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“Third-order nonlinear optical response of ion-implanted embedded arrays of
plasmonic gold nanoparticles”

T E S I S
QUE PARA OPTAR POR EL GRADO DE:

DOCTOR EN CIENCIA E INGENIERÍA DE MATERIALES
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Abstract

In this thesis a systematic study was carried out, following a modified Stöber synthe-

sis method, in order to obtain monodisperse submicrometer-sized colloidal silica particles

exhibiting a high-quality shape and a narrow size distribution. The novelty of this work

consists in setting the initial temperature of the reagents at low temperatures (6 - 14◦C) in

comparison to the laboratory room temperature, while fixing other experimental parameters

such as humidity and reagent concentrations. A series of samples of monodisperse colloidal

silica particles were prepared, with diameters ranging from 590 nm to 1000 nm and quite

narrow particle size distributions. According to the results it was established that the ini-

tial temperature of the reagent solutions constitutes a remarkable parameter, affecting the

particle size, shape and monodispersity and even allowing the tunability for the synthesis

of large spherical silica particles. Moreover, in combination with spin coating deposition,

the proposed technique greatly favors the formation of ordered arrays of monodisperse sil-

ica particles over silicon or silica substrates in areas as large as several mm2. This is ideal

for thermal insulators, photonic crystals, Nanosphere Lithography, and other applications

requiring high-quality extended arrays of monodisperse silica particles.

On the other hand, for the first time to our knowledge, Nanosphere Lithography in com-

bination with high-energy MeV ion implantation is used to generate ordered arrays of Au

nanoparticles deeply embedded in fused silica substrates (about 500 nm below the sample

surface). These ordered arrays were prepared by implanting 2 MeV Au+ ions through a

vii



lithographic silica particle mask. The nonlinear optical response of these periodic arrays was

experimentally investigated using the z-scan technique at 532 nm with 26 ps pulses from

a Nd:YAG laser. The open-aperture z-scan measurements were performed with different

linear polarization angles of the incident light beam. A strong saturable absorption and a

very clear nonlinear dichroic behavior were determined, the latter indicated by a sinusoidal

modulation of the nonlinear absorption coefficient β (up to about 20 of its absolute value) as

a function of the polarization angle, which gives clear evidence of the formation of ordered

arrays of embedded Au nanoparticles, corresponding to a honeycomb lattice symmetry with

a modulation period of 30◦.

The interest in this type of composites consisting of metallic nanoparticles embedded in

dielectric media comes from theirs possible advanced applications in nonlinear optical and

opto-electronic devices, biosensing, biological imaging and medical field.



Resumen

En esta tesis se presenta un nuevo método para obtener part́ıculas de śılice de tamaños

sub-micrométricos, con gran calidad de forma y alta monodispersión. Esta novedosa śıntesis

basada en el bien conocido método Stöber nos permite incluso la posibilidad de ajustar y

sintonizar el tamaño de las part́ıculas.

Lo novedoso de este trabajo consiste en fijar la temperatura inicial de los reactivos a bajas

temperaturas (6 - 14◦C) mientras se mantienen constantes otros parámetros experimentales

tales como la concentración de los reactivos, la humedad relativa y la temperatura ambiente.

De este modo se obtuvieron una serie de muestras con diámetros entre 600 nm a 1000 nm

con gran monodispersión. De acuerdo a los resultados se establece por vez primera que la

temperatura inicial de los reactivos constituye un parámetro de gran importancia, afectando

el tamaño, forma y monodispersión de las part́ıculas.

Aunado a lo anterior, en combinación con la técnica de Spin coating, el método prop-

uesto favorece altamente la formación de arreglos bien ordenados de las part́ıculas de śılice,

en forma de monocapas, ya sea sobre sustratos de silicio o sobre matrices de śılice de alta

pureza, alcanzando áreas tan grandes como algunos mm2. Esto es ideal para desarrollar

aislantes térmicos, cristales fotónicos, Litograf́ıa por Nanoesferas y otras aplicaciones donde

se requiere que las part́ıculas de śılice sean de alta calidad, monodispersas y que se depositen

en forma de arreglos ordenados.
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Por otro lado, la técnica de Litograf́ıa por Nanoesferas en combinación con la implantación

de iones se utilizó por vez primera para generar arreglos plasmónicos de nanopart́ıculas de

oro embebidos en matrices de śılice de alta pureza (alrededor de 500 nm por debajo de la

superficie). Estos arreglos ordenados fueron producidas a partir de la implantación de iones

de Au+ con una enerǵıa de 2 MeV, pasando a través de las máscaras litográficas fabricadas

anteriormente a partir de las monocapas ordenadas de part́ıculas de śılice. La respuesta

óptica no lineal de tercer orden para estas muestras fue investigada por medio de la técnica

z-scan utilizando un láser Nd:YAG con una longitud de onda de 532 nm (cercana a la Reso-

nancia Localizada del Plasmón de Superficie del sistema) con pulsos de 26 ps. Las medidas

obtenidas a partir de la configuración “open aperture z-scan” fueron realizadas con diferentes

ángulos de polarización de la luz incidente. De este modo, se encontró que las muestras pre-

sentan una fuerte saturación de la absorción y un claro efecto dicroico. Este comportamiento

se ajusta a una modulación sinusoidal del coeficiente de absorción no lineal β de hasta 20%

de su valor promedio como función del ángulo de polarización, lo cual da una clara evidencia

de la formación de arreglos ordenados de nanopart́ıculas de Au tipo “Honeycomb” con un

periodo de 30◦.

El interés en este tipo de materiales que consisten en nanopart́ıculas metálicas embebidas

en matrices dieléctricas se deriva de sus posibles aplicaciones en dispositivos ópticos no

lineales u opto-electrónicos, biosensores e incluso en el campo de la medicina.
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Introduction

Monodispersed colloidal silica particles have been widely used in many applications

including thin films, Photonic Crystals (PCs) [1], Nanosphere Lithography (NSL) [2, 3],

Surface-Enhanced Raman Spectroscopy (SERS) substrates [4] and many other fields of ma-

terials science and engineering. Nowadays, for the most applications, the industry requires

uniformly ordered colloidal silica particles with high quality at relatively low cost. Thus,

the synthesis of silica particles by the sol-gel method results to be very suitable for these

purposes. Nevertheless, the silica synthesis from Tetraethyl orthosilicate (TEOS) precursor

has many drawbacks because it is highly sensitive not only to the reagent concentrations,

but also to environmental conditions. The so-called Stöber reactions are facilitated by hy-

drolysis and condensation of TEOS in absolute ethanol (EtOH) with ammonia (NH3) as the

base catalyst [5]. The spherical shape and a narrow size distribution are important issues

in preparing silica particles, particularly for some applications. Thus, looking for a regular

morphology and a narrow size distribution, the monodispersity of the synthesized silica par-

ticles is considered as the high-quality factor.

On the other hand, composites consisting of metallic nanoparticles (NPs) embedded in

dielectric media have attracted considerable interest due to their nonlinear optical properties

for advanced applications in nonlinear optical and opto-electronic devices, biosensing, and

medical field. [6–11]. Particularly, metallic NPs embedded in fused silica plates are of great

interest because of the nonlinear response enhancement due to presence of plasmonics effects

associated with the localized surface plasmon resonance (LSPR). The LSPR are collective

electromagnetic modes and are strongly dependent on the geometrical structure of the com-

posite medium. Thus, embedded metal NPs in transparent dielectric and semiconductor

materials can be effectively used in new integrated opto-electronic devices [12].

1
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In recent years, these type of structures have been prepared using different techniques

such as magnetron sputtering, laser ablation, ion implantation, NSL, among others [13–16].

Ion implantation has been applied to the synthesis of embedded nanoparticles in dielectric

substrates. By this method, quite high elemental concentrations, beyond solubility restric-

tions, can be achieved in a solid matrix [12,17,18]. The NP concentration can be controlled

by a proper combination of ion fluences and post implantation annealing treatments [19]. In

principle, the metallic NPs synthesized by this method are randomly dispersed in the dielec-

tric matrices and can be considered as quasi-spherical with a narrow size distribution. On

the other hand, NSL is a low-cost technique that allows the fabrication of 2D ordered arrays

of metallic nanostructures on top of a substrate surface. Monodisperse spherical particles of

polystyrene or silica are the most used materials to develop, by self-assembly, hexagonally

ordered close-packed monolayers of micrometer-sized spheres, which in turn will be used as

a lithographic mask for NSL [2, 3]. Metallic nanoestructures can provide a platform to in-

crease nonlinear optical effects due to light-matter interaction under intense field conditions.

Recently, periodically arranged NP patterns have gained importance in relation to possible

tunable nonlinear optical devices, where the tunability arises from a proper control of the

shape, size and orientational order of the patterns [20]. In particular, it has been demon-

strated that the NP periodicity plays a key role in the capability to modify the nonlinear

optical response of the ordered nanostructures in a reversible way by switching of external

parameters [14].

In this thesis, based on the Stöber method, was developed a new technique for improve-

ment the quality of silica microparticles by controlling the initial temperatures of reagents in

sol-gel synthesis, referred to hereafter as “LIT-synthesis” (Low initial temperature-synthesis).

Furthermore, it is well known that the physical treatments on the sol or gel can have a sub-

stantial impact on the final gel structure [21]. Therefore, taking into consideration how the

rate of evaporation during gelation can affect the quality of the silica particle monolayer,
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a new approach during the spin coating deposition was developed to improve successfully

the quality of the silica particle monolayers. Thus, with these results, NSL in combination

with direct ion implantation has been used to generate ordered arrays of Au nanoparticles

embedded in fused silica substrates. The Z-scan technique with variable linear polarization

angle is used to probe the third-order nonlinear optical properties. The effects of dichroism

regarding the nonlinear optical response of the plasmonic Au NPs in such honeycomb lattice

symmetry are studied in detail.

1.1. Hypothesis

The synthesis of high-quality silica particles will improve monolayers quality of silica

particles on silicon and silica substrates, by means of Spin-coating method. These monolayers

on silica substrates will serve as lithographic masks when high-energy gold ions impinge on

them. That is, only ions that pass through the interstitial spaces of the silica particles will

be deeply implanted into the substrate. From a thermal treatment, the nucleation of gold

nanoparticles will be promoted, originating nanoparticles located in the intersticial positions

determined by the hexagonally ordered silica mask. The gold nanoparticles, being in a

dielectric medium, shall present third-order non-linear optical properties such as Saturable

Absorption (SA). Likewise, this last property must depend directly on the polarization of

the incident light confirming the formation of ordered nanostructures inside the substrate.

1.2. Aim

The aim of this investigation is to study the third-order nonlinear optical response of em-

bedded arrays of plasmonic gold nanoparticles fabricated by Ion-Implanted and Nanosphere

Lithography for their great potential in advanced applications for nonlinear optical and

opto-electronic devices, biosensing, and even medical field.
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1.3. Objectives

The following objectives have been set to fulfill this aim:

1. Optimize the synthesis of colloidal silica particles by varying physical parameters, such

as temperature, humidity, and dripping time from the Sol-gel method (Stöber method).

2. Establish ideal parameters in the Spin-coating technique for the generation of high-

quality monolayers of silicon colloidal particles over silicon and silica substrates for

later use as lithographic masks.

3. Implant high-energy gold ions of the order of Megaelectron Volts (MeVs) through the

interstitial regions of the lithographic mask over silica substrates to generate an ordered

array of gold nanoparticles inside the substrate.

4. Confirm the formation of embedded ordered arrays of nanoparticles by studying the

third-order nonlinear optical response as a function of light polarization using the Z-

scan technique in its open-aperture configuration.
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Sol-Gel Method

Sol-gel process is a highly versatile method that allows obtaining a large variety of ma-

terials of different composition such as oxides, mixed oxides, and hybrid organic-inorganic

materials. Used since the second half of the 19th century, it seems to stand as an alternative

method in those fields where it is necessary to have a lot of homogeneity and purity for the

manufacture of colloidal particles, because with this technique it is possible to develop new

materials that are hardly accessible by other routes.

A colloid is a suspension in which the dispersed phase is so small (1 − 1000 nm) that

gravitational forces are negligible and interactions are dominated by short-range forces, such

as van der Waals attraction and surface charges. Thus, a sol represents a particular case of

colloidal system given by the combination of a liquid as dispersive medium and a solid as

the dispersed phase, whit a dimension smaller than 1 µm) [21,22].

The IUPAC (International Union of Pure and Applied Chemistry) defines the sol-gel pro-

cess as: “Process through which a network is formed from solution by a progressive change

of liquid precursor(s) into a sol, to a gel, and in most cases finally to a dry network” [23].

Thereby, the process involves the transformation from a colloidal to a gel system, and at

the end of the process, when a gel is finally obtained, the removal of the liquid through

drying gives a solid material. In this way, a gel is a colloid in which the liquid medium has

become viscous enough to behave more or less as a solid [22], while the IUPAC defines a gel

5
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as: “Non-fluid colloidal network or polymer network that is expanded throughout its whole

volume by a fluid”. [23]

The chemistry of the process largely depends on the choice of precursors. Inorganic salts,

metal alkoxides, and organosilanes are some of the most common components used for sol-gel

processing. The most popular family of precursors for sol-gel silica processing is composed by

silicon alkoxides (alkoxysilanes). They are characterized by the strong covalent Si−O bond-

ing and are hydrophobic and immiscible with water. Among the most used are tetraethyl

orthosilicate (TEOS), Si(OC2H5)4 and tetramethyl orthosilicate (TMOS) Si(OCH3)4, which

is less safe to handle and hydrolyzes faster than TEOS (around six times faster) [24]. In this

work TEOS was used as precursor.

The first stage of the sol-gel process is the formation of a sol from a precursor; the second

is the development of a gel through the sol to gel transition (Fig. 1.1). This transformation

is due to the reactions of hydrolysis and condensation of metal alkoxides in the presence of

mineral acid (e.g., HCL) or base (e.g., NH3) as catalyst [25].

Precursor Sol

Sol to gel 
Transition 

Gel

Hydrolysis
Condensation

Figure 1.1: Scheme of the stages involved in a sol to gel process [22].

The figure 1.2 shows some products that can be formed using the sol-gel method. There

is an intriguing discussion about this figure in the reference [22]. Here, Plinio explains
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why it is difficult to model and to represent the sol-gel transition in inorganic systems

through drawings because it is easy to misunderstand the complexity of the process using

an oversimplified scheme.

Coating

Precipitating

Spinning

Extraction of solventGelli
ng

Metal Alkoxide
Solution

Xerogel Film

Heat
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Gel

Coa
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g

Uniform Particles

Furnance
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Xerogel

Aerogel

Dense
Ceramic

Sol

Hydrolysis 

Figure 1.2: Different products of sol-gel process [22].

The sol-gel process is widely applied to produce silica particles and one of the most

cited is the Stöber method, and the main advantage of this method is the ability to form

monodispersed spherical silica particles compared to the acid-catalyzed system.



8 | Chapter One

1.1. Synthesis of silica particles by Stöber method

A pioneer work on the synthesis of spherical and monodispersed silica particles was

developed by Stöber, Fink and Bohn [5] in 1968, hereby known as Stöber Method, where

silica particles with sizes in the range of 5 nm to 2 µm were obtained. This process involves

the hydrolysis and condensation polymerization of TEOS, and this reaction is performed

in the presence of the basic catalyst, ammonia. The overall hydrolysis and condensation

reactions, respectively, can be written as [21,26]:

Si(OC2H5)4 + 4H2O −→ Si(OH)4 + 4C2H5OH (1.1)

and

Si(OH)4 −→ Si(O)2 + 2H2O (1.2)

Experimentally, The Stöber method is carried out by mixing pure alcohol (ethanol or

methanol), ammonium hydroxide and water, subsequently TEOS is added to the solution

and the condensation reaction generally started within 10 min. This is observed due to an

increasing opalescence of the mixture.

1.2. Mechanism for silica particle growth

All of the colloidal particle formation models agree that the reaction begins with the

formation of particle nuclei and continues with the increase in particle size with time. There

are two main proposed mechanisms for silica particle growth (Fig. 1.3). One is the monomer

addition growth model which is based upon LaMer’s original model [27] and the second

is based on aggregation mechanism. In the monomer addition model of particle growth

(Fig. 1.3.a), generally, nucleation is described as homogeneous, that is, once supersaturation



Sol-Gel Method | 9

is reached the precipitable material falls out of solution in a quick outburst. Then, the

particle growth occurs via the polycondensation of monomers on the surface of the newly

formed nuclei or existing particles. In the second model (Fig. 1.3.b), nucleation and growth

of particles are proposed to occur via an aggregation mechanism through the flocculation

of nanometer-sized particles which are referred to as subparticles or primary particles [26].

In cases where the product is influenced by parameters such as ionic strength, pH, and

solvent properties including the dielectric constant and viscosity, then aggregation is likely

the dominant growth mechanism. However, independently of the growth mechanism, the

nucleation process only occurs at the early stages of the reaction, leading to an increase in

the final size of the particles and a narrow size distribution [26].
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Unstable nuclei or embryo
Stable nuclei
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a) Growth based on monomer addition b) Growth based on aggregation

Growth regionGrowth region Growth region

Figure 1.3: A general representation of particle growth base on a) monomer addition and b)
aggregation mechanisms [26].





CHAPTER TWO

Optical Properties

The optical properties of metal nanoparticles (NPs) have been exploited from immemo-

rial times in sculptures and paintings. The most famous example is the Lycurgus Cup (4th

centuy AD) that is exposed in the British Museum of London (Fig. 2.4). The cup changes

its color from red to greenish when illuminated by white light from different sides. For long

time, the nature of these colors was unclear, but now it is known that the mentioned effects

of light occur because the cup is made of a dichroic glass containing gold-silver NPs that

provides the red color of transmitting light and green color of scattering light [6, 28].

Figure 2.4: The Roman Lycurgus Cup.
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2.1. Basic electromagnetic theory

The light is a form of electromagnetic wave that consists of oscillating electric and mag-

netic fields. Figure 2.5 shows the wavelength and frequency range of visible and invisible

light along with other types of electromagnetic waves. The wavelength of visible light ranges

from about 400 nm to 650 nm, which defines several critical dimensions in optical techniques.

The electric and magnetic fields of propagating light are perpendicular to each other and to

the direction of propagation. If an electromagnetic wave hits an interface to another medium,

boundary conditions have to be fulfilled for the parallel and normal components. The surface

defines a plane of incidence that contains the surface normal and the incoming beam, also,

the electric and magnetic fields can be decomposed into separate polarization components

parallel and perpendicular to the plane of incidence, in this way, p- and s- polarization or

transverse - magnetic (TM) and transverse - electric (TE) polarization [29].

108 106 104 102 100 10-2 10-4 10-6 10-8 10-10 10-12 10-14 10-16 10-18

100 102 106 108 1010 1012 1014 1016 1018 1020 1022 1024 1026 1028

Radio waves X rays γ rays
Micro
waves IR UV

Visible Spectrum

Wavelength [cm]

Frequency [Hz]

Figure 2.5: Light as an electromagnetic wave.
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The interaction between metals and light can be reliably described in terms of classi-

cal Maxwell’s equations. These equations also completely applicable for nanoparticles and

nanostructures, since at room temperature the spacing between electron levels stays tight as

compared with thermal excitation energy due to high electron density [28].

It is well known that metals reflect light effectively and thus do not allow light propaga-

tion inside it. In microwave and infrared bands, metals are used frequently for fabrication of

waveguides. At these frequencies, Joule losses inside metals are small and an approximation

as a perfect conductor is extremely effective. As the frequency increases, the absorption in-

creases and in the optical region the approximation is not quite adequate. In the ultraviolet

region, some metals such as sodium (Na) turn out to be transparent, while others such as

gold and silver are heavily absorbing in this region due to interband transitions.

This complex behavior of metals can be described with the help of the function dielectric

ε(ω), which is a fundamental parameter in the study of optical properties. The physical

reason for the strong dependence of the function dielectric on frequency is a change in phase

of the currents induced in metal relative to the incident light phase in the frequency region

close to the so-called plasma frequency, which will be defined further [28].

The optical properties of solids provide an important tool for studying energy band

structure, impurity levels, excitons, localized defects, lattice vibrations, and certain mag-

netic excitations. Experimentally, we measure some observable, such as reflectivity, trans-

mission, absorption, etc., and from these measurements we deduce the dielectric function

ε(ω), the optical conductivity σ(ω), or the fundamental excitation frequencies. It is the

frequency-dependent complex dielectric function ε(ω) or the complex conductivity σ(ω),

which is directly related to the electronic energy band structure of solids.
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2.2. The complex dielectric function and complex

optical conductivity

Assuming no charge density in the absence of incident light, the complex dielectric func-

tion and complex optical conductivity are introduced through Maxwell’s equations [30]:

∇× E = −∂B
∂t

∇×H = ∂D
∂t

+ j

∇ ·D = 0

∇ ·B = 0

(2.3)

Here, H, E and j are the magnetic field strength, electric field and current density, respec-

tively, while D and B are the electric displacement and magnetic field in a medium. The

constitutive equations relating D, B and j to E and H field are written as [30]:

D = εE

B = µE

j = σE

(2.4)

From Maxwell’s equations and the constitutive equations one can obtain a wave equation

for the variables E and H for electric and magnetic fields, respectively:

∇2E = εµ
∂2E
∂t2

+ σµ
∂E
∂t

(2.5)

and

∇2H = εµ
∂2H
∂t2

+ σµ
∂H
∂t

. (2.6)
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For optical fields a sinusoidal solution to (2.5) and (2.6) can be found, and is given by:

E = E0e
i(K·r−ωt) (2.7)

here K is a complex propagation constant, ω is the frequency of the light, and i is the

imaginary unit. The real part of K can be identified as a wave vector, while the imaginary

part of K accounts for the attenuation of the wave inside the solid material and corresponds

to energy dissipation [30]. Replacing the plane wave solution (2.7) into the wave equation

(2.5) the following relation results for K [30]:

K2 = εµω2 + iσµω (2.8)

If there were no losses in energy propagation, K would be equal to K0 = ω
√
εµ and would be

a real number which has units of reciprocal length and k is thus identified as a wave vector.

However, since there are losses in a conducting medium, then:

K = ω
√
εcomplexµ (2.9)

where we have defined the complex dielectric function as:

εcomplex = ε+ iσ

ω
= ε′ + iε′′ (2.10)

Complex dielectric function of a nonmagnetic medium can be determined, for example,

through examination of properties of the light reflected by the surface of a metal or other

substance and through measurement of the complex refractive index ñ [28,30]:

ñ = √εcomplex = n+ ik (2.11)
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where n is a usual refractive index and k is the extinction coefficient that determines the

optical absorption and has units of time/length.

From equation 2.11, the following relationships can easily be obtained:

ε′ = ε0(n2 − k2)

ε′′ = ε0(2nk)
(2.12)

and vice versa:

n2 = ε′

2ε0
+ 1

2

√
ε′2 + ε′′2

k = ε′2

2nε0
.

(2.13)

The extinction coefficient k is related to the absorption coefficient in the Lambert-Beer

law describing exponential decrease of light intensity in a medium by:

I(x) = I0e
−αx (2.14)

where I0 is the light intensity at a distance x into the medium, α is the linear absorption

coefficient, which depends of the frequency by the following relation:

α(ω) = 2k(ω)ω (2.15)

Thus, the imaginary part of the dielectric function defines the absorption in a substance.
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2.3. The plasma frequency

The plasma medium is defined as a system with equal concentration of positive and

negative charges in which some of the carriers are free to move under the action of electro-

magnetic fields. Metals or degenerate semiconductors are very good examples of a plasma

medium because both have free carriers. Thus, at very low frequencies, i.e., ωτ << 1, where

τ is the relaxation time of the free carriers in the presence of an optical electric field, the

optical properties of semiconductors exhibit a metal-like behavior, while at very high fre-

quencies, ωτ >> 1, their optical properties are like those of insulators. The characteristic

frequency at which the material changes form metallic behavior to a dielectric response is

called the plasma frequency ωp, which is defined as that frequency at which the real part of

the dielectric function vanishes ε′(ωp) = 0 and can be described by [28,30–33]:

ωp =
√
ne2

ε0m
(2.16)

where n is the electron density, ε0 is the dielectric constant of the vacuum, e is the elementary

charge and m is the effective mass of an electron. Thus, the bulk plasmon frequency of a

particular metal depends only on its free electron density.

The quanta of these charge oscillations are plasmons, that is, quasi particles with en-

ergy [32]:

Ep = ~ωp = ~
√

4πne2

m
(2.17)

where ~ is the reduced Planck constant. The energy Ep is the minimum energy necessary

for exciting a plasmon.

The plasma frequency defines the boundary region below which the transverse electro-

magnetic wave propagates in a given medium containing free carriers that attenuate the wave
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propagation, and a wave at higher frequency (above ωp) that propagates without attenuation

because the phase change of the wave is too fast for free carriers to respond. In summary, if

ω > ωp the wave propagates and if ω < ωp the waves are attenuated [30].

The plasma frequency for most metals occur in the ultraviolet (UV) region, with alkali

metals and some transition metals such as Ag and Au exhibiting plasma frequencies in the

visible region. Due to the penetration depth of an electromagnetic wave on a metal surface is

limited (< 50 nm for Ag and Au), only plasmons caused by surface electrons are significant

and are commonly referred to as Surface Plasmons (SPs).

2.4. Localized Surface Plasmon Resonance (LSPR)

SPs consist of a collective oscillation of conduction electrons at the interface between a

metal and dielectric medium. SPs can be excited at the surface of bulk metals, but they are

particularly important in the case of nanostructures. The large surface to volume ratio of

nanostructures allows that SPs determine their optical properties, providing new phenomena

not achievable in bulk materials.

For metallic films, SPs consist of oscillating waves of free electrons that travel at the

interface between a conductor (metal) and an insulator (dielectric). These electromagnetic

waves, with p-polarization, are associated with waves that travel perpendicular to the metal

- dielectric interface and decay exponentially into both media, as shown figure 2.6 [34]. This

guided mode couples to electromagnetic waves resulting in a polariton. Surface plasmon

polaritons (SPPs) occur at frequencies close to but smaller than plasma frequency. These

surface modes show exceptional properties for applications of nanophotonics, specially they

constitute a class of nanophotonics themselves, namely nanoplasmonics [32].
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Figure 2.6: SPs at the interface between a dielectric medium and a metal.

If the collective oscillation of free electrons is confined to a finite volume as with a metal

nanoparticle, the corresponding plasmon is called a localized surface plasmon (LSP). The

theoretical frequency of a localized surface plasmon is ωp/
√

3 for a metal sphere placed in

vacuum. Figure 2.7 shows the interaction between the electric field of incident light and the

free electrons of a metal sphere whose size is smaller than the wavelength of light [33].

+ + + 
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Figure 2.7: Localized surface plasmons (LSPs) of a metal nanosphere [33].

The electric field can cause free electrons to move away from the metal NP in one di-

rection, creating a dipole that can switch direction with the change in electric field. This

dipole creates an electric field inside the NP opposite to that of the light, which acts as

a restoring force to the equilibrium position. When the frequency of the dipole plasmon
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is approximately the same as the incident light, a resonance condition is reached, leading

to constructive interference and the strongest signal for the plasmon. Such a condition is

known to as surface plasmon resonance, or Localized Surface Plasmon Resonance (LSPR)

for the case of a metal NP. for spherical NPs of Au and Ag with diameters less than 30 nm,

mainly dipole plasmon resonances are involved; Nevertheless, for larger particles, quadruple

plasmon resonance from two negatively charged poles and two positively charged poles can

be observed [33].

In NPs, the electrons suffer damping during their movement due to the scattering process

with the ionic cores and the NP surface, so the situation is similar to a damped oscillator,

reducing the oscillation amplitude. Therefore, metallic NPs show absorption bands in the

optical extinction spectra associated with the LSPR [34].

The absorption efficiency of a NP is given by its absorption cross section, σabs, which

corresponds to the geometrical section of an ideal opaque NP absorbing the same number

of photons as the studied NP. As figure 2.8 shows, it could replace the absorbing NP by a

perfect opaque one (absorbing any photon reaching its surface) that will absorb the same

number of photons as the real NP. The section of this ideal particle represents the absorption

cross section of the NP. For instance, if we have an NP absorbing half of the photons reaching

its surface, σabs will be half of its geometrical section [35].

In addition to absorption, light interacting with matter can be scattered, changing the

propagation direction and eventually also energy and moment. For this process, it can be

defined also the scattering cross section, σsca, as the geometrical section of an ideal scattering

NP (that scatters any photon reaching its surface) with the same scattering efficiency as the

real particle [35].
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Real particle

Ideal opaque particle Absorption cross section

Figure 2.8: Illustration of absorption cross section concept.

The sum of σabs and σsca is defined as the extinction cross section:

σext = σabs + σsca (2.18)

that represents the efficiency of the NP to remove photons from an incident beam by both

absorption and scattering process. Figure 2.9 shows the wavelength of SPR absorption band

and the σext for metallic NPs with 10 nm size.

The metallic NPs with higher extinction cross section coefficient are the Mg, Na, Ag and

Au. However Mg and Na are easily oxidized and hence, the Ag and Au NPs are the most

interesting. Nevertheless, Ag is susceptible to sulphuration by atmospheric pollution and

can also be oxidized. However, as will be seen later, this work offers an alternative to avoid

this issue. Au shows attractive properties such as chemical stability, high biocompatibility

and easy functionalization [35]. Consequently, Au is the most frequently used element and

the material utilized for this thesis.
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Figure 2.9: Resonant frequency and extinction cross section for some metallic NPs with 10
nm size embedded in air [35].

.

It is important to highlight that a light beam propagating through a medium with metallic

NPs decay in intensity as:

I(x) = I0e
−Nσextx = I0e

−N(σabs+σsca)x (2.19)

where I0 is the initial intensity, N the concentration of NPs per unit volume and x the dis-

tance traveled in the medium. Therefore, a moderate increase in the extinction cross section,

which provides an estimation of the fraction of photons that are absorbed and scattered from

the incident beam, can lead to a huge enhancement of light absorption.

From a classical point of view the analysis of the optical response NPs requires solv-

ing the Maxwell’s equations of electromagnetism with the proper boundary conditions for

the surrounding medium [36, 37]. For this purpose, some theories and approximations are

commonly employed.
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2.5. Mie theory

Gustav Mie found the exact solution to the Maxwell’s equations for the optical response

of spherical NPs of arbitrary size that are non-interacting, embedded in an homogeneous host

and illuminated with a plane monochromatic wave. The Mie theory describes the NP as a

spherical object characterized by a dielectric function, εNP, in an infinite dielectric medium

with dielectric function εh.

In a microscopic description we consider that noble metal NPs exhibit large optical re-

sponse due to the interaction of the electrons with the optical field and the relevant physical

processes are: (i) intraband transitions and (ii) interband transitions.

According to Drude model [36, 37] frequency dependent dielectric function can be de-

scribed by the following expression [34]:

εNP = 1− ωp
ω2 − iωγ

+ εinter (2.20)

where ωp is the plasma frequency, εinter is an additional feature due to the interband tran-

sitions, and γ is the damping constant due to the dispersion of the electrons. The damping

constant is given by:

γ = γ0 + a
vF

R
(2.21)

where γ0 represents the damping due to the scattering of the oscillating electrons with the

ionic cores, a is a material dependent constant, vF is the Fermi velocity and R is the NP

radius. Therefore, including the damping term to the Drude model, the dielectric function

can be expressed by [6, 34]:

εNP(ω,R) = 1− ωp

ω2 − iω
(
γ0 + avF

R

) + εinter (2.22)
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2.6. Discrete dipolar approximation

The discrete dipolar approximation offers simple equations to calculate light absorption

of metallic NPs assuming that they are spherical, isolated and their size is smaller than the

wavelength of excitation light (in addition to the hypothesis of the Mie theory). As the

LSPR band falls at the visible spectrum (∼ 360 − 720 nm), the condition of small NPs is

usually achieved for NP diameter below ∼ 50 nm. In this case, the electric field inside the

NP can be considered as uniform and the particle can be described by an electric dipole,

In this case, the solution of Maxwell equations becomes simplified and the extinction cross

section coefficient is given by [34,35]:

σext = 24π2R3ε
3/2
h

λ

ε2
(ε1 + 2εh)2 + ε22

(2.23)

where R is the NP radius, λ is the light wavelength, εh is the dielectric constant of the host

and ε1 + iε2 is the complex dielectric function of the metallic NPs, which depends on the

wavelength. As the size NPs increases, the approximation is no longer valid because the

electric field inside the NP cannot be considered uniform.

2.7. Size effects

The NP size affects on the LSPR and consequently on the optical properties, as a general

approach, for NPs of less 50 nm of diameter the radiation processes are negligible, and the

particle only absorbs energy; on the other hand, for larger NPs the scattering effects domi-

nate the response of NPs [35,38].

For NPs smaller than ∼ 50 nm, the intrinsic effects are related to the damping of the

electron oscillations. When SPs are excited, the electrons are damped in their movement by

the scattering with the ionic cores and the surface. Experimentally, it is observed that the
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relationship between the NP size and the full-width-at-half-maximun (FWHM), Γ, of the

LSPR band is given by [34]:

Γ = a+ b

R
(2.24)

where a and b are material dependent constants and again R is the NPs radius. As the NP

size increases, the fraction of electrons in the shell close to the surface represents a smaller

fraction of the oscillating electrons and thus, the total effective damping is reduced. There-

fore, the FWHM results inversely proportional to the NP radius.

NPs larger than ∼ 50 nm cannot be considered much smaller than the wavelength of

incident light and the radiation effects are more important. In this case, the displacement

of the electronic cloud is not homogeneous, and high multipolar charge distributions are

induced [38]. As a consequence, the LSPR band splits into several peaks: two peaks for

quadrupole, three peaks for an octopole, etc [35].

2.8. Shape effects

The LSPR is strongly dependent on the NP shape. The most clear example of these

shape effects are the nanorods due to that the charge accumulation at the NP surface will

be different for electron oscillations along the rod axis and along a perpendicular direction.

For this type of nanostructures, the LSPR of transversal plasmons falls at similar position

than for spherical NPs (at wavelengths slightly smaller than for spherical NPs) while the

resonance of longitudinal plasmons is shifted towards larger wavelengths when the aspect

ratio of nanorods increases. When the non-spherical NPs are macoscopically oriented in the

same direction, it is possible to distinguish between the different resonances using polarized

light. NPs with other geometries, as triangular or cube shapes, show more complicated

effects obtaining the plasmon resonance towards larger wavelenth, if its compared with that

of the spherical NPs [35].





CHAPTER THREE

Nonlinear Optics

Nonlinear optics is the study of phenomena that occur as a consequence of the modifica-

tion of the optical properties of a material system by the presence of light. Typically, only

laser light is sufficiently intense to modify the optical properties of a material system [39].

When light interacts with metal nanostructures, it can couple to free-electron excitations near

the metal surface. As seen in the previous section, LSPR depend on details of the nanos-

tructure, opening up opportunities for controlling light confinement on the nanoscale [11].

Optical nonlinearities are inherently weak, because they are governed by photon-photon

interactions enabled by materials. They are linearly dependent on the electromagnetic field

and can be strengthened in material environments that provide mechanisms for field enhance-

ment. An increased effective Nonlinear Optical (NLO) response can be achieved through

plasmonic effects such as SPPs for extended metal surfaces and LSPR for metal nanoparti-

cles [11].

Plasmonic excitations can be extremely sensitive to dielectric properties of the metal and

the surrounding medium as discussed above, this extraordinary sensitivity can be exploited

to control light with light, using a control beam to induce a nonlinear change in the dielectric

properties of one of the materials, thus modifying the plasmonic resonances and the propa-

gation of a signal beam. In addition, plasmonic excitations can respond on the timescale of

a few femtoseconds, allowing ultrafast processing of optical signals [11,40].

27
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3.1. Classical description

In the classical treatment of the light-matter interaction, the optical field or optical

perturbation is described as a plane electromagnetic wave. The coupling between the elec-

tromagnetic wave and the medium is characterized by the electric polarization P of the

medium, which is, to a first approximation, a collection of electric dipoles. When an electric

field is applied to a dielectric medium, a separation of bound charges is induced as illustrated

in Figure 3.10. This separation of charge results in a collection of induced dipole moments

p. It is expected that the charged particles oscillate in time coupled to the oscillation of the

applied electric field and, thus, behave as microscopic antennas that transmit electromag-

netic radiation [41].
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Figure 3.10: Response of a dielectric medium to an applied electric field. (a) Without field
applied; (b) field applied.

The electric polarization is defined as the net average dipole moment per unit volume

and is given by [42]:

P̃ = N〈p̃〉 (3.25)
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where N is the number of dipole moments per unit volume, and the angular brackets indicate

an ensemble average over all of the dipoles in the medium. In the case of conventional optics

(i.e., in the case linear), the induced polarization depends linearly on the electric field in a

manner that can be described by the following equation [39]:

P̃ = P̃L(t) = ε0χ
(1)Ẽ(t) (3.26)

here ε0 is the vacuum electric permittivity and χ(1) the linear electric susceptibility. The

tilde (∼) denotes physical quantities that vary rapidly in time. In nonlinear optics, the NLO

response is obtained by generalizing the equation 3.26 by expressing the polarization P̃(t)

as a power series in the electric field:

P̃(t) = P̃L(t) + P̃NL(t) = ε0[χ(1)Ẽ(t) + χ(2)Ẽ2(t) + χ(3)Ẽ3(t) + · · · ]

≡ P̃L(t) + P̃(2)(t) + P̃(3)(t) + · · ·

(3.27)

The quantities χ(2) and χ(3) are known as the second- and third-order nonlinear optical

susceptibilities, respectively. They acquire their tensor nature when the vector nature of

the electric field is considered [39]. In general, the physical processes that occur as a result

of a presence of the second-order polarization, defined as P̃(2)(t) = ε0χ
(2)Ẽ2(t) are different

from those that occur as a result of a presence of the third-order polarization P̃(3)(t) =

ε0χ
(3)Ẽ3(t); in addition, the second-order nonlinear optical response can occur only under

the absence of spatial symmetry within a crystal, that is, in noncentrosymmetric crystals.

On the other hand, third-order nonlinear response can occur both for centrosymmetric and

noncentrosymmetric media [39,40].
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The linear polarization χ(1) is in principle larger than nonlinear terms. An estimate of

orders of magnitude can be obtained for the common case in which the origin of the NLO

processes steps out mainly form electron mobility in an atom. When the magnitude of the

applied electric field is of the same order of the electric field within an atom [41]:

Eat = e

4πε0a2
0

(3.28)

where e is electron charge and a0 the Bohr radius for the Hydrogen atom. Under non

resonance conditions it can be estimated that χ(2) is of the order of χ(1)/Eat, and χ3 of the

order of χ(1)/E2
at. For condensed matter χ(1) ≈ 1, and therefore it is expected that χ(2) will

be of the order of 1/Eat, that is:

χ(2) = 1.94× 10−12 m

V

Similarly, χ(3) is of the order of 1/E2
at, then:

χ(3) = 3.78× 10−24 m
2

V 2

The second-order response typically gives rise to wave-mixing effects that lead to fre-

quency conversion, the most common example being second-harmonic generation (SHG),

where the incident frequency, ω, is converted to its second harmonic, 2ω; furthermore, sum-

and difference-frequency generation, and an electro-optic response. Even more possibilities

exist in third order, with third-harmonic generation and four-wave mixing (FWM) as specific

examples; however, the third order response contains terms at the incident frequencies. This

is known as the optical Kerr effect and results in nonlinear modifications on the refractive

index, allowing all-optical switching and modulation of light. By combining Kerr nonlinear-

ities with optical cavities or other systems with feedback, it is possible to obtain bistability,

where one input signal allows two possible outputs [11].
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Now, in the equations 3.26 and 3.27 it has been assumed that the polarization at time

t only depends on the instantaneous magnitude of the electric field, which also implies the

treatment of a lossless and dispersionless nonlinear medium. In the case where a dispersive

material that might also present loss of energy, the intrinsic vector property of the electric

field must be considered. In this way, both electric field and total polarization depend on the

position and frequency of the applied optical field. Then, the equation 3.27 can be written

as [41]:

P̃(r, t) =
∑
n

P(ωn)e−iωnt (3.29)

where a Fourier transform relates the time dependence to the frequency regime. The sum

goes on both the positive and negative frequency components of the applied optical field. The

components of the second-order susceptibility tensor, χ(2)
ijk(ωn + ωm, ωn, , ωm), are defined as

the proportional constants that relate the nonlinear polarization amplitude with the product

of the amplitudes in the other components of the electric field, that is [39]:

Pi(ωn + ωm) =
∑
jk

∑
nm

χ
(2)
ijk(ωn + ωm, ωn, , ωm)Ej(ωn)Ek(ωm) (3.30)

here, the indices ijk refer to the cartesian components of the fields. The notation (nm)

indicates that in doing the summation over n and m, the sum ωn + ωm is to be held fixed,

regardless of the interchange between ωn and ωm. The product E(ωn)E(ωm) is associated to

the time dependence e−i(ωn+ωm)t as a contribution to the nonlinear polarization oscillating

at a frequency ωn + ωm. In the same fashion are defined the components of the third-order

susceptibility tensor χ(3)
ijk(ω0 + ωn + ωm, ω0, ωn, ωm) [39]:

Pi(ω0 + ωn + ωm) =
∑
jkl

∑
(mno)

χ
(3)
ijkl(ω0 + ωn + ωm, ω0, ωn, , ωm)Ej(ω0)Ek(ωn)El(ωm) (3.31)
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The reason why the polarization plays a significant role in the classical description of the

NLO phenomena is that a time-varying polarization can act as the source of new components

of the electromagnetic field. This is noticed in the nonhomogeneous wave equation for

nonlinear media [39]:

∇2Ẽ− n2

c2
∂2Ẽ
∂t2

= 1
ε0c2

∂2P̃NL

∂t2
(3.32)

where n is the refractive index and c is the speed of light in vacuum. This equation expresses

the fact that when the term on the right side is different from zero, there are being accelerated

charges, and according to Larmor’s theorem from electromagnetism, accelerated charges

generate electromagnetic radiation.

3.2. Quantum mechanics description

When the light is considered as a stream of photons, it can regarded the interaction

between light and matter as a scattering of the photons due to the electrons present in the

atoms or molecules in the material. Each photon carries a linear momentum p = E/c which

is partially transferred to the molecule since the electron remains bound to the atoms. This

process is considered an elastic scattering for the case of low intensity applied optical fields

so that the energy is conserved and thus the frequency of the scattered photons equals that

of the incident ones. At the instant of interaction, the photon can be regarded as absorbed

and the molecule as being in a virtual excited state, intermediate in energy to the stationary

states of the system; however, the duration of such interaction or lifetime of the virtual state

τ is small enough not to violate the time-energy uncertainty relation [43]:

τ∆E ≤ ~
2 (3.33)
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where ∆E is the energy difference between the nearest electronically excited state |1〉 and

the virtual state. The de-excitation of the system from the virtual state back to the ground

state |0〉 is associated with the emission of the scattered photon, a process referred to as

linear optics as shown in the Figure 3.11.

ω ω

0 

ΔE
1 

Figure 3.11: Elastic scattering of incident photons of frequency ω [43].

For high-intensity applied fields the incident radiation enhances the probability for si-

multaneous multi-photon interactions with a single molecule, i.e., two or more photons are

annihilated and absorbed by the molecule in a single quantum mechanical process. Gen-

erally, in these cases the frequency of the scattered photons is not the same as that of the

absorbed photons. For example, two photons with frequency ω may be annihilated, creating

a third photon with frequency 2ω as shown in the figure 3.12.a, here the system returns

to its ground state |0〉 after the interactions has taken place, and the intermediate virtual

state is separated from first excited state by an energy ∆E. This is an example of a nonlin-

ear optical process known as second-harmonic generation, to the case where three photons

with frequency ω are annihilated, creating a fourth photon with frequency 3ω is known as a

Third-Harmonic Generation (THG) 3.12.b.
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Figure 3.12: a) Second-Harmonic Generation (SHG); b) Third-Harmonic Generation
(THG) [43].

The theoretical treatment in the quantum mechanics description of NLO phenomena

requires the solution to the time-dependent Schrödinger equation by the density matrix for-

malism and the use of approximation methods such as the quantum theory of perturbations,

among other considerations.

3.3. Third-Order optical response of metal NPs

This section presents a brief qualitative descriptions of a number of third-order nonlinear

optical properties of metal-dielectric nanocomposite materials. These properties depend sig-

nificantly on many factors regarding both the materials themselves (metal and host medium

types, metal concentration, particle size, shape and spatial arrangement) and the excitation

laser (wavelength, intensity, pulse width) [44].
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3.3.1. Optical Kerr effect in nanocomposites media

Let’s consider the third-order contribution to the nonlinear polarization P̃(3)(t) = ε0χ
(3)Ẽ3(t),

for the general case in which the optical field Ẽ(t) is made up of several different frequency

components, the expression for P̃(3)(t) is very complicated. Now, the simple case in which

the applied optical field is monochromatic is given by [39]:

Ẽ(t) = E cosωt (3.34)

Then, taking into account that cos3 ωt = 1
4 cos 3ωt+ 3

4 cosωt, the nonlinear polarization can

be expressed as:

P̃(3)(t) = 1
4ε0χ

(3) cos 3ωt+ 3
4ε0χ

(3) cosωt (3.35)

here, the first term describes a response at frequency 3ω that is due to an applied optical field

at frequency ω, this term leads to the process of THG, the second term describes a nonlinear

contribution to the polarization at the frequency of the optical field; this contribution to

the polarization induces a modification of the wave propagation in the material, for both its

amplitud and phase, but without any frequency change [39,44]. This phenomenon is known

as the optical Kerr effect, by analogy with the electro-optic Kerr effects where the medium

refractive index varies proportionally with the square of the applied electric static field.

In the case of a Kerr-type nonlinear response the dependence of the refractive index and

the absorption coefficient on the intensity of light, I, can be expressed as:

n = n0 + γI

α = α0 + βI

(3.36)

where n0 and α0 are the linear refractive index and linear absorption coefficient, respectively,

γ is the nonlinear refractive index, while β is the nonlinear absorption coefficient.
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In a system showing a negligible absorption α0 ≈ 0, γ and β are proportional to the real

χ
(3)
Re and imaginary χ(3)

Im parts of χ(3) through the following expressions [44,45]:

χ
(3)
Re = 4

3 n2
0 ε0cγ

χ
(3)
Im = n2

0 ε0cλ

3π β.

(3.37)

For the case where the absorption is not negligible, the relationship between γ and β and

third-order nonlinear susceptibility can be found to be given by [44,45]:

χ
(3)
Re = 2ε0cn0

3

(
2n0γ −

α0βλ
2

8π2

)

χ
(3)
Im = 2ε0cn0λ

3π (n0β + α0γ)

(3.38)

Linear absorption in materials containing metal NP is, most of the time, absolutely not

negligible, and equation 3.38 has to be used instead of equation 3.37.

In equations 3.37 and 3.38 the different quantities are expressed in SI units; however, the

third-order nonlinear susceptibility is often expressed in electrostatic units (esu):

χ(3)(esu) = 10−8 c2

4πχ
(3)(SI) (3.39)

In addition, the nonlinear optical coefficients γ and β are often expressed in the submul-

tiple units cm2W−1 and cmW−1, respectively.
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3.3.2. The case of nanocomposite materials

As for the linear optical response, several approaches have been proposed to describe the

NLO properties of nanocomposite media; however, general principles can be identified. First,

each component of a nanocomposite posses its own susceptibility; moreover, as the typical

structure size is much smaller than wavelength, the observable result of light interaction with

the nanocomposite is different from a simple combination of the individual responses of the

separated constituents.

Secondly, the local electromagnetic field enhancement in the metal NP due to the LSPR

is resposible for the large enhancement of the metal nonlinear optical response. Many studies

have shown that the optical nonlinearities in nanocomposite materials originate from parti-

cles and not from their host matrix; however, if the metal nonlinear response is indeed much

larger than the matrix one, it is further amplified by the LSPR phenomenon which depends

significantly on the dielectric contrast between the particles and the host medium. In this

way, metal alone cannot explain by itself the high nonlinear response of nanocomposite ma-

terials.

Thirdly, the intrinsic nonlinear optical susceptibility of a small particle might be different

from the bulk metal one, due to finite size effects as mentioned in the section 2.7 for the

linear response [44].

Many times, the nanocomposite materials studied in experiments contain metal inclu-

sions, which nonlinear susceptibility is much larger than the one of the surrounding host

matrix. For low metal concentrations (< 10%) and assuming that the third-order nonlinear

susceptibility of metal, χ(3)
m , is the same for all inclusions of the medium and constant in each

of them, then, the effective susceptibility of the nanocomposite material is given by [46–48]:
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χ(3) = pf 2 | f |2 χ(3)
m (3.40)

where p is the volume fraction of metal particles embedded, f = Ei

E0
is the local field factor

(Ei is the local field, E0 is the macroscopic field). f can be expressed as follows when the

metal particles are considered spherical:

f = 3εh
εm + 2εh

(3.41)

here, εm and εh are the dielectric functions of metal and host medium, respectively. The

equation 3.40 is extensively used in the literature to analyze the nonlinear optical properties

of nanocomposite materials determined experimentally.

3.3.3. Self - Focusing

One of the processes that can occur as a result of the optical Kerr effect is self-focusing.

This process can occur when a beam of light having a nonuniform transverse intensity distri-

bution (like a laser beam with gaussian distribution) propagates through a material in which

γ is positive. Along these conditions, the material effectively acts as a positive lens, which

causes that the rays curve toward each other. If the medium is short enough, this focus will

occur outside of the medium as shown in the figure 3.13.a; nevertheless, if the medium is

sufficiently long or even if the beam intensity is sufficiently large, the focus will occur within

the nonlinear medium as shown in the figure 3.13.b [39].
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Figure 3.13: Self - focusing of light [39].

3.3.4. Saturation of absorption

Depending on the material characteristics and experimental conditions, that is, on laser

wavelength and power as well as on the type of metals and their relative amount, the non-

linear absorption coefficient β can be either negative or positive. For the case when β < 0,

nanocomposite materials might have the property that their absorption coefficient decreases

when measured using high laser intensity, this process is called saturation of absorption (SA).

Often the dependence of the measured absorption coefficient α on the incident light intensity

I through:

α(I) = α0

1 + I/Is
(3.42)

where Is is defined as the saturation intensity [39].
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3.3.5. Optical bistability

Optical bistability is a nonlinear process where for the same optical input intensity in

a material, there are two possible output intensities and it is a consequence of SA. The

more general term optical multistability is used to describe the circumstance in which two

or more stable output states are possible. Optical bistability allows the design of optical

logical circuits and will play a fundamental role in the development of optical communication

and optical computing. A bistable optical device can be made by placing a SA inside a

Fabry-Perot resonator, as shown the figure 3.14. As the input intensity is increased, the

field inside the cavity also increases, lowering the absorption that the field experiences and

thus increasing the field intensity still further. Now, if the intensity of the incident field is

subsequently lowered, the field inside the cavity tends to remain large due to the absorption

of the material system has already been reduced [39]. The process of optical bistability can

be further studied with more detail in reference: [39] (section 6.3).

Iin IoutSaturable
absorber

Figure 3.14: Bistable optical device [39]



CHAPTER FOUR

Experimental Techniques

This chapter describes in detail the experimental techniques used for sample preparation

and characterization. A good understanding of such techniques allows a correct analysis of

the samples and the results. Particularly, in this work a novel approach has been developed

to obtained monodisperse spherical silica particles of large size with high shape quality and

narrow size distribution, This is important because NSL requires spheres uniformly ordered

of high quality for better results. This method which we will refer to as LIT-synthesis is

described below.

4.1. LIT-Synthesis

Usually, the most used method for the synthesis of silica particles is the Stöber method

described in the Chapter 1; nevertheless, the silica synthesis from TEOS precursor has many

drawbacks because it is highly sensitive not only to the reagent concentrations, but also to

environmental conditions. The so-called Stöber reactions are facilitated by the hydrolysis

and condensation of TEOS in absolute ethanol (EtOH) with ammonia (NH3) as the base

catalyst [5]. This mechanism allows the formation of essentially monodisperse spherical SiO2

particles. The spherical shape and a narrow size distribution are important issues in prepar-

ing silica particles, thus, looking for a regular morphology and a narrow size distribution,

the monodispersity of the synthesized silica particles is considered as the high-quality fac-

tor. A number of modified Stöber synthesis methods have been developed to improve these

41
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characteristics at reaction temperatures higher than 30◦C [49–51]. Gao et al., proposed to

control the silica particle size by varying only the volume of the ethanol solvent and fixing

the other reaction conditions. Besides, they presented a simple exponential equation to de-

termine the particle size with just one parameter, the ethanol volume [51]. For this thesis,

the modified Stöber method proposed is keeps the initial temperature of the reagents at low

values (6 − 14◦C) while fixing the other parameters, such as room temperature, humidity

and reagent concentrations.

4.1.1. Experimental details

Reagents

The reagents necessary for LIT-synthesis are the following:

* Tetraethyl - orthosilicate (Si[OC2H5]4, TEOS, 99.999%).

* Ethanol (C2H5OH, 99%).

* Ammonium hydroxide solution (NH4OH, 28− 30%).

* Distilled water.

Preparation of monodispersed silica particles

The important novel aspect of the “low initial temperature synthesis (LIT-synthesis)”,

is to keep, previously to the synthesis reaction, the two prior prepared reagent solutions at

low temperature (TLIT from 6◦C to 14◦C), while maintaining constant the other parameters

during the reaction, such as the room temperature (RT = 18◦C), humidity and the reagent

concentrations. The reaction mixture containing TEOS as a precursor, ethanol as solvent,

distilled water as a hydrolyzing agent, and ammonium hydroxide as a catalyst for the hy-

drolysis and condensation of the alkoxide. First, a solution (1) containing 1.8 ml of TEOS

and 20 ml of EtOH is mixed via magnetic stirring and cooled by using a homemade heat
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exchanger. Then, a second solution (2) containing 5.5 ml of ammonium hydroxide in 8 ml

of distilled water is cooled to the same temperature as the previous solution by means of a

cold bath. Once both solutions reached the same temperature (TLIT = 6, 8, 10, and 14◦C),

the heat exchanger for the solution (1) is set apart before the beginning of the synthesis

procedure. As the synthesis reactions takes place by dripping the solution (2) into (1) at a

rate of 30 drops per minute one can observe that the reaction temperature varies freely, and

it can be monitored as a function of time. Finally, in order to ensure a homogeneous mixing,

the reaction is maintained under constant stirring for 24 hours (Fig. 4.1).

Monitoring 
thermometer

H2O + NH4OH TEOS + EtOH Submicrometer-sized
particles

(2)

(2)

(1)

Figure 4.1: Diagram of LIT-Synthesis process.

4.2. Nanosphere Lithography

J.C Hulteen and R.P Van Duyne developed the Nanosphere Lithography (NSL) in 1994 [52].

NSL is a low-cost technique that allows to fabricate 2D ordered superficial arrays of metal-

lic nanostructures, this approach is based on the presence of channels in one or even two

close-packed layers of nano or microspheres. This process is very versatile and simple that

offer nanometric resolution that compared to others lithographic techniques such as electron

beam lithography [53], X-ray lithography [54], NSL is faster and at relatively low cost.
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The process is divided into two steps [2] (Fig. 4.2):

1. Mask preparation - The flat substrate is coated with a suspension containing monodis-

perse spherical colloids (e.g., polystyrene or silica after a chemical treatment to enhance

its hydrophilic character. Upon drying, a hexagonal-close-packed (HCP) monolayer or

bilayer, called a colloidal crystal mask, is formed. This mask is then used to selectively

pattern the substrate thanks to the deposition of the material of interest through the

interstices of the ordered spheres.

2. The nanostructures - The subsequent removal of the mask (lift-off) by sonication in

an adequate solvent or by mechanical removal leaves an array of ordered nanoprisms

for monolayers made with a single-layered colloidal mask or nanodots made with a

double-layered.

Colloidal 
suspension

The mask The nanostructures 

Substrate Self-organization in 
2D HCP lattice

Deposition of the 
desired material

Removal of the 
spheres (lift-off)

Figure 4.2: Nanosphere lithography process (NSL).
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The NSL is considered as a hybrid between the bottom-up approach (due to the self-

organization of the colloidal spheres in a HCP lattice) and the top-down approach (due to

the obtaining of dots/structured layers such as in a conventional lithography technique).

4.2.1. Mask fabrication methods

There are different strategies to improve the quality of the mask of sub-micrometer

spheres, and they will be briefly described below [2]:

Self-Assembly during Solvent Evaporation - This method is based on solvent evaporation

from a droplet of dilute colloidal suspension deposited on a substrate. A pioneer work on this

method was proposed by Denkov et al., where regular arrays of colloidal latex polystyrene

particles were obtained by evaporation of drops of suspensions on solid substrates [55]. The

evaporation of the solvent induces the formation of a meniscus between the particles and

therefore attractive capillary forces give rise to the self-assembly of the particles, while the

ordering and quality of the obtained arrays are considerably affected by the rates of solvent

evaporation. As theoretically shown by Kralchevsky and Denkov [56] interparticle capillary

forces arise between spherical particles, which are partially immersed in a liquid on a horizon-

tal solid substrate. As the liquid becomes thinner, the liquid surface deformation increases

giving rise to increases capillary forces (Fc). The next step begins with the motion of more

particles that are driven toward the nucleus for a hydrodynamic force (Fd) that is caused by

a hydrodynamic flux (Js), which compensates the evaporated solvent in the already ordered

array (Fig. 4.3). According to Denkov et al., the onset of ordering process coincides with

the moment when the thickness of the liquid layer containing the particles becomes smaller

than the particle diameter [55].
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Substrate

Evaporation

Js

Fd

F

Figure 4.3: Main driving forces in evaporation process.

Dip Coating - Nagayama et al., developed a dip-coating procedure for formation of 2D

colloidal templates [57]. Constant monitoring of the evaporation rate as well as fine-tuning

of the withdrawal speed of the substrate are key parameters to achieve large 2D ordered ar-

rays, the mechanism is quite simple, to initiate and maintain a linear growth of thin particle

arrays is to dip a clean solid plate into a suspension of particles, then, the monolayers begin

to form on the plate surface from the plate-suspension-air interface, finally, the substrate is

carefully removed from the suspension.

Langmuir-Blodgett - The LB methodology consists on the transfer process from the air -

water interface onto a solid substrate of a monomolecular layer of amphiphilic material ad-

sorbed at the air - water interface. The amphiphilic material is dissolved in a volatile solvent

and dropped on the air - water interface. After the spreading, the solvent evaporates and the

material forms a monolayer. When the monolayer reaches the thermodynamic equilibrium,

it is symmetrically compressed by using two barriers. To transfer the film onto the solid, a

flat substrate is immersed into the aqueous subphase and then extracted in a controlled way

with the film adsorbed onto it. The transfer process can be repeated many times to obtain

multilayers of different thickness and composition. During the transfer process, the surface

pressure is maintained constant by barrier compression in order to compensate the loss of

molecules transferred onto the solid [58]. This method has been used for to form large areas

of monolayers of silica particles [59] (Fig 4.4).
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Figure 4.4: Langmuir-Blodgett technique for nanomaterials: a) monolayer spreading at the
air - water interface; b) schematic illustration of compression of nanomaterials by two barriers
motion at the air - water interface, and c) the monolayer transfer by vertical dipping.

Spin coating - Since the first studies done by Emslie et al., [60] Spin coating technique

has taken on importance in the industry and the science in general. This technique is widely

used commercially to deposit polymer films for lithography, epitaxial films, it has also been

used to deposit organic semiconductor films and has become the preferred deposition method

for perovskite materials such as CH3NH3PbI3 and CsPbBr3 for use in solar cells, photode-

tectors, and light-emitting diodes (LEDs), and so on [17,61–68]. This technique is a simple,

convenient, cheap, material saving, rapid and highly reproducible method to produce homo-

geneous films on a rigid flat or slightly curved substrate.

Spin coating process for a colloidal suspension exhibit four distinct stages of develop-

ment [69], the first two happening rapidly and the second two occurring over a much longer

time period. In the first stage, a colloidal fluid is deposited as a droplet onto a fixed sub-
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strate. In the second stage “spin up”, the substrate is accelerated to a prescribed rotational

speed and the liquid droplet spreads out to form a film that rotates at nearly the same rate

as the substrate. In the third stage “spin off”, this film spreads outward and thins, con-

trolled primarily by centrifugal force and viscous force. In the fourth stage, the film becomes

sufficiently thin that evaporation dominates, slimming down the film even more (see Fig. 4.5).

𝑑𝑑ω
𝑑𝑑𝑑𝑑

ω ω

Deposition Spin up Spin off Evaporation

Figure 4.5: Spin-coating stages

The dominating force F for the fabrication of the self-assembled colloidal crystals can be

described as follows [69]:

F = Fcent + Fevap + Fcap + Fp−p + Fp−s (4.43)

where Fcent is the centrifugal force, Fevap is the fluid force by evaporation, Fcap is the capillary

force, Fp−p is the interparticle interaction force, and Fp−s is the interaction force between the

particle and the substrate. Spin coating has a significant potential for mass production and

scaling-up due to its rapid implementation and its compatibility with wafer-scale processes.

The physical treatments the sol or gel might have undergone can lead to a substantial

impact on the final gel structure [21]. Therefore, taking into consideration how the rate of

evaporation during gelation can affect the quality of the silica particle monolayer, a new

approach during the spin coating deposition was used in this thesis.
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4.2.2. Self-assembly of silica particles onto silicon and

fused silica substrates

Once obtained the colloidal SiO2 particles, they are deposited onto crystalline silicon

wafers (1 cm2) and high-purity fused silica plates (5 × 5 × 1 mm), previously cleaned by

means of a chemical treatment known as the piranha solution. This cleaning treatment

consists in preparing a dissolution of sulfuric acid (H2SO4, 95 − 98% purity) and hydrogen

peroxide (H2O2, 30% purity) with a 3 : 1 proportion. All the cleaning process is performed

at 100◦C on a hot plate with magnetic stirring, with the substrates immersed in the solution

for 30 minutes. Finally, they are washed with ultrapure Milli-Q water and ethanol, leaving

the samples in ethanol for 24 hours. Afterward, to improve the quality of the monolayer of

silica particles deposited on the substrates, a novel technique is utilized. First, 5 − 10 µl

volume of the synthesis solution is deposited onto the substrates, placed inside of a plastic

closed box. Immediately, the sample is put to rotate through the spin coating system (G3

Model from Specialty Coating Systems) at 500 rpm for 1 minute. Finally, without opening

the box, the sample is left to dry at room temperature (Fig. 4.6).

Drop deposition Spin coating 
technique

Drying

Figure 4.6: Schematic of the deposition process.
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4.3. Scanning Electron Microscopy (SEM)

The Scanning Electron Microscopy (SEM), which was developed by Max Knoll and Ernst

Ruska, is a type of electron microscopy that uses a focused beam of electrons to generate a

variety of signals at the surface of samples. The electron-sample interactions reveal informa-

tion about the sample such as: morphology, chemical composition, crystalline structure and

orientation. Mainly the work done on a SEM is for obtaining topographical information,

which is mainly provided by secondary electrons.

The main components of an electronic microscope are [70]:

1. Vacuum system - A vacuum system is required when using an electron because electrons

will quickly disperse or scatter due to collisions with other molecules.

2. Electron beam generation system - This system provides the beam of electrons known

as the primary electron beam.

3. Electron beam manipulation system - This system consist of electromagnetic lenses and

coils that control the size, shape and position of the electron beam that reaches the

sample surface.

4. Beam sample interaction system - This system involves the interaction of the electron

beam with the sample and the types of signal that can be detected.

5. Detection system - This system can consist of several different detectors, each sensitive

to different energy/particle emissions that occur on the sample.

6. Signal processing and display system - This system is an electronic system processes the

signal generated by the detection system and allows additional electronic manipulation

and visualization of the image.
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The morphology characterization of the silica microparticles was performed by means of

scanning electron microscopy (SEM, JEOL JSM-7800F) available at the Instituto de F́ısica

(Fig.4.7).

Figure 4.7: An overview image of the SEM, JEOL JSM-7800F.

4.4. Ion Implantation

Ion beam processing of materials results from the introduction of atoms into the surface

layer of a solid substrate by bombardment of the solid with ions in the electron-volt (eV)

to mega-electron-volt energy range (MeV). The use of energetic ions affords the possibility

of introducing a wide range of atomic species, independent of thermodynamic factors, thus

making it possible to obtain impurity concentrations and distributions of particular interest,

as in many cases, these distributions would no otherwise be attainable [71].
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Ion beam processing provides an alternative and non-equilibrium method of introducing

dopant atoms into the lattice. The basic elements required in this technique are: ion source,

acceleration column, mass-separator, and target chamber.

Ion implantation is performed at the Marcos Mazari Accelerator Laboratory located at

the Instituto de F́ısica of the Universidad Nacional Autónoma de México. A 3 MV Tandem

accelerator (NEC 9SDH2) is used both to modify and characterize samples (Fig.4.8).

Figure 4.8: An overview image of the 3 MV Pelletron accelerator. The ion sources are located
on the top left corner, followed by the main tank on the middle and on the far right the
experimental research lines.

The production of a negative ion beams obtained from the Source of Negative Ions by

Cesium Sputtering (SNICS). In the SNICS source a cathode is eroded by heated cesium

atoms accelerated through a potential difference, successfully extracting negative ions. The

extracted negative ion beam is then introduced into the main tank of the accelerator after

passing through an electromagnet selector. The first acceleration stage of the ion beam is

performed as it approaches the high voltage terminal. The high voltage (HV) terminal is

obtained from a pellet charging system and the kinetic energy of the ion beam now has
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an energy E = qV , where q is the particle charge. In the terminal the accelerate nega-

tive charged ion beam passes through a neutral gas. A molecular nitrogen gas (N2) strips

electrons from the ion beam, effectively changing the ion beam from negative to positive [72].

The positive ion beam now receives a second boost. The desired kinetic energy of the

ion beam is now written as:

E = (1 + q)V (4.44)

where q is the charge state of the positive ion beam. Based on charge and mass, an elec-

tromagnet chooses the right ion. The ion is now focused by quadrupole lenses. In order to

obtain uniform beam distribution, the ion beam is collimated with a square opening, defining

the implantation area [72].

When an energetic ion impinges upon the surface of the materials, it experiences a series

of inelastic and elastic collisions with the atoms which lie along the path. This results in loss

of kinetic energy of the ion and excitation of the solid target as well as momentum transfer

between the interacting bodies.

The energy lost by the ion as it goes trough the solid is determined by the stopping power,

defined as the energy transfer per unit path length of a particle along its trajectory [71]:

S(E) = −dE
dx

(4.45)

the sign of the stopping power is negative to indicate an energy loss change along the path

length. There are two main processes that contribute to the energy loss mechanism. They

are, the electronic stopping power denoted as Se(E) and the nuclear stopping power denoted

as Sn(E), also known as the inelastic and elastic energy loss mechanism, respectively. In this

way the stopping power is expressed as [73]:
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dE
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n

(4.46)

The relative importance between these two mechanisms as a function of the ion energy is

shown in Figure 4.9, where the Sn(E) is dominant at low energies and the Se(E) is at high

energies.
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Figure 4.9: Typical dependence of the electronic and nuclear stopping of ion in matter with
respect to energy.

4.4.1. Distribution range

One of the most important considerations in any description of ion-solid interactions is

the depth (range) distribution of the implanted ions. As the incident ion travels into the

solid matrix, it does not move to its resting place in a straight line due to multiple collisions

with the substrate atoms. The implanted range R(E) defines the total integrated distance

the ion travels through the solid before coming to rest, it is given as [74]:
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R(E) =
∫ dE

Sn(E) + Se(E) (4.47)

where Sn(E) and Se(E) are the nuclear and electronic sttoping powers respectively.

As a result, ions with the same energy, incident with the same angle onto the sample

surface, and into the same material, do not necessarily have the same range. However, the

ion distribution obtained after implantation can be approximated by a Gaussian distribution

and may therefore be characterized by a projected range, Rp, and a straggling, ∆Rp, about

this mean value, as shown in Figure 4.10. The notation uses Z and M for atomic number and

atomic mass, respectively, with subscript 1 denoting the incident ions (Z1,M1), subscript

2 denoting the ion-bombarded sample and the energy of the incident ion is denoted by E [71].
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Figure 4.10: The depth distribution of implanted atoms in an amorphous target for the cases
in which the ion mass is (a) less than the mass of the substrate atoms or (b) greater than the
mass of the substrate atoms. To a first approximation, the mean depth, Rp, depends on ion
mass, M1, and incident energy, E, whereas the relative width, ∆Rp/Rp, of the distribution
depends primarily on the ratio between ion mass and the mass of the substrate ion, M2 [71].
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Figure 4.10 shows the variation R(E), Rp(E) and ∆Rp(E). The mean depth Rp depends

on the ion mass M1 and the incident energy E1, whereas the relative width ∆Rp of the

distribution depends on the ratio between ion mass and mass of substrate [71].

The concentration N(x) is the implant density given by:

N(x) = Φ
∆Rp

√
2π

exp
[
−(x−Rp)2

2(∆Rp)2

]
(4.48)

where Φ is the ion dose that is defined as the number of ions cm−2 implanted into the sample.

Alternatively, the term fluence is used instead of dose.

4.4.2. Stopping and range of ions in matter (SRIM) simulations

After understanding the theory of ion implantation, it was necessary to know the effect

it produces in the material (SiO2) used in this study. To understand the phenomena that

take place during SiO2 ion implantation with gold (Au) ions, computer simulations were

carried out using the SRIM (Stopping and Range Ions in Matter) code. It is a Monte Carlo

computer simulation developed by James F. Ziegler and Jochen P. Biersack around 1983 [74].

The SRIM-2013 version was used in this work to perform calculations in order to de-

termine the depth distribution and collision details of the Au ion implanted, the simulation

indicates that, for 2 MeV Au+ ions, the projected range in silica (ρ = 2 g/cm3) is about 500

nm, with SD= 9 nm as shown in Figure 4.11.
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Figure 4.11: SRIM simulation at 2 MeV Au+ ions with normal incidence in SiO2; a) The ion
range and b) Number of primary atom displacements (vacancies) per ion and unit length
(Å).

4.4.3. Au nanoparticle formation by ion-implanted on silica

substrates

Gold nanoparticles embedded in fused silica plates are of great interest because of the

nonlinear response enhancement due to the presence of plasmonic effects associated with

the LSPR. In recent years, these types of structures have been prepared using different

techniques such as magnetron sputtering, laser ablation, ion implantation, among others

[6–11]. Ion implantation of noble metals (Au, Ag, etc.), followed by thermal annealing in

different atmospheres, turns out to be an adequate technique for synthesizing metallic NPs,

with spherical geometries, embedded in dielectrics.

4.5. Rutherford Backscattering Spectrometry (RBS)

Rutherford Backscattering Spectrometry (RBS) is a widely used nuclear method for the

near surface layer analysis of solids. A target is bombarded with ions at an energy in

the MeV-range (typically 0.5 - 4 MeV), and the energy of the backscattered projectiles is

recorded with an energy sensitive detector. RBS allows the quantitative determination of
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the composition of a material and depth concentration profiling of individual elements with

a nanometric depth resolution [75–77].

RBS is based on the elastic collision between a high-energy beam of light ions, typi-

cally 4He+, and near-surface atoms of the investigated sample. The energy of the elastically

backscattered ions is measured under different angles θ with respect to the direction of the

incident ion beam by a detector. The measured energy E1 depends on the mass (M2) of

sample atoms and on the depth t where the scattering process takes place. The depth can be

determined by the ion energy loss on the way to and from the point of scattering interaction

with the target atom (see Fig. 4.12) [76,77].

The element identification of a target atom requires the knowledge of the so-called kine-

matic factor K. This factor is defined by the ratio between energies of the primary ion after

the collision E1 and before the collision E0:

K ≡ E1

E0
(4.49)

The kinematic factor can be derived assuming binary elastic collision of the projectile

with the target atom, as shown in Figure 4.12. Taking into account the conservation of

energy and momentum, the factor K for an ion with mass M1 scattered at an angle θ by a

target atom with mass M2 can be expressed by the following equation [76]:

K(θ,M1,M2) =
(

M1

M1 +M2

)2
·
(

cos θ +
√(

M2

M1

)
− sin2 θ

)2

(4.50)

From the equation 4.50, for elastic scattering the factor K is independent of the incident

ion energy E0 and depends only on the mass ratio M1/M2 and the scattering angle θ.
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Figure 4.12: Physical principle of Rutherford backscattering [76].

In this work, RBS was used to determinate Au depth profile using our NEC 9SDH2

Pelletron facility with 4He+ ions in the 3− 4 MeV energy.

4.6. Optical absorption spectroscopy

Absorption spectra are usually registered by instruments known as spectrometers. The

basic function of a spectrometer is to take light, break it into its spectral components, digitize

the signal as a function of wavelength, and read it out and display it through a computer.

The first step in this process is to direct light from through a fiber optic into the spectrom-

eter through a connector and a narrow aperture known as an entrance slit. The size of the

aperture regulates the amount of light that enters the optical bench and controls spectral

resolution. In most spectrometers, the divergent light is then collimated by a concave mir-

ror, the collimating mirror reflects photons to a diffraction grating, which splits photons by

wavelength, the diffraction grating then spreads light across by a second concave mirror,

which directs the light at each wavelength onto the detector.
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Once the light is imaged onto the detector the photons are then converted into electrons

which are digitized and read out through a USB (or serial port) to a computer. The software

then interpolates the signal based on the number of pixels in the detector and the linear

dispersion of the diffraction grating to create a calibration that enables the data to be

plotted as a function of wavelength over the given spectral range. Figure 4.13 shows the

main components of a spectrometer.

Split

Detector

Grating Focusing 
Mirror

Collimating 
Mirror

Connector

Figure 4.13: Inside the optical bench of a spectrometer.

Figure 4.14 shows a schematic diagram with the main elements of an optical absorption

experiment, this experiment basically consists in the following: a light source (usually a

deuterium lamp for the UV spectral range and a tungsten lamp for the VIS and IR spectral

ranges) which is focused on the sample by an optical fiber. The light interacts with the

sample, then another optical fiber collects and transmits the result of the interaction to the

spectrometer. Afterwards the spectrometer measures the amount of light and transforms the

data collected by the spectrometer into digital information, finally the spectrometer passes

the sample information to PC that displays the processed spectral information.
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Figure 4.14: Schematic diagram of optical absorption experiment.

In the optical extinction measurements, the value that is often measured is the optical

density that is defined as [31]:

OD = log
(
I0

I

)
. (4.51)

According to equation 2.14 the absorption coefficient is determined by:

α = OD
x log e = 2.303(OD)

x
. (4.52)

It is important to emphasize the advantage of measuring optical density spectra over

transmittance or absorbance spectra. Optical density spectra are more sensitive because

they provide greater contrast than absorbance or transmittance spectra [31]; moreover, we

can found a dependent function of the light frequency which is closely related with the surface

plasmon that in turn is linked to the characteristics of nanocomposites. In this work the

optical extinction measurements were performed with:

* Ocean Optics USB SD2000 spectrometer.

* Deuterium - halogen dual lamp in the 350− 800 nm wavelength range.

and according to the scheme in Figure 4.14.
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4.7. Z-scan technique

In 1989 Sheik et al., [78] proposed a simple experimental technique to measure intensity

dependent nonlinear susceptibilities of optical materials that exhibit a large third-order opti-

cal nonlinearity. The technique has become popular due to its easy implementation, the ease

with which the results obtained are interpreted and the high sensitivity it offers to changes

in the ONL response.

In this method, the sample is translated in the z - direction along the axis of a focused

Gaussian beam. This is because the sample experiences different intensities, dependent on

the sample position (z) relative to the focus z = 0. In this way, measuring the transmitted

power (the transmittance) through the sample as a function of z - position (-z to +z). For

the measurement of the nonlinear index of refraction an aperture is placed in front of the

detector measuring the transmitted light. This makes the measurement of the transmittance

sensitive to beam spreading or focusing and relates to a transformation of phase distortion

into amplitude distortion. The configuration with the included aperture is known as close

aperture Z-scan (CA Z-scan), while without aperture is called open aperture Z-scan (OA

Z-scan).

4.7.1. Nonlinear refraction

The electric field E(r, t, z) associated with a Gaussian beam of beam waist radius ω0

traveling in the +z direction can be expressed as [78]:

E(r, t, z) = E0(t) ω0

ω(z) · exp
(
− r2

ω2(z) −
ikr2

2R(z)

)
e−iφ(z,t) (4.53)

here, ω2(z) = ω2
0(1+z2/z2

0) is the beam radius, R(z) = z(1+z2
0/z

2) is the radius of curvature
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of the wavefront at z, k = 2π/λ is the wave vector, λ is the laser wavelength and z0 is the

Rayleigh length or diffraction length of the beam defined as:

z0 = kω2
0

2 (4.54)

E0(t) denotes the radiation electric field at the focus and contains the temporal envelope of

the laser pulse. The e−iφ(z,t) term contains all ther radially uniform phase variations.

The analysis in Z-scan technique requires that the sample be considered “thin”, i.e., the

sample length is small enough that the changes in the beam diameter within the sample due

to either diffraction or nonlinear refraction can be neglected. In this case the self refraction is

called “external self-action”. For linear diffraction. this implies that L < z0, while nonlinear

diffraction, L << z0/∆φ(0), In most Z-scan experiments the second criterion has been found

to be automatically met since ∆φ is usually small; in addition, when negligible nonlinear

absorption and only a cubic nonlinearity is considered, ∆φ at the exit surface of the sample

which simply follows the radial variation of the incident irradiance at a given position of the

sample z is given by [78]:

∆φ(z, r, t) = ∆φ0(z, t) · exp
(
− 2r2

ω2(z)

)
(4.55)

with

∆φ0(z, t) = ∆Φ0

1 + z2/z2
0

(4.56)

here, ∆Φ0 is the on-axis phase shift at the focus and defined as:

∆Φ0(t) = kγI0Leff (4.57)

where Leff is the effective length of the sample given by:
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Leff = 1− eα0L

α0
(4.58)

with α0 the linear absorption coefficient and L the sample length.

The equation 4.57 is specially importance because ∆Φ0 is a parameter that can be easily

obtained from a characteristic curve of Z-scan in the configuration Z-scan CA and from it

can be found the value of γ, i.e., the nonlinear refractive index of the medium.

Now, the complex electric field exiting the sample Ee now contains the nonlinear phase

distortion:

Ee(r, z, t) = E(z, r, t)e−αL/2ei∆φ(z,r,t) (4.59)

where through a Taylor series expansion of the nonlinear phase term ei∆φ(z,r,t) the equa-

tion 4.59 becomes [78]:

ei∆φ(z,r,t) =
∞∑
m=0

[i∆φ0(z, t)]m
m! e−2mr2/ω2(z) (4.60)

In this approach each Gaussian beam is propagated individually to the aperture plane

where they are resummed to reconstruct the beam. The resultant field pattern at the aper-

ture (Ea) taking the initial beam curvature for the focused beam into account, can be

expressed as [78]:

Ea(r, t) = E(z, r = 0, t)e−αL/2
∞∑
m=0

[i∆φ0(z, t)]m
m!

ωm0

ωm
exp

(
− r2

ω2
m

− ikr2

2Rm

+ iθm

)
(4.61)

defining d as the propagation distance in free espace from the sample to the aperture plane
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and g = 1 + d/R(z), the remaining parameters in the equation 4.61 are:

ω2
m0 = ω2(z)

2m+ 1

dm = kω2
m0

2

ω2
m = ω2

m0

(
g2 + d2

d2
m

)

Rm = d

(
1− g

g2 + d2/d2
m

)−1

θm = tan−1
(
d/dm

g

)

(4.62)

The transmitted power PT (∆Φ0) through the aperture is obtained by spatially integrating

the equation 4.61 up to the aperture radius ra, which yields:

PT (∆Φ0) = cε0n0π
∫ ra

0
| Ea(r,t) |2 rdr (4.63)

Including the temporal variation of the pulse, the normalized Z-scan transmittance can be

calculated as [78]:

T (z) =
∫∞
−∞ PT (∆Φ0)dt
S
∫∞
−∞ Pi(t)dt

(4.64)

where Pi(t) = πω2
0I0(t)/2 is the instantaneous input power (within the sample), S = 1−e

−2ra
ωa

is the linear transmittance through the aperture and ωa is the beam radius of the beam at

the aperture.

It is important to note that for a given ∆Φ0, the magnitude and shape of T (z) does

not depend on the geometry or the wavelength as the far-field condition for the aperture

plane d >> z0 is satisfied. An important parameter in Z-scan technique is the aperture

size S, since a large aperture reduces the variations in T (z). For a very large or no aperture

(S = 1), these variations disappear altogether and T (z) = 1, regardless of the z-position [78].
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Figure 4.15: Transmittance through a sample with a positive or negative nonlinear refractive
index (γ) [78].

A typical Z-scan profile for a thin sample with purely refractive, that is, without nonlinear

absorption is shown in figure 4.15. The nonlinearity can be evaluated from the difference

between the normalized peak and valley transmittance, ∆Tp−v. For a thin optical Kerr

medium, ∆Tp−v is proportional to the nonlinear phase shift ∆Φ0 with an accuracy of ±2%,

given by:

∆Tp−v = 0.406(1− S)0.25 | ∆Φ0 | for | ∆Φ0 |≤ π (4.65)

4.7.2. Nonlinear absorption

For Z-scan measurements of nonlinear absorption, the aperture is usually removed so

that the total beam power or energy can be collected and making the scan insensitive to

nonlinear refraction. When there are effects of nonlinear absorption such as the saturation of

absorption or absorption of two photons, the profile for a thin nonlinear medium undergoes
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a change, in the case of the saturation of absorption the valley is suppressed and the peak

is accentuated, while in the case of absorption of two photons it is the other way around.

The effects of the nonlinear absorption can be obtained by the OA Z-scan configuration,

thus, for the case of null nonlinear refraction the transmittance versus sample position graph

should be symmetric around the focus since the intensity distribution of a Gaussian beam

is symmetric around the focus, which presents a maximum for the case of the saturable

absorption (SA) as shown in Figure 4.16.

Figure 4.16: Open-aperture Z-scan curves for SA.

The nonlinear absorption coefficient, β, can be determined from a theoretical adjust-

ment of the curves obtained from the characteristic curves of OA Z-scan configuration, this

adjustment is given by [78]:

T (z, S = 1) =
∞∑
m=0

[−q0(z, 0)]m
(m+ 1)(3/2) (4.66)

which can be used as long as the following condition is met:

| q0 |=|
βI0Leff

1 + (z/z0)2 |< 1 (4.67)
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where I0, Z0, and Leff are experimental parameters and can therefore be fixed in the fitting

procedure.

In the case when the samples present a strong nonlinear behavior, the CA Z-scan curves

obtained directly from experiment did not feature the common valley-peak (peak-valley)

pattern in transmittance since the nonlinear absorption tends to dominate over nonlinear

refraction. Therefore, in order to determine NLR responses with the presence of a nonlinear

absorption response, the protocol proposed by Sheiket al., is followed, that is, nonlinear

absorption contribution is subtracted from the CA transmittance by a simple division of

curves CA/OA. In the same reference it is stated that such a procedure can be done only if

the following conditions hold [78]: 1) q0(0, 0) ≤ 1 and 2) βλ/4πγ.

On the other hand, if the nonlinear refraction appears in its “pure” form, then, Z-scan

CA curves are well fitted by means of the equation (also given in [78]):

T (z,∆Φ0) = 1− 4Φ0(z/z0)
[(z/z0)2 + 9] [(z/z0)2 + 1] . (4.68)

4.7.3. Experimental setup of Z-scan technique

In this thesis Z-scan technique with variable polarization has been used to study the

third-order nonlinear optical response of the samples. They were scanned along the optical

axis (z direction) as shown in the figure 4.17. As light source, a 26 ps Nd:YAG pulsed-laser

by EKSPLA was used at 532 nm with a 10 Hz repetition rate. First, a beam splitter was

used to separate the laser beam into reference (detector 1) and signal ones. A second positive
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lens was used to collimate the beam, then, the transmitted collimated beam was separated

by a second beam splitter to direct the transmitted signal to a detector without aperture,

in order to measure the nonlinear optical absorption (detector 2), and to a detector with a

finite aperture, in order to measure the nonlinear optical refraction (detector 3). The signal

beams were measured with Thorlabs DET10A fast photo-diodes. Irradiance and polarization

of the incident light were controlled by using two half-wave plates and a linear polarizer.

Laser

Polarizer

Detector 1 Detector 2

Detector 3Lens 1 Lens 2 Aperture

Sample 

-Z +Z

Beam

Splitter
Beam

Splitter

Half-wave

Plate

Half-wave

Plate

NLR

NLA

Figure 4.17: Schematic diagram of the Z-scan technique.

Carbone disulfide (CS2) is a standard reference material in Z-scan measurements [78,79].

This material presents optical-Kerr effect since it has negligible nonlinear absorption. In this

work, Z-scan setup was calibrated using 1 mm thickness of high purity CS2 solution. The

valley followed by a peak of the NLR measurement turns out to be evidence of a positive

nonlinear refraction index (γ) for λ = 532 nm as shown in figure 4.18, where the continuous

line correspond to the theoretical fitting by use of equation 4.68. Experimental data from

NLA measurement showed no evidence of nonlinear absorption, as expected.
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Thus, a ∆Tp−v = 0.186 with a central peak incident irradiance I0 = 1.39 GW/cm2 was

found, then, from equation 4.65, it follows that ∆Φ0 = 0.461 and ∆n0 = 3.93 × 10−3.

Therefore, taking into account that ∆n0 = γI0, the nonlinear refraction is γ = 2.83± 0.07×

10−18 m2/W. This value agrees to those determined by earlier reports [39,78,80].
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Figure 4.18: Z-scan normalized transmittance for 1 mm cell of CS2 at 532 nm.
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Results and Discussion

This chapter is mainly divided into 2 sections. The first one discusses the results obtained

in the production of silica particles from LIT-synthesis (see Chapter four), particles that will

later serve as lithographic masks in the manufacture of gold nanocomposites embedded in

SiO2 matrix through the implantation of high-energy gold ions. In the second section, the

results of the third-order non-linear optical response of these nanocomposites are studied, in

particular, the non-linear absorption response as a function of the polarization angle of the

incident light is investigated.

5.1. LIT-synthesis as another method to get silica

particles

As mentioned earlier, NSL requires high-quality spheres to have better results when using

this technique. In this way, this section presents the results of the preparation of colloidal

silica particles by means of LIT-synthesis described in the Chapter 4.

Colloidal silica particles in the 600 - 1000 nm size range were prepared. The TEOS, H2O,

NH4OH and EtOH volumes were 1.8 ml, 8 ml, 5.5 ml and 20.0 ml, respectively. The initial

temperatures of the reagent solutions, as well as the laboratory room temperature conditions

(with 21% humidity), are summarized in Table 1 for each type of sample.

71
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Table 5.1: Experimental parameters used for the preparation, according to our LIT-synthesis
method, of the different series of silica particles. The average particle diameter and the
standard deviation (SD) determined by SEM measurements are also included.

Batch

Number

Room

Temperature

(◦C)

Initial Reagent

Temperature

(◦C)

∆T

(◦C)

Average

Diameter (nm)

(SD)

(nm)

a 17.0 12.0 5 590 (18)

b 18.0 6.0 12 650 (19)

c 18.0 8.0 10 660 (26)

d 18.0 10.0 8 680 (14)

e 18.0 12.0 6 600 (15)

f 18.0 14.0 4 610 (11)

g 19.0 12.3 6.7 870 (33)

h 20.5 12.0 8.7 1000 (24)

It can be clearly noticed from figure 5.1 that the silica particles are uniformly spherical

and well-shaped over the entire size range. The diameter size and the standard devia-

tion (SD) were determined from the SEM micrographs using the image processing software

ImageJ [81]. From 5 or 6 images (x5000 magnification) no less than 5000 particles were

measured for each sample. The SEM results are also included in Table 1, indicating that

the average particle diameter is in the 600 - 700 nm range (batches b - f, fixed RT = 18◦C),

with a narrow standard deviation as low as 11 nm (for batch f) that represents only 1.8%

of the average particle size value. It is important to highlight that under these conditions

the exponential equation proposed by Gao et al., to predict the particle size is valid for the

experimental results obtained with LIT-synthesis [51]. Indeed, Gao et al., found that in the

40 - 120 ml volume range, the smaller the ethanol volume the larger the particle size (in the
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75 - 400 nm range). If we extrapolate the proposed equation to the amount of EtOH used

in our LIT-synthesis reaction, VEtOH = 20 ml, it follows that the equation leads to a particle

diameter of the order of 600 nm: D = 885.45 exp[−0.02(VEtOH)] = 593.5 nm. This value can

be fairly compared with the average diameters obtained from batches a - f (see Table 5.1).

On the other hand, if we increase the RT up to 20.5◦C (with the initial reagent temperature

around 12◦C), it is possible to obtain even larger silica particles, 1 µm in diameter with a

standard deviation of 24 nm (for batch h) which represent only 2.4% of the average particle

size value.

For comparison purposes, Figure 5.1 show representative SEM images of batches e and h,

taken at different image magnifications and using the same scale bar, together with their cor-

responding particle size distributions. One can observe that the monodisperse silica particles

form well-defined two-dimensional hexagonal arrays with a regular interparticle distance. In

general, domain boundaries and point defects are responsible for introducing disturbance in

the monolayer structure. However, in the samples point defects and dislocations were hardly

observed in domain areas as large as several hundreds of µm2. Moreover, no aggregation

of particles took place. Therefore, this method offers an alternative to getting essentially

monodisperse spherical colloidal silica particles with diameters ranging from 600 nm to 1000

nm with a lower size distribution compared to literature [82–84], guaranteeing the formation

of high-quality hexagonally-ordered monolayers.
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Figure 5.1: SEM images of micro-spheres prepared using LIT-synthesis at different magnifi-
cations: (x5000 and x10000) and the normal size distribution for batch e (left column) and
for the batch h (right column). The scale bar correspond to 1 µm for all the cases.
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5.1.1. Hydrolysis and condensation stages

Some authors suggest that even if initially a broad size distribution of primary particles

could appear in the synthesis solution (hydrolysis stage), the ensuing kinetics (condensation

stage) is such that it is dominated by the preferential growth of large particles at the expense

of smaller ones (Ostwald ripening model), assuring a narrow size distribution of the particles

at later stages [21]. Thus, the particles are spherical because they start with nucleation and

they slowly grow to larger and larger. In our case we can consider that with the decrease of

the reaction temperature the TEOS hydrolysis rate obviously decreases. Then it is plausible

that the longer the delay before the beginning of the condensation stage, the greater the pos-

sibility of growing uniform and spherically well-shaped colloidal silica particles. Therefore, a

slower reaction will result in lower polydispersity if allowed to react longer. In general, col-

loidal systems have interfaces and in order to minimize the interfacial energy of the system,

the formation of spheres, which have the smallest surface area for a given particle size, can

be promoted. However, it is also well known that the dimensionality and ultimate particle

shape depend on different factors (such as reaction temperature, precursors, solvents and

catalysts) that must be optimized, especially because the system and the processes are far

from thermodynamic equilibrium [85]. Moreover, increasing the hydrolysis and condensation

time intervals results in homogeneous and larger particle sizes. The rate of particle growth

is limited by hydrolysis, but the amount of hydrolyzed TEOS available per particle is larger,

leading to the formation of smooth and large spherical silica particles with a quite high

monodispersity [86].
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5.1.2. Relationship with temperature

During the silica synthesis the reaction temperature behavior was measured every minute

after the first drop of solution (2) (ammonium hydroxide/distilled water) into solution (1)

(TEOS/EtOH). From Figure 5.2 we can notice that all the synthesis reactions prepared at

fixed room temperature (RT = 18◦C), with different values for the initial temperature of the

reagent mixture Tmix (from 6◦C to 14◦C), exhibit a sharp temperature increase, with a no-

ticeable peak maximum at around 10 minutes. Part of this behavior can be easily explained

as a simple heat transfer by the surrounding atmosphere (RT fixed at 18◦C) to the mixture of

the two solutions (with T < RT), and therefore the reaction mixture warms up and reaches

a higher temperature. On the other hand, the peak maximum of the reaction temperature

can be directly associated with the exothermic character of the nucleation process, generally

starting within 10 min after the beginning of the mixture procedure. The initial phase of

the condensation mechanism is clearly noticeable by an increasing opalescence of the mix-

ture after 5 - 7 min, leading to a final turbid white suspension within a few more minutes.

Moreover, for our series of samples, the peak maximum depends on the initial temperature

of the reagent mixture Tmix. After the peak maximum, the monitored temperature decreases

to a value of approximately 15◦C at around 40 min for all the samples (Fig. 5.2). In all the

cases, it is important to notice that the final temperature reached by the synthesis mixture

stabilizes at a value T = 15◦C < RT = 18◦C, at least in the 40 - 120 min time interval.

In this case, this constant temperature seems to be imposed by the surrounding ambient at

fixed RT. Once again, we can notice that the negative slope associated with the temperature

decrease in the 10 - 30 min range also depends on the initial Tmix value. Therefore, the

higher the initial Tmix value for the reagents the higher the reaction temperature peak, and

the absorbed energy contributes to the overall internal energy of the solution mixture.

A similar temperature behavior as a function of the reaction time was observed in the

case of the samples prepared at four different room temperatures (fixed RT ranging from
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17◦C to 20.5◦C) for an initial reagent temperature of Tmix = 12◦C. Again, a noticeable peak

maximum can be observed after 10 min (see Fig. 5.3), and it seems to slightly depend on

the surrounding RT. After the peak maximum, the monitored temperature decreases and it

almost stabilizes into the 15 - 16◦C range, with no clear dependence on the ambient RT. In

all the cases, the final temperature reached by the synthesis mixture always stabilizes at a

temperature T lower than the fixed RT, at least in the 40 - 120 min time interval.
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Figure 5.2: Reaction temperature behavior as a function of time during the silica particle
synthesis: Fixing room temperature at 18◦C and varying the initial Tmix temperature of the
reagents from 6◦C to 14◦C.

The next experiment allows us to assess the effect of the exothermic character of the

nucleation process on the reaction temperature during the LIT-synthesis method as compared

with the heat transfer process by the surroundings to the solution. Then, in Figure 5.4, the

red curve shows the temperature behavior of the solution (1) (TEOS/EtOH) after the heat

exchanger was set apart, but without the addition of solution (2), for an initial reagent

temperature of Tmix = 12◦C. One can notice that within 30 min the temperature of solution

(1) increases steadily up to the ambient room temperature fixed at 18◦C. In this case we
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Figure 5.3: Fixing initial reagent temperature at 12◦ and varying the room temperature from
17◦C to 20.5◦C.

can consider indeed that this temperature behavior corresponds to the energy transferred by

the surroundings to the solution (1). On the other hand, for comparison purposes, the blue

curve shows the reaction temperature behavior of the sample prepared following the LIT-

synthesis method (batch e: Tmix = 12◦C and RT = 18◦C), previously included in figure 5.2.

This comparison confirms that the temperature behavior during the LIT-synthesis can be

associated with the exothermic character of the nucleation-condensation phase of the silica

particle formation. In this case, a sharp temperature increase takes place for the reaction

mixture, with a noticeable peak maximum at around 10 minutes. As discussed above, it

is generally observed that the condensation reaction starts within 7 min and it is linked

to the increasing opalescence of the mixture suspension [5]. After the peak maximum the

reaction temperature decreases at about 15◦ within 30 min, and this behavior can be related

to the fact that during the growth process the production of hydrolyzed TEOS monomers

is rate-limiting [86, 87]. Thus, as the TEOS concentration slowly decreases a steady-state

concentration of hydrolyzed species follows until at the end of the growth.
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Figure 5.4: Comparative of the temperature behavior as a function of time (at RT = 18◦C)
of solution (1) at an initial reagent temperature of Tmix = 12◦C, after the heat exchanger was
set apart, but without adding solution (2) (red curve), and the sample prepared following
the LIT-synthesis method (batch e: Tmix = 12◦C and RT = 18◦C) (blue curve).

Also, from table 5.1 we can notice that the growth in diameter size for particles prepared

by LIT-synthesis with an initial reagent temperature of Tmix = 12◦C (batches: a, e, g and

h) at different room temperatures depends directly on the fixed laboratory RT, as shown

in figure 5.5. Indeed, as a function of RT the particle diameter increases from small sizes

(589 nm) at 17◦C, and subsequently there is an accelerated growth up to a maximum value

of D = 1µm for RT = 20.5◦C. A sigmoid exponential function can be used to fit our

experimental data, leading to the following expression:

D = 589 + 411
1 + 10(18.72−RT)1.43 (5.69)

where D is the silica particle diameter in nm, RT is the room temperature in ◦C, and the

parameter p = 1.43 is the mean slope (Hill slope, unitless) used in this case for the data
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fitting. The Hill slope describes the steepness of the curve and if it is positive, the curve

increases as the laboratory RT is increased. Clearly, this behavior opens the possibility of

tuning the size particle as a function of the laboratory temperature for a given initial reagent

temperature Tmix.

Figure 5.5: Particle size as a function of the fixed laboratory RT for the colloidal silica
particles prepared by LIT-synthesis with an initial reagent temperature of Tmix = 12◦C
(batches: a, e, g, h), together with the sigmoid exponential fitting curve.
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5.1.3. Monolayer formation with Spin-coating deposition

With the new proposed deposition technique, i.e., the standard spin coating method

but adding the sample-closed box (see Chapter 4), it is possible to greatly improve the

monolayer quality of our samples. Indeed, it is clear from the SEM images that the silica

monolayers possess orientational order over macroscopic distances larger than hundreds of

µm (see Fig. 5.6). These ordered arrays of silica particles onto Si and silica substrates can

be extended over larger areas due to the high monodispersity of the silica particles prepared

using our LIT-synthesis method, and also because during the spin coating process most of

the smaller particles are ejected from the substrate. In addition, since the sample is isolated

from the external environment, the evaporation process takes place gradually inside the box,

generating its own atmosphere, which favors the self-assembly of hexagonally-ordered close-

packed particles into monolayers ideal for NSL and further applications. On the other hand,

it is clear that the gradual control of the evaporation rate during the spin coating deposition

inside the sample closed box improves the silica monolayer quality.

Figure 5.6: SEM images of extended ordered silica particle arrays onto Si substrates, with
a magnification as low as 1000x, and their corresponding Fast Fourier Transform (FFT) for
silica particle diameters of: a) 600 nm and b) 1000 nm.
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In order to characterize the long-range order of the silica monolayers the corresponding

SEM images were analyzed by means of a Fast Fourier Transform (FFT) study. The FFT

images were obtained from an area of about 100 µm2. Two representative SEM images were

studied, revealing substantial differences in the FFT patterns for samples with different silica

particle sizes. For the particles with a 600 nm diameter, the FFT images show well-defined

intensity rings (inset Fig. 5.6.a). In this case, a uniform distribution of intensity along the

rings could correspond to a complete disorientation of separate regions or domains contribut-

ing to the FFT pattern. In contrast, in the case of particles with a 1000 nm diameter, wide

maxima instead of rings are clearly observed for the FFT image (inset Fig. 5.6.b). This

indicates that during the spin coating deposition orientational order is built over distances

larger than the image size. Therefore, the FFT studies confirm the long-range order of our

monolayered samples, formed by monodisperse colloidal silica particles with large diameters,

over macroscopic distances of the order of millimeters. The self-assembly of a surface into

regular hexagonal structures can be currently observed not only in physical systems, but also

in other sciences such as biology, chemistry or geology. It can be described as a universal

phenomenon in which the involved interface forces tend to minimize the potential energy of

a free surface.

5.2. Au NP arrays embedded in a SiO2 plates

The silica particle masks were also deposited on high-purity fused silica plates (5× 5× 1

mm). Experimentally, masks formed by 590 nm and 650 nm silica particles onto fused silica

substrates were then implanted at room temperature with 2 MeV Au ions, fluences of 1×1016

and 5×1016 ion/cm2, perpendicularly to the sample surface. Thus, resulting in four different

samples, which individual parameters are given in Table 5.2.
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Table 5.2: Experimental parameters associated with the 2 MeV Au+ ion implantation into
two different masks prepared by NSL. The average particle diameter and the standard de-
viation (SD) determined by SEM measurements are included. The Au projected range in
silica calculated by the SRIM-2013 code and the Au ion range determined experimentally
by Rutherford Backscattering Spectrometry (RBS) are also included.

AuNps:SiO2 Mask sizes (SD)

(nm)

Fluence

(ion/cm2)

SRIM 2013

(nm)

RBS (SD)

(nm)

1a 590 (18) 1×1016 500 (9) 518 (28)

1b 590 (18) 5×1016 500 (9) 521 (20)

2a 650 (19) 1×1016 500 (9) 519 (17)

2b 650 (19) 5×1016 500 (9) 520 (22)

According to the SRIM-2013 simulation, the projected range of 2 MeV Au ions in SiO2 is

about 500 nm [74]. These values indicate that most of the impinging Au ions are completely

stopped into the silica particles, while the ions passing through the interstitial regions of

the mask are deep implanted into the silica substrate. Moreover, after the ion implantation,

the spherical silica particles turned into ellipsoidal particles, as a result of an increase of the

particle dimensions perpendicular to the ion beam and a decrease in the direction parallel

to the ion beam. This ion hammering effect induced the modification of the shape of the

original spherical colloids into ellipsoidal oblates [88].

In figure 5.7 shows representative SEM images of the 590 nm silica particle array after

the Au ion implantation at two different fluences: 1 × 1016 and 5 × 1016 ion/cm2. It can

be observed that this ion-induced particle shape modification leads to an increase of the

major axis of the ellipsoidal particle as a function of the irradiation fluence. It is important

to notice that the low fluence (1 × 1016 ion/cm2) seems to be enough to practically close
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the interstices between the silica particles. With the 5 × 1016 ion/cm2 fluence, the silica

deformation is even higher, but always maintaining the hexagonal ordered array. By this

way, the mask openings of the silica particle monolayer can be modified as a function of the

irradiation parameters [89], while allowing the implanted ions to pass through the interstitial

regions of the mask and reach depths corresponding to the nominal Au ion projected range

into the silica substrate.

Figure 5.7: Representative SEM images of 590 nm colloidal silica particles deposited onto
fused silica substrates and implanted with 2 MeV Au ions at two different fluences: a)
1×1016 ion/cm2; b) 5×1016 ion/cm2. Notice the ion-induced shape deformation of the silica
particles.

After the ion implantation, the lithographic mask must be removed without affecting the

surface of the substrate. For this case, the usual methods such as ultrasonic agitation [90]

and mechanical removal [14] were unsuccessful because, after the high-energy implantation,

the masks were strongly anchored to the substrate. Instead, the samples were subjected to a

polishing method to eliminate the silica particles with a 1 µm polishing paper, the figure 5.8

shows a before and after polishing.
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Figure 5.8: Representative SEM images of the samples (x2000 magnification): before being
polished (with only ultrasonic agitation, left) and after polished (right).

Finally, in order to promote the nucleation of Au nanoparticles into the substrate, the

samples were annealed at 1100◦C in an oxidizing atmosphere (air) for 1 hour, the Au particle

size depend directly of the implantation fluences and annealing temperature according to

previous studies [19,91,92]. After annealing, all samples exhibit the characteristic red color

associated with the presence of embedded gold nanoparticles, with a quite pale red tone

in the case of implanted samples with the lower fluence (samples 1a and 2a, Table 5.2).

Figure 5.9 shows a schematic diagram of the fabrication procedure of the Au NPs ordered

arrays.

2 MeV Au +
Ion Implantation

After
Implantation

Mask removal and
Annealing Treatment

at 1100 °C
Au NPs

AuNPs:SiO2Silica substrate Silica substrate with
implanted gold ions

Lithographic mask of
silica particles

Figure 5.9: Diagram of AuNPs:SiO2 manufacturing process.
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5.2.1. Rutherford backscattering Spectrometry (RBS)

In order to determine both the Au content and the concentration depth profile of the im-

planted ions, 4He RBS measurements were simulated using the RUMP code [93]. Figure 5.10

shows the Au concentration depth profile determined by RBS for the 650 nm silica particle

masks implanted at two different fluences (1× 1016 and 5× 1016 ion/cm2), together with the

RUMP simulation curves calculated by assuming a Gaussian distribution. Furthermore, one

can observe that the two simulated curves are fairly centered at the same position, a depth

value actually corresponding to the 2 MeV Au projected range (500 nm) determined by the

SRIM-2013 code. The corresponding full width at half maximum (FWHM) is ∼ 520 nm for

the 5× 1016 ion/cm2 fluence and ∼ 660 nm for the 1× 1016 ion/cm2 one, and it gives a mea-

sure of the actual depth distribution of the Au nanoparticles in the implanted layer. Finally,

although it is clear that the maximum concentration depends on the nominal implantation

fluence, the mask size also directly affects the Au nanoparticle formation, because the mask

itself limits the number of implanted ions reaching the substrate (see Fig. 5.10.b). Thus, the

larger the silica particles size, the lower the amount of Au ions passing into the substrate.

Figure 5.10: Au concentration depth profile determined by RBS. a) For the 650 nm silica
particle masks implanted at two different fluences (1×1016 and 5×1016 ion/cm2); b) For the
two different NSL mask sizes (590 nm and 650 nm) implanted at the same fluence (5× 1016

ion/cm2). The continuous curves correspond to the best RUMP fitting to experimental data
assuming Gaussian functions.
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5.2.2. Optical absorption characterization

It is well known that the near-field enhancement effect based on LSPR absorption is the

typical optical response of metallic NPs. Their optical extinction spectra (OES) may provide

information on the kind of metallic NPs, as well as on their size and shape. After the thermal

annealing, the samples implanted with the highest fluence exhibit an intense band centered

at 520 nm in the extinction spectra, which can be clearly associated with the formation of

spherical Au NPs embedded in the fused silica plates after thermal treatment (see Fig. 5.11).

As no noticeable additional bands are observed, no other multipolar contributions to the ex-

tinction spectra are present. For the samples implanted at low fluence, the LSPR absorption

band is hardly noticeable because much of the amount of gold was embedded in the mask

and not in the substrate. One can also observe that the intensity of the SPR increases with

the nominal implantation fluence, but it also depends on the NSL mask size, which directly

affects the amount of formed Au NPs.

Through a careful analysis of the spectra and by using Mie theory, it is possible to

estimate the average particle size (assuming a spherical shape). In this thesis, the NPs

radius distributions were determined by fitting the experimental OES spectra using the

MieLab code developed by our group [94]. The best fits were obtained assuming a normal

distribution for the particle sizes, as shown in Figure 5.11 and reported in Table 5.3. The two

masks implanted at 5×1016 ion/cm2 are compared in Figure 5.12.a, it is clear that the shape

of the optical extinction spectra depends on the mask size because there is a larger space

between the particles and thus a greater amount of ions are implanted into the substrate.

For completeness, the linear optical responses were also characterized as a function of the

incident polarization angle. Fig. 5.12.b shows the OES as a function of the linear polarization

angle for the sample 2b (650 nm mask, 5 × 1016 ion/cm2). The electric field is rotated in

10◦ steps from 0◦ to 90◦ with respect to the plane of incidence. The linear optical response

of the sample was found to be insensitive to the orientation of the incident electric field
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and no major differences were observed in the spectra. Such a behavior is expected for

samples exhibiting a high degree of symmetry such as honeycomb or hexagonal plasmonic

lattices [95].
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Figure 5.11: Optical extinction spectra of the ordered array of spherical Au NPs embedded
in fused silica substrates prepared by ion implantation at 1 × 1016 and 5 × 1016 ion/cm2

fluences into two different NSL mask sizes: a) 590 nm mask and b) 650 nm mask before
thermal treatment, c) 590 nm mask and d) 650 nm mask after thermal treatment. The
dashed lines correspond to the best fit obtained with the MieLab code [94]
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Figure 5.12: a) The two masks implanted at 5× 1016 ion/cm2 and b) OES as a function of
the linear polarization angle for the sample 2b (650 nm, 5× 1016 ion/cm2). The spectra are
shifted vertically by a constant amount for better readability.

Table 5.3: Average radius determined by MieLab code.

AuNPs:SiO2 Mask size (SD)

(nm)

Fluence

(ion/cm2)

Average Radius (SD)

(nm)

1a 590 (18) 1× 1016 < 1.0

1b 590 (18) 5× 1016 1.1 (0.7)

2a 650 (20) 1× 1016 < 1.0

2b 650 (20) 5× 1016 1.0 (0.2)

5.2.3. Non-linear optical measurements

The nonlinear absorption (NLA) properties of the ordered arrays of Au NPs embedded

in SiO2 substrates were studied in the open-aperture (OA) configuration, where 25 transmis-

sion experimental data were taken and averaged for each step of 0.75 mm on z-axis. Since

the samples implanted at low fluence (1a and 2a) showed a lower amount of Au NPs (see



90 | Chapter Five

Fig. 5.11), they were omitted for the z scan studies. Nevertheless, a lower limit for the

implantation fluence (1× 1016 ion/cm2) could be established for these NSL mask sizes.

As mentioned earlier, Saturable Absorption (SA) is identified by a negative nonlinear

absorption coefficient (β < 0), showing a peak in the OA transmittance scans at the lens

focal point (z = 0). The OA Z-scan curves for the AuNPs:SiO2 samples were measured

at different peak irradiances. In particular, the figure 5.13 shows the Z-scan curves for the

sample 2b (650 nm mask, 5 × 1016 ion/cm2), with the incident polarization oriented at 0◦

with respect to the plane of incidence. In all cases, the continuous line corresponds to the

best fit to the experimental data by using equation 4.66. The figure 5.13 shows that the

NLA coefficient β increases as a function of the peak irradiance, reaching saturation values

for irradiances higher than 5.5 GW/cm2 for both samples (see Table 5.4).

Table 5.4: NLO results for AuNPs:SiO2.

AuNps:SiO2 1b (590 nm mask) 2b (650 nm mask)

Average Radius (nm) 1.1± 0.7 1.0± 0.2

α0 (cm−1) 11999 13269

I0 (GWcm−2) β × 10−6 (cm/W) β × 10−6 (cm/W)

1.65 -3.32 -3.43

2.64 -2.02 -2.15

4.15 -2.16 -1.81

5.48 -1.43 -1.28

6.62 -1.08 -1.21

7.95 -0.84 -1.20



Results and Discussion | 91

Figure 5.13: NLO response of the ordered array of spherical Au NPs embedded in SiO2
substrates (sample 2b) for different peak irradiances: a) 2.64 GW/cm2; b) 4.14 GW/cm2; c)
5.48 GW/cm2. d) Variation of the nonlinear absorption coefficient β for the sample 2b as a
function of the irradiance.

In order to perform OA Z-scan measurements with different linear polarization angles,

the incident electric field must be rotated by means of a half-wave plate in 10◦ increments

with respect to the horizontal direction (0◦), maintaining the sample in the same position.

Figure 5.14 shows the results for samples 1b and 2b with peak irradiances of 1.65 ± 0.04

GW/cm2 and 4.14 ± 0.05 GW/cm2, respectively. A sinusoidal modulation of the nonlinear

absorption coefficient β was observed for both samples, and this modulation can be fitted

by means of the equation:
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β(θ) = β̃ + ∆β sin
(

2π(θ − θc)
T

)
(5.70)

where β̃ is the average value of the nonlinear absorption coefficient (β̃ = β(θ̃)), ∆β is the

amplitude of the modulation and T is its period. Table 5.5 shows the parameters obtained

from equation 5.70 for both samples. According to these results, the sinusoidal modulation of

the nonlinear absorption coefficient exhibits a variation of about ∆β/β̃ ≈ 20% for the sample

2b and only 7% for the sample 1b, and this is due to the fact that the peak irradiance used

for 1b is very low for the saturation of the sample. However, it can be observed that the

modulation period T, mainly related to the ordered array, is fairly the same for both samples,

29.7◦ ± 0.34◦ and 29.88◦ ± 0.20◦. These results agree with a 30◦ period corresponding to

a honeycomb lattice, formed by the arrays of quasi-spherical Au NPs embedded in fused

silica, and preferentially located in the interstitial positions determined by the hexagonally

ordered NSL silica mask (see Fig. 5.15). It is important to notice that this honeycomb lattice

symmetry exhibits a long-range order and holds for any coordinate system whose origin is

situated at any spherical Au nanoparticle.

Figure 5.14: Nonlinear absorption coefficient β as a function of the linear polarization angle
obtained by fitting the corresponding OA Z-scans with equation 4.66. All the measurements
were performed at λ = 532 nm, with peak irradiances of: a) 1.65 GW/cm2 for sample 1b, and
b) 4.15 GW/cm2 for sample 2b. The 30◦ modulation period corresponding to the honeycomb
lattice can be clearly observed.
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Table 5.5: Parameters determined from the sinusoidal modulation simulation for the Au NPs
embedded in SiO2 (samples 1b and 2b, 5× 1016 ion/cm2 fluence).

AuNps:SiO2 1b (590 nm mask) 2b (650 nm mask)

I0 (GWcm−2) 1.65± 0.04 4.15± 0.05

β̃ × 10−16 (cm/W) −3.03± 0.02 −1.54± 0.02

∆β × 10−16 (cm/W) 0.20± 0.03 0.30± 0.03

T(◦) 29.74± 0.034 29.88± 0.20

0°

30°

60°120°

150°

180°

90°

Figure 5.15: Honeycomb lattice formed by the array of Au NPs (red dots) embedded in the
silica substrate and located in the interstitial positions determined by the 2-D NSL silica
mask formed by a hexagonally-ordered array with a regular silica interparticle distance. The
30◦ modulation period corresponding to the honeycomb lattice can be clearly noticed.
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This latter result demonstrates the potential of combining NSL and Ion Implantation,

as it offers a solution to a recurring problem in the manufacture of such samples through

other techniques. The challenge is to prevent either oxidation or sulphuration suffered by

metal nanostructures when in contact with the atmosphere. That is, metal nanostructures

are usually manufactured on the surface of the desired substrate, then are covered with a

protective layer, but in the meantime they are exposed to the environment. In our case,

as the nucleation of the NPs is generated deeply into the substrate, these arrangements are

protected from any environmental factor; therefore, following this process, we are able to

generate arrangements of any desired metal.

On the other hand, the properties highlighted in the present thesis make such that em-

bedded arrays of plasmonic metallic NPs a very interesting platform for the development of

all-optical nanophotonic devices with fast, strong, and tunable nonlinear optical response.

As fast saturable absorbers, they could be used, for example, to develop solid-state mode-

locking systems in ultra-fast laser devices. Moreover, with the dichroic effect that presents

our samples, the capability to modify the nonlinear response of nanomaterials in a reversible

way by switching the polarization of the light would be of great interest for NLO applications.



CHAPTER SIX

Conclusions

The presented LIT-synthesis method allows us to obtain submicrometer silica particles

in the range from 600 to 1000 nm with high quality shapes and narrow size distribution

just by setting the initial temperature of the reagent solutions at low values (6◦C - 14◦C

range) and fixing the other parameters such as room temperature and concentration. Under

these conditions batches of particles with diameters ranging from 600 nm to 680 nm have

been produced with quite narrow particle size distribution compared to literature [82–84].

To achieve this, laboratory isothermal conditions (RT = 18◦C) and a homogeneous particle

suspension, maintained during the reaction by gentle agitation, proved to be effective. Ad-

ditional series of samples were produced by varying the laboratory RT in the 17◦C - 20.5◦C

range, leading to the formation of larger silica particles with increasing sizes as a function of

RT. This particle growth behavior could be correctly described by using a sigmoid exponen-

tial function to fit the data, allowing the possibility of tuning the size particle as a function

of the laboratory temperature.

A simple setup modification during the spin coating deposition, incorporating a sample

closed box, demonstrated to improve the quality of the silica particle monolayers over silicon

and silica substrates. This method favors the self-assembly of hexagonally ordered close-

packed monolayers of silica particles, ideal for Nanosphere Lithography (NSL) and other

applications.

95
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The fabrication of ordered arrays of Au NPs embedded in silica substrates by a combina-

tion of NSL with high-energy MeV Au+ ion implantation is reported for the first time to our

knowledge. These spherical Au NPs exhibit a long-range order honeycomb lattice despite

the transversal deformation of the lithographic silica mask.

Open aperture Z-scan measurements were performed for different linear polarization an-

gles in order to study the dichroic properties of the thus-formed honeycomb lattice. The

samples showed a strong saturable absorption with a sinusoidal modulation of the nonlinear

absorption coefficient β up to about 20%, with a modulation period of 30◦, clearly associated

to the Au NPs honeycomb lattice symmetry.

This research confirms that the combination of lithographic silica masks and deep ion

implantation can be a very useful technique to fabricate ordered arrays of embedded NPs

in dielectric substrates. Therefore, the formation of ordered arrays of plasmonic metallic

NPs opens the path to develop nanophotonic devices with fast, strong and tunable nonlinear

optical responses.
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Crespo-Sosa, A., Oliver, A., & Reyes-Esqueda, J. A. (2014).Size-and shape-dependent

nonlinear optical response of Au nanoparticles embedded in sapphire. Optical Materials

Express, 4(1), 92-100. https://doi.org/10.1364/OME.4.000092

[17] Nie, W., Tsai, H., Asadpour, R., Blancon, J. C., Neukirch, A. J., Gupta, G.,

... & Wang, H. L. (2015). High-efficiency solution-processed perovskite solar cells

with millimeter-scale grains. Science, 347(6221), 522-525. https://doi.org/10.1126/

science.aaa0472

[18] J. Bornacelli, C. Torres-Torres, H.G. Silva-Pereyra, G.J. Labrada-Delgado, A. Crespo-

Sosa, J.C. Cheang-Wong, A. Oliver. (2019)Superlinear photoluminescence by ultrafast

laser pulses in dielectric matrices with metal nanoclusters, Sci. Rep. 9, 1–12. https:

//doi.org/10.1038/s41598-019-42174-1.

[19] A. Oliver, J.C. Cheang-Wong, J. Roiz, L. Rodŕıguez-Fernández, J.M. Hernández,
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