 0.185 0.194 0.197 0.191 

Percentage (%) 87.9 84.5 96.9 92.2 
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Figure 5.35: Comparison of optical limiting measurements of gold nanoparticles with different diameter in water 

solvent 

This  strengthened the idea that to extend the limiting action also in the red region it is more 

advisable the use of nanorods instead of aggregates of nanospheres that display an higher 

scattering cross-action, as well as a lower intensity and a broadened peak175,176. 

5.6 Comparison between AuNPs and AuNRs with theoretical model 

The interaction between metal nanostructures and incoming light has been studied: a particular 

attention has been given to the theoretical analysis diffraction patterns generated and the 

refractive index variation with temperature. We compare our experimental results with the one 

obtained by PhD Alabastri177,178, student of prof. Zaccaria Group, who simulated the 

temperature and the refractive index variation for different input powers. 

Starting from polycarbonate matrix parameters, with a beam waist of about 30 um, at 514 nm 

irradiation wavelength, the temperature and refractive index in the particle environment can be 

displayed.  

 

Figure 5.36: Scheme of gold nanoparticle embedded in polycarbonate 
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Simulated data of temperature and refractive index variation are reported in Figure 5.: the 

effects of the laser excitation for 100 mW input power (blue line) are visible in a 50 nm radius. 

We have calculated the distance between two nanoparticles for our concentrations in the 

approximation of order array distribution, where 𝑟 = √(
1

𝑛
)

3
 with 𝑛 =

𝑁 

𝑉
 and determined that the 

mean value corresponds at 150-200 nm, 

 

 

Figure 5.37: Temperature and refractive index simulations on distance: a) 2D color maps at 100 mW input power 

and b) T and n variation at different input powers 

The calculus with the nearest neighbor distribution is more precise and start from the 

assumption that the mean inter-particle distance is proportional to the size of the per-particle 

volume 𝑟𝑚𝑒𝑎𝑛 ≅
1

𝑛
1
3

 where 𝑛 =
𝑁

𝑉
  is the particle density. If we try to describe the system as a 

gas with a mean distribution of Nearest Neighbor (NN)179, we have to consider the probability 

distribution function:  

𝑃𝑁(𝑟)𝑑𝑟 = 𝑃𝐼𝑁(𝑃𝑂𝑈𝑇)𝑁−1    (5.6) 

𝑃𝐼𝑁 = 4𝜋𝑟2 𝑁

𝑉
𝑑𝑟     (5.7) 
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𝑃𝑂𝑈𝑇 = 1 −
4

3
𝜋

𝑟3

𝑉
     (5.8) 

Where PIN is the probability to find a particle at the distance d with r<d<dr from the origin while 

POUT the probability to find a particle outside that sphere, and if we change with 𝑎 = (
3

4𝜋𝑛
)

1

3
, in 

the approximation of N ∞ we can obtain 

∫ P(r)
∞

0
= ∫

3

𝑎
(

𝑟

𝑎
)

2

𝑑𝑟 (1 − (
𝑟

𝑎
)

3 1

𝑁
)

𝑁−1
∞

0
= 1   (5.9) 

 

𝑟𝑚𝑒𝑎𝑛 ≅ 0.893𝑎     (5.10) 

Results obtain in this way are comparable with the approximation of array system. 

Nanostructures used for our measurements result have a mean distance of 100 nm for AuNPs 

in CH2Cl2 (paragraph 4.6.1), 750 nm for AuNPs functionalized with FULP-SH (paragraph 

4.6.2), 200 and 260 nm for AuNPs in PC matrix (paragraph 4.6.3). We can assume that the 

nanoparticles do not directly interact with one another. Values of thermo-optical coefficient 

dn/dT for 100 mW input power calculated by this simulation results as 4.8·10-4 K-1 and 

correspond to the one calculated with thermal lens model of 5·10-4 K-1 (Table 5.5). 

 

To figure out the rings formation we have tried a simple refractive index change description180: 

if we get a beam passing through this kind of medium variation we can describe the first ring 

formation. 

Following the relation for the description of refractive index changes with an exponential decay  

𝑛 = 𝑛0 + 𝑑𝑛(1 − 𝑒
−𝑅

𝛼 )    (5.11) 

where n0 is the linear refractive index, dn the variation, R the radial distance and α the 

exponential decay constant. Fitting parameters used in this simple simulation are resumed in 

Table 5.122. 

Table 5.12: Fitting parameters for the simulation of an input beam passing through a 

nanostructure, where N is the photon number, x is the particle distance, PC is the 

matrix thickness, l is the CCD distance, n0 is the lower refractive index reached at 

those temperatures, dn is the refractive index variation, α a is the esponential decay 

constant, ρ is the radial distance and dt is the integration step. 

N X PC L (cm) n0 dn α (nm) dt  

4000 350 5000 35  1.612 1.625-n0 50  0.01 fs 
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The photons trajectories represented in Figure 5.38 show that the central spot is generated by 

all the non-interfering photons, while the closer to the nanoparticle the higher the deviation that 

contributes to the ring formation.  

 

Figure 5.38: Image of photons trajectories deviation after passing through a nanobject with a refractive index 

variation surrounding 

When the beams cross the sample matrix surface (after 5 um in the example in Figure 5.38) 

they are further deflected: the final absolute rings dimensions will depends also to the CCD 

camera position (Figure 5.39). 

 

 

Figure 5.39: Graphs of photon counts vs position represented as a) positive y coordinates and b) circular 

symmetry 

The far-field distribution pattern with multiple rings is obtained considering the free 

propagation of the optical wave through space, by means of the Fraunhofer approximation of 

the Fresnel-Kirchhoff diffraction integral181,182 as 
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𝐼(𝜌) = 𝐼0 |∫ 𝐽0(𝑘0𝜃𝑟)𝑒
[−

𝑟2

𝜔𝑝
2−𝑖𝜙(𝑟)]∞

0
𝑟𝑑𝑟|

2

    (5.12) 

where J0 (x) is the zero-order Bessel function of the first kind, q is the far field diffraction 

angle, r is the radial coordinate in the far field observation plane. In the paraxial approximation, 

the distance from the exit plane of the medium and the far-field observation plane, D , is related 

to the radial coordinate and the diffraction angle in the far-field are related by r = Dq . The 

parameter I0 is written as 

𝐼0 = 4𝜋2 |
𝐸(0,𝑧0𝑒

−
𝛼𝐿
2 )

𝑖𝜆𝐷
|

2

     (5.13) 

When the light beam is convergent, the radius of the wave front curvature is negative, while if 

the beam is divergent the radius is positive. If the beam is transmitted through the self-

defocusing (self-focusing) medium, the nonlinear phase-shift is negative (positive). The two 

different behaviors can be observed for the far-field patterns in each case, as we have seen in 

polycarbonate matrix studies (paragraph 5.3). 
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Chapter 6 

6 DISCUSSION  

All the analysis we have made give a complete description of linear and nonlinear optical 

behavior of gold nanostructures. In this Chapter we discuss the results for all the gold 

nanostructures we have studied and compare them with literature. Finally we will give a 

description of the performance results of our system and the future perspectives. 

6.1 Gold nanospheres in solution and in polymer matrix 

We compared nonlinear responses of AuNPs in CH2Cl2 solution and in polycarbonate matrix, 

with the aim of the production of a solid free standing smart material as a candidate for the 

realization of a protection device. The comparison of the thermo-optical response of solution 

and of a polycarbonate film doped with AuNPs with comparable absorbance reveals a 

similarity: they present the same input threshold and comparable optical limiting behavior. This 

implies that the mechanisms should present some differences. In fact, the nonlinear refractive 

process is activated by the temperature variation generated by increasing laser irradiances. In 

the solid sample it produces a local modifications of the PC matrix while in the solution gold 

nanoparticles release the absorbed energy as solvent heating and bubble generation. This 

mechanism has been studied in recent works 183,184: in liquid samples the temperature reached 

leads to a local solvent bubbling and these scattering centers disperse the beam. 

As expected, time responses of solution result faster than film, thanks to refreshing of the 

surrounding media. However the mean values of output irradiance measured after 300 ms for 

the film become comparable with the solution owing to the matrix modification that causes a 

decrease of transmittance. 

6.2 Gold nanospheres and core-shells functionalized with fulleropyrrolidine 

In order to improve the protective action of these smart materials we decided to combine the 

thermo-optical process with a faster one, so as to reduce the light intensity that can reach the 
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eye during an accidental exposure. We functionalized with thiolated-fulleropyrrolidine (FP-SH) 

two different metal nanostructures: gold nanoparticles for protection at 514 nm irradiation 

wavelength and silica-gold core-shell active at 647 nm. 

Different fulleropyrrolidine molecules have been extensively investigated for optical limiting 

of nanosecond laser pulses through a reverse saturable absorption (RSA) mechanism 63,82,185,186: 

in the case of FP-SH a fast transfer of excited state population to a triplet state with strong 

excited state absorption activates the RSA mechanism. The fast inter-system crossing and the 

long lifetime of the triplet state can be exploited to capture part of the energy that would 

otherwise decay through a slow thermal mechanism and give a faster transmittance reduction 

compared with the simple thermo-optical process. 

As we have seen in the Chapter 3, we preferred polyvinylpirrolidone (PVP) for the transfer of 

gold nanoparticles in an organic solvent instead of using  common thiols5,56,122, like thiolated-

polyethylenglycol (PEG) or dodecanthiol. In this way we promote the subsequent FP-SH 

functionalization, because PVP, as a steric stabilizer, can be easily displaced by FP-SH 

molecules and results in a faster and more effective functionalization.  

Optical limiting (OL) measurements performed with the sample in a pre-focal position show a 

nonlinear response of AuNP-S-FP at lower input power compared to AuNPs, with similar linear 

transmittance. We then performed Z-scan measurements on bare and functionalized AuNPs in 

order to determine the nonlinear optical parameters: they result in the same order of magnitude 

as literature reported values39,40,83. This suggests a slightly higher nonlinear absorption response 

for AuNP-S-FP samples, while small differences can be observed for nonlinear refractive index 

at low input power.  

We also collected the temporal responses of the two systems in 300 ms at different input 

powers. The faster response in first milliseconds (Errore. L'origine riferimento non è stata 

trovata.b) of the thioled nanoparticles results in a lower total fluence compared to the bare 

ones. To understand the behavior of the two systems we obtain the thermo-optic coefficient by 

fitting our data with a fixed thermal diffusion coefficient. The value of this parameter decreases 

in presence of nanostructures with respect to the pure solvent, as confirmed by previous 

studies21. Thermo-optic coefficient (dn/dT) results to be of around 14% higher for the 

functionalized nanoparticles, comparable with values obtained in closed-aperture Z-scan 

measurements. This indicates a higher refractive index variation with temperature changes for 
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AuNP-S-FP and together with the diminishing of the diffusion time, confirms the faster 

response of the coupled system compared to bare AuNPs. 

 

The Z-scan Analysis (ZSA) and Thermal Lens Model (TLM) analysis discussed above give 

different information on the nonlinear response of the samples. 

A theoretical and experimental comparison between these two models was described by Cuppo 

et al.166. The main difference is that the ZSA starts from the assumption of a local interaction 

between the radiation field and the sample, while in the TLM the diffusion of heat after the 

irradiation causes a spatially variation of temperature around the absorbing unit and, 

consequently, a nonlocal dependence of the refractive index. 

The initial motivation of this work was the attempt at combining different mechanisms for OL, 

in particular, the thermal lens mechanism, already active for bare AuNPs, could be 

complemented by an enhanced excited state absorption of FP-SH induced by the adjacent 

AuNP. In the case of FP-SH a fast transfer of excited state population to a triplet state with 

strong excited state absorption activates the RSA mechanism. The fast inter-system crossing 

and the long lifetime of the triplet state could be exploited to capture part of the energy that 

would otherwise decay through a slow thermal mechanism and give a faster transmittance 

reduction compared with the simple thermo-optical process. 

Z-scan measurements allowed us to obtain these nonlinear properties: values of nonlinear 

absorption coefficient β and nonlinear refraction n2 show only little differences between AuNPs 

and AuNP-S-FP samples. These results reveal that the energy transfer mechanism between 

nanoparticles and FP-SH molecules is not efficient as we expected: probably the high number 

of molecules bound to a single nanoparticle reduce the energy disposable for the energy 

transfer. 

For this reason z-scan analysis, that is effective for fast local responses, does not provide 

adequate information to describe the process. 

On the contrary, the analysis using the thermal lens model provides a time-dependent 

description of the transmittance variation. It shows that the phenomenon is still dominated by a 

simple thermal lens effect as for bare nanoparticles, but a different contribution for the coupled 

AuNP-S-FP system should be taken into account. It is evident from the results in Table 5.2 that 

AuNP-S-FP have a faster transmittance decrease in respect to AuNPs, with the outcome of 

reducing the output power values. 
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We conclude that the variation of the plasmon resonance wavelength induced by the increase 

of local temperature6,187 may be affected by the FP-SH functionalization, causing a different 

response in the functionalized system.  

Our results receive confirmation also in an interesting study carried out on gold nanoparticle in 

presence of Rodamine 6G17: authors reveal the different contribution of these two systems on 

the thermal dissipation and their interaction under resonant condition. They observed the 

variation of diffusivity with different relative volume fractions of gold and dye in the mixture 

and at different concentrations in a pure gold sol: at the lowest power level, the diffusion is four 

times larger than that of water, which is a very good indicator of the application of this nanofluid 

as a coolant.  

Pure gold solution and the gold–dye mixture show different heat diffusion mechanisms: the 

former case, the decrease in metal concentration reduces D. They explain this behavior 

associating as the major thermal decay channel the collision of the metal nanostructures and 

their Brownian motion. Whereas results obtained in the presence of the dye suggest an energy 

transfer between the two species and cage formation of the dye around the metal, causing 

reduction in heat increasing and slowing movements of the system respectively. They obtained 

similar results also for silver nanoparticles21.  

A recent study by Setoura et al.92 gives a description of the absorption spectra changes for gold 

nanoparticles samples after cw irradiation. In particular they show the opposite behavior of 

solid and liquid samples: a red-shift of gold nanoparticles deposited on a glass substrate in air, 

and a blue-shift for a colloidal solution in water solvent. These results have been explained by 

the refractive index gradient of the medium, larger for liquids than for air or glass substrate. In 

our samples the solvent is CH2Cl2 and the main difference between AuNPs and AuNP-S-FP 

becomes the presence of thiols bound on the surface of nanoparticles, leading to a different 

power limitation efficiency between AuNPs and AuNP-S-FP. 

We have seen in the previous chapter that differences in the optical limiting response of the two 

systems are due to the fast transmittance decrease in the first 50 ms. We have integrated the 

output intensities in 300 ms (i.e. fluence) at different input powers and compared the results for 

AuNPs and AuNP-S-FP. 

 

Similar consideration can be done on gold nanoshells (AuNSs), chosen because of their 

plasmonic resonance tunable in all the visible and near infrared range. These systems allow a 
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limitation process at 647 nm irradiation wavelength and could favor an energy transfer more 

efficient than gold nanoparticles because of the stronger overlapping with the triplet state of 

fulleropyrrolidine. 

The functionalization with FP-SH confirm also in this case the improvements in optical limiting 

properties, but to obtain threshold values comparable with AuNPs we have to increase the 

concentration, with a consequent reduction of the linear transmittance. This is because of the 

low absorption power of AuNSs for high scattering cross section, already verified in our group 

by photoacoustic measurements110. 

 

Nonlinear optical measurements show improvements in the OL effect in the functionalized gold 

nanostructures both in terms of a reduced nonlinear transmission and of a faster response that 

can be explained only partially by an energy transfer from the excited state of nanoparticles to 

the triplet state of fulleropyrrolidine. Also TPA mechanism could be considered as possible 

contributions to decrease output intensity:  RSA several studies have shown the activation of 

TPA188–191 with cw laser irradiation. A very recent work of Hirata et al. published on Nature 

Materials describe the activation of RSA66 process under weak continuous incoherent light. 

They analyzed matrices doped with a transition-metal complex as a donor and an aromatic 

species as an acceptor. The efficient formation of long-lived room-temperature triplet excitons 

in the acceptor species through photosensitization by transition-metal complex donors allows 

an effective accumulation of the triplet state of the acceptor on irradiation of the films with 

weak light. These two effects should be considered for a complete description of the optical 

limiting mechanism, even if as side-processes. 

The thermal lens model describes the main process involved in the limiting action: the thermo-

optical process. We can see a faster decrease of transmittance for AuNP-S-FP than for AuNPs. 

The different response in the functionalized system may be ascribed mainly to: (i) a variation 

of the plasmon resonance wavelength induced by the increase of local temperature6 affected by 

the presence of FP-SH molecules, which causes the difference in the n2 values; (ii) the slightly 

different value of the thermo optical coefficient. The results obtained for AuNSs indicate an 

effective strategy for widening the spectral range of operation of optical limiting devices. 
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6.3 Different concentrations of gold nanostructures in polycarbonate matrix 

We made an in depth study of the AuNPs film with different nanostructures concentration and 

characterize the self-diffraction beam pattern formation during the irradiation. 

As we have seen previously the open and closed-aperture Z-scan measurements permit the 

determination of an effective nonlinear absorption coefficient and of the nonlinear refractive 

index, respectively. The values of β are given by different mechanisms: the nonlinear absorption 

of the AuNPs embedded in the matrix and the absorption variation due to the increase of 

temperature in the environment that causes changes in the refractive index that affect the 

plasmon resonance. This very last consideration has been examined by Doremus192: he has 

shown that on increasing the sample temperature the plasmon absorption band broadens and 

the resonance peak slightly red shifts. The different heating effects and refractive index changes 

may well explain the nonlinear absorption and its dependence on irradiation wavelength and 

power. As expected, the values are consistently larger for more concentrated AuNPs sample. 

The hysteresis in the open-aperture configuration highlighted in the previous Chapter suggest 

some laser induced matrix modification when the irradiance reaches high values. The PC matrix 

does not show nonlinear behavior even at the highest energies used: the data indicate that there 

is no nonlinear absorption contribution nor laser damage. We must refer to the interaction 

between the nanostructures surface and the polymeric environment. In particular for gold 

nanoparticles in matrix the process involved are different: reverse saturable absorption, changes 

in absorption values due to increasing temperature and local melting of the polymer matrix. In 

previous studies conducted in our group, gold core-shell irradiated with femtosecond laser 

pulses showed saturable absorption and variation of nonlinear absorption coefficient for 

different input fluencies 193. Clearly, the mechanisms underlying nonlinear absorption of cw 

radiation are quite different. 

 

Our results are compared with those for gold nanoparticles in different solvents: Jia136 and 

Nadjari100 studied gold nanoparticles colloids in water and the obtained nonlinear refractive 

index values of around 10-7 W/cm2, one order of magnitude less than ours (Table 5.5). The 

thermally induced nonlinear refractive index depends on dyes concentration, absorbance values 

and laser irradiation wavelengths, so n2 can change more than one order of magnitude, as shown 

by differences in results obtained by Nadjari100 and Majles Ara40. Furthermore, in the polymer 

matrix melting and irreversible changes may occur (vide infra).  
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Sarkhosh studied AuNPs stabilized with cyclohexanone39 in castor oil83, obtaining values of 

dn/dT comparable with our results. However, direct comparison should be considered with 

caution since the values obtained are dependent on many different factors such as the NP 

concentration and the thermal and thermo-optical properties of the medium.  

As already mentioned, spatial self-phase modulation may generate diffraction patterns in 

nonlinear media83–85. To rule out the possibility that the optical nonlinearity may arise from the 

polymer matrix as such, a blank polymer without nanoparticles was measured under the same 

conditions. No diffraction pattern was seen in the pre-focal position even at high input energy. 

 

CW measurements show that the nonlinear absorption depends mainly on a thermal effect.  The 

induced spatial temperature gradient changes the refractive index across the sample that acts as 

a lens39. We have observed in the dynamic rings formation during a time interval of 300 ms for 

different irradiation powers. The nonlinear refractive process is activated by the temperature 

variation generated by increasing laser irradiances: gold nanoparticles release the absorbed 

energy as solvent heating. As we will explain later this rings formation could be useful for 

optimizing the geometrical configuration of the final protection device. A systematic study of 

the number and dimension of rings in a specific time interval could help for the further reduction 

of output energy: a starting point is represented by a theoretical description of the process171.We 

have done another interesting consideration on the configuration of the optical system: we have 

seen different diffraction images formed if the sample is positioned in the pre- or post-focal 

position. In the first case we see concentric rings with a central bright spot while after the focus 

it is visible a dark spot in the middle. This result depends on the different response of a self-

defocusing material when irradiated with a convergent (pre-focal position) or divergent (post-

focal position) beam171. We can have a stronger reduction of the output energy only by changing 

the setup of the protection device fixing the active material in a post-focal position.  

Clearly, to optimize the protection the choices of the position of the active material and of the 

sensor in the focusing system are critical.  

Other works based on polymer films do not consider the temperature variation induced in the 

matrix by dyes absorption. This is a crucial point in the nonlinear response of the sample. Only 

Mathews134 notice the damage of the matrix. The rings formation appear at higher temperatures 

than the polycarbonate glass temperature (160 °C), causing irreversible changes in the polymer 

microstructure that are the likely origin of the hysteresis observed on cycling the irradiance, as 
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confirmed by the irregular shape of the central spot of the diffraction pattern recorded for 

irradiance values above the nonlinear threshold.  

However, this phenomenon does not hamper the use of polymer composite materials for 

protection devices since it is unlikely that cw beams hit the device consecutively in exactly the 

same position. 

We have calculated the exposure limits for visible light defined by the ANSI Z-136.1103 and the 

major limitation that still hampers a practical use of the studied polymer films is the slow 

dynamics for decreasing the transmittance down to the plateau value. For obtaining faster 

responses, one should improve the photophysics of the active species, the thermo-optical 

properties of the matrix, or both. Further considerations are discussed in Paragraph 6.7. 

 

In polycarbonate films, as we have seen for the liquid sample, Z-scan measurements revealed 

a large thermally-induced negative refractive index n2 in the range of 10-6 cm2/W, and thermo-

optical coefficients dn/dT of 10-4 K-1. The optical limiting responses of these nanostructures are 

dominated by a nonlinear refraction mechanism and the dynamics of transmittance changes and 

diffraction pattern images, owing to self-phase modulation, were recorded in order to study the 

response of AuNPs doped thin films. A local damage of the polymer films was revealed and 

attributed to heating above the melting temperature caused by the transfer of the energy 

absorbed by the AuNPs to the matrix.  

The AuNPs doped polymer films hold promise for application in disposable optical limiters for 

eye protection against damage induced by cw lasers. The nonlinear transmittance is remarkably 

reduced to low levels within a typical blinking time of 300 ms. However, to be suitable for 

practical application, improvements are still needed to obtain a faster response and an effective 

limitation also with higher linear transmittance. Such improvements can be accomplished by 

investigating different matrices with higher thermal conductivity and thermal expansion 

coefficient and higher thermal resistance. The results reported in this paragraph suggest a 

suitable procedure for a thorough characterization of materials for cw optical limiting 

applications with an appropriate emphasis placed on the response dynamics.  

 

As we have said before one of the main requirements for a good optical limiting material is the 

wide broadband activity that we have achieved with nanorods, promising for their tunable 

longitudinal plasmon peak and their high absorption coefficient. A first analysis of AuNRs 



6. DISCUSSION 

 

 

109 

 

solutions confirmed the nonlinear refraction behavior at different positions along the beam 

direction. Results are in agreement with the ones obtained for gold nanoparticles. 

We tried to compare optical limiting measurements of AuNRs with different aspect ratio 

obtained by different syntheses and ageing of the solutions. We have revealed very different 

behaviors because of the reshaping process and the different scattering components, confirmed 

by the photoacoustic measurements. 

We identify AuNRs as a promising choice for efficient optical limiting at 647 nm irradiation 

wavelength. Nevertheless, if we desire a broadband protection, we have to balance activity at 

514 nm also: an excessively high aspect ratio can cause a diminishing in the intensity of the 

transversal peak. This problem could be solve joined AuNRs and AuNPs but stabilization of 

the mixed sample it is difficult. A solution could be the embedding of both structures in the 

polymer matrix after the functionalization and solvent redispersion (Paragraph 3.3.2). 

Preliminary studies on optical limiting properties of AuNRs in polycarbonate matrix are similar 

to the one obtained for AuNPs in PC and encourage additional in-depth analysis. 

6.4 Gold nanoparticles in silk matrix 

In order to try different embedding matrix for gold nanostructures, we conducted OL 

measurements at 514 nm on water-soluble silk fibroin to simplify the embedding of AuNPs. 

Thanks to its good biocompatible silk fibroin could be a useful matrix for different 

applications41,51,142,194–196.  

Optical limiting measurements of AuNPs in silk matrix reveal differences depending also on 

the deposition method, confirmed by TGA: different substrate contribute to the formation of 

distinct organization of silk fibers and a consequent different stability increasing temperature. 

These results persuade us to think that a specific conformation of the fibers can produce a 

stronger nonlinear response.  

High irradiances produce a modification of the matrix and the presence of a melting process is 

confirmed by microscope analysis. The matrix degradation is not a limit for the final aim of a 

protection device: as we have described in Chapter 1 it will be compromised only a single spot. 

In this case, the fibers structure induce an increase of the limiting threshold and an immediate 

matrix destruction. The matrix get thinner and cause an increase of output transmittance, in 

same cases higher than the linear one. We can conclude that polycarbonate remain the better 

performing matrix for optical limiting application.   
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However these studies could be useful for different application, for example for lasing where 

the matrix degradation has to be controlled and where it is indispensable a good optical quality 

of the film. In this direction, preliminary studies have been conducted by the group of Zamboni 

et al.149 using our deposition techniques. 

The very high stability of AuNPs in fibroin matrix could be used for sensing: in fact porous 

matrix can be easily obtain by the addition of organic solvents. First SERS studies conducted 

on Malachite Green, a common pesticide, in these matrices show the signal of the molecule but 

further improvement should be done on the matrix production parameters. 

6.5 Comparison between AuNPs and AuNRs with photoacoustic technique 

In order to discriminate absorption and scattering contribution of the nanostructures solutions, 

we have used photoacoustic measurements. First of all this analysis helps us to understand how 

nanoparticles increase the limiting process in respect with a classical absorptive medium as an 

organic or inorganic molecule. Results on AuNPs and KMnO4 with the same extinction at 532 

nm reveal a better OL behavior of the nanoparticles, although they present less absorption 

contribution. In particular the photoacoustic signal leads to a heat conversion percentage, 

calculated in 93.5% for AuNPs and 86.9% for AuNRs, in respect of the KMnO4. This is a 

confirmation of the improvements given by the nanostructured system instead of simply 

absorbing molecules: not only absorption contributes at the density change and consequent the 

refractive index change.    

We also compared results obtained for AuNPs and AuNRs. An interesting study of plasmonic 

nanostructures analyzed with photoacoustic measurements describe laser induced processes in 

solution that lead to bubble production to study the dynamics of bubble formation and decay197. 

A similar description can be given to justify the great refractive index variation in our systems. 

Several studies deal with gold nanoparticles reaction after high intensity irradiations, describing 

the different changes in the structures and their environment43. All these results confirm that 

NL optical effects are not due only to the absorption and thermal relaxation, but also to a local 

heating caused by a high plasmon resonance that amplify the phenomenon.  

 

The comparison with photoacoustic measurements confirms previous observations, assigning 

a partial contribution to NL absorption and refraction, also revealed by z-scan measurements. 
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These systems can be also sensitive to the changes in extinction profiles due to the local increase 

of temperature: geometry, matrices and irradiation wavelengths can influence the absorption 

peak variation, leading to different effectiveness in power limiting. Recently Setoura et al.92 

have given a theoretical and experimental description of gold nanoparticles reshaping after 

irradiation. Significant variations in extinction profile have been observed at high input 

irradiance, of around 1 mW/µm2, 103 times greater than ours. Nevertheless gold nanoparticles 

studied in their work have 150 nm diameters, an order of magnitude higher than ours, with a 

consequent greater scattering and lower absorption efficiency. A similar behavior can be 

expected for our systems but it would require a specific study. 

Measurements of AuNPs and AuNRs with the one similar dimension and the presence (or 

absence) of aggregation show different percentage of absorption. The shift of the plasmon 

resonance peak can be different for the two nanostructures and give an additional parameter 

that has to be controlled. 

Another important parameter that must be taken into account is the reshaping of the nanorods 

that can occur with the local increase of temperature95. It is obvious that dynamics depend on 

the time duration of the heating, so probably no strong changes should verify in 300 ms, but 

this fact must be taken into account. 

Gonzàlez et al.174 demonstrated that the photoacoustic signal is grater for smaller nanoparticles, 

because the absorption/scattering ratio is higher and this confirms our choice to use small 

nanoparticles (12-14 nm diameter). Our results on AuNPs with two different diameters confirm 

the decrease of the threshold for smaller AuNPs of previous studies.  

This  strengthened the idea that to extend the limiting action also in the red region it is more 

advisable the use of nanorods instead of aggregates of nanospheres that display an higher 

scattering cross-action, as well as a lower intensity and a broadened peak175,176. 

6.6 Comparison between AuNPs and AuNRs with theoretical model 

The interaction between metal nanostructures and incoming light has been studied: a particular 

attention has been given to the theoretical analysis diffraction patterns generated by this 

interaction171,182,198, as much as the refractive index variation with temperature92,166,199. An 

interesting study shows the difference between the images caused by a converging (or 

diverging) beam passing through a self-defocusing material: theoretical patterns are similar to 

those obtained with our nanostructures. Theoretical simulation of the interaction of a gold 
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nanoparticles embedded in polycarbonate matrix conducted by PhD Alabastri177,178, student of 

prof. Zaccaria Group, allow us to have a complete description of the temperature and the 

refractive index variation for different input powers. The temperature variation during the 300 

ms irradiation interval cause the rings position and thickness modification. Moreover the 

formation of another phase (bubbling) create an additional interface that further spread the 

beam. A few articles try to give a theoretical description of this phenomenon for different 

application fields, from chemical reactions to medical treatments18,197,199,200. 

This experiment also suggests that the nanoparticles do not directly interact with one another.  

The comparison with experiments does not perfectly match because the theoretical results refer 

to an equilibrium state while our measurements are collected in a dynamic range. It is clear that 

the global effect generating optical limiting is due to a collective contribution of different 

nanoparticles. Thermal measurements conducted by Richardson et al. on a droplet containing 

gold nanoparticles97 determine the efficacy of converting absorbed energy into heat. They 

detected small “bumps” in temperature located around single optically stimulated NPs, but they 

revealed a sizable overall increase in the temperature of the droplet is observed due to a 

collective heating effect of many NPs within the excitation volume, VbeamnNP ∼ 107. 

This result confirm the collective contribution of an ensemble of nanoparticles to the final 

optical limiting behavior. 

6.7 Performance results of our system and perspectives 

In this paragraph are summarized all the requirements that a protection device should have and 

the way we have chosen to improve the properties. 

We said that a good protection device should be active in the widest visible range in order to 

protect the operator from unpredictable radiation wavelength. This wide operation range has 

been obtained studying different nanostructures: gold nanospheres provide high nonlinear 

absorbance for green radiations while core-shells show a better effectiveness in the red region. 

Gold nanorods present interesting intermediate properties between the two previous systems, 

with their transversal and longitudinal tunable resonances. In this way it could be possible to 

be protect from the most common laser pointer wavelengths in the green and red regions at 514-

532-633-647 nm. 

These structures are functionalizable with organic molecules and thus allow us to improve the 

system response rate. The thioled-fulleropyrrolidine reduces the response time of around 20%, 
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decreasing the total fluence that reaches the sensor in the first 300 ms, time required for the 

blinking of an eye. The starting idea of the energy transfer from the nanoparticles to the triplet 

state of the FP did not show the desired efficacy, but TPA processes combined with the plasmon 

peak shift due to the environment variation, induce a stronger limitation effect. A future 

perspective could be the functionalization of metal nanostructures with thermochromic 

molecules in order to convert the heat release at high irradiances in conformational changes and 

to increase the energy that can be absorbed201–203. These conformational changes correspond to 

a variation in the extinction spectra of the thermochromic molecules and can lead to an 

enhancement of the absorbed radiation. 

One of the desirable property is the manufacturing of a solid-state device.  Polycarbonate has 

high optical quality and good mechanical strength, and for these reasons it is usually the 

preferred substance for use in lenses for goggles. In order to combine our nanostructures with 

this polymer, we optimized and achieved an efficient solvent transfer of gold nanostructures 

from aqueous solution to organic solvents. Films have been obtained from homogeneous 

solution by casting process. Another important requirement is the high transmittance that has 

been tested comparing our films with the photopic and scotopic curves that describe the 

physiological response of the eye in light and dark condition respectively. We have reached 

desirable low optical limiting activation thresholds with linear transmittance films of around 

50-60%, higher than 40% required by the ANSI164. 

For the protection against cw laser the Maximum Permissible Exposure (MPE) has been 

evaluated as 0.3 mJ (see the equation in paragraph 4.6.3). Our films in the actual configuration 

provide a protection of 2 orders of magnitude lower than the one required. This detail can be 

overcome with an appropriate geometrical configuration: we have demonstrate that the post 

focal position of the active material reduce the output irradiance by 20%. The presence of the 

iris of the eye can reduce the total amount of the output irradiance by more than 50%. We can 

further reduce the linear transmittance until the 40% threshold and decreasing the output 

irradiances of another 20%.  

So it is possible to reduce the fluence that reaches the sensor to 7 mJ/cm2, only one order of 

magnitude higher than the value required. 

The presence of organic molecules with nonlinear properties reduce the final transmittance by 

another 12%: this should have been studied also in polymer matrix but these promising results 
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together with the possibility of thermochromic functionalization suggest an additional 

transmittance reduction.  

High irradiances generate high local temperature that induced the matrix degradation. The most 

promising future perspective of this work is to develop a device in which the active material is 

sandwiched between two polymeric microlenses arrays, already manufactured and described 

both in articles204–210 and in patents211–213: for various applications: in this case only a single 

spot will be damaged not compromising the rest of the device. 
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Chapter 7 

7 CONCLUSIONS 

In this work we have studied the optical limiting properties of different gold nanostructures in 

solution and polymer matrices in order to obtain a protection device against cw laser radiations. 

We started from the synthesis of gold nanospheres and then studied different shapes like 

nanoshells and nanorods to achieve tunable plasmon band in the visible and near infrared 

regions. These systems have been widely characterized: the TEM and DLS gave information 

on dimensions and morphology, while UV-Vis absorption, Z-scan and Optical Limiting 

measurements determined the linear and nonlinear optical properties.  

In order to enhance linear and nonlinear optical properties of molecules in resonance conditions 

we have defined an efficient strategy to transfer nanostructures from water to organic solvent. 

This process also allow embedding the colloidal solution in polycarbonate matrix. We have 

chosen a thioled-fulleropyrrolidine to improve the temporal response of our systems though 

nonlinear processes like TPA and RSA, already known in literature. In our case a fast transfer 

of excited state population to a triplet state with strong excited state absorption could activate 

the RSA mechanism.  

The fast inter-system crossing and the long lifetime of the triplet state can be exploited to 

capture part of the energy that would otherwise decay through a slow thermal mechanism and 

give a faster transmittance reduction compared with the simple thermo-optical process. We 

combined the thermal process with a faster one, to allow a stronger reduction of transmittance 

and a better limiting efficiency. We have proved the functionalized AuNPs to be effective for 

OL through a quite different mechanism that is activated in a much shorter time. This effect is 

a set of various mechanism: the change in the environment of the nanoparticles with a 

consequent resonance shift; the variation in the thermalizing process due to the presence of 

bonded molecules on the surface; TPA and RSA mechanism favoured by the energy transfer 

between nanoparticles and fulleropyrrolidine. 
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OL measurements have been conducted on gold nanoparticles embedded in polycarbonate with 

promising results that have been compared to the colloidal solutions. In order to study the matrix 

effect and to obtain easier embedding process we have also studied AuNPs in silk fibroin 

matrix. Silk fibroin in aqueous solution shows a high miscibility with AuNPs without 

functionalization process needed for the stabilization in organic solvent necessary for 

embedding in PC matrix. Preliminary studies discourage the use of this system for OL but 

different application could be considered. Furthermore, due to its biocompatibility and its 

gradual solubility, it can be used in different applications, for instance in the controlled release 

of drugs. 

Finally we tried to compare thermal properties revealed by our systems through cw laser 

excitation to nonlinear optical properties classically expressed by pulsed laser excitation. OL 

related to photoacoustic measurements permitted us to discriminate between the absorption and 

scattering contributions and to identify the best system with the higher transmittance and the 

lower threshold desired. Moreover, preliminary studies based on simulations allowed us to 

describe the interaction between metal nanostructures and cw laser irradiation, to get the 

description of the refractive index variation. In detail, we have defined that the phenomenon is 

mainly due to heat transfer from the nanostructures to the environment, but with attention to 

details in the dye-matrix interaction it is possible to improve the performance. This kind of 

interaction has recently become a hot topic because of the different applications, in particular 

in medical field for cancer treatment and in solar energy conversion.  

In conclusion we have obtained an optical limiting device with broadband activity through gold 

nanospheres, nanoshells and nanorods. For the realization of a solid-state device we have 

chosen polycarbonate matrix. The high linear transmittance has been reached thanks also to the 

homogeneity of the embedding and the fast temporal response through the functionalization of 

the system. Consideration on the geometrical configuration of the system help us to get an 

improvement of the final device. 
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