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ABSTRACT 

ALMEIDA, J. M. P. Nanoparticles in oxide and chalcogenide glasses: optical 
nonlinearities and waveguide fabrication by femtosecond laser pulses. 2015. 107p. 
Thesis (Doctor of Science) – São Carlos Engineering School, University of São Paulo, 
2015.  
 

Femtosecond laser has been an essential tool for nonlinear optics and materials 

processing at micrometer scale, in which chalcogenide and heavy metal oxide glasses 

have received special attention not only for their high third-order optical nonlinearities 

but also due to their transparency up to the infrared regions. Although metallic 

nanoparticles are expected to improve the optical properties of glasses, there are no 

enough experimental researches about their influence on the nonlinear refractive index 

(n2) and nonlinear absorption coefficient (β), moreover at femtosecond regime. Based 

on the scientific and technological interests on highly nonlinear glasses, the goal of this 

thesis was to apply femtosecond laser pulses in two main domains: (i) at the basis of 

fundamental science, to study the effect of metallic nanoparticles in the third-order 

nonlinear optical properties of glasses; and (ii) at the field of applied science, aiming the 

development of photonic devices, performed by the fabrication of 3D optical waveguides 

containing metallic nanoparticles. This aim was achieved through the techniques of z-

scan and femtosecond laser micromachining, which provided the nonlinear optical 

characterization and waveguides development, respectively. First, we analyzed the 

third-order nonlinear optical properties of the GeO2-Bi2O3 glass containing gold 

nanoparticles, which promoted saturation of the absorption in the region of the surface 

plasmon resonance band. On the other hand, these gold nanoparticles did not affect the 

n2 that kept constant in the wavelength range of 480 - 1500 nm. The same features were 

investigated for a Pb2P2O7-WO3 matrix doped with copper nanoparticles. In contrast to 

the gold doped ones, these samples showed a slight enhancement of the nonlinear 

refractive index when the energy of the excitation approaches the surface plasmon band. 

We also found out that the Pb2P2O7-WO3 matrix is a good host to grow silver 

nanoparticles by fs-laser micromachining. Similarly, copper nanoparticles were 

produced in a borosilicate glass using single-step laser processing. The explanation for 

metallic nanoparticle formation is addressed in this thesis, as well as, its application in 

waveguides. Thus, we demonstrated the functionality of optical waveguides containing  

Cu0 or Ag0 nanoparticles. Still based on the technological interests on glasses doped with 



 

 
 

nanoparticles, we showed a single-step synthesis of silver sulfide nanoparticles in 

chalcogenide glass, which was carried in partnership with researches at Princeton 

University. The materials investigated in this PhD work are of great importance for 

photonics, in which the synthesis of nanoparticles, fabrication of waveguides and 

nonlinear optical characterization have been performed.  

 



 

 
 

Resumo 

 
ALMEIDA, J. M. P. Nanopartículas em vidros óxidos e calcogenetos: não linearidades 
ópticas e fabricação de guia de onda com laser de femtossegundos. 2015. 107p. Tese 
(Doutorado em Ciências) – Escola de Engenharia de São Carlos, Universidade de São 
Paulo, 2015.  
 

O laser de femtossegundos tem sido uma ferramenta essencial tanto para a 

óptica não-linear quanto  para o processamento de materiais na escala micrométrica, na 

qual os vidros calcogenetos e óxidos de metais pesados têm recebido atenção especial, 

não apenas pelas suas elevadas não-linearidades ópticas de terceira ordem, mas 

também devido à sua transparência até o infravermelho. Embora seja esperado que 

nanopartículas metálicas melhorem as propriedades ópticas dos vidros, não existe 

investigações experimentais suficientes sobre a sua influência no índice de refração não 

linear (n2) e no coeficiente de absorção linear (β), sobretudo no regime de 

femtossegundos. Com base nos interesses científicos e tecnológicos de vidros altamente 

não-lineares, o objetivo deste trabalho foi aplicar pulsos laser de femtossegundos em 

dois domínios principais: (i) na campo da ciência fundamental, para estudar o efeito de 

nanopartículas metálicas nas propriedades ópticas não lineares de terceira ordem 

destes materiais; e (ii) no domínio da ciência aplicada, visando o desenvolvimento de 

dispositivos fotônicos, realizado pelo fabricação de guias de onda tridimensionais 

contendo nanopartículas metálicas. Este objetivo foi alcançado através das técnicas de 

varredura-z e microfabricação com laser de femtossegundos, que proporcionaram a 

caracterização óptica não-linear e o desenvolvimento de guias de onda, 

respectivamente. Primeiramente, foram investigadas as propriedades ópticas não-

lineares de terceira ordem do vidro GeO2-Bi2O3 contendo nanopartículas de ouro, as 

quais promoveram saturação da absorção na região da banda de ressonância de 

plásmon. Por outro lado, essas nanopartículas não afetaram o n2, que se manteve 

constante no intervalo de comprimento de onda 480 - 1500 nm. As mesmas 

características foram investigadas para uma matriz Pb2P2O7-WO3 dopada com 

nanopartículas de cobre. Em contraste com os vidros dopados com ouro, estas amostras 

apresentaram um ligeiro aumento do índice de refração não linear quando a energia de 

excitação está próxima da banda de ressonância de plásmon. Observou-se ainda que a 

matriz Pb2P2O7-WO3 é ideal para a obtenção de nanopartículas de prata através da 

microfabricação com laser de femtossegundos. Similarmente, nanopartículas de cobre 



 

 
 

foram produzidas em vidro de borosilicato usando somente uma varredura a laser. A 

explicação para a formação de nanopartículas metálicas é abordada nesta tese, bem 

como sua aplicação em guias de onda. Deste modo, demonstrou-se a funcionalidade de 

guias de onda ópticos compostos por nanopartículas de Cu0 e Ag0. Ainda com base nos 

interesses tecnológicos em vidros dopados com nanopartículas, demonstrou-se uma 

síntese de nanopartículas de sulfeto de prata em vidro calcogeneto usando o 

processamento de única etapa, realizada em parceria com pesquisadores da 

Universidade de Princeton. Os materiais investigados neste trabalho de doutorado são 

de grande importância para aplicações em fotônica, em que a síntese de nanopartículas, 

a fabricação de guias de onda e a caracterização óptica não-linear foram realizadas. 
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1. Introduction  

Amorphous materials do not present long-range order at atomic level, resulting 

in distinct properties when compared to a crystal of the same composition. Considering 

the solid state, amorphous networks that present the glass transition phenomenon are 

classified as glass. According to Shelby, “any material, inorganic, organic, or metallic, 

formed by any technique, which exhibits glass transformation behavior is a glass”1. 

Depending on the chemical elements that act as network former, glassy materials are 

usually classified as oxide, halide or chalcogenide, besides the organic and metallic ones 

not addressed in this thesis. Each one owns peculiar features, which can be further 

modified by the addition of modifier compounds, enabling the preparation of a wide 

variety of multi-component glasses with optimized properties. The interest on glasses  is 

further intensified by  the ability to  prepare it in different shapes and sizes, from bulk 

materials to fibers and thin films, using several methods, such as, melt-quenching, sol-

gel and chemical vapor deposition2. Despite these attributes, certainly, one of the most 

relevant features of glasses lies on their optical properties, which makes them important 

for many applications.  

Due to their transparency in a broad spectral range, glasses are useful as passive 

elements in optical components, including lenses, prisms, mirror substrates, and 

moreover in optical fibers, that have been crucial for the development of 

telecommunication systems. Additionally, active functions can also be achieved when, 

for instance, glasses are doped with rare-earth elements, working as gain media for 

lasers or light amplifiers3. With exception of lasing action, in all these functionalities 

glasses are submitted to ordinary levels of light intensity, being therefore in the linear 

optics regime. However, the development of ultra-short laser pulses allowed to exposed 

materials to intensities never experimented before, bringing new issues to optical 

phenomena, in which the branch of nonlinear optics has emerged.  

Among the glasses for nonlinear optical purposes, the chalcogenides own the 

most notable magnitudes on account of the chemical nature of their constituent 
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elements that are easily polarizable in the presence of intense electromagnetic field. 

Besides the hyperpolarizability of chalcogenides, they are also interesting because of 

their photosensibility and transparency in the mid-infrared region 4. Typically, 

chalcogenide glasses (ChGs) transmit beyond 11 – 20 µm, present high linear index of 

refraction, n ≈ 2-3, and consequently elevated nonlinear index of refraction (n2), which 

can be up to thousand times the one of silica 4. 

 In order to ensure those properties, the synthesis of ChGs must be performed in 

inert atmosphere, once liquid and vapor phases are very susceptible to oxidation and 

hydrolysis. Thus, the preparation of bulk ChGs is more complex when compared to oxide 

glasses because the melting is usually carried out inside a silica ampoule sealed under 

vacuum, and careful must be taken to avoid explosions due to the high vapor pressure 5. 

An alternative to overcoming this issue is the use  of solution-based methods, which 

involve the dissolution of raw materials in amine solvents and the subsequent 

processing as a liquid through drop cast, spin coat, print or mold cast 6. These common 

procedures result in thin films that have attracted special attention due to the demand  

of smaller  sizes  required for all-optical technologies 6; 7. Also, many of the photoinduced 

effects are more pronounced in thin films than in bulk glasses 4. 

Although thin films of ChGs are interesting for technological applications, the 

use of bulk glass is still predominant, mainly for fabrication of tridimensional (3D) 

devices. Similarly to chalcogenide, heavy metal oxide (HMO) glasses are characterized 

by high density, high refractive index, low glass transition temperature and excellent 

infrared transmission 8. Nevertheless they have the advantage to be easily prepared by 

several methods in open atmosphere. At first, oxide glasses have low optical 

nonlinearities. Nonetheless, their propensity to host large amount of heavy metal 

elements without reduction of glass forming ability has enable to prepare highly 

polarizable matrixes, suitable for nonlinear optics. HMO glasses usually contain over 

than 50 cation percent (cat. %) of lead and/or bismuth 8, but the addition of WO3 and 

Sb2O3 have been the subject of recent researches 9; 10; 11.  

Particularly, the presence of lead oxide have been investigated in tellurite, 

germinate, silicate and borate glass 12; 13; 14; 15. Lead silicate glasses were used on the 

fabrication of highly nonlinear and low loss fibers 13. Studies on binary systems TeO2-

PbO and B2O3-PbO have shown an enhancement of the third-order optical nonlinearities, 

with the increased of lead content due to the hyperpolarizability of Pb+2 ions 12; 14. In the 
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same way, bismuth-based glasses have been shown to display high optical 

nonlinearities, which can achieve values comparable to chalcogenide glasses 16. 

Comparing Bi3+ to Pb2+ ions, both have the same electronic distribution, but it has been 

reported that bismuth leads to higher nonlinear optical properties due to its lower 

optical band gap, that favors the resonant enhancement effect 16; 17. On the other hand, 

because lead oxide also acts as a glass forming material, it can be employed in higher 

concentrations than bismuth-based glasses. Given such features, it is usual the 

association of lead and bismuth in the same matrix 8; 17, which is able to support n2 50-

fold higher than silica glass 18.  

In addition to heavy metal oxides, a further way to improve the nonlinear 

optical response of glassy materials is by the incorporation of nanostructures, such as 

metallic nanoparticles (NPs). These NPs display collective oscillations of electrons in the 

presence of an external field, originating the surface plasmon resonance (SPR), usually 

observed in the visible portion of the linear absorption spectrum and called as plasmon 

band. Since those plasmon resonances induce to strong polarizability in the NP, effects 

of local field enhancements can result in increases of linear and nonlinear optical 

properties 19. Nobel-metal NPs have been actively investigated in glasses due to the 

facility they can be synthetized and also for providing strong and tunable plasmon band 

by adjusting the particle size20 
21.   

One of the most ordinary procedures to produce NPs in glasses involves the 

addition of the compound of interest during the melting, resulting in ions in the glass 

matrix, which are further reduced to metallic atoms, leading to NPs formation by heat 

treatment. Methods like ion-exchange and ion implantation followed by annealing have 

also been employed, however, the formation of NPs in those cases is limited to regions 

close to the glass surface 2. Although several methods are available to generate 

nanoparticles in glass, only femtosecond laser micromachining has allowed controlling it 

three-dimensionally 22. Furthermore, femtosecond lasers are important not only to 

study the optical nonlinearities at ultrashort pulses regime, but also it has been a 

powerful tool for materials processing in the microscale. 

 Femtosecond laser micromachining is a direct laser writing technique that 

involves nonlinear optical interactions, confining material modification only around the 

focal volume. Thus, surface damages are avoided by focusing the laser beam into the 

glass bulk.  By moving the sample regarding the laser focus it is possible to change the 
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material properties with high spatial accuracy. The obtained 3D microstructures may 

differ from the original material by the refractive index, nonlinear optical susceptibility, 

crystalline structure, morphology and so on 23; 24. Such features can be effectively 

changed by the formation of metallic nanoparticles during the irradiation process. Once 

metallic nanoparticles exhibit ultrafast response times and high third-order 

nonlinearities 20, their spatial control in the micrometer scale can be essential for the 

development of all-optical devices. Although waveguides, splitters, amplifiers and 

resonators have been demonstrated using different techniques and materials3, 3D-

photonic microstructures containing metallic NPs have received little attention despite 

their importance for integrated optics. 

 

1.1 Objectives  

Taking into account the technological interests on glassy materials for nonlinear 

optics, including heavy metal oxide and chalcogenides glasses, as well as the demand for 

the fabrication of microdevices for all-optical circuits, the purpose of the research 

performed on this thesis was to employ femtosecond laser pulses in two main domains: 

i) at the basis of fundamental science, to study the optical nonlinearities of glasses and 

evaluate the effect of nanoparticles over these properties; and ii) at the standpoint of 

applied science, to produce waveguides containing metallic nanoparticles using a single 

step laser processing.  

Considering the fundamental aspect of this research, the goal of this thesis 

concerned with answering: Do nanoparticles significantly show the resonant 

enhancement effect for nonlinear optical response by improving the nonlinear refractive 

index of glassy materials?  

 

1.2 Organization of the thesis 

After this introductory section where the main goals of the research has been 

stated, this thesis presents in the next chapter a brief review of the fundamental 

concepts in nonlinear optics, emphasizing the properties of amorphous materials, as 

well as their processing with femtosecond lasers, aiming at the development of optical 

waveguides (Chapter 2). Then, Chapter 3 encompasses the experimental methods 

employed for characterization and processing of the samples. Emphasis is given to the z-
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scan technique, which affords the refractive and absorptive nonlinearities. By using an 

amplified fs-laser along with an optical parametric amplifier, it was possible to 

investigate those properties in a wide range of wavelengths (approximately from 400 to 

1500 nm). Details about the experimental setup for femtosecond laser micromachining 

for the production of 3D waveguides containing metallic nanoparticles are also 

presented in Chapter 3. 

In the following, the thesis is split in two parts, which displays and discuss the 

results obtained for oxide (Part I) and chalcogenide glasses (Part II). Most of the work 

has been devoted to oxide glasses. Thus Part I include the next four chapters (Chapters 4 

to 7), which investigate the nonlinear optical properties of a GeO2-Bi2O3 glass matrix 

containing gold nanoparticles (Chapter 4) and Pb2P2O7-WO3 with copper nanoparticles 

(Chapter 5). We found out that this latter matrix, when doped with silver ions, is a good 

target for the fabrication of silver NPs into the core of waveguides using femtosecond 

laser micromachining, as presented in Chapter 6. Similarly, in Chapter 7 we show the 

simultaneous production of waveguides and copper NPs in a borosilicate glass (BSi) that 

is particularly important for being the origin of the studies of fs-laser processing of 

glassy materials in the Photonics Group at IFSC-USP 25.     

Finally, Part II focuses on the synthesis of nanoparticles chalcogenide glass, 

which was developed thanks to the partnership with Prof. Craig B. Arnold - Princeton 

University. Chapter 8 was carried out at Arnold´s Group during the one-year internship 

supported by FAPESP – BEPE program. In this chapter we describe the synthesis of 

nanoparticles in arsenic sulfide films using a solution-based method. The initial idea was 

to obtain metallic silver nanoparticles using a methodology simpler than laser ablation 

of a metal target, as reported in ref. 26. However, such approach led to the production of 

silver sulfide nanoparticles, as shown in the results of Chapter 8. Additionally, Chapter 9 

presents a general conclusion of the whole research work.             





2. Theoretical foundation and literature review  

 

2.1 Nonlinear optical properties  

It is usual to relate optical properties of materials with light refraction, 

absorption, reflection and scattering. These properties originate from a polarization 

induced in the medium by an electromagnetic field.  When such polarization (P) 

responds linearly to the applied electromagnetic field (E), through the relationship 

�⃗� = 𝜖0𝜒
(1)�⃗�  - where  𝜒(1) is the linear susceptibility and 𝜖0 is the permittivity of free 

space - the induced optical phenomena are encompassed in the linear optical regime. 

However, if the material properties do not respond in such a linear way, which occur 

when very intense electromagnetic fields are used, the regime of nonlinear optics comes 

to actuate and the polarization is described by 27      

   �⃗� = 𝜖0(𝜒
(1)�⃗� + 𝜒(2)�⃗� 2 + 𝜒(3)�⃗� 3 +⋯) ≡ �⃗� (1) + �⃗� (2) + �⃗� (3) +⋯       (2.1) 

in which  𝜒(2) and 𝜒(3) are the second- and third-order nonlinear optical susceptibilities, 

respectively. Such behavior is observed when the intensity of radiation is comparable to 

interatomic electric field, being only provided by lasers.  

Although the concept of multiphoton absorption was predicted by Maria 

Goppert-Mayer in 1931, the first experimental demonstration of a nonlinear optical 

effect took place thirty years later, right after the developed of the laser in 1960 by 

Maiman. Such first demonstration, specifically the second-harmonic generation (SHG) in 

a quartz crystal, was carried out by Peter Franken et al.. This is an example of second-

order nonlinear polarization, �⃗� (2), which also include the effects of sum- and difference- 

frequency generations. The observation of second-order optical nonlinearities depends 

on material symmetry conditions, being absent in isotropic media and centrosymmetric 

crystals. On the other hand, the third-order nonlinear optical interactions are observed 

in isotropic materials when irradiated with enough light intensity. In this way, the lower 
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order nonlinear optical properties of glasses are related to third-order optical 

susceptibility and, at first, they do not display second-order nonlinearities. 

  

2.1.1   Third-order nonlinear optical processes  

 

Considering the electric field provided by a laser, �⃗� = ℰ cos𝜔𝑡, the third-order 

polarization  can be written as 

�⃗� 3 =
1

4
𝜖0𝜒

3ℰ3 cos 3𝜔𝑡 +
3

4
𝜖0𝜒

3ℰ3 cos𝜔𝑡                   (2.2) 

As it can be observed in eq. 2.2 there is a term that oscillates at frequency 3 and 

another one at , the same frequency of the applied field. The first one is responsible for 

third-harmonic generation (THG), represented in Fig. 2.1a, in which three photons of 

frequency  are destroyed and one photon at 3  is created. The second term in eq. 2.2 

disturbs the polarization at the frequency of the incident field, , leading to effects of 

two-photon absorption (TPA), shown in Fig 2.1b, and also to the intensity dependent 

refractive index, called as optical Kerr effect. Those processes are the most studied 

nonlinear optical phenomena of glassy materials, and are the properties investigated in 

this thesis.      

 

Fig. 2.1: Nonlinear optics effects associated with the third-order optical susceptibility. a) Third-harmonic 
generation and b) two-photon absorption. 

Source: By Robert W. Boyd 27 
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Optical Kerr effect and two-photon absorption are respectively related to real 

and imaginary part of third-order susceptibility (𝜒(3) = 𝜒𝑅
(3)
+ 𝑖𝜒𝐼𝑚

(3)
), as expressed by 

eqs. 2.3 and 2.4 27; 28: 

𝜒𝑅
(3)
=
4

3
𝑛0
2𝜖0𝑐𝑛2      (2.3) 

𝜒𝐼𝑚
(3)
=
2

3

𝑛0
2𝜖0𝑐

2

𝜔
𝛽𝑇𝑃𝐴        (2.4) 

from where one obtains the nonlinear index of refraction – n2 (m2/W) – and the two-

photon absorption coefficient – βTPA (m/W), being c the speed of light in a vacuum and 

n0 the linear index of refraction.  We use SI (mks) system, which can be changed to 

gaussian units through 𝜒𝑆𝐼
(3)
= 160𝜋2𝜖0𝜒𝑒𝑠𝑢

(3)
 †.  

In this sense, glass polarizability is modified by third-order optical effects and its 

optical properties become dependent on intensity and the global refractive index (n) 

and absorption coefficient (α) are written as: 

  𝑛 = 𝑛0 + 𝑛2𝐼      (2.5) 

𝛼 = 𝛼0 + 𝛽𝐼                             (2.6) 

 It is worth mentioning that the nonlinear absorption coefficient (β) is not always 

related to two-photon absorption process. Saturation effects are also encompassed in 

nonlinear optical regime, since they are observed at high light intensity regime. 

Saturable absorption results in the decrease of absorption coefficient on account of the 

depletion of ground state associated with intense resonant excitation. Even under 

nonresonant conditions eq. 2.1 loses its validity if the applied laser field intensity is close 

to the characteristic atomic field (comparable to 3.5 x 1016 W/cm2), because of the 

photoionization that can occur under these conditions 27. In fact, photoionization is the 

central effect behind femtosecond laser micromachining, enabling to produce optical 

devices, such as waveguides, into the bulk of transparent materials, as will be described 

in the next section. 

 

                                                        
† It is usual to report the nonlinear index of refraction in gaussian units: 𝑛2(𝑚

2/𝑊) =
40𝜋𝑛2(𝑒𝑠𝑢)

𝑛0𝑐(𝑚𝑠
−1)
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2.2    Laser-induced optical breakdown in glasses 

Laser-induced breakdown in optically transparent materials refers to the 

permanent damage caused by tightly focused laser pulses, in a process that transforms 

the material into an absorbing plasma 29. Considering a pulse duration of 100 fs (10-13 s) 

and a pulse energy of only one-third of 1 mJ focused to a 20 µm diameter spot (2w0), the 

peak intensity -  𝐼∞ = 𝐸𝑝/𝜋𝑤0
2 - achieves 1015 W/cm2. When such high irradiance 

interacts with the target a sequence of nonlinear optical reactions is initiated and a 

permanent damage is produce. The damage region can differ from the original material 

in a number of properties, including refractive index, absorption coefficient, structure 

and morphology 24, which has provided new opportunities for laser material processing 

and aggregating new issues to fundamental sciences. 

In a transparent dielectric, the bound valence electrons have an ionization 

potential or bandgap (Eg) greater than the photon energy, thus the bound electrons do 

not absorb the laser light at low intensities 29. However at the intensities provided by 

ultrashort laser pulses, a nonlinear absorption mechanism promotes electrons from 

valence band (VB) to the conduction band (CB). Current investigations claim that such 

process can occur by photoionization or avalanche ionization 30.  

Depending on laser frequency and intensity, photoionization mechanism is 

achieved through multiphoton ionization or tunnelling ionization, represented on Fig. 

2.2. At high laser frequencies, but still in a nonresonant region, nonlinear ionization is a 

consequence of multiphoton absorption, in which several photons are absorbed at the 

same time by an electron in VB promoting it to CB. On the other hand, tunnelling 

ionization prevails at lower laser frequencies and higher intensities. In this process, the 

band structure of dielectric is distorted due to the intense field, so that the potential is 

suppressed and band to band transition can occur, whereby a bound electron tunnels 

out to become a free electron at CB 30; 31. The transition between multiphoton and 

tunnelling ionizations has been analyzed through the Keldysh parameter, defined by  

𝛾 =
𝜔

𝑒
[
𝑚𝑐𝑛𝜖0𝐸𝑔

𝐼
]
1/2

     (2.7) 

and plotted in Fig. 2.3,  where m and e are the reduce mass and charge of the electron. 

Keldysh proposed that the photoionization is predominated by the multiphoton 

absorption for γ > 1.5 and by tunneling ionization for γ < 1.5.  
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Fig. 2.2: Nonlinear photoionization processes underlying femtosecond laser machining. (a) Tunneling 
ionization, (b) multiphoton ionization, and (c) avalanche ionization: free carrier absorption followed by 

impact ionization. VB, valence band; CB, conduction band.  

Source: By Martin Ams et al. 31 

 

 

 

Fig. 2.3: Keldysh parameter (γ) as a function of laser intensity (for a 800 nm light in fused silica). When γ 
is larger (smaller) than about 1.5 photoionization is a multiphoton process (tunnelling).  

Source: Reprinted from 30 
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Avalanche ionization, also illustrated in Fig. 2.2, requires a seed electron already 

in the CB. Although glasses are dielectric materials, there are always some free or 

conduction electrons in any real material system, which can come from impurities. 

Those electrons in CB linearly absorb several laser photons sequentially, moving to 

higher energy levels. When the energy of this electron exceeds the conduction band 

minimum by more than the Eg, by collision it transfers energy to an electron in VB, 

resulting on two electrons at the conduction band minimum. Each of these electrons 

keep absorbing energy through free-carrier absorption as long as the laser field is 

present, leading to an exponential growth on electron density. Thus, a plasma of free 

electron is created, been responsible for the further material modification, as alteration 

of the refractive in confined regions.   

 

2.2.1  Optical waveguides in glasses† 

The origin of 3D waveguides in glass is related to studies on laser-induced 

breakdown in dielectrics. Investigating the damage produced by fs-pulses tightly 

focused inside fused silica, Hirao’s team observed a local change in the refractive index, 

Δn, of approximately 0.01533. The nature of this Δn was discussed considering effects on 

the glass network resulting from localized melting or defects formation, as peroxy 

radicals, Si E’ and nonbridging oxygen hole centers. Moreover, multiphoton processes 

were associated with laser-induced damage33. In the following year, the functionality of 

those damage lines for waveguide was demonstrated and the role of fs-laser became 

clearer34. Due to the high intensity in the focal volume, multiphoton absorption occurs, 

confining material ionization and plasma formation in the focused region inside the 

glass. The further interactions can lead to a local heating, and therefore structural 

densification during cooling and increase of the refractive index33; 35. 

The guided modes are mainly determined by the shape, size and Δn of the 

waveguide, which can be controlled by the writing conditions, including the average 

power and repetition rate of the fs-laser, as well as sample scan speed and numerical 

aperture of the objective 34; 36. Moreover, the direction of sample movement defines the 

waveguide geometry. Elliptical or roughly cylindrical cross sections are obtained when 

                                                        
† This section was recently published as part of a Review paper, please see in J. Braz. Chem. 

Soc.32 or DOI: dx.doi.org/10.5935/0103-5053.20150238 
 

http://dx.doi.org/10.5935/0103-5053.20150238
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the sample is translated transversal or longitudinally to the laser beam, respectively33. 

Although cylindrical waveguides favor the light coupling and guiding, their length is 

limited by the work distance of the employed objective, usually shorter than 10 mm for 

NA> 0.25. Thus, at the beginning of 20th century one of the first issues to be solved dealt 

with the asymmetry of the waveguides when produced by transversal writing. Such 

asymmetry follows the beam intensity profile where nonlinear interactions take place. 

Therefore, it is feasible that the waveguide cross-section is equivalent to the confocal 

parameter (𝑏 = 2𝜋𝑤0
2/𝜆) along the beam propagation direction, corresponding to the 

beam diameter 2𝑤0 when observed perpendicularly to it. In order to control the beam 

diameter without affecting the focal length, Osellame et al.37; 38 developed the astigmatic 

beam-shaping technique, in which a telescope with cylindrical lenses is employed so 

that the size and symmetry of the waveguide can be adjusted. A modification on the 

experimental setup made the micromachining of cylindrical waveguides simpler. Similar 

beam shaping can be achieved by using a slit, positioned before the objective lens and 

oriented parallel to the sample translation direction 39; 40. Figure 2.4 (a) shows a 

nonfunctional waveguide and its elliptical cross-section, produced by a fs-laser (800 nm, 

120 fs, 1kHz) in a phosphate glass, using a 20 objective lens (NA=0.46) and scan speed 

of 40 μm/s without slit. Using a slit of 500 μm, cylindrical waveguide is performed, as 

shown in Fig. 5 (b), enabling the light confinement. To obtain a waveguide with a 

symmetrical profile the ratio between the beam waist at directions perpendicular to the 

laser propagation must be 
𝑊𝑦

𝑊𝑥
=
𝑁𝐴

𝑛
√ln 2/3 at the objective entrance, where n is the 

refractive index and x is the waveguide axis, according to ref. 39. 

 

Fig. 2.4: Differential interference contrast microscopy showing waveguides and their cross-sections, when 
micromachined (a) without and (b) with a slit before the objective lens 39. 

Source: By M. Ams et al. 39. 
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Other drawback of laser processing of materials is related to the processing 

speed of the waveguides. The amplified laser systems employed own repetition rate on 

the order of kHz, which restricted the increase of the processing rate. Thus, the 

development of long cavity Ti:sapphire oscillator provided fs-pulses at MHz rate, with 

enough energy per pulse for such task. Although the pulse energy decreased from mJ to 

nJ, the time interval between two consecutive pulses is also reduced typically from ms to 

ns, bringing not only faster laser scan speed, but also new issues concerning the heating 

accumulation. Given that the heat diffusion time out of the focal volume of a high 

numerical aperture lens is about 1 µs, there is not enough time for the irradiated region 

to cool down, resulting on the increase of the temperature and consequently 

melting/material modification in a dimension much larger than the focal volume41. 

Structures composed by concentric rings are commonly seen when fs-lasers with 

repetition rate of MHz are used, as illustrated on the top-view microscope image of Fig. 

2.5.  

 

 

Fig. 2.5: Dependence of laser-induced damage in a borosilicate glass (AF45) with the repetition rate, 
number of pulses and fluence of a 1045 nm- femtosecond laser. Beam direction is normal to the image 

plane 42. 

Source: By Shane M. Eaton et al.42 

 

The inner rings in Fig. 2.5 represent the region achieved laser pulses, where 

nonlinear effects initiated by multiphoton absorption and followed by multiphoton- and 

avalanche ionization take place43. Part of the energy absorbed by the electrons is 

transferred to the lattice, and the central region acts as a heat source outward the focal 

volume. The local temperature can reach values as high as a few thousand °C (around 
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7000° C). Then, the melted glass resolidifies according to the temperature and pressure 

gradients, leaving stress-strain zone that affects the inner region, giving rise the outer 

rings 42; 44. The magnitude of the heat affected zone, and therefore the waveguide size, 

depends on the number of laser pulses, thermal diffusion coefficient and the material´s 

optical bandgap, which defines the nonlinear interactions. Furthermore, in general, 200 

kHz can be defined as the onset of repetition rate for heat accumulation generated by 

laser in glass. Because of its high bandgap energy and melting temperature, pure fused 

silica is a particular case, requiring wavelength closer to the bandgap and greater pulse 

energy and repetition rate42.  Nevertheless, waveguides can be micromachined in fused 

silica by using fs-lasers of low repetition rate (1 kHz), in which the change of refractive 

index is controlled by the laser scan speed 36. 

In this sense, the choice of MHz or kHz laser systems substantially affects the 

resulting photo-written structure. If thermal effects are adverse, as in the obtainment of 

sub-micrometric structures, low repetition rate are appropriate, whereas high repetition 

rate lasers can play as a heat source, being beneficial for the reduction of waveguide 

loss, induced crystallization and ionic diffusion42; 45; 46. Combining diffusion and 

crystallization with nonlinear optical processes, caused by fs-laser pulses, it has been 

possible to control the formation of metallic nanoparticles three-dimensionally at 

micrometer scale22; 25; 47; 48; 49, as it will be discussed in Chapter 6. 

We have discussed the effects of longitudinal and transversal laser writing, as 

well as the influence of repetition rate on the fabrication of waveguides in glass. Among 

the experimental parameters, pulse duration also affects the laser-induced damage in 

transparent materials. Experiments and modeling on fused silica are studied in 

references 50 and 51, for regimes of short and ultra-short pulses respectively, in which 

contributions from multiphoton, tunnel and avalanche ionizations are thoroughly 

described. Also investigating fused silica, Mazur group found a dependence of NA with 

the damage caused by fs-laser pulses 52. For NA≥0.10 there is a sharp threshold energy 

that indicates the onset of multiphoton ionization. Such threshold energy is well below 

the critical power for self-focusing for a regime of high NA (greater than 0.25), resulting 

in structures that matches the confocal parameter, whereas lower NAs cause broken 

filaments, suggesting multiple refocusing of the femtosecond laser beam52; 53. 

Most of the key works concerning laser-induced damage and waveguides are 

performed using standard or commercial glasses, moreover fused silica. Nevertheless, 
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studies on optical nonlinearities demonstrate the importance of tailoring material 

properties through the composition, stimulating the use of multicomponent glasses for 

direct laser writing. For instance, quantitative measurements on fs-laser induced Δn 

have shown a strong dependency on glasses composition, its structure and thermal 

properties 33; 54. Positive, negative and nonuniform variations of Δn result not only from 

the glass composition but also from the laser writing parameters55; 56. The waveguide 

shape is also affected by composition, as in the case of heavy metal oxide glasses, which 

have high n2 and hence self-focusing effect 15. Even so, Y-splitters, directional couplers, 

supercontinuum and second harmonic generation have been demonstrated in those 

glasses using fs-laser micromachining 57. In addition, heavy metal oxide glasses are 

excellent hosts for earth-rare elements, enabling the development of active waveguides 

58; 59. 

 

 



3. Experimental procedures 

Two different Ti:sapphire laser systems were employed in this work. For the 

measurements of nonlinear optical spectroscopy we used an amplified system with 

repetition rate of 1 kHz and pulses of 150 fs and 400 μJ at 775 nm (Clark-MXR), which is 

used to pump an optical parametric amplifier (OPA-Quantronix) that  provides 120-fs pulses 

from 460 up to 2000 nm. Femtosecond laser micromachining experiments were mainly 

carried out with an oscillator system operating at 5 MHz with pulses of 50 fs and 100 nJ, 

centered at 800 nm (Femtosource-XL). However, in some occasions the amplified laser 

was also used for micromachining. Details about the experimental setups and 

techniques are presented in the following sections, while preparation of the samples is 

described individually in the corresponding chapter.  

  

3.1 Nonlinear optical spectroscopy 

3.1.1 Z-scan technique  

The third-order nonlinear optical properties of glass samples were obtained 

through the z-scan technique 60; 61, that consists in measuring sample transmittance in 

the far field while it is scanned along the propagation (z direction) of a focused Gaussian 

beam. Depending if there is/is not an aperture (iris) in front of the detector, it is possible 

to obtain the refractive or absorptive nonlinearities, called respectively close and open 

aperture z-scan. In the close aperture z-scan configuration, see Fig. 3.1a, as the sample 

approaches the focus the induced self-phase modulation diverge the beam into the far 

field, assuming n2 > 0, leading to a decrease in the transmission through the iris. After 

the focus, the effect is to converge the beam, which in turn increases the light 

transmitted through the iris. Thus, the technique is based in a self-phase modulation 

acquired by a laser when propagates throughout a nonlinear medium, resulting in a 

distortion of the beam wave front. The phase shift Δ𝜙0at the exit of the sample is:  
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∆𝜙0 =
𝑘.𝑛2.𝐼0.𝐿

√2
     (3.1) 

 

where k is the wave vector and L is the sample effective length. By plotting the 

normalized transmittance as a function of the z position T(z) = P(z)/P(z∞), one obtain 

the z-scan signature represented by a prefocal valley followed by a posfocal peak (Fig. 

3.1a), featuring a positive refractive nonlinearity, in which pick-valley variations are 

given by 30:  

Δ𝑧𝑃−𝑉 = 1.7𝑧0     (3.2) 

 

Δ𝑇𝑃−𝑉 = 0.406. Δ𝜙0     (3.3) 

 

where 𝑧0 = 𝜋𝑤0
2/𝜆, enabling to figure out the laser intensity, 𝐼0 = 2𝑃/𝜋𝑤0

2, and the 

nonlinear refractive index: 

𝑛2 =
Δ𝑇𝑃−𝑣.𝜆.√2

2𝜋.0.406 𝐼0.𝐿
     (3.4) 

 

The sensitivity to the nonlinear refraction is due to the aperture, and its removal 

makes the technique sensitive to nonlinear absorption, including multiphoton 

absorption or saturation of absorption effects, configuring open z-scan measurements.  

In this case, the z-scan trace is symmetric with respect to the focus (z=0), showing a 

minimum (e.g. multiphoton absorption) or maximum transmittance (saturation of 

absorption). Figure 3.1b exemplifies the multiphoton absorption process, in which 

changes in transmittance is associated with the nonlinear absorption coefficient 

through: 

Δ𝑇𝑃−𝑉 = |1 −
1

𝑞0
ln (1 + 𝑞0)|    (3.5) 

 

with 𝑞0 = 𝛽𝐼0𝐿. For the nonlinear absorption spectra of samples reported in Chapter 5 

we used the white-light continuum (WLC) z-scan technique 62; 63, which uses as 

excitations source the WLC generated by pumping of a distilled water cuvette with the 

amplified laser system. Thus, the WLC spectrum, from 450-750 nm, is collected in a 

single scan without the need of using the OPA, as in all other experiments.  
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Fig. 3.1: Representation of z-scan measurements for close (a) and open (b) configurations to obtain, 
respectively, the nonlinear refractive index and nonlinear absorption coefficient through normalized 

transmittance as a function of z position (z-scan signature).   

Source: By Joel Hales-Georgia Tech, available in www.photonicswiki.org 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
 

We have employed a spatial filter placed before the z-scan setup to ensure a 

Gaussian profile for the laser beam. The laser pulse energies ranged from 10 to 200 nJ, 

and the beam waist sizes at the focus varied from 12 to 28 µm, depending on the 

excitation wavelength. The experimental errors for nonlinear refraction and absorption 

measurements are estimated within ± 20 % and ± 10 %, respectively. Fused silica has 

been used as standard calibration for closed aperture z-scan, where the approximate 

value of n2 ~ 1.9 x10-20 m2/W was obtained at visible and infrared regions, being in 

accordance with results from the literature 64.  

 

 

 

 

http://www.photonicswiki.org/
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3.1.2 Optical Kerr gate (OKG) 

It is possible to analyze the response time of the refractive optical nonlinearity 

by using measurements of Kerr gate. This experiment is very similar to pump-probe 

technique that allows studying the dynamics of the excited state. However, in the case of 

OKG, the dynamic is associated with the induced birefringence in the Kerr medium. The 

experimental setup, represented in Fig. 3.2, consists in placing the isotropic sample 

between two crossed polarizers. An intense pump beam induces the refractive 

nonlinearity, responsible for generating anisotropy, affecting the propagation of a 

second weaker laser beam - probe , which is overlapped spatially and temporally (delay 

line) with the pump beam, both focused on the sample. The signal generated in probe 

beam is checked in a photodetector connected to a lock-in amplifier after passing 

through the sample and the analyzer, from which the response time is obtained taking 

into account the original pulse time.  

 

Fig. 3.2: Experimental setup used for optical Kerr gate measurements. 

Source: By the author. 

 

 The earlier mentioned amplified laser system and the OPA were used as 

excitation sources to perform measurements at different wavelengths, depending on the 

interest region for each sample. The laser beam was split into pump and probe (4 % of 

the pump) beam by a glass slide. Transient transmittance measurements were 

performed for the samples of Chapter 6 by removing the analyzer from the OKG setup, 

featuring a traditional pump-probe experiment. We have calibrated the laser pulse 

width, after passing through lenses, glass plates and polarizers using a thin BBO crystal, 

thus obtaining a pulse of 200-220 fs.  
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3.2 Femtosecond laser micromachining 

Femtosecond laser micromachining was employed in order to produce 3D 

waveguides, as well as to grow spatially controlled metallic nanoparticles in glasses. The 

experimental setup, schematically displayed in Fig. 3.3, basically requires an objective 

lens, a xyz translational stage and a camera to follow the processing, besides the 

femtosecond laser. The sample is placed over a computer-controlled x-y-z stage, which 

moves it at constant speed in the plane perpendicular to the laser propagation, while the 

objective lens that focus the beam into the glass remains fixed.  The numerical aperture 

(NA) of the objective lens determines the focal volume, so that its variation (kept within 

0.65 - 0.25) enables to control the micromachined region, featuring the size and shape of 

waveguides. Figure 3.4 is a picture of the built apparatus.  

 

Fig. 3.3: Representation of experimental setup for femtosecond laser micromachining used to produce 
waveguides and generate nanoparticles into the glassy samples. 

Source: By the author. 
 

 

Fig. 3.4: Picture of the experimental setup used for femtosecond laser micromachining.  

Source: By the author. 
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3.3 Coupling and optical losses of waveguides 

In order to evaluate the functionality of the waveguides containing metallic 

nanoparticles, we performed coupling measurements using a standard system, based on 

a He-Ne laser (632.8 nm) and microscope objectives, as illustrated in Fig. 3.5.  Near-field 

propagation mode was collected onto a CCD camera. 

Waveguide losses were determined by measuring the input and output power at 

the entrance of the first objective and right after an iris placed at the exit of the second 

objective, taking into account the transmission of all components of the system. In order 

to distinguish coupling from propagation losses, the transmittance was obtained for the 

whole length of the waveguide (~ 5 - 6 mm) and then for half of such length.  

 

 

Fig. 3.5: Representation of experimental setup used for coupling 632.8 nm-light in the waveguides and 
analyze propagation modes and optical losses.   

Source: By the author. 
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4. Ultrafast third-order optical nonlinearities of 

heavy metal oxide glasses containing gold 

nanoparticles† 

This chapter reports on the third-order nonlinear properties and the 

response time of GeO2-Bi2O3 glass, as well as the effect of gold nanoparticles 

on these properties. The nonlinear refractive index spectrum and the 

nonlinear absorption coefficient were determined by the Z-scan technique, 

and the response time was obtained through Kerr gate measurements, using 

femtosecond pulses. The results show that the presence of gold nanoparticles 

causes a saturable absorption effect that is overcome by the two-photon 

absorption process at higher light intensities, for wavelengths within the 

plasmon band. We measured a constant value for the nonlinear refractive 

index (n2) for the visible and infrared regions, which was not affected by the 

presence of gold nanoparticles in the sample. However, the n2 value is one 

order of magnitude higher than the one for fused silica and 1.5 times better 

than PGO (PbO-GeO2) glasses. In addition, the response time of the induced 

birefringence for the samples with and without gold nanoparticles is faster 

than the pulse duration (220 fs), indicating an ultra-fast electronic process.  

 

4.1 Introduction 

Heavy-metal oxide glasses are promising materials for photonic applications due 

to their high third order nonlinearities, which are fundamental to the development of 

all-optical devices 12. Among heavy metals, lead has been widely investigated because it 

can be incorporated, in the form of lead oxide, in large amounts to glasses, resulting in 

high third-order nonlinear optical susceptibilities (3) 12; 62; 66. Nonetheless, it has been 

reported that bismuth oxide leads to 1.5 times larger 3 than lead oxide, both in borate 

matrix 17. Although Pb2+ and Bi3+ have the same electronic structure [(Xe) 4f14 5d10 6s2 

                                                        
†Already published, please see in Optical Materials65 or DOI: 10.1016/j.optmat.2013.12.012. 
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6p0] and optical transition mechanism (1S0→3P1), the higher susceptibility associated to 

the bismuth glass is due to its smaller optical band gap 17. For the same reason, 

germanium dioxide is an important glass former in this research field. In fact, the band 

gap energy of vitreous germania is smaller than other common oxide glass formers 1.  

Beside the hyperpolarizability of the glass constituents, addition of metallic 

nanoparticles is also expected to improve the optical nonlinearities of glasses. Due to the 

local field enhancement effect, Au, Ag and Cu nanoparticles have been incorporated in 

several materials in order to obtain a better performance of both linear and nonlinear 

optical properties 67; 68; 69; 70.  Enhancement of rare-earth ions emission on glasses 

containing metallic nanoparticles have been demonstrated 69; 71; 72; a growth of ~1000% 

in the photoluminescence intensity of Eu3+ doped GeO2-Bi2O3 glass containing gold 

nanoparticles was reported in Ref. 69, for example.  

Despite such significant effects on the linear optical properties, considerable 

enhancement on nonlinear optical properties of glasses containing metallic 

nanoparticles has not been obtained. Therefore, this work reports on the effect of gold 

nanoparticles in the third-order nonlinear optical susceptibility of the GeO2-Bi2O3 glass. 

Because a strong enhancement of the photoluminescence was observed in the GeO2-

Bi2O3 glass doped with Eu+3 69, such sample was also chosen to be studied in this work. 

The nonlinear absorption coefficient at wavelengths within the plasmon resonance band 

and the nonlinear refractive index at visible and near-infrared regions (480-1500 nm) 

were obtained using the wavelength-tunable femtosencond Z-scan technique. In 

addition, the response times of the nonlinearity have been evaluated at 780 nm by the 

optical Kerr gate technique.  

 

4.2 Materials and methods 

The 58.4 GeO2 – 41.6 Bi2O3 (wt%) glass matrix and the 3Au2O3 – 0.5Eu2O3 (wt%) 

doped sample (GB and GB-Au respectively), were prepared by the melt-quenching 

method as described in Ref. 69. The Au nanoparticles were obtained by adequate 

annealing of the GB-Au sample at 420 C for 3h. Spherical shaped nanoparticles, with 

size distribution around 5 nm, were observed in the transmission electron microscopy 

(TEM) images. The third-order nonlinearities and response times were obtained using z-

scan and optical Kerr gate measurements, as described in section 3.1.   
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4.3 Results and discussions 

The linear absorption spectra of GB (a) and GB-Au (b) samples, displayed in Fig. 

4.1, reveal that both samples are transparent for wavelengths longer than 600 nm.  The 

two narrow absorption peaks observed for GB-Au (b) at 395 and 465 nm are due to the 

Eu3+ 4f-4f electronic transitions originated from the ground state (7F0) 69. Moreover, this 

sample presents a broad absorption band centered at 500 nm, which is related to the 

surface plasmon resonance of Au-nanoparticles, indicating that nanoparticles formation 

occurs after the annealing at 420 C during 3h. Such nanoparticles have spherical shape 

with diameter around 5 nm, according to TEM images as reported in Ref. 69.  

 

 

Fig. 4.1: Linear absorption spectrum of (a) GB and (b) GB-Au samples. 

Source: By the author. 
 

In order to evaluate the effect of the gold nanoparticles on the third-order 

optical nonlinearities of germanium-bismuth glass, open and closed aperture Z-scan 

measurements were carried out. In Fig. 4.2, typical Z-scan results for nonlinear 

absorption (open aperture) are depicted for GB and GB-Au at 500 nm. Table 1 presents 

the values of nonlinear absorption for GB and GB-Au samples for wavelengths from 500-

580 nm. According to the Z-scan signature displayed in Fig. 4.2, which features a valley 

at the focal region (z = 0), a two-photon absorption (2PA) process is observed for the GB 

matrix. Although GB sample presents a tail associated to the interband transition at 500 

nm in the linear absorption spectrum, the reverse saturable absorption can be discarded 
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once the excitation photon energy (2.48 eV) is far from the band gap energy of the glassy 

matrix (Eg = 3.2 eV). In this case, the two-photon absorption coefficient (β2PA) value of 

0.08 cm/GW is obtained by fitting the experimental curve. On the other hand, the sample 

containing gold nanoparticles (GB-Au) presents a normalized transmittance (NT) curve 

with values higher than one at pre- and post-focal positions, and values lower than one 

for the focal position, as shown in Fig. 4.2. This indicates that two opposite nonlinear 

absorption effects are competing: the 2PA already observed on the glass matrix GB  (NT 

< 1) and saturable absorption (SA) of the Au-nanoparticles  (NT > 1) 73. Because the 

excitation energy is resonant with the gold plasmon band at 500 nm, the nonlinear 

absorption process of GB-Au presents SA (pre- and post-focal positions) that overlaps 

the two-photon absorption at low intensity regimes. At this region, SA overcomes 2PA 

because the former is a one-photon process. However, as the intensity increases when 

the sample approach the focus, 2PA starts to compete with SA, decreasing considerably 

the transmittance at the focal position (z = 0) 74. To obtain the 2PA and SA magnitudes 

from the experimental result presented in Fig. 4.2 (GB-Au), the 2PA and SA theoretical 

curves (doted lines) were added and the corresponding absorption coefficients were 

adjusted until a good fit to the experimental data was obtained  (solid line in Fig. 4.2). 

Through this procedure, we found a SA coefficient βsat = -0.14 cm/GW and β2PA = 0.11 

cm/GW. The same behavior observed in Fig. 4.2 at 500 nm was also obtained for 

wavelengths between 500 and 560 nm, within the plasmon band. Nevertheless, only 

2PA occurs for GB-Au at 580 nm. Therefore, the SA is related to the plasmon resonance 

of the gold nanoparticles, since it is observed only when the excitation is performed with 

wavelengths whitin the plasmon band. Concerning the values of βsat, we observed a 

decrease of their magnitude as the excitation wavelength moves away from the plasmon 

band, while β2PA of both samples stays nearly constant considering the estimated error. 

For longer wavelengths (λ > 580 nm) we were not able to observe any signal.  
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Fig. 4.2: Open aperture Z-scan signature at 500 nm for GB and GB-Au. Open symbols represent the 
experimental results, while solid lines are the fitting curves. In the GB-Au, the dotted lines correspond to 

the individual theoretical curves for SA (normalized transmittance higher than one) and 2PA (normalized 
transmittance lower than one), while the solid curve represents the sum of both processes. 

Source: By the author. 

 

Table 4.1: Nonlinear absorption values of GB and GB-Au sample. β2PA and βsat represent the two-photon 
and saturable absorption coefficients respectively. 

λ (nm) β2PA (cm/GW) ± 0.01 βsat (cm/GW) ± 0.01 
 GB GB-Au 

500 0.08 0.11 -0.14 
520 0.06 0.11 -0.12 
540 0.08 0.11 -0.10 
560 0.06 0.05 -0.08 
580 0.09 0.05 0 
 

Figure 4.3 shows the spectra of the nonlinear refractive index (n2) for GB and 

GB-Au glasses. The insets display typical closed aperture Z-scan signatures for each 

sample. For wavelengths between 480 and 580 nm the division between close and open 

aperture Z-scan curves was performed in order to isolate the effects of the nonlinear 

absorption and refraction 61. One can notice a constant behavior of n2 as a function of the 

wavelength for both glasses. Moreover, the average values of n2 for GB and GB-Au 

samples are very similar, being respectively 1.7 e 1.8 x10-19 m2/W. Therefore, no effect 

of the gold nanoparticles has been observed for the refractive nonlinearities of 

germanium-bismuth glass. Although it has been reported the influence of the metallic 

nanoparticles in the third-order nonlinear optical susceptibilities for excitation with  

nano or picosecond laser pulses excitations 67; 68; 75, the nonlinear refractive index for 

femtosecond regimes seems to be not sensitive to the presence of nanoparticles for 

wavelengths within and far from the plasmon band. Such independence was observed 
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for silver nanoparticles in lead-germanium glass 76. An explanation for this result is 

based on the low concentration of the metallic nanoparticles, once the filling factor has 

been reported to be an important parameter for the enhancement effect of the optical 

nonlinearities 77. In this sense, the magnitude of the nonlinear refractive index shown in 

4.3 is directly related to the highly polarizable atoms in the glass matrix, being one order 

of magnitude larger than the average value of the fused silica for the same wavelength 

range 62; 64. The results obtained show that for GB glasses n2 is 1.5 times higher when 

compared to PGO (PbO-GeO2) glasses containing silver nanoparticles 76, This result is in 

agreement to the improvement on the 3 caused by the bismuth oxide in borate glass 

when compared to lead oxide and it is related to the coordination states around the 

heavy metal ion 17. It has been reported that Pb2+ have fourfold or threefold 

coordinations in many oxygenated compounds (forming PbO3 trigonal and/or PbO4 

square pyramids), while Bi3+ configure polyhedrals with higher coordination numbers 

(5 - 6), being in most cases [BiO6] octrahedral units. Such difference in the coordination 

states causes changes in the glass polarizability which results in a decreasing of their 

band gap energy and consequently in the increasing of the nonlinear optical 

susceptibilities 17; 78; 79.        

 

 

Fig. 4.3: Spectra of nonlinear refractive index (n2) of GB and GB-Au glasses. The insets show the closed Z-
scan signature for each sample at 780 nm, which are representatives for the whole spectrum. 

Source: By the author. 
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In the same way, the presence of gold nanoparticles does not affect the Kerr gate 

signal, as shown in Fig. 4.4 for excitation at 780 nm. The fused silica signal was added in 

Fig. 4.4 for the sake of comparison. The optical Kerr gate signal is related to the 

nonlinear birefringence induced in the samples by a pump beam. The change in the 

polarization of the probe beam can be determined as a function of the delay time 

between both beams (pump and probe), resulting in the response time of the nonlinear 

birefringence 80, in the present case directly related to n2. As one can notice, samples 

with and without Au-nanoparticles presented a symmetric Kerr gate signal, indicating 

that the response time is shorter than the pulse duration. Using a Gaussian fit, we have 

found a pulse duration of 220 fs which is in agreement with our calibration using a BBO 

crystal. Although the optical nonlinearity of GB and GB-Au glasses has been limited by 

the pulse duration and no effect of the nanoparticles could be observed, the result 

displayed in Fig. 4.4 indicates an ultra-fast electronic process (less than 220 fs). 

 

 

Fig. 4.4: Kerr gate signal of the GB and GB-Au samples excited at 780 nm. The result of fused silica is 
shown in order to check the signal on the nonlinear glasses. Open symbols are the experimental data 

while the solid line represents the Gaussian fit. 

Source: By the author. 
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4.4 Conclusions 

We have investigated the third-order nonlinear optical properties and the 

response times of GeO2-Bi2O3 glass, as well as the effect of gold nanoparticles in this 

glassy matrix. The nonlinear absorption coefficient and the nonlinear refractive index 

spectra were obtained using a tunable fs Z-scan technique, while the optical Kerr gate 

was carried out to obtain the response time of the optical nonlinearity. Our results show 

that the presence of gold nanoparticles affects the nonlinear absorption process only 

within the plasmon band region (centered at 500 nm), in which, at low light intensities, 

the saturable absorption effect overlaps the two-photon absorption that becomes 

dominant for higher intensities. For the sample without gold nanoparticles, only two-

photon absorption was observed, indicating that SA is caused by the plasmon resonance 

associated to the gold nanoparticles. On the other hand, the nanoparticles do not affect 

the nonlinear refractive index spectrum, once a constant behavior from 480 to 1500 nm 

was observed for both samples. In this region, the average value of n2 is 1.8 x10-19 m2/W 

and it is one order of magnitude larger than that of fused silica. When compared to the 

PGO glass, the GeO2-Bi2O3 sample has a n2 1.5 times higher. Therefore, the use of Bi2O3 is 

a better alternative when compared to PbO regarding the improvement of third-order 

nonlinearities. In addition, such optical nonlinearity exhibits an ultra-fast response time, 

being shorter than the laser pulse duration (< 220 fs). In summary, the GB glasses 

analyzed in this work have low nonlinear absorption coefficient, high nonlinear 

refractive index and ultra-fast response times, which are interesting for photonic 

applications, as all-optical switching. 



 

5. Nonlinear optical properties of tungsten lead-

pyrophosphate glasses containing metallic copper 

nanoparticles† 

We have prepared heavy metal oxide glasses containing metallic copper 

nanoparticles with promising nonlinear optical properties which were determined 

by Z-scan, and pump-probe measurements using femtosecond laser pulses. For 

the wavelengths within the plasmon band, we have observed saturable absorption 

and response times of 2.3 ps. For the other regions of the spectrum reverse 

saturable absorption, and lifetimes shorter than 200 fs were verified.  The 

nonlinear refractive index is about 2.010
-19

 m
2
/W from visible to telecom region, 

thus presenting an enhancement effect near the plasmon and Cu
+2

 bands. 

 

5.1 Introduction 

Oxide glasses, such as phosphate glasses, have been used as host material for 

heavy metal elements due to their wide range of applications in photonics, and on 

account of  their interesting properties, such as low glass transition temperature, Tg, 

high thermal expansion coefficient, (allowing easy optical fibers fabrication), 

transparency from the ultraviolet up to 5 m, and their high vitrifying ability and 

unusual capability to dissolve large amounts of other glass formers, modifiers, and 

intermediate compounds without reduction of glass forming ability 82; 83; 84. Glasses 

containing heavy-metal-oxides (HMO), such as PbO, WO3, Bi2O3 and Sb2O3, are the 

subject of research because of their nonlinear (NL) optical properties that can be 

tailored by using appropriate concentration of hyperpolarizable elements, and by 

extended infrared transmittance 2; 85; 86; 87, which are the main features to develop NL 

photonic devices for all-optical switching, optical limiters and infrared technologies. 

                                                        
†Already published, please see in Plasmonics 81 or DOI: 10.1007/s11468-013-9585-z. 

http://dx.doi.org/10.1007/s11468-013-9585-z
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Furthermore, glasses containing metallic nanoparticles (NP) are also promising 

photonic materials for nonlinear optics due to their wide range of resonant absorption 

frequencies, ultrafast response times and large third-order nonlinear optical coefficients 

associated to the surface plasmon resonance (SPR) of metallic NP 88; 89. Generally, these 

nanocomposites glasses contain noble metallic NP, such as Ag, Au and Cu, are prepared 

by the introduction of metal ions into the optically transparent glass matrix, and 

followed by metal reduction processes that can be achieved by heat treatment, or laser 

irradiation, both promoting the NP precipitation within the glass host 2; 90; 91. However, 

the majority of the researches done in this field has aimed at synthesizing silver and gold 

NP owing to their unique electrical and optical properties 76; 92. Glasses containing 

copper NPs are also very promising materials for optical application because they are 

less expensive, and show many similar properties compared to other noble metals 48; 93. 

Nowadays, there are several reports concerning the nonlinear optical properties of Cu 

NPs embedded in silicate glasses 25, ceramic matrix 94; 95 and  sapphire matrix 96. The 

most widely used techniques to precipitate Cu are ion implantation, femtosecond laser 

irradiation and sol-gel methods, followed by heat treatment to reduce and grow 

nanoparticles 93; 97; 98. 

Considering the scenario above, and knowing that there are still many unsolved 

fundamental questions around the origin of optical nonlinearities, in spite of the 

numerous studies of glasses containing metallic nanoparticles, the actual task is to 

develop methods to synthesize NP with controlled optical properties according to their 

size and nature. The present work has the purpose of showing the growth of metallic Cu 

nanoparticles into an unusual and transparent binary glass system, based on lead 

pyrophosphate and tungsten oxide doped with copper ions, using heat treatment close 

to the glass transition temperature, Tg, for the NP nucleation and growth. The 

nanoparticles nature and morphology were confirmed by HR-TEM (high resolution 

transmission electron microscopy) and selected area electron diffraction (SAED). To 

investigate the influence of heat treatment on copper NP precipitation within the matrix, 

the samples were optically characterized by ultraviolet-visible absorption, and Z-scan 

technique to investigate the effect of copper NPs in the third-order nonlinear optical 

properties. The nonlinear refractive index (n2) and the excited state absorption 

spectrum were determined by close-aperture, and white-light continuum (WLC) Z-scan 

techniques 63; 99 using ~150 fs pulses at 1 kHz repetition rate. 
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5.2 Materials and methods  

Glass preparation 

Glass samples were synthesized by the conventional melt-quenching method 

using tungsten oxide WO3 (Aldrich 99.8% pure), lead pyrophosphate Pb2P2O7 and 

copper oxide CuO (99% pure), prepared according to the molar composition 

(70Pb2P2O7-30WO3): 0.5CuO. Preparation started with the heat treatment of raw 

materials at 150° C for 1 h to reduce adsorbed gases. Then, chemicals were mixed 

together at an appropriate molar ratio, and the batch mixture was melted at 980° C for 1 

h to ensure homogenization and fining. Finally, the melt was cooled in a stainless steel 

mold pre-heated at 80 °C below the glass transition temperature - to prevent the 

nanoparticles precipitation during the synthesis process - and annealed at this 

temperature for 2 h to minimize the mechanical stress resulting from thermal gradients 

upon cooling. Before performing the optical characterizations, the bulk sample was 

optically polished and cut in 5 pieces, each of them undergoing different heat treatment 

times at 410° C, in order to obtain metallic Cu nanoparticles inside the glass matrix. The 

annealing conditions and characteristic temperatures of the samples are shown in Table 

3.1. 

 

Table 5.1: Annealing conditions and characteristic temperatures of PW glasses doped with CuO. Note that 
all samples were annealed at 410 °C for different times.    

Samples 
Annealing 
conditions 

Characteristic 
temperatures 

Tht (°C) tht (min) Tg (°C) Tx (°C) 
PW-0 

410 

0   
PW-5 5   

PW-20 20 410 575 
PW-60 60   

PW-120 120   
 

 

Characterization techniques 

The glass samples with different heat treatment times were characterized by X-

ray diffraction (XRD). A Siemens D 5000 equipment and CuKα radiation were used in 2θ 

range of 10 – 70°. Characteristic temperatures (Tg for glass transition and Tx for onset 
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crystallization) were determined by DSC using a TA 2910 instrument. The estimated 

error in the temperature measurement is ± 2° C for Tg and Tx (obtained from tangent 

intersections). Powered samples were set in aluminum pans under N2 atmosphere and  

heated at 10° C/min.  

The linear absorption spectra of the glasses were recorded from 400 to 1600 

nm with a Perkin Elmer Lambda 900 spectrophotometer. To confirm the nanoparticles 

precipitation and their nature, high resolution transmission electron microscopy (HR-

TEM) and selective area electron diffraction (SAED) were obtained from powdered 

glasses suspended in ethanol, and deposited on grids using a FEI, Model Tecnai G2 F20 

(200 kV) microscope equipped with a field emission gun (FEG). The third-order 

nonlinearities and response times were obtained using z-scan and optical Kerr gate 

measurements, as described in section 3.1 of this thesis.   

 

5.3 Results and discussions 

For all samples (Table 5.1), the typical amorphous halo was observed by X-ray 

diffraction. No diffraction peaks were observed regardless the time of treatment because 

the copper concentration was below the detection limit of this technique. DSC 

measurements were carried out in the temperature range from 150° C to 600° C. The 

thermograms showed the same thermal behavior for all samples, with a Tg temperature 

around 410° C and a Tx of approximately 575° C, resulting in a thermal stability 

parameter T (Tx-Tg) of 165° C. Based on XRD and DSC analyses, it is clear that no 

abrupt changes were observed on the structural or thermal properties independently of 

the heat treatment undergone by the samples. Such results could be attributed to the 

low copper concentration into the glass host. However, the heat treatment at 410 oC for 

different times caused significant changes on the color of the glasses. The sample 

Pb2P2O7-WO3 doped with 0.5 mol % of CuO, without heat treatment, presented a 

homogeneous yellowish color, transparent and free of strains. On the other hand, the 

glass pieces heat treated during 5, 20, 60 and 120 min exhibited a mix of brown and 

dark green homogeneous color, as shown in Fig. 5.1. In general, materials containing 

metallic nanoparticles show an intense color and their optical properties strongly 

depend upon the particle size, shape, concentration and the surrounding medium 22; 100. 
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Fig. 5.1: Pictures of glass samples of the system (Pb2P2O7-WO3):0.5 CuO mol % heated at 410 oC for 5, 20, 
60 and 120 min, respectively. 

Source: By the author. 

 

Such color change was analyzed by the linear absorption spectrum, as displayed 

in Fig 5.2a. The sample without heat treatment (i) presents a broad absorption band 

centered at 840 nm, and attributed to the superposition of 2B1g→2A1g and 2B1g→2B2g 

transitions of the Cu+2 ions 101. For the samples that were subjected to the heated 

treatment, an additional band at approximately 560 nm is observed on the linear 

absorption spectra (ii, iii and iv).  Such band corresponds to the surface plasmon 

resonance (SPR) of Cu0 nanoparticles and, therefore, indicates the formation of metallic 

copper inside the glass matrix by different times of heat treatment. The position of the 

SPR band, observed in Fig. 5.2a, is in agreement with the values reported in the 

literature for metallic Cu nanoparticles produced in silicate 93; 102; 103 and borosilicate 

glasses 48; 98. The presence of the SPR band has almost no effect on the absorption 

related to Cu2+ ions, thus indicating that not all copper ions were reduced to Cu0, but 

rather remained in the oxidized state. As it can be seen in Fig. 5.2a, the increase of the 

heat treatment time leads to an increase of the SPR band up to 20 minutes, after which, 

the process seems to get saturated, as it has been verified by the similar absorption 

spectra observed in the samples treated for 20 (iii) and 120 minutes (iv). It is important 

to point out that the appearance of the SPR band is directly related to metallic 

nanoparticles 104. Most of the works regarding the growth of copper nanoparticles inside 

glasses matrix uses some physical nucleation processes, such as ion implantation and 

infrared laser irradiation before the heat treatment. However, in this work, the growth 

of nanoparticles is achieved just by heat treatment, carried out at the glass transition 

temperature. Such result can be confirmed by the TEM micrograph in Fig. 5.2b, in which 

quasi spherical Cu-NPs measuring around 15 nm are observed.  
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Fig. 5.2: a) Absorption spectra of the tungsten pyrophosphate glasses containing 0.5 mol % of CuO (i) no 
thermally treated and thermally treated for (ii) 5 minutes, (iii) 20 minutes, and (iv) 120 minutes at 410° C; 

b) High magnification TEM micrographs of the PW-120 sample. 

Source: By the author. 

 

To verify and confirm the growth of nanoparticles, as well as their chemical 

nature, a high resolution transmission electron microscopy (HRTEM) was performed for 

the sample PW-120. Fig. 5.3a presents a HRTEM image showing the nanoparticles 

synthesized by heat treatment at 410 °C for 120 min. The images show the formation of 

quasi spherical nanoparticles with different sizes, ranging from 5 to 15 nm in diameter. 

The Fig. 5.3b displays the selected area electron diffraction (SAED) pattern, in which the 

crystallographic planes (111), (311) (200) and (220) could be identified (JCPDS – 04-

0836), thus confirming the formation of a cubic copper structure.  

 

 

Fig. 5.3: a) High resolution TEM micrograph of the PW-120 sample; b) SAED pattern containing the 
crystallographic planes of cubic Cu structure related to the NPs. 

Source: By the author. 
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As it is known, the formation of nanoparticles involves two distinct processes: 

(i) reduction of the metal ions followed by a (ii) heat treatment at temperatures up to Tg. 

At these temperatures the glass viscosity greatly decreases, allowing for the diffusion 

and aggregation of metallic atoms due to their mobility through the glass network, 

which leads to nanoparticles formation. In our case, however, we have not used a 

nucleation process before the heat treatment, and not even annealing temperatures 

above glass transition. Thus, we suggest that the nucleation occurs during the cooling 

time of the melt into the pre-heated mold. In the short time interval of cooling, the 

copper ions have enough time to diffuse inside the host, reduce and create small clusters 

of metallic Cu from divalent copper ions used as raw material. 

The direct dependence of Cu-NP nucleation on the temperature of the pre-

heated mold is clear. When the mold is cold, or heated at temperatures below the glass 

transition, Tg (e.g. Tg = 410 °C), the annealing with T = 410° C used in this work is not 

enough to change the color of the samples and to create the SPR band at the visible 

range (which indicating the presence of metallic copper nanoparticles). On the other 

hand, when the mold is pre-heated at temperatures very close to Tg (e.g. Tg - 20 °C from 

Tg - 80 °C), the obtained sample presents the same color than those obtained using cold 

mold, plus the fact that no SPR band appears. However, after annealing at 410 °C for 

different times, the changes in the color of the samples and the appearance of the 

metallic copper SPR absorption band centered at 560 nm are clearly observed. 

This process can be understood when considering that the melt temperature is 

high enough to lead a range of different phenomena producing free electrons, e.g. 

oxygen losses and/or redox reaction, and structural holes which trap these electrons 

inside the random glass network after cooling. By raising the temperature of the glass 

sample at Tg, the nucleus, which was already formed during cooling can grow or accrete, 

favoring the formation of larger secondary nanoparticles (clustering). Thereby, due to 

their mobility at Tg, the unreduced Cu2+ ions can capture free electrons caged to form 

reduced Cu0 atoms, which are also thermally induced clustering to form metallic 

nanoparticles 2. We must also consider the large amount of valence electrons in Pb 

atoms.  

Glasses containing metallic nanoparticles are expected to be promising 

materials for photonic applications on account of the ultrafast response times, and the 

high nonlinear optical properties associated to the SPR 105. In Fig. 5.4, we present the 
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nonlinear refractive index (n2) spectrum of the copper doped Pb2P2O7-WO3 glass 

without nanoparticles (0 min), and for those thermally treated during 5 and 120 min. 

The results obtained for the PW-20 glass are not shown because they are similar to the 

one obtained for PW-120. The solid line in Fig. 5.4 (right axis) displays the linear 

absorption spectrum of each sample to aid the interpretation of the n2 data. For all the 

samples and wavelength range analyzed, we have obtained a positive n2 with magnitude 

on the order of 2.010-19 m2/W, which is in the same order of the values found for the 

lead borate and the lead germanate glasses 62; 76. However, the n2 values obtained for the 

samples containing Cu nanoparticles and Cu2+ are almost three times higher than the 

ones reported for the pure Pb2P2O7-WO3 glassy matrix at 800 nm 10. Such an increase is 

not directly associated to the presence of the metallic nanoparticles, once a similar n2 

value was obtained for the copper doped sample without nanoparticles (Fig. 5.4 a). As it 

can be seen in Fig. 5.4, the values of n2 follow the spectral profile of the linear absorption 

spectrum. This behavior is more evident in Fig. 5.4a (sample without Cu nanoparticles). 

Therefore, we have attributed the enhancement of the n2 to the presence of Cu2+ ions, 

whose higher polarizability at the near infrared region favors the optical nonlinearity of 

the sample. On the other hand, the effect of the Cu0 nanoparticles on n2 can be verified 

for wavelengths near the SPR band, in which an increase of n2 is observed at 660 nm for 

the samples treated for 5 and 120 min. Such enhancement can be understood by the 

local field enhancement effect, provided by the Cu nanoparticles, on the nonlinear 

optical response. It is worth mentioning, that for the sample without nanoparticles (0 

min), there is no increase of the n2 values at around 660 nm.  Nonetheless, when the 

excitation wavelength is tuned within the plasmon band (at 580 nm), the value of n2 

presents a small decrease of its magnitude compared to the one at 660 nm, but it is still 

higher compared to the sample without nanoparticles. This decrease of n2 inside the SPR 

band can be related to the inversion of the nonlinear absorption processes, as it will be 

shown later. Furthermore, the polarization induced by the SPR may lead to a negative 

contribution for n2, decreasing the positive values observed in Fig. 5.4 b and c for 

wavelengths shorter than 660 nm. 
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Fig. 5.4: Nonlinear refractive index (left axis - symbols) and linear absorption (right axis - solid line) 
spectra of a) copper doped glass and; for the samples containing Cu0 nanoparticles obtained by the heat 

treatment at 410 oC for b) 5 min and c) 120 min. 

Source: By the author. 
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The behavior of n2 in the SPR band region can be better understood by the 

analysis of the nonlinear absorption data shown in Fig. 5.5. The normalized 

transmittance, obtained from the open-aperture WLC Z-scan measurements at the focus, 

is shown in Fig. 5.5a as a function of the wavelength. The normalized transmittance 

values obtained for the sample without nanoparticles are lower than 1, indicating a 

reverse saturable absorption (RSA) in the whole spectrum. However, for PW-5 and PW-

120 (squares and triangles in Fig. 5.5a), we have verified values of normalized 

transmittance higher than 1 at the plasmon band region (520 – 620 nm), featuring a 

saturable absorption process (SA) that it is probably related to a depletion of the ground 

state. In the other regions of the spectrum, a RSA was obtained 105. Thus, the inversion of 

the nonlinear absorption effect is associated to a saturation of the surface plasmon band 

absorption 73. From the fitting of the normalized transmittance as a function of the z 

position (Z-scan signature), we were able to obtain the effective nonlinear absorption 

coefficient (βeff) in the white light spectrum, in intervals of 5 nm, as shown in 5.5b. It is 

important to remark that, the so called βeff presented herein is associated to the excited 

state absorption processes. As one can see, the copper doped glass devoided of 

nanoparticles has positive βeff values that are increased when the excitation energy 

approaches the linear absorption, as a consequence of the resonant enhancement. 

Because of the plasmon band, the samples PW-5 and PW-120 presented negative 

nonlinear absorption coefficient between 520 – 620 nm.  
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Fig. 5.5: a) Experimental (line) and fitting (symbols) of the normalized transmittance spectra at the focus 
position (z =0) for glass with (5 and 120 min) and without (0 min) Cu0 nanoparticles. b) Spectra of excite 
state absorption coefficient for the analyzed samples. The PW-20 spectrum was omitted because it is very 

similar to the PW-120 one. 

Source: By the author. 

 

Another interesting feature of the copper doped Pb2P2O7-WO3 glasses is related 

to the response time of the optical nonlinearity. Fig. 5.6a shows the temporal evolution 

of the normalized transmission for all samples at 780 nm, in which it was observed an 

OKG signal of 200 fs, similar to the pulse duration. Thus, the lifetime of the nonlinear 

process associated to the Cu+2 absorption band is faster than the pulse duration, so as to 

indicate an ultrafast electronic process. A similar behavior was obtained for the 

excitation at 500 and 620 nm. Conversely, no OKG signal was detected at 560 and 580 

nm, which are wavelengths within the plasmon band. Fig. 5.6b presents the results of 

transient transmittance (pump-probe configuration) for excitation at 560 nm. In this 

case, no signal was detected for the sample without nanoparticles (circles), while a 
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mono-exponential behavior was observed for the samples thermally treated during 5 

and 120 min (squares and triangles), thus indicating that the lifetime of the electrons 

associated to Cu0 nanoparticles is of 2.3 ± 0.4 ps. Such response time corresponds to the 

electron-phonon interaction, and it is in agreement with the ones reported for metallic 

copper nanoparticles 106. 

 

 

Fig. 5.6: a) Optical Kerr Gate signal of Cu doped tungsten pyrophosphate glasses without heat treatment 
(0 min) and thermally treated for 5, 20, and 120 min excited at 780 nm. b) Transient transmittance of the 

samples excited at 560 nm, within the plasmon band. The inset displays the linear behavior for a 
logarithmic scale of the 5 and 120 min samples. 

Source: By the author. 

 

 

5.4 Conclusions 

We have synthesized copper doped tungsten pyrophosphate glasses containing 

Cu0 nanoparticles and analyzed their nonlinear optical properties. Metallic copper 

nanoparticles are easily grown in the doped matrix by heat treatment at 410 oC during 5 

minutes or longer times. The presence of Cu2+ improves the nonlinear refraction in the 

visible and near infrared region. Samples containing Cu nanoparticles also present an 

enhancement of the nonlinear refractive index when the energy of the excitation source 

approaches the surface plasmon resonance band. However, the decrease observed on 

the n2 values within the plasmon band may be associated to a negative contribution of 

n2, on account of the surface plasmon absorption. In fact, we have observed that the Cu0 

nanoparticles promote saturation of the absorption in the region of the surface plasmon 

resonance band, while the reverse saturation of the absorption was obtained for the 

other spectral regions, as well as for the sample without nanoparticles. Furthermore, the 
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energy exchange from the excited electron of the nanoparticles to the matrix occurs in a 

time interval of 2.3 ps, featuring an electron-phonon interaction, while the dynamics of 

the optical nonlinearity associated to Cu+2 displays a response time shorter than 200 fs. 

Despite any future applications, the glasses analyzed in this chapter are interesting 

materials for all-optical devices, since they exhibit a high nonlinear refractive index, low 

nonlinear absorption coefficients and ultrafast response times.    

 

 

 

 

 





 

6. Metallic nanoparticles grown in the core of 

femtosecond laser micromachined waveguides† 

Tridimensional-waveguides containing silver nanoparticles have 

been fabricated in tungsten lead–pyrophosphate glass by femtosecond laser 

micromachining. Nucleation and growth of nanoparticles occur in a single 

step process when high repetition rate laser (MHz) is employed, while an 

additional annealing is required for the irradiation using kHz laser system. 

The presence of nanoparticles locally changes the refractive index and, 

therefore, the elliptical structures produced by direct laser writing were able 

to guide light. By increasing the pulse energy applied during the 

micromachining, the waveguide size increased from 2 to 30 μm, while their 

propagation loss decrease from 1.4 to 0.5 dB/mm at 632.8 nm. 

 

6.1 Introduction 

Glasses are promising candidates for the development of technological 

applications on the account of their relatively easy manipulation, which makes it 

possible to fabricate them in different sizes, shapes and compositions. Among these 

features, the ability of change the glass composition can be pointed out as one of the 

most relevant, once it determines the material properties and performance 2. Thus, 

several glass-formers and modifiers have been exploited for new technologies in optics 

and photonics. For instance, tungstate-phosphate glasses have been demonstrated to be 

a promising material due to their attractive linear and nonlinear optical properties. 

Their P–O–W bond results in a highly connected network, which is also favorable for 

further addition of WO3 that increases the polarizability, and consequently the optical 

nonlinearities of the glass matrix 9. In the same direction, the addition of heavy metal 

oxide also increases the material´s nonlinearity, a desirable feature for photonic devices. 

                                                        
† Already published, please see in Journal of Applied Physics 107 or DOI: 10.1063/1.4875485. 

http://dx.doi.org/10.1063/1.4875485
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Lead oxide has been a great glass modifier, providing suitable figures of merit for all-

optical switching, n2/βλ > 1, in which n2 is the nonlinear index of refraction and β the 

two-photon absorption coefficient 10; 62; 108. Tungsten lead–pyrophosphate glasses have 

demonstrated an ultra-fast electronic (100-200 fs) third-order nonlinearity with a 

nonlinear index of refraction one order of magnitude higher than fused silica 10; 109. 

Furthermore, this glass matrix can be successfully used to form metallic nanoparticles, 

upon adding the desired metal to the matrix, affecting its nonlinearities at the plasmon 

band region109. 

Despite the good features displayed by tungsten lead–pyrophosphate glasses, 

they have not yet been exploited for the development of device applications. To 

accomplish this task, the choice of the proper material processing method is crucial. 

Among the techniques for the fabrication of photonic devices, femtosecond laser 

micromachining has unique advantages that enable processing the material’s bulk 

within the micrometer scale, without damaging its surface 23. In addition, as a 

consequence of the nonlinear interaction during micromachining, the optical properties 

can be locally changed, resulting in different absorption coefficient, refractive index and 

structure 24. For instance, the spatially controlled growth of metallic nanoparticles in 

glass using femtosecond laser irradiation has been demonstrated 22; 25; 110; 111. The 

control of such properties in a confined region makes possible the development of 

photonic devices, as waveguides, splitters, resonators and microfluidic channels 23; 24.  

Fabrication of waveguides in materials with promising optical nonlinearities 

has been the subject of several studies aiming at integrated photonic devices. Most of 

these studies, however, concern planar structures, in which three or more layers of thin 

films are deposited on substrates by conventional methods, such as chemical vapor 

deposition, ion-exchange and sol-gel 112. On the other hand, by using fs-laser 

micromachining direct writing of 3D-waveguides in glass can be realized. Glass 

composition, laser parameters and experimental settings, i.e., wavelength, repetition 

rate, numerical aperture and scan speed, affect the waveguide features. Hence, 

depending on the experimental conditions, fs-laser micromachining can lead to 

waveguides with refractive index changes from 10-4 - 10-2, resulting in propagation of 

fundamental or higher-order modes, and loss ranging from 0.7 to 4.0 dB/cm 15; 23; 24; 113; 

114. In this direction, the purpose of this chapter is to study the nonlinear optical 

properties of tungsten lead–pyrophosphate glass and femtosecond laser 
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micromachining to produce waveguides containing metallic nanoparticles in its core, 

using one-step laser processing. 

 

6.2 Materials and methods  

The preparation method, structure, thermal and optical properties of the 

70Pb2P2O7 - 30WO3 (mol %) glass were recently described in ref. 9. Its refractive index at 

633 nm, glass transition and crystallization temperatures are 1.9, 432 °C and 520 °C, 

respectively. This sample was doped with 1 mol% of AgCl during the melting, in order to 

obtain metallic silver nanoparticles (Ag NPs) by fs-laser micromachining.  

The two Ti:Sapphire lasers described in Chapter 3, amplifier (1 kHz, 400 μJ, 150 

fs) and oscillator systems (5 MHz,  100 nJ, 50 fs), were used in this study. Experimental 

procedure related to sample micromachining and light coupling/losses of waveguides 

were reported in sections 3.2 and 3.3, respectively.  

The formation of Ag NPs was verified using linear absorption spectroscopy 

(Shimadzu UV-1800) and transmission electron microscopy – TEM (Tecnai G2 F20 - 200 

kV) performed in a grating pattern (160 lines, 3 mm long, separated by 15 μm) produced 

by direct laser writing using pulse energy of 30 nJ and an scan speed of 100 μm/s.  

 

6.3 Results and discussions  

The absorption spectrum of the as prepared silver doped glass, displayed in 

Fig. 6.1 (curve A), shows that the sample is transparent at the visible and near infrared, 

where fs-laser excitation is performed. The UV absorption edge corresponds to a band 

gap energy of 3.2 eV. A color change was observed after the fs-laser irradiation using the 

oscillator system (5 MHz repetition rate), as shown in the inset of Fig. 6.1. Such color 

corresponds to a broad absorption band, centered at 470 nm (spectrum B), that 

corresponds to the surface plasmon resonance of metallic nanoparticles. It is known that 

the frequency, bandwidth and intensity of the plasmon band are affected by the size, 

shape and dielectric environment surrounding the nanoparticles 19. In general, the 

surface plasmon resonance of silver nanoparticles in oxide glass is located at 450 nm 111. 

Thus, the absorption band at 470 nm in the spectrum B of Fig. 6.1 indicates that Ag0 NPs 

have been generated during fs-laser irradiation. Nonetheless, we used TEM and electron 

diffraction to verify the presence and composition of the NPs, as illustrated in Fig. 6.2. 
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Quasi-spherical NPs, with diameter around 10 nm, were observed and the (111), (200), 

and (311) crystallographic planes of silver were indexed (crystmet database, #35881).  

 

 

 

Fig. 6.1: Linear absorption spectrum of (A) as prepared 70 Pb2P2O7 – 30 WO3: 1 AgCl (mol %) glass; and 
(B) after the irradiation with fs-laser (oscillator system – Ep =30 nJ, 50 fs and 5 MHz of repetition rate), 

using an scan speed of 100 μm/s to produce a grating pattern of 160 lines with 3 mm, separated by 15 μm. 
The inset shows the difference between the irradiated and no irradiated regions of the sample.  

Source: By the author. 

 

 

Fig. 6.2: TEM image and electron diffraction pattern obtained from the sample after fs-laser irradiation. 

Source: By the author. 
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The silver doped tungsten lead–pyrophosphate glass was also micromachined 

using an amplified laser system, with repletion rate of 1 kHz (150 fs, Ep = 380 μJ). In this 

case, showed in Fig. 6.3, the irradiation resulted in an increase of the absorbance for the 

visible region of the spectrum (α=1.6 cm-1) due to the formation of color center and 

reduction of silver ions 25; 111; 115. A small plasmon band was observed at 485 nm only 

after a heat treatment, performed at 400 °C for 1h, as displayed in the inset of Fig. 6.3. 

The effect of color centers caused by the irradiation using the MHz laser can be ruled 

out, since the plasmon band overcomes any absorption caused by the color center.  

 

 

 

Fig. 6.3: Linear absorption spectrum of (A) as prepared 70 Pb2P2O7 – 30 WO3: 1 AgCl (mol %) glass; and 
(B) after the irradiation with fs-laser (amplifier system – 380 μJ, 150 fs and 1 kHz of repetition rate), using 
an scan speed of 100 μm/s to produce a grating pattern of 160 lines with 2.5 mm, separated by 15 μm. The 

inset shows the absorption spectrum after irradiation and further annealing at 400 °C for 1h along with 
the samples picture.  

Source: By the author. 

 

It is known that high power laser and ionizing radiation result in photoelectrons 

in oxide glasses, which move through the solid at high speed leading to secondary 

electrons and holes 116. These secondary electrons and holes are trapped by defects in 

the glass matrix producing new electronic configurations that are understood as color 

centers 115; 117. In the case of femtosecond lasers in transparent glasses, free electrons 

are generated due to nonlinear optical interactions, as photoionization and avalanche 



68   
Nanoparticles in oxide and chalcogenide glasses: optical nonlinearities and waveguide fabrication by 

femtosecond laser pulses 

 
 

ionization 23; 24. The former directly promotes electrons from the valence to the 

conduction band by multiphoton absorption, while avalanche ionization requires seed 

electrons already in the conduction band, which keep absorbing energy from the 

photons until it has enough energy to transfer an electron from the valence to the 

conduction band by collision 43. In this way, the generated electrons can be trapped 

(color center), or interact to the ions in the glass matrix, resulting on the photoreduction 

of the Ag+, which is fundamental for the nanoparticle nucleation. Finally, its growth 

happens due to atomic mobility promoted by some heating process 111.  

Although fs-lasers are known for avoiding thermal effects during the light-

matter interaction, depending on the repetition rate local heating can occur due to the 

cumulative effect 41. For the oscillator system (5 MHz), the time interval between two 

subsequent laser pulses is 200 ns, that is shorter than the heat diffusion time out of the 

focal volume – generally 1 μs for high numerical aperture lenses. Therefore, metallic 

nanoparticles are generated in an one-step laser processing, since the heat promotes 

aggregation of the reduced metal atoms into nanoparticles. On the other hand, for the 

amplified system, pulses are delivered every 1 ms, resulting on enough time to the 

lattice cool down before the next pulse arrives, preventing the cumulative heat effect. 

Thus, when lasers with kHz repetition rate are employed, a further annealing is required 

to promote the growth of nanoparticles.  

The process of nanoparticle formation in glass by femtosecond laser exposure 

can be summarized according to the eqs. (1-3), which describe the free electron 

generation due to nonlinear optical interactions (eq. 1); the photoreduction of silver 

ions (eq. 2); and the agglomeration of the neutral atoms as a consequence of heat caused 

by high repetition rate lasers or thermal treatment (eq. 3) 118.  

𝐺𝑙𝑎𝑠𝑠 𝑚𝑎𝑡𝑟𝑖𝑥 
ℎ𝜐
→ ℎ𝑜𝑙𝑒 + 𝑒−     (1) 

𝐴𝑔+ + 𝑒− → 𝐴𝑔0      (2) 

𝑛𝐴𝑔0
∆
→ 𝐴𝑔𝑛       (3) 

 
It has been reported that the presence of silver NPs in silicate glasses leads to 

increase of the refractive index in 4.6% (or Δn = 7.10-2) 119. Thus, the micromachined 

structures containing Ag NPs should be able to act as waveguide. Furthermore, recent 

studies have suggested that high repetition rate lasers present some advantages over 

the low repetition rate systems, for providing more symmetric and circular structures 

on account of the heat deposited by successive pulses 41; 113. For this reason we have 
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performed the light coupling experiments only in the structures fabricated with the 

oscillator. Images of the waveguides fabricated with Ep = 35 nJ and 60 nJ, as well as their 

near-field distribution of the light guided at 632.8 nm are shown in Fig. 6.4 and 6.5, 

respectively. A representative top view image of the waveguides is illustrated in Fig. 

6.4a. We observed an increase of the waveguide size from 2 to 30 μm, when the pulse 

energy used for the micromachining was increased. The waveguide shape also depends 

on the pulse energy; for the lower pulse energy (Fig. 6.4b) we obtained an elliptical 

shape, with a dark region at the center, and a more circular structure with the dark 

region at the bottom for the higher energy (Fig. 6.5a). The dark region reveals a 

preferential aggregation of the NPs in such positions. The preferential accumulation of 

metallic NPs at the lower region has already been observed for silicate and borosilicate 

glasses shined with fs-lasers 25; 119. Such behavior might be due to the non-uniform laser 

intensity distribution, as a consequence of the spherical aberration caused by high 

numerical aperture of the focusing lens 110, or because of the self-focusing effect, that 

happens when materials with n2> 0 are exposed to high laser intensities 25. However, 

although the dark regions present a higher amount of nanoparticles, it is reasonable to 

assume that in the rim outside such region nanoparticles are also present, but in a 

smaller concentration, since Ag atoms could diffuse to the boundary regions due to fs-

laser induced temperature gradient 42; 120. 

Independently on the NP distribution, both structures were able to guide light at 

632.8 nm, indicating a positive refractive index change at the irradiated regions. As 

waveguides have been demonstrated in different glass due to structure modification 

after femtosecond laser exposure 24, it is reasonable to assume that the light 

confinement observed in Fig 6.4c and 6.5-b,c results from a combination of the presence 

of nanoparticles and structural modification. Because the nanoparticle formation 

happens in a single step process, it is not possible to distinguish the contribution of each 

process on the refractive index change. Nonetheless, based on the literature, we suggest 

that the main contribution is caused by the nanoparticles, once Δn = 1.4 x10-3 113 has 

been observed on account of structural modification whereas 7x10-2 119 when silver 

nanoparticles are produced by direct laser writing in silicate glasses.  
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Fig. 6.4: Optical microscopy images of the waveguide fabricated with the oscillator laser (5 MHz of 
repetition rate), using pulse energy of 35 nJ, scan speed of 10 μm/s and NA = 0.65.  a) and b) show the top 
and end views respectively, while c) displays the near-field output  profile of the light guided at 632.8 nm.  

Source: By the author. 
 
 

 

Fig 6.5: a) End view of the waveguide fabricated with pulse energy of 60 nJ, focused 200 μm bellow the 
sample’s surface using NA = 0.65, scan speed of 10 μm/s and 5 MHz of repetition rate; and b) different 

light guided profiles at 632.8 nm obtained by changing the coupling alignment.  

Source: By the author. 
 

In general, the light propagation occurs at the periphery of the structures, as 

seen on the near-field output pattern of Fig. 6.4c and 6.5b. Nonetheless, in the case of the 

waveguide fabricated with Ep = 60 nJ the light coupling also happens at the head of the 

structure, as shown in Fig. 6.5c, indicating a non-uniform refractive index distribution. 

Such feature seems does not agree to the expected result, once the region with high 

nanoparticle contraction should present an enhancement of Δn and, therefore higher 
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light confinement. However, the light guided (632.8 nm) can be absorbed and scattered 

by nanoparticles. Thus according to the increase of nanoparticles there is a decrease of 

the transmittance. This trade-off between higher index of refraction and raise of 

absorption and scattering defines if there will be light guiding in a specific region. That is 

the main reason why the guiding was not observed at those regions of preferential 

accumulation of nanoparticles and the light confinement happens in the structure’s rim, 

where the refractive change overcomes the absorption and scattering.  

We have analyzed the optical loss of those waveguides measuring their 

transmittance at 632.8 nm for the whole (5.7 mm) and half-length waveguide. It is 

difficult to report the losses with accuracy due to the high dispersion of the 

transmittance values, given the nature of the waveguides. Nonetheless, for the 

waveguide fabricated with Ep = 35 nJ we obtained a propagation loss of 1.4 dB/mm and 

coupling loss of 9 dB, while for the waveguide fabricated with Ep = 60 nJ we found 

0.5 dB/mm and 11 dB, respectively. Such values correspond to an average of at least ten 

measurements. The differences between both waveguides are related to their sizes and 

refractive index distributions. Waveguides fabricated in silicate glass slides (Corning 

0215) using the same method have propagation loss of about 0.3 dB/mm at 632.8 nm 

113. It is important to point out that at 632.8 nm, the glass containing silver nanoparticles 

has an absorption coefficient of 0.8 cm-1 (corresponding to an absorption loss 

0.35 dB/mm) associated to the plasmon band (see Fig. 6.1). Thus, the optical losses can 

be attributed not only to the light scattering due to the roughness of the waveguide, but 

also to absorption at 632.8 nm. In spite of those losses, the waveguides reported herein 

are still interesting for photonic applications, since short optical path are required. In 

addition, the waveguide efficiency is expected to be better for the infrared wavelengths, 

where there is no absorption and scattering are minimized.  

 

 

6.4 Conclusions 

Femtosecond laser micromachining has already been used to fabricate 3D 

waveguide in glass, as well as to grow metallic nanoparticles in controlled regions. In 

this chapter we have shown how both features can be encompassed to produce 

waveguides containing nanoparticles using one-step laser processing. We have also 
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characterized the propagation mode and losses of those waveguides when low and high 

pulse energy is applied for the fabrication. Nucleation and growth of silver nanoparticles 

in lead–pyrophosphate glasses arise from the photoreduction of the Ag ions and their 

aggregation, as a consequence of the free electron generation and the local heat, 

provided by the irradiation with femtosecond laser pulses with repetition rate of MHz. 

When amplified laser system with kHz of repetition rate is employed, a subsequent 

annealing is required to grow the nanoparticles, since there is no local heatting during 

the laser exposure to aid metal agglomeration. By increasing the pulse energy from 37 to 

60 nJ the waveguide size increased from 2 to 30 μm, while their propagation loss 

decreased from 1.4 to 0.5 dB/mm at 632.8 nm. Optical microscopy images showed a 

preferential accumulation of nanoparticles in the center of the smaller waveguide and at 

the bottom of the bigger one. Such behavior is associated with the light intensity 

distribution profile, which can be affected by the self-focusing. Therefore, the light 

guiding was observed at the peripheral regions of the structures, suggesting a non-

uniform refractive index distribution.  

 

  



 

7. Fs-laser induced copper nanoparticles and 

waveguides in borosilicate glass 

In the previous chapter we showed how to obtain waveguides 

containing metallic silver nanoparticles by fs-laser direct writing. Herein, we 

demonstrated the same achievements for copper NPs in a borosilicate 

matrix. Due to the similarities on the physical mechanism behind nucleation 

and growth of NPs by ultrashort laser pulses discussed in Chapter 6, the 

current chapter focuses on the experimental results, based on the 

waveguides features. Roughly cylindrical core waveguides with diameters 

around 5 µm and multimode profile at 632.8 nm have been obtained. Also, 

elliptical monomode waveguides have been produced, which revealed the 

best propagation loss, 1.3 ± 0.1 dB/mm.  

 

7.1 Introduction  

Femtosecond laser micromachining has been proved to be a powerful method 

for fabricating microscopic structures inside transparent materials with high spatial 

resolution, due to its nonlinear optical interaction. Moreover, it is possible to achieve the 

spatial control of nanoparticles precipitation in very confined regions of amorphous 

materials. Glasses containing metal nanoparticles have been considered promising for 

several technological applications in the fields of optics and photonics. Recently, several 

studies on the production of metallic nanoparticles in glass by femtosecond laser 

excitation have been carried out 22; 47; 111. Most of the papers, however, have been 

focused on gold and silver nanoparticles, and little attention has been given to copper, 

which has shown high optical nonlinearities 70. For example, K. Uchida and co-authors 

reported that the third-order nonlinear susceptibility of copper nanoparticles (𝜒𝑚
3 ) is 

three order of magnitude higher than silver, while it is two orders of magnitude higher 

than gold 20; 70. It is worth to point out that these optical susceptibilities are from the NPs 

themselves, and lower third-order nonlinearities are observed when dispersed in glass 
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matrix 20 Even so, copper NPs in glass are interesting because they are cheaper, and 

show many similar properties compared to other noble metals. Also its plasmon band 

lies in a red-shifted region of visible spectrum, being important for optical spectroscopy.   

We previously investigated the ability to produce and control copper NPs in a 

borosilicate glass, called BSi-Cu, using fs-laser micromachining, as reported in 

reference25. In this study, an amplifier laser system (1kHz, 150 fs, 400 μJ and 775 nm) 

was employed, requiring an additional step of heat-treatment to obtaining the NPs. This 

was the pioneer work developed by Photonics Group-IFSC on fs-laser micromachining in 

glassy materials, which motivated us to proceed using BSi-Cu sample in investigations 

about copper NPs into the core of waveguides. For this purpose, we have used the 

oscillator fs-laser (5 MHz, 50 fs, 100 nJ, 800nm) that enabled to achieve this goal in a 

single step processing, according to the results described in section 7.3.  

 

7.2 Materials and methods  

The copper doped borosilicate glass (50SiO2 - 17B2O3 – 11.5MgO – 10Na2O – 

11.5Al2O3):0.1CuO mol% was synthesized by conventional melting-quenching 

technique, using high purity metallic oxides and sodium carbonate as raw material. A 

batch of 100 g was melted, using a platinum crucible, in an electric furnace open to the 

atmosphere during 1 h at 1400° C. The resulting melt was quenched into a preheated 

stainless-steel mold and annealing at 400° C for 12h to minimize the mechanical stress25.  

Glass transition temperature (Tg) was determined by Differential Scanning 

Calorimetry (DSC), using a Netzsch STA 409C, in Al2O3 pans, within a range of 20 to 700° 

C with a heating rate of 10° C/min, and in a synthetic air atmosphere. From DSC curve 

we obtained Tg = 495 ± 2° C and no exothermic peak was found, indicating that there is 

no formation of crystalline phases during the heating up to 700° C25.  

The optical setup used to produce the NPs was shown in section 3.2, and the 

results obtained using both laser systems (amplifier and oscillator) are presented herein 

for comparison purpose. However, the functionality and characterization of optical 

losses (section 3.3) have been only studied for waveguides produced using the laser 

with repetition rate of 5 MHz, since no annealing is required for nanoparticle growth.   
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7.3 Results and discussions  

Figure 7.1 displays the absorption spectra of pristine sample (solid line) and 

after the irradiation using fs-lasers of 5 MHz and 1 kHz of repetition rate, represented 

respectively by dotted and dashed curves†. Copper doped glass originally presents a 

wide absorption band from 550-1000 nm due to the presence of Cu+2 ions, which confer 

the bluish color to the sample 25. The plasmon band associate with copper NPs is readily 

observed at 570 nm, after the irradiation with the oscillator laser (dotted line). On the 

other hand, the dashed spectrum exhibits an increase of the absorbance for wavelengths 

smaller than 700 nm, caused by irradiation with amplified laser. Such increase is related 

to electronic states created by the photoionization. They represent color center 

formations as well as photoreduction reactions, which lead to a preferential light 

absorption 22; 115; 121. Particularly, Cu0 atoms cause a broad absorption band around 450 

nm, indicating that the irradiation with 1kHz laser induced the nucleation but not the 

growth of copper nanocrystals. The diffusion and aggregation of Cu0 species was further 

achieved by a heat treatment at 600° C during 1h. Then, surface plasmon resonance was 

observed only in the irradiated region, resulting in an absorption spectrum quite similar 

to the dotted curve in Fig. 7.1. 

 

Fig. 7.1: Absorption spectra of the copper-doped borosilicate glass. Solid line represents the glasses as 
prepared, while dotted and dashed lines are the spectra after the irradiation with fs-lasers of 5 MHz and 1 
kHz repetition rate respectively†. Surface plasmon resonance of Cu0 is seen at 570 nm.  The inset shows 
the formation of copper NPs only in the irradiated regions by oscillator laser.   

Source: By the author. 

                                                        
† The irradiation with amplified laser was carried out using v= 100 μm/s and Ep=470 μJ (Pav 

=470 mW), while for oscillator laser v=10 μm/s and Ep=74 nJ (Pav = 370 mW), both using NA = 0.65.  
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As previously discussed (Chapter 6), the formation of metallic NPs is a 

consequence of the free electron generation and photoreduction of ions in the matrix (in 

this case Cu2+) caused by nonlinear optical interactions, featuring the nucleation 

process. The growth is further achieved due to a heating, provided by the cumulative 

effect from MHz laser or additional annealing, as performed when using repetition rate 

of kHz. Taking advantage of the ability to produce and to control NPs in very confined 

regions in the glass matrix using a single-step processing, we have fabricated waveguide 

structures containing the core composed by copper NPs. Figure 7.2 shows the cross-

section and top view optical images of a representative waveguide, micromachined 

using the laser oscillator, pulse energy of 74 nJ and 10 m/s of scan speed. The near-

field profile at 632.8 nm is displayed on the right-hand side of Fig. 7.2, where is clearly 

noticed multimode propagations, similar to LP21.  

 

Fig. 7.2: Cross- and longitudinal sections (top view) of the waveguide produced 200 µm deep into BSi-Cu 
glass using the oscillator laser (v=10 μm/s, Ep=74 nJ, NA = 0.65), which results in the precipitation of Cu0 

NPs. Right-hand panel is the near field image, showing the multimode propagation (LP21) at 632.8 nm.  

Source: By the author. 

 
It is worth remembering that we have applied transversal laser writing, which 

usually in elliptical cross-sections (see literature review in section 3.1.2). Nonetheless, 

the waveguide in Fig 7.2 has an approximately elliptical shape with diameter close to 5 

m. We could not evaluated the guided modes as a function of the waveguide size by 

increasing the pulse energy, as performed in Chapter 6, because the production of Cu0 

NPs and waveguides reported herein requires full laser power. Despite this, it was 

investigated the effect of focusing the fs-laser deeper into the glass (+ 100 m) during 

the micromachining, but keeping the other experimental conditions. The resulting 

waveguide is illustrated on Fig 7.3, where elliptical cross-section and propagation of the 

fundamental mode are observed. Major and minor axes of ellipse are ~ 7.5 and 2 m, 

respectively. The longitudinal section (top view image) is not shown because it not 

observable using standard optical microscope. We also investigated the effect of scan 

speed in the deeper waveguides. By increasing the velocity from 10 - 100 μm/s no 

variation was observed on waveguide size, but there was an increase on the propagation 
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loss, while insertion loss kept the same, as summarized in Table 7.1 for all studied 

waveguides. 

 

Fig. 7.3: Cross-section and propagation of fundamental mode for a waveguide produced 300 µm deep into 
BSi-Cu glass using the oscillator laser (v=10 μm/s, Ep=74 nJ, NA = 0.65), which results in the precipitation 

of Cu0 NPs. 

Source: By the author. 
 

Table 7.1: Coupling and propagation losses at 632.8 nm for different scan speeds and depths of 
micromachining, using the oscillator laser into BSi-Cu glass. 

Scan speed 
Waveguide 

depth 
Mode 

Coupling loss 
(dB) 

Propagation 
Loss 

(dB/mm) 
10 μm/s 200 µm LP21 2.30 ± 0.01 3.5 ± 0.1 
10 μm/s  

300 µm 
 

 
LP01 

 

11.7 ± 0.7 1.3 ± 0.1 
50 μm/s 10.9 ± 0.8 2.40 ± 0.04 

100 μm/s 11.8 ± 0.3 2.4 ± 0.1 
 

 

The reason for that the waveguide in Fig 7.2 is not elliptical, as usually obtained 

in the transversal micromachining, can be associated with the high threshold of optical 

breakdown of borosilicate glass. It is known that modifications in glass appear above a 

certain irradiation threshold, which depends on the laser intensity 36. Based on the 

cross-section of waveguide, we believe to be working close to threshold of optical 

breakdown. Thus, only the central part of the laser beam induces nonlinear processes, 

leading to modifications caused by a small fraction of focal volume, figured out by 

confocal parameter (𝑏 = 2𝜋𝑤0
2/𝜆) 36. On the other hand, the elliptical cross-section 

observed when the laser was focused deeper into the glass is related to spherical 

aberration 36; 122. The microscope objectives used for fs-laser micromachining are 

designed for observations on sample surface, in a way to correct spherical aberration for 

the beam propagation in the air. When the focus is set within the sample this aberration 

comes to be significant, resulting in elongated waveguides. A. Ferrer et al. reported a 
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variation of ~ 20% on aspect ratio of waveguides when the depth was nearly doubled, 

using fused silica and kHz system for micromachining 122.  

The size and refractive index change of the elliptical waveguide favored the guide 

of fundamental mode at 632.8 nm. Thus, the propagation losses of the deeper 

waveguides are smaller when compared to the multimode one, that due to its cylindrical 

symmetry displayed a better coupling loss. Considering monomode waveguides, the 

decrease of laser scan speed provided the reduction of propagation loss (2.4 – 1.3 

dB/mm), as shown in Tab. 7.1. Such improvement can be related to a better waveguide 

roughness or a better refractive index contrast caused by the concentration of copper 

nanoparticles.     

7.4 Conclusions  

In this chapter we demonstrated the fabrication of 3D waveguides containing 

copper nanoparticles, using the direct laser writing in a borosilicate glass. Although both 

lasers, high and low repetition rate, enable the nucleation of nanoparticles, the growth is 

directly achieved when using high repetition rate due to the increase of local 

temperature. Thus, waveguides containing copper nanoparticles can be produced using 

a single laser scan. Elliptical or cylindrical waveguides were obtained, depending on the 

beam penetration depth. While cylindrical waveguides displayed the propagation of 

multimode with lower coupling loss (2.30 ± 0.01 dB), the elliptical waveguides showed 

the propagation of fundamental mode with lower propagation loss, obtained for slower 

laser scan speed (1.3 ± 0.1 dB/mm).            
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8. Single-step synthesis of silver sulfide nanocrystals 

in arsenic trisulfide† 

Silver sulfide nanocrystals and chalcogenide glasses (ChGs) are two 

distinct classes of semiconductor materials that have been exploited for new 

infrared technologies. Each one exhibits particular optoelectronic 

phenomena, which could be encompassed in a hybrid material. However, the 

integration of uniformly distributed crystalline phases within an amorphous 

matrix is not always an easy task. In this chapter, we report a single step 

method to produce Ag2S nanocrystals (NCs) in arsenic trisulfide (As2S3) 

solution. The preparation is carried out at room temperature, using As2S3, 

AgCl and propylamine resulting in highly crystalline Ag2S nanoparticles in 

solution.  These solutions are spin-coated on glass and silicon substrates to 

produce As2S3/Ag2S metamaterials for optoelectronics. 

 

8.1 Introduction 

Despite all the qualities associated to oxide glasses, as addressed in Part I of this 

thesis, they are not transparent at medium-infrared, which prevents their application in 

such spectral region. Chalcogenide glasses (ChGs) are semiconductor materials with 

interesting optical properties at the infrared region. ChGs have high refractive index (n ≈ 

2-3) and high transmittance over to ~11 μm for sulfides, ~15 μm for selenides and 

beyond ~20 μm for tellurides 4; 124. Moreover, they present a variety of photosensitive 

phenomena, including photocrystallization, photodarkening, and photodiffusion, which 

have motivated numerous researches for decades 5; 124. Since the first observation of 

metal photodoping in ChGs, many studies have been performed on the diffusion 

mechanism of silver in amorphous arsenic trisulfide (As2S3) 125; 126; 127. Basically, by 

shining light on As2S3, in which a thin metallic layer of silver is deposited, Ag ions can 

                                                        
† Already published, please see in Optical Materials Express 123 or DOI: 10.1364/OME.5.001815 

 

http://dx.doi.org/10.1364/OME.5.001815
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readily dissolve, resulting in a homogeneous doped layer. The mechanism has been 

explained through the initial formation of Ag−S bond at the silver and ChG interface, 

followed by the generation of electron-hole pairs and by the mobility of holes toward the 

silver layer, while Ag+ move in the opposite direction 126. Although studies on Ag 

photodoping in ChGs have achieved considerable advances, the production and 

investigation of silver-based nanoparticles in these glasses have not received enough 

consideration.  

Recently, the formation of metallic silver nanoparticles in chalcogenide solution 

using laser ablation of a silver target  128 has been studied. Nonetheless, in contrast to 

metallic nanoparticles that have a plasmon band in the visible or UV portion of the 

spectrum, semiconductor NPs exhibit localized surface plasmon resonances in the 

infrared region 129; 130, making them promising for infrared metamaterials. Equally to 

ChGs, silver sulfide is also a semiconductor with interesting optical properties at the 

infrared region. It is commonly used as a solid-state electrolyte, presenting both ionic 

and electronic conduction, and direct bandgap at Eg ~1 eV 131; 132. On account of the 

quantum confinement effect when synthetized at the nanometer scale, indirect 

transitions have been observed in the range of 0.9 – 1.8  eV and direct transitions are 

blue shifted, to the range  2.7 – 4.0 eV 133. Based on these transitions, new applications 

have been proposed for silver sulfide, such as, NIR emitters for in vivo imaging 134; 135, 

sensitizers for solar cells 136, and substrates for surface-enhanced Raman scattering 

(SERS) 137. Therefore, semiconductor NCs and quantum dots are of great interest for 

their use in several applications from optoelectronics to biological systems138; 139.   

To the best of our knowledge, the synthesis of silver sulfide nanoparticles in 

ChGS has not been demonstrated yet. In this sense, we report in this chapter a one-step 

in-situ synthesis of uniformly dispersed Ag2S nanoparticles in As2S3. The raw materials 

(As2S3 and AgCl) are diluted in an amine solvent and solid-state As2S3:NCs films are 

prepared by spin-coating the solution on glass or silicon substrates. Such approach 

enables fabricating samples with arbitrary shapes using soft lithographic processes 6, 

which is an advantage over other conventional methods like vacuum coating or pulse 

laser deposition.  
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8.2 Materials and methods  

Solution-processing of ChGs in amine solvents has been long established, and the 

dissolution mechanism involves an electrophilic substitution reaction, where As atoms 

are attacked by the lone pair electron associated with the amine group 6; 140; 141. The 

chemical synthesis employed in this study consists of the dissolution of arsenic trisulfide 

(alfa aesar 99.999%) in n-propylamine (C3H9N Sigma-Aldric >99%), with a 

concentration of 133g/L. The dissolution was performed at room temperature, and 

usually takes 24h to be completed for a solute-solvent ratio of 1 g/7.5 ml. In order to 

produce Ag2S NPs in-situ, silver chloride (Alfa Aesar 99.997%) was dissolved in n-

propylamine (80g/L), and then, both solutions, arsenic sulfide and silver chloride, were 

mixed together in a ratio of 1ml of As2S3 to 0.25ml of AgCl. The reaction readily occurs, 

resulting in the formation of silver sulfide NPs in suspension. Due to the absence of 

stabilizing agents, the reaction also produces a dark precipitate. Figure 8.1 summarizes 

the chemical synthesis and shows pictures of each solution used during the 

experimental procedure. It is important to point out that no heating or expensive 

instruments were employed for the synthesis of NCs in chalcogenide solution, featuring 

a facile, fast and low cost method. 

 

Fig. 8.1: Chemical synthesis used for the preparation of Ag2S nanoparticles in As2S3 solution. From left to 
right: pictures of As2S3 (133 g/L), AgCl (80g/L) and As2S3+Ag2S NPs solutions, in which propylamine 

(C3H9N) is the solvent. 

Source: By the author. 

 

The absorption spectra of the solutions were recorded with a Cary-5000 

spectrometer and the nanocrystals were investigated with a Philips CM200 transmission 

electron microscope (TEM), operating at 200kV, also employed for electron diffraction 

measurements. Sample preparation for TEM analyses consisted of drop coating a diluted 

solution (60x with propylamine) over copper grids with a carbon film support. Size 



84 
Nanoparticles in oxide and chalcogenide glasses: optical nonlinearities and waveguide fabrication by 

femtosecond laser pulse 
 

 
 

distribution was investigated by dynamic light scattering (DLS) measurements using the 

upper portion of As2S3/AgCl solution. The reaction residue was investigated with a 

Bruker-D8 x-ray diffractometer, from 30-60 ° (2θ), with steps of 0.02 °, using Cu Kα1 

radiation. In order to avoid contamination with oxygen, the whole synthesis and 

solution processing were carried out inside a dry-box with H2O and O2 levels below 1 

ppm.  

Thin films of As2S3 and As2S3:Ag2S NCs were also prepared in a dry-box from 

their respective solutions by spin-coating. The upper portion of As2S3/AgCl solution was 

spun at 2000 rpm for 10 - 20s, on glass or silicon substrates.  For solvent removal, the 

thin films were vacuum baked at 60 °C for 1h and then post-baked at 110 °C for 7h. After 

such annealing, no amine group from the solvent is expected to remain in the film 

structure 140; 141; 142, while pore formation is avoided, once the onset temperature for 

pore formation has been reported at ~120 °C 143. Raman spectra were acquired with a 

LabRAM – Horiba equipment, using a 50× objective lens, 20s of integration time and 

excitation at 532 nm from Ar laser. Film thickness was estimated by ellipsometry (M-

2000 Woollam) and AFM (Easy scan - NanoSurf) measurements to be approximately 

500 nm.  

8.3 Results and discussion 

Figure 8.2 shows the absorption spectra of As2S3 and AgCl dissolved in 

propylamine individually, and the mixture of both solutions, named As2S3:AgCl. As2S3 

solution has a sharp absorption edge at 510 nm, resulting in the typical yellowish color 

of As2S3 compounds, while silver chloride solution is transparent throughout the entire 

visible spectrum. Absorption bands at 915, 1044 and 1200 nm are due to the organic 

solvent. The resulting solution from the mixture (As2S3:AgCl) presents a wide absorption 

band covering the region 600 - 1000 nm and an absorption edge at 555 nm, conferring a 

brownish color to the solution. Such features are indicative of the chemical reaction 

which occurred between the species in solution. The specific wavelength of this 

absorption suggests the formation of Ag2S in solution as indirect transitions have been 

reported in this spectral range 133. However in order to check for the formation of 

nanocrystals, TEM images are obtained from the diluted solution, as shown in Fig. 8.3a 

along with electron diffraction measurement. As it can be seen, the chemical reaction 

produces spherical nanoparticles, uniformly dispersed, with an estimated diameter of 8 
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nm (obtained using DLS measurements). The diffraction pattern confirms the formation 

of monoclinic silver sulfide (α-Ag2S), in agreement to ICDD card #00-014-0072, also 

represented in Fig. 8.3a. A representative high-resolution image (HRTEM) is depicted in 

Fig. 8.3b, in which the interplanar distances corresponding to (120), (1̅03) and (031) 

planes of Ag2S NPs are seen.  

 

Fig. 8.2: Absorption spectra of As2S3 and AgCl dissolved in propylamine, and the resulting solution after 
mixing As2S3/AgCl in a ratio of 1/0.25 ml. 

Source: By the author. 
 

 

Fig. 8.3: a) TEM image of the NCs disperse in As2S3:AgCl solution and its electron diffraction pattern in 
which seven crystallographic planes corresponding to monoclinic Ag2S were identified. b) HRTEM of a 

single particle, with diameter of 12 nm, where the interplanar distances match to (120), (1̅03) and (031) 
planes of Ag2S. 

Source: By the author. 
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Interesting, we have noted that those particles are sensible to the electron 

beam, presenting atomic transport during TEM measurements. Figure 8.4 illustrates 

sequential images taken from a video that shows the association of a NPs sizing about 4 

nm with one of 15 nm. By focusing the electron beam, there is atomic mobility from the 

big to the small one, until its complete transformation in only one NP. A similar behavior 

was reported by Motte and Urban 144, who concluded that he darker and initially smaller 

particles are Ag0 clusters bound at Ag2S nanoparticle interface. The authors claimed that 

silver clusters are produced during the synthesis of Ag2S nanocrystals, and not by 

electron beam exposure, as observed by Terabe et al. 145.  

Formation and growth was explained based on an electrochemical process of 

mobile Ag ions in Ag2S crystal, which is ionic/electronic mixed conductor. The electrons 

reduce the mobile Ag ions to neutral Ag0 atoms that precipitate on the surface of Ag2S 

145. The latter authors also noted that behavior is reversible (𝐴𝑔(𝐴𝑔2𝑆)
+  +  𝑒− =

𝐴𝑔𝑐𝑙𝑢𝑠𝑡𝑒𝑟), and took advantage of this fact to build an atomic switching 146. We could not 

evaluate the differences in the lattice constant for each individual particle reported 

herein, but surely the electron diffraction corresponds to monoclinic Ag2S and may 

overlap diffraction of Ag0 atoms. Thus, the possibility of production of metallic silver 

during the synthesis or under electron beam exposure should not be ruled out, and it 

can be exploited in further investigations.           

 

 

Fig. 8.4: Illustration of the video that shows the transformation of Ag2S to Ag NPs (initially smaller and 
darker particle). 

Source: By the author. 
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The stability of As2S3 solution containing Ag2S nanocrystals was evaluated over 

time through its absorption spectrum. The variation of the absorption edge (Δλcutoff) is 

displayed on Fig. 8.5, where negative values indicate changes towards smaller 

wavelengths over the time. A blue shift of 45 nm in the absorption edge was observed 

during the first 3h after preparation. For longer periods no significant change was 

detected, and the solution kept stable for at least 20 days. The blue shift is related to the 

precipitation process, in which large particles precipitate leaving smaller particles in 

suspension and a corresponding increase in the apparent bandgap energy due to the 

quantum size effect 133.  

 

Fig. 8.5: Variation of the absorption edge (Δλcutoff) over the time of As2S3:AgCl solution. 

Source: By the author. 

 

As a result of the chemical reaction, besides the formation of Ag2S NCs in 

suspension, a dark precipitate was also observed in the bottom of the reaction vial. XRD 

and EDS measurements of this precipitate reveled an amorphous phase containing Ag 

(~ 4 at.%), As (~38 at.%) and S (~58 at.%). This result suggests that the precipitate is 

predominantly amorphous As2S3, because the As:S ratio (0.66) is equivalent to the 

stoichiometric compound. In order to avoid As2S3 precipitation and investigate the 

nature of the silver portion in the precipitate, the chemical synthesis was performed 

using a hundred-fold diluted solution of As2S3. The XRD pattern of the resulting 

precipitate is displayed in Fig. 8.6, in which unreacted precursor AgCl and monoclinic 

Ag2S were identified.  This confirms the formation and precipitation of silver sulfide 

crystals.  
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Fig. 8.6: XRD pattern of the precipitate formed by mixing the solutions of As2S3 hundredfold diluted and 
AgCl (regular concentration) in propylamine. Monoclinic Ag2S and cubic AgCl were identified using ICDD. 

Source: By the author. 

 

The formation of Ag2S NCs can be explained based on the sulfidation of silver 

ions in solution. It is known that the dissolution process of As2S3 results in arsenic 

sulfide clusters terminated by excess sulfide dangling bonds 6. Thus, sulfur anions 

spontaneously react with silver ions that originated from AgCl dissociation, producing 

nanocrystals of silver sulfide through the reaction 2Ag+ +S2- → Ag2S (ΔH =-2199.5 

kJ/mol) 147. The sulfidation of Ag0 nanoparticles using H2S exposure is a known method 

to obtain Ag2S NCs in several systems 148; 149. However, the presence of sulfur atoms in 

the chalcogenide solution enables the formation of Ag2S NCs without any gas exposure, 

enabling a single-step synthesis. It is important to note that no additional source of 

energy (as temperature or irradiation) is necessary to promote the chemical reaction, 

configuring a simple and fast way to prepare in situ Ag2S NCs. In addition, this approach 

can be exploited for the production of other semiconductor sulfide NCs in ChGs to create 

novel materials for Mid-IR photonics 150; 151. 

To investigate the structure and physical-chemistry properties of solid-state 

samples, thin films are prepared from As2S3:AgCl solution (containing Ag2S NCs), and 

also from the As2S3 solution, for comparison purposes. EDS measurements showed that 

the films are composed of 63 at.% of S and 37 at.% of As. Thus the As:S ratio is 0.59, 

indicating an arsenic deficiency when compared to initial As2S3 compound (0.67). Such 

deficiency has been reported for spin-coated chalcogenide glass, and it is related to the 

As2S3 dissolution, which leads to the formation of As2Sx clusters terminated with excess 
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of negatively charged S ions 140; 152. This feature is preserved in the solid phase, resulting 

in thin films with excess of sulfur atoms. The composition of As2S3/Ag2S NCs films is 3.2 

at.% of Ag, 60.7 at.% of S and 36.1 at.% of As. Considering all Ag atoms form Ag2S NCs, 

the doping amount is half of silver content (1.6 at.% of Ag2S NCs)  and the remaining S 

atoms (59.1 at.%) along with As provide a matrix with As:S ratio of  0.61.  

Raman spectra of As2S3 and As2S3:NCs films are displayed in Fig. 8.7. The broad 

bands indicate the amorphous structure of the films, and are mainly associated with 

As2S3 and As4S4 structural units, according to the vibrational energy presented in Table 

6.1 153; 154; 155. As shown in Fig. 8.7, the presence Ag2S NCs causes minor alterations to the 

As2S3 structure, indicated by a decreasing shoulder at 297 cm-1 and the vanishing band 

at 414 cm-1, while peaks at 225 and 330 cm-1 get stronger. Thus, based on the 

assignments presented in table 6.1, we believe that the addition of Ag2S NPs causes a 

transformation of As2S3 into As4S4 basic units, in agreement with the increase in As 

content in As2S3:NPs films, seen in the EDS data. The As:S ratio is 0.59 for the undoped 

film, increasing to 0.61 for the films containing Ag2S NCs.  In fact, Iovu et al. described 

the dissociation 2As2S3As4S4+ S2 due to rare earth and Mn doping of arsenic sulfide 153. 

The preparation of arsenic sulfide films containing nanoparticles of silver sulfide 

reported herein presents a promising metamaterial for infrared technologies, in which 

photoactive phenomena associated with semiconductor nanocrystals can be exploited to 

improve the overall material performance 156; 157.                 

 

Fig. 8.7: Raman shift of As2S3 and As2S3:NCs thin films, in which the amorphous structure was lightly 
affected by the presence of Ag2S NCs. 

Source: By the author. 
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Table 8.1: Raman signatures of As2S3 and As2S3:NPs thin films. 

Peak position 
(cm-1) 

Raman signature Ref. 

180 As4S4 units 
153; 

154 
225 As4S4 units, As clusters 154 

297 Asymmetric stretching modes of AsS2/3 pyramids (As2S3 units) 
153; 

154 

330 Symmetric stretching vibrational mode of AsS2/3 pyramids (As2S3 units) 
153; 

154 
356 As4S4 units 154 
414 As4S5 155 
480 S−S stretching vibration in S8 rings 153 

 

8.4 Conclusions 

We have used a wet chemistry approach to produce silver sulfide nanoparticles 

in chalcogenide solution. The chemical synthesis consists of independently dissolving 

As2S3 and AgCl in propylamine, and mixing both solutions using the ratio As2S3/AgCl = 

1:0.25ml. Such method results in the spontaneous formation of Ag2S nanocrystals, 

where the sulfur ions are provided by the As2S3 in solution.  The monoclinic structure of 

Ag2S NCs is confirmed through TEM and XRD analyses. By spin-coating the resulting 

solution, we are able to produce ~500 nm thick arsenic sulfide films, doped with 1.6 

(at.%) Ag2S. The glass network of these films differs from that of an undoped film due to 

a decrease of As2S3 units in favor of As clusters and As4S4 units.  
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9. Conclusions and perspectives 

The main goal of this PhD research was to exploit femtosecond laser pulses for 

the nonlinear optical characterization of nanoparticle doped glasses, as well as, to 

produce 3D waveguides containing nanoparticles. Below, the results are summarized 

according to its fundamental and applied aspects.   

Concerning the third-order optical properties, we analyzed GeO2-Bi2O3 and 

Pb2P2O7-WO3 glasses containing gold and copper nanoparticles, respectively. In general, 

the nonlinear refractive index (n2) is about 2 x10-19 m2/W for visible and infrared 

regions. Slight higher n2 values were obtained close to the plasmon band region, which 

may be associated to the higher third-order susceptibility or concentration of cooper 

nanoparticles, when compared to the gold ones. Regarding the nonlinear absorption, at 

the plasmon band wavelengths, both glassy systems displayed effects of saturable 

absorption, while two-photon absorption or reverse saturable absorption were verified 

at the other regions of the spectrum, depending on the glass matrix.  

At the standpoint of applied science, we demonstrated the ability to produce 3D 

waveguides composed by silver or copper nanoparticles, using a single-step laser 

processing. The phenomenon behind the generation of both copper and silver 

nanoparticles in glass by ultrashort laser pulses was investigated. It consisting of a 

nucleation stage, accomplished by nonlinear interactions followed by the 

photoreduction of Ag+ and Cu2+ ions. The aggregation of the resulting metallic atoms is 

achieved through a heating process, provided by heat accumulation effect associated 

with high repetition rate of lasers or by an additional annealing, when using low 

repetition rate. One obtained roughly cylindrical or elliptical cross-sections, sizing from 

2 to 30 μm, which were able to support mono- or multimode guiding at 632.8 nm. 

Propagation losses at this wavelength lied between 0.5 – 3.5 dB/mm, depending on the 

sample and experimental conditions applied for fs-laser micromachining. 



92 
Nanoparticles in oxide and chalcogenide glasses: optical nonlinearities and waveguide fabrication by 

femtosecond laser pulse 

 
 

Considering the fundamental aspect of this study, we proposed to answer: Do 

nanoparticles significantly show the resonant enhancement effect for nonlinear optical 

response by improving the nonlinear refractive index of glassy materials?  

 Although there are several reports on the enhancement effect associated with the 

plasmon resonance of metallic nanoparticles observed in many optical properties 

(mainly linear optical properties), no significant effect was observed on the nonlinear 

refractive index of heavy metal oxide glasses doped with gold or copper nanoparticles 

investigated herein. It is worth mentioning that we have investigated the optical 

nonlinearities at femtosecond regime, using ordinary concentrations of nanoparticles. 

The observation of enhancement effects may be strictly related to the concentration 

level of those particles in the matrix. Thus, new issues could be proposed regarding the 

dependence of resonant enhancement effect on n2 with the concentration of 

nanoparticles. Less widely studied is the nonlinear response of semiconductor 

nanoparticles in glass; investigations about the evidence (or not) of enhancement effect 

on n2 and the comparison with metallic nanoparticles would be interesting for 

understanding the effect of nanostructures on the optical nonlinearities.      

In this sense, the synthesis and nonlinear optical characterization of glass 

containing nanoparticles is still a great opportunity for extending knowledge in the field 

of experimental science. Preliminary results on nonlinear optical properties of 

chalcogenide glass with semiconductor nanoparticles have shown to be interesting, 

configuring our ongoing and future investigations, which also include laser direct 

writing techniques aiming at photonic devices.      

 

 

 

 

  



93 
 References 

 
 

10. References 

 
1 SHELBY, J. E., Ed. Introduction to glass Science and Technologyed. 1997. 
 
2 YAMANE, M.; ASAHARA, Y. Glasses for Photonics.  Port Chester, NY: Cambridge 

University Press, 2000.  ISBN 0521580536.   
 
3 HIRAO, K.  et al., Eds. Active glass for photonic devices: photoinduced 

structures and their application. New York: Springer, p.234ed. 2001. 
 
4 EGGLETON, B. J.; LUTHER-DAVIES, B.; RICHARDSON, K. Chalcogenide photonics. 

Nature Photonics, v. 5, n. 3, p. 141-148, Mar 2011. ISSN 1749-4885.  
 
5 SEDDON, A. B. Chalcogenide glasses - A review of their preparation, properties 

and applications. Journal of Non-Crystalline Solids, v. 184, p. 44-50, May 1995. 
ISSN 0022-3093.  

 
6 ZHA, Y.; WALDMANN, M.; ARNOLD, C. B. A review on solution processing of 

chalcogenide glasses for optical components. Optical Materials Express, v. 3, n. 
9, p. 1259-1272, Sep 1 2013. ISSN 2159-3930.  

 
7 CHERN, G. C.; LAUKS, I. SPIN-COATED AMORPHOUS-CHALCOGENIDE FILMS. 

Journal of Applied Physics, v. 53, n. 10, p. 6979-6982, 1982 1982. ISSN 0021-
8979.  

 
8 DUMBAUGH, W. H.; LAPP, J. C. Heavy-metal oxide glasses. Journal of the 

American Ceramic Society, v. 75, n. 9, p. 2315-2326, Sep 1992. ISSN 0002-7820.  
 
9 MANZANI, D.  et al. Thermal, structural and optical properties of new tungsten 

lead-pyrophosphate glasses. Optical Materials, v. 33, n. 12, p. 1862-1866, Oct 
2011. ISSN 0925-3467.  

 
10 OLIVEIRA, T. R.  et al. Near-infrared Kerr nonlinearity of Pb(PO3)(2)-WO3 

glasses. Journal of Applied Physics, v. 108, n. 10, Nov 15 2010. ISSN 0021-8979.  
 
11 ERSUNDU, A. E.  et al. Characterization of new Sb2O3-based multicomponent 

heavy metal oxide glasses. Journal of Alloys and Compounds, v. 615, p. 712-
718, Dec 5 2014. ISSN 0925-8388..  

 
12 PAN, Z. D.; MORGAN, S. H.; LONG, B. H. Raman-Scattering Cross-Section and 

Nonlinear-Optical Response of Lead Borate Glasses. Journal of Non-Crystalline 
Solids, v. 185, n. 1-2, p. 127-134, May 1995. ISSN 0022-3093.  



94 
References 

 

 
 

 
13 PETROPOULOS, P.  et al. Highly nonlinear and anomalously dispersive lead 

silicate glass holey fibers. Optics Express, v. 11, n. 26, p. 3568-3573, Dec 2003. 
ISSN 1094-4087.  

 
14 RAI, V. K.; MENEZES, L. D. S.; DE ARAUJO, C. B. Two-photon absorption in TeO2-

PbO glasses excited at 532 and 590 nm. Applied Physics a-Materials Science & 
Processing, v. 91, n. 3, p. 441-443, Jun 2008. ISSN 0947-8396.  

 
15 SIEGEL, J.  et al. Waveguide structures in heavy metal oxide glass written with 

femtosecond laser pulses above the critical self-focusing threshold. Applied 
Physics Letters, v. 86, n. 12, p. 121109 1-3, Mar 2005. ISSN 0003-6951.  

 
16 HASEGAWA, T.; NAGASHIMA, T.; SUGIMOTO, N. Z-scan study of third-order 

optical nonlinearities in bismuth-based glasses. Optics Communications, v. 250, 
n. 4-6, p. 411-415, Jun 15 2005. ISSN 0030-4018.  

 
17 TERASHIMA, K.; SHIMOTO, T. H.; YOKO, T. Structure and nonlinear optical 

properties of PbO-Bi2O3-B2O3. Physics and Chemistry of Glasses, v. 38, n. 4, p. 
211-217,  1997.    

 
18 MALLUR, S. B.  et al. Compositional dependence of optical band gap and refractive 

index in lead and bismuth borate glasses. Materials Research Bulletin, v. 68, p. 
27-34, Aug 2015. ISSN 0025-5408.  

 
19 KREIBIG, U.; VOLLMER, M. Optical properties of metal clusters.  Berlin 

Heidelberg: Springer Verlag, 2010.     
 
20 UCHIDA, K.  et al. Optical Nonlinearities of a High-Concentration of Small Metal 

Particles Dispersed in Glass:  Copper and Silver Particles. Journal of the Optical 
Society of America B-Optical Physics, v. 11, n. 7, p. 1236-1243, Jul 1994. ISSN 
0740-3224.  

 
21 SILVA, C.  et al. Infrared nanosecond laser effects on the formation of copper 

nanoparticles. Materials Letters, v. 64, n. 6, p. 705-707, Mar 31 2010. ISSN 0167-
577X.  

 
22 QIU, J. R.  et al. Manipulation of gold nanoparticles inside transparent materials. 

Angewandte Chemie-International Edition, v. 43, n. 17, p. 2230-2234, Apr 19 
2004. ISSN 1433-7851.  

 
23 GATTASS, R. R.; MAZUR, E. Femtosecond laser micromachining in transparent 

materials. Nature Photonics, v. 2, n. 4, p. 219-225, Apr 2008. ISSN 1749-4885.  
 
24 KROL, D. M. Femtosecond laser modification of glass. Journal of Non-Crystalline 

Solids, v. 354, n. 2-9, p. 416-424, Jan 15 2008. ISSN 0022-3093.  
 



95 
 References 

 
 

25 ALMEIDA, J. M. P.  et al. Generation of copper nanoparticles induced by fs-laser 
irradiation in borosilicate glass. Optics Express, v. 20, n. 14, p. 15106-15113, Jul 
2 2012. ISSN 1094-4087.   

 
26 LU, C.  et al. Fabrication of uniformly dispersed nanoparticle-doped chalcogenide 

glass. Applied Physics Letters, v. 105, n. 26, Dec 29 2014. ISSN 0003-6951.  
 
27 BOYD, R. W. Nonlinear Optics.  San Diego: Academic Press Inc, 1992.     
 
28 CHAPPLE, P. B.  et al. Single-beam Z-scan: Measurement techniques and analysis. 

Journal of Nonlinear Optical Physics & Materials, v. 6, n. 3, p. 251-293, Sep 
1997. ISSN 0218-1991.  

 
29 LIU, X.; DU, D.; MOUROU, G. Laser ablation and micromachining with ultrashort 

laser pulses. IEEE Journal of Quantum Electronics, v. 33, n. 10, p. 1706-1716, 
Oct 1997. ISSN 0018-9197.  

 
30 SCHAFFER, C. B.; BRODEUR, A.; MAZUR, E. Laser-induced breakdown and damage 

in bulk transparent materials induced by tightly focused femtosecond laser 
pulses. Measurement Science & Technology, v. 12, n. 11, p. 1784-1794, Nov 
2001. ISSN 0957-0233.  

 
31 AMS, M.  et al. Investigation of Ultrafast Laser-Photonic Material Interactions: 

Challenges for Directly Written Glass Photonics. Ieee Journal of Selected Topics 
in Quantum Electronics, v. 14, n. 5, p. 1370-1381, Sep-Oct 2008. ISSN 1077-
260X.  

 
32 ALMEIDA, J. M. P.  et al. Nonlinear optical properties and femtosecond laser 

micromachining of special glasses. Journal of the Brasilian Chemical Society, v. 
0, n. 0, p. 0,  2015.    

 
33 DAVIS, K. M.  et al. Writing waveguides in glass with a femtosecond laser. Optics 

Letters, v. 21, n. 21, p. 1729-1731, Nov 1996. ISSN 0146-9592.  
 
34 MIURA, K.  et al. Photowritten optical waveguides in various glasses with 

ultrashort pulse laser. Applied Physics Letters, v. 71, n. 23, p. 3329-3331, Dec 8 
1997. ISSN 0003-6951.  

 
35 HIRAO, K.; MIURA, K. Writing waveguides and gratings in silica and related 

materials by a femtosecond laser. Journal of Non-Crystalline Solids, v. 239, n. 1-
3, p. 91-95, Oct 1998. ISSN 0022-3093.  

 
36 WILL, M.  et al. Optical properties of waveguides fabricated in fused silica by 

femtosecond laser pulses. Applied Optics, v. 41, n. 21, p. 4360-4364, Jul 2002. 
ISSN 1559-128X.  

 
37 OSELLAME, R.  et al. Femtosecond writing of active optical waveguides with 

astigmatically shaped beams. Journal of the Optical Society of America B-
Optical Physics, v. 20, n. 7, p. 1559-1567, Jul 2003. ISSN 0740-3224.  



96 
References 

 

 
 

 
38 CERULLO, G.  et al. Femtosecond micromachining of symmetric waveguides at 1.5 

mu m by astigmatic beam focusing. Optics Letters, v. 27, n. 21, p. 1938-1940, 
Nov 1 2002. ISSN 0146-9592.  

 
39 AMS, M.  et al. Slit beam shaping method for femtosecond laser direct-write 

fabrication of symmetric waveguides in bulk glasses. Optics Express, v. 13, n. 15, 
p. 5676-5681, Jul 25 2005. ISSN 1094-4087.  

 
40 CHENG, Y.  et al. Control of the cross-sectional shape of a hollow microchannel 

embedded in photostructurable glass by use of a femtosecond laser. Optics 
Letters, v. 28, n. 1, p. 55-57, Jan 1 2003. ISSN 0146-9592.  

 
41 SCHAFFER, C. B.  et al. Micromachining bulk glass by use of femtosecond laser 

pulses with nanojoule energy. Optics Letters, v. 26, n. 2, p. 93-95, Jan 2001. ISSN 
0146-9592.  

 
42 EATON, S. M.; ZHANG, H. B.; HERMAN, P. R. Heat accumulation effects in 

femtosecond laser-written waveguides with variable repetition rate. Optics 
Express, v. 13, n. 12, p. 4708-4716, Jun 13 2005. ISSN 1094-4087.  

 
43 CERAMI, L. R.  et al. Femtosecond laser micromachining. In: TREBINO, R. e 

SQUIER, J. (Ed.). Ultrafast Optics. Victoria, Canada: Trafford Publishing, 2007.    
 
44 SAKAKURA, M.  et al. Temperature distribution and modification mechanism 

inside glass with heat accumulation during 250 kHz irradiation of femtosecond 
laser pulses. Applied Physics Letters, v. 93, n. 23, Dec 8 2008. ISSN 0003-6951.  

 
45 KANEHIRA, S.; MIURA, K.; HIRAO, K. Ion exchange in glass using femtosecond 

laser irradiation. Applied Physics Letters, v. 93, n. 2, Jul 14 2008. ISSN 0003-
6951.  

 
46 MIURA, K.  et al. Space-selective growth of frequency-conversion crystals in 

glasses with ultrashort infrared laser pulses. Optics Letters, v. 25, n. 6, p. 408-
410, Mar 2000. ISSN 0146-9592. 

 
47 SHIN, J.  et al. Formation and control of Au and Ag nanoparticles inside borate 

glasses using femtosecond laser and heat treatment. Applied Physics a-
Materials Science & Processing, v. 93, n. 4, p. 923-927, Dec 2008. ISSN 0947-
8396.  

 
48 TENG, Y.  et al. Controllable space selective precipitation of copper nanoparticles 

in borosilicate glasses using ultrafast laser irradiation. Journal of Non-
Crystalline Solids, v. 357, n. 11-13, p. 2380-2383, Jun 2011. ISSN 0022-3093.  

 
49 SHIMOTSUMA, Y.  et al. Three-dimensional micro- and nano-fabrication in 

transparent materials by femtosecond laser. Japanese Journal of Applied 
Physics Part 1-Regular Papers Brief Communications & Review Papers, v. 
44, n. 7A, p. 4735-4748, Jul 2005. ISSN 0021-4922.  



97 
 References 

 
 

 
50 TIEN, A. C.  et al. Short-pulse laser damage in transparent materials as a function 

of pulse duration. Physical Review Letters, v. 82, n. 19, p. 3883-3886, May 10 
1999. ISSN 0031-9007.  

 
51 CHIMIER, B.  et al. Damage and ablation thresholds of fused-silica in femtosecond 

regime. Physical Review B, v. 84, n. 9, Sep 19 2011. ISSN 1098-0121.  
 
52 ASHCOM, J. B.  et al. Numerical aperture dependence of damage and 

supercontinuum generation from femtosecond laser pulses in bulk fused silica. 
Journal of the Optical Society of America B-Optical Physics, v. 23, n. 11, p. 
2317-2322, Nov 2006. ISSN 0740-3224.  

 
53 NGUYEN, N. T.  et al. Optical breakdown versus filamentation in fused silica by 

use of femtosecond infrared laser pulses. Optics Letters, v. 28, n. 17, p. 1591-
1593, Sep 1 2003. ISSN 0146-9592.   

 
54 FLETCHER, L. B.  et al. Direct femtosecond laser waveguide writing inside zinc 

phosphate glass. Optics Express, v. 19, n. 9, p. 7929-7936, Apr 25 2011. ISSN 
1094-4087.  

 
55 BHARDWAJ, V. R.  et al. Femtosecond laser-induced refractive index modification 

in multicomponent glasses. Journal of Applied Physics, v. 97, n. 8, Apr 15 2005. 
ISSN 0021-8979.  

 
56 CHAN, J. W.  et al. Waveguide fabrication in phosphate glasses using femtosecond 

laser pulses. Applied Physics Letters, v. 82, n. 15, p. 2371-2373, Apr 14 2003. 
ISSN 0003-6951.  

 
57 YANG, W.  et al. Low loss photonic components in high index bismuth borate glass 

by femtosecond laser direct writing. Optics Express, v. 16, n. 20, p. 16215-
16226, Sep 29 2008. ISSN 1094-4087.  

 
58 FERNANDEZ, T. T.  et al. Active waveguides written by femtosecond laser 

irradiation in an erbium-doped phospho-tellurite glass. Optics Express, v. 16, n. 
19, p. 15198-15205, Sep 15 2008. ISSN 1094-4087.  

 
59 SILVA, D. M.  et al. Er3+ doped waveguide amplifiers written with femtosecond 

laser in germanate glasses. Optical Materials, v. 33, n. 12, p. 1902-1906, Oct 
2011. ISSN 0925-3467.  

 
60 SHEIKBAHAE, M.; SAID, A. A.; VAN STRYLAND, E. W. High-Sensitivity, Single-

Beam N2 Measurements. Optics Letters, v. 14, n. 17, p. 955-957, Sep 1989. ISSN 
0146-9592.  

 
61 SHEIKBAHAE, M.  et al. Sensitive Measurement of Optical Nonlinearities Using a 

Single Beam. Ieee Journal of Quantum Electronics, v. 26, n. 4, p. 760-769, Apr 
1990. ISSN 0018-9197.  

 



98 
References 

 

 
 

62 ALMEIDA, J. M. P.  et al. Third-order nonlinear spectra and optical limiting of lead 
oxifluoroborate glasses. Optics Express, v. 19, n. 18, p. 17220-17225, Aug 2011. 
ISSN 1094-4087.  

 
63 DE BONI, L.  et al. Z-scan measurements using femtosecond continuum 

generation. Optics Express, v. 12, n. 17, p. 3921-3927, Aug 23 2004. ISSN 1094-
4087.  

 
64 MILAM, D. Review and assessment of measured values of the nonlinear 

refractive-index coefficient of fused silica. Applied Optics, v. 37, n. 3, p. 546-550, 
Jan 1998. ISSN 0003-6935.  

 
65 ALMEIDA, J. M. P.  et al. Ultrafast third-order optical nonlinearities of heavy metal 

oxide glasses containing gold nanoparticles. Optical Materials, v. 36, n. 4, p. 829-
832, Feb 2014. ISSN 0925-3467; 1873-1252.  

 
66 RABINOVICH, E. M. Review: Lead in glass. Journal of Materials Science, v. 11, p. 

925-948,  1976.    
 
67 LU, Q.  et al. Gold nanoparticles incorporated mesoporous silica thin films of 

varied gold contents and their well-tuned third-order optical nonlinearities. 
Optical Materials, v. 33, n. 8, p. 1266-1271, Jun 2011. ISSN 0925-3467.  

 
68 QU, S. L.  et al. Nanosecond nonlinear absorption in Au and Ag nanoparticles 

precipitated glasses induced by a femtosecond laser. Optical Materials, v. 28, n. 
3, p. 259-265, Feb 2006. ISSN 0925-3467.  

 
69 KASSAB, L. R. P.  et al. Photoluminescence enhancement by gold nanoparticles in 

Eu3+ doped GeO2-Bi2O3 glasses. Applied Physics Letters, v. 94, n. 10, Mar 9 
2009. ISSN 0003-6951..  

 
70 TOKIZAKI, T.  et al. Subpicosecond time response of third-order optical 

nonlinearity of small copper particles in glass. Applied Physics Letters, v. 65, n. 
8, p. 941-943, Aug 22 1994. ISSN 0003-6951.  

 
71 PIASECKI, P.  et al. Formation of Ag nanoparticles and enhancement of Tb3+ 

luminescence in Tb and Ag co-doped lithium-lanthanum-aluminosilicate glass. 
Journal of Nanophotonics, v. 4, n. 1, p. 043522-043522,  2010.   

 
72 HAYAKAWA, T.; FURUHASHI, K.; NOGAMI, M. Enhancement of D-5(0)-F-7(J) 

emissions of Eu3+ ions in the vicinity of polymer-protected Au nanoparticles in 
sol-gel-derived B2O3-SiO2 glass. Journal of Physical Chemistry B, v. 108, n. 31, 
p. 11301-11307, Aug 2004. ISSN 1520-6106.  

 
73 DE BONI, L.  et al. Optical Saturable Absorption in Gold Nanoparticles. 

Plasmonics, v. 3, n. 4, p. 171-176, Dec 2008. ISSN 1557-1955.  
 



99 
 References 

 
 

74 OLESIAK-BANSKA, J.  et al. Third-Order Nonlinear Optical Properties of Colloidal 
Gold Nanorods. Journal of Physical Chemistry C, v. 116, n. 25, p. 13731-13737, 
Jun 28 2012. ISSN 1932-7447.  

 
75 HWANG, L. C.; LEE, S. C.; WEN, T. C. Nonlinear absorption and refraction in lead 

glasses: enhanced by the small metal particle dispersions. Optics 
Communications, v. 228, n. 4-6, p. 373-380, Dec 2003. ISSN 0030-4018.  

 
76 DE BONI, L.  et al. Femtosecond third-order nonlinear spectra of lead-germanium 

oxide glasses containing silver nanoparticles. Optics Express, v. 20, n. 6, p. 6844-
6850, Mar 12 2012. ISSN 1094-4087.  

 
77 FALCÃO-FILHO, E. L.  et al. Third-order optical nonlinearity of a transparent glass 

ceramic containing sodium niobate nanocrystals. Physical Review B, v. 69, n. 13, 
p. 134204,  2004.    

 
78 BAIA, L.  et al. Raman and IR spectroscopic studies of manganese doped GeO2–

Bi2O3 glasses. Journal of Molecular Structure, v. 599, n. 1–3, p. 9-13,  2001. 
ISSN 0022-2860.  

 
79 RIBEIRO, S. J. L.  et al. Structural studies in lead germanate glasses: EXAFS and 

vibrational spectroscopy. Journal of Non-Crystalline Solids, v. 159, n. 3, p. 213-
221,  1993. ISSN 0022-3093.  

 
80 DUGUAY, M. A.; HANSEN, J. W. An Ultrafast Light Gate. Applied Physics Letters, 

v. 15, n. 6, p. 192-194, 1969 1969. ISSN 0003-6951.  
 
81 MANZANI, D.  et al. Nonlinear Optical Properties of Tungsten Lead-

Pyrophosphate Glasses Containing Metallic Copper Nanoparticles. Plasmonics, v. 
8, n. 4, p. 1667-1674, Dec 2013. ISSN 1557-1955; 1557-1963.   

 
82 BROW, R. K. Review: the structure of simple phosphate glasses. Journal of Non-

Crystalline Solids, v. 263, n. 1-4, p. 1-28, Mar 2000. ISSN 0022-3093.  
 
83 CAMPBELL, J. H.; SURATWALA, T. I. Nd-doped phosphate glasses for high-

energy/high-peak-power lasers. Journal of Non-Crystalline Solids, v. 263, n. 1-
4, p. 318-341, Mar 2000. ISSN 0022-3093.  

 
84 POIRIER, G.  et al. Redox Behavior of molybdenum and tungsten in phosphate 

glasses. Journal of Physical Chemistry B, v. 112, n. 15, p. 4481-4487, Apr 17 
2008. ISSN 1520-6106.  

 
85 EL-MALLAWANY, R. A. H. Tellurite Glasses Handbook: Physical Properties 

and Data CRC Press, 2002.     
 
86 SEKHAR, H.; KIRAN, P. P.; RAO, D. N. Structural, linear and enhanced third-order 

nonlinear optical properties of Bi12SiO20 nanocrystals. Materials Chemistry 
and Physics, v. 130, n. 1-2, p. 113-120, Oct 17 2011. ISSN 0254-0584.  

 



100 
References 

 

 
 

87 SMOLORZ, S.  et al. Studies of optical non-linearities of chalcogenide and heavy-
metal oxide glasses. Journal of Non-Crystalline Solids, v. 256, p. 310-317, Oct 
1999. ISSN 0022-3093.  

 
88 INOUYE, H.  et al. Ultrafast dynamics of nonequilibrium electrons in a gold 

nanoparticle system. Physical Review B, v. 57, n. 18, p. 11334-11340, May 1 
1998. ISSN 1098-0121.  

 
89 QU, S. L.  et al. Nonlinear absorption and optical limiting in gold-precipitated 

glasses induced by a femtosecond laser. Optics Communications, v. 224, n. 4-6, 
p. 321-327, Sep 1 2003. ISSN 0030-4018.  

 
90 JIMENEZ, J. A.  et al. Optical properties of silver-doped aluminophosphate glasses. 

Journal of Materials Science, v. 42, n. 5, p. 1856-1863, Mar 2007. ISSN 0022-
2461.  

 
91 KELLERMANN, G.; CRAIEVICH, A. F. Isothermal aggregation of Ag atoms in 

sodium borate glass. Physical Review B, v. 70, n. 5, p. 054106,  2004.   
 
92 RIVERA, V. A. G.  et al. Localized surface plasmon resonance interaction with 

Er3+-doped tellurite glass. Optics Express, v. 18, n. 24, p. 25321-25328, Nov 22 
2010. ISSN 1094-4087.  

 
93 ZHONG, J.  et al. Synthesis, characterization, and third-order nonlinear optical 

properties of copper quantum dots embedded in sodium borosilicate glass. 
Journal of Alloys and Compounds, v. 537, p. 269-274, Oct 5 2012. ISSN 0925-
8388.  

 
94 TAKEDA, Y.  et al. Wavelength dispersion of nonlinear dielectric function of Cu 

nanoparticle materials. Optics Express, v. 16, n. 10, p. 7471-7480, May 12 2008. 
ISSN 1094-4087.  

 
95 NALDA, R.  et al. Limits to the determination of the nonlinear refractive index by 

the Z-scan method. Journal of the Optical Society of America B-Optical 
Physics, v. 19, n. 2, p. 289-296, Feb 2002. ISSN 0740-3224.  

 
96 CETIN, A.  et al. Third-order optical nonlinearities of Cu and Tb nanoparticles in 

SrTiO3. Physica B-Condensed Matter, v. 405, n. 9, p. 2323-2325, May 1 2010. 
ISSN 0921-4526.  

 
97 WANG, Y. H.  et al. Optical properties of Cu and Ag nanoparticles synthesized in 

glass by ion implantation. Vacuum, v. 83, n. 2, p. 408-411, Sep 26 2008. ISSN 
0042-207X.  

 
98 TENG, Y.  et al. Light and heat driven precipitation of copper nanoparticles inside 

Cu(2+)-doped borate glasses. Chemical Physics Letters, v. 485, n. 1-3, p. 91-94, 
Jan 18 2010. ISSN 0009-2614.  

 



101 
 References 

 
 

99 SHEIKBAHAE, M.; SAID, A. A.; VANSTRYLAND, E. W. High-Sensitivity, Single-Beam 
N2 Measurements. Optics Letters, v. 14, n. 17, p. 955-957, Sep 1989. ISSN 0146-
9592.  

 
100 KELLY, K. L.  et al. The optical properties of metal nanoparticles: The influence of 

size, shape, and dielectric environment. Journal of Physical Chemistry B, v. 107, 
n. 3, p. 668-677, Jan 23 2003. ISSN 1520-6106.  

 
101 RAO, N. S.  et al. Copper ion as a structural probe in lead bismuth arsenate glasses 

by means of dielectric and spectroscopic studies. Physica B-Condensed Matter, 
v. 405, n. 19, p. 4092-4100, Oct 1 2010. ISSN 0921-4526.  

 
102 WANG, Y. H.  et al. Nonlinear optical response of silica doped with copper 

nanoclusters under 1064 nm laser excitation. Vacuum, v. 86, n. 3, p. 285-289, Oct 
8 2011. ISSN 0042-207X.  

 
103 YESHCHENKO, O. A.  et al. Influence of annealing conditions on size and optical 

properties of copper nanoparticles embedded in silica matrix. Materials Science 
and Engineering B-Solid State Materials for Advanced Technology, v. 137, n. 
1-3, p. 247-254, Feb 25 2007. ISSN 0921-5107.  

 
104 KREIBIG, U.; M.VOLLMER. Optical properties of metal clusters.  Berlin 

Heidelberg: Springer Verlag, 2010.     
 
105 QU, S. L.  et al. Nonlinear absorption and optical limiting in gold-precipitated 

glasses induced by a feratosecond laser. Optics Communications, v. 224, n. 4-6, 
p. 321-327, Sep 1 2003. ISSN 0030-4018..  

 
106 TAKEDA, Y.; LEE, C. G.; KISHIMOTO, N. Nonlinear optical properties of Cu 

nanoparticle composites fabricated by 60 keV negative ion implantation. Nuclear 
Instruments and Methods in Physics Research B, v. 191, p. 422 - 427,  2002.    

 
107 ALMEIDA, J. M. P.  et al. Metallic nanoparticles grown in the core of femtosecond 

laser micromachined waveguides. Journal of Applied Physics, v. 115, n. 19, May 
21 2014. ISSN 0021-8979; 1089-7550.  

 
108 BOYD, G. T. Applications Requirements for Nonlinear-Optical Devices and the 

Status of Organic Materials. Journal of the Optical Society of America B-
Optical Physics, v. 6, n. 4, p. 685-692, Apr 1989. ISSN 0740-3224.  

 
109 MANZANI, D.  et al. Nonlinear Optical Properties of Tungsten Lead-

Pyrophosphate Glasses Containing Metallic Copper Nanoparticles. Plasmonics, v. 
8, n. 4, p. 1667-1674,  2013.    

 
110 ALMEIDA, J. M. P.  et al. Femtosecond laser processing of glassy and polymeric 

matrices containing metals and semiconductor nanostructures. Optical 
Materials, v. 35, n. 12, p. 2643-2648,  2013. ISSN 0925-3467.  

 



102 
References 

 

 
 

111 QIU, J. R.  et al. Space-selective precipitation of metal nanoparticles inside glasses. 
Applied Physics Letters, v. 81, n. 16, p. 3040-3042, Oct 14 2002. ISSN 0003-
6951.  

 
112 GAN, F.; XU, L. Photonic Glass.  Singapore: World Scientific, 2006.     
 
113 TONG, L. M.  et al. Optical loss measurements in femtosecond laser written 

waveguides in glass. Optics Communications, v. 259, n. 2, p. 626-630, Mar 2006. 
ISSN 0030-4018.  

 
114 FERRER, A.  et al. In situ assessment and minimization of nonlinear propagation 

effects for femtosecond-laser waveguide writing in dielectrics. Journal of the 
Optical Society of America B-Optical Physics, v. 27, n. 8, p. 1688-1692, Aug 
2010. ISSN 0740-3224.  

 
115 BISHAY, A. Radiation induced color centers in multicomponent glasses. Journal 

of Non-Crystalline Solids, v. 3, p. 54-114,  1970.    
 
116 SHELINE, R. K.; SHARP, D. E.; ARNER, W. J. Color centers in glass. Journal of 

Chemical Physics, v. 19, n. 11, p. 1422-1423, 1951 1951. ISSN 0021-9606.  
 
117 DEMOS, S. G.  et al. Change of self-focusing behavior of phosphate glass resulting 

from exposure to ultraviolet nanosecond laser pulses. Optics Express, v. 21, n. 4, 
p. 4854-4863, Feb 25 2013. ISSN 1094-4087.  

 
118 COELHO, J. M. P.  et al. Infrared Nanosecond Laser Radiation in the Creation 

of Gold and Copper Nanoparticles: Materials Science Forum, 2013. 915-919 p. 
 
119 DAI, Y.  et al. High repetition rate femtosecond laser irradiation-induced elements 

redistribution in Ag-doped glass. Applied Physics B-Lasers and Optics, v. 103, 
n. 3, p. 663-667, Jun 2011. ISSN 0946-2171.  

 
120 EATON, S. M.  et al. Transition from thermal diffusion to heat accumulation in 

high repetition rate femtosecond laser writing of buried optical waveguides. 
Optics Express, v. 16, n. 13, p. 9443-9458, Jun 23 2008. ISSN 1094-4087.  

 
121 HUA, B.  et al. Micro-modification of Metal-doped Glasses by a Femtosecond 

Laser. Journal of Laser Micro Nanoengineering, v. 2, n. 1, p. 36-39, Mar 2007. 
ISSN 1880-0688.  

 
122 FERRER, A.  et al. Deep subsurface optical waveguides produced by direct writing 

with femtosecond laser pulses in fused silica and phosphate glass. Applied 
Surface Science, v. 254, n. 4, p. 1121-1125, Dec 15 2007. ISSN 0169-4332.  

 
123 ALMEIDA, J. M. P.  et al. Single-step synthesis of silver sulfide nanocrystals in 

arsenic trisulfide. Optical Materials Express, v. 5, n. 8, p. 1815-1821,  2015.    
 



103 
 References 

 
 

124 ZAKERY, A.; ELLIOTT, S. R. Optical properties and applications of chalcogenide 
glasses: a review. Journal of Non-Crystalline Solids, v. 330, n. 1-3, p. 1-12, Nov 
15 2003. ISSN 0022-3093.  

 
125 TSIULYANU, D.; STRATAN, I. On the photodissolution kinetics of silver in glassy 

As2S3. Journal of Non-Crystalline Solids, v. 356, n. 3, p. 147-152, Feb 1 2010. 
ISSN 0022-3093.  

 
126 ELLIOTT, S. R. A unified mechanism for metal photodissolution in amorphous 

chalcogenide materials. Journal of Non-Crystalline Solids, v. 130, n. 1, p. 85-97, 
Jun 1991. ISSN 0022-3093.  

 
127 SAVA, F.  et al. Possible mechanism of Ag photodiffusion in a-As2S3 thin films. 

Physica Status Solidi B-Basic Solid State Physics, v. 250, n. 5, p. 999-1003, May 
2013. ISSN 0370-1972.  

 
128 LU, C.  et al. Fabrication of uniformly dispersed nanoparticle-doped chalcogenide 

glass. Applied Physics Letters, v. 105, n. 261906, p. 4,  2014.    
 
129 KANEHARA, M.  et al. Indium Tin Oxide Nanoparticles with Compositionally 

Tunable Surface Plasmon Resonance Frequencies in the Near-IR Region. Journal 
of the American Chemical Society, v. 131, n. 49, p. 17736-17737, Dec 16 2009. 
ISSN 0002-7863.  

 
130 LUTHER, J. M.  et al. Localized surface plasmon resonances arising from free 

carriers in doped quantum dots. Nature Materials, v. 10, n. 5, p. 361-366, May 
2011. ISSN 1476-1122.  

 
131 HUSSAIN, S. T.  et al. Low temperature deposition of silver sulfide thin films by 

AACVD for gas sensor application. Applied Surface Science, v. 258, n. 24, p. 
9610-9616, Oct 1 2012. ISSN 0169-4332.  

 
132 WANG, H.; QI, L. Controlled synthesis of Ag2S, Ag2Se, and Ag nanofibers using a 

general sacrificial template and their application in electronic device fabrication. 
Advanced Functional Materials, v. 18, n. 8, p. 1249-1256, Apr 25 2008. ISSN 
1616-301X.  

 
133 KRYUKOV, A. I.  et al. Optical and catalytic properties of Ag2S nanoparticles. 

Journal of Molecular Catalysis a-Chemical, v. 221, n. 1-2, p. 209-221, Nov 1 
2004. ISSN 1381-1169..  

 
134 ZHANG, Y.  et al. Ag2S Quantum Dot: A Bright and Biocompatible Fluorescent 

Nanoprobe in the Second Near-Infrared Window. Acs Nano, v. 6, n. 5, p. 3695-
3702, May 2012. ISSN 1936-0851.  

 
135 HONG, G.  et al. In Vivo Fluorescence Imaging with Ag2S Quantum Dots in the 

Second Near-Infrared Region. Angewandte Chemie-International Edition, v. 
51, n. 39, p. 9818-9821, 2012 2012. ISSN 1433-7851.  

 



104 
References 

 

 
 

136 TUBTIMTAE, A.  et al. Ag2S quantum dot-sensitized solar cells. Electrochemistry 
Communications, v. 12, n. 9, p. 1158-1160, Sep 2010. ISSN 1388-2481.  

 
137 HOU, X.  et al. Synthesis of SERS active Ag2S nanocrystals using oleylamine as 

solvent, reducing agent and stabilizer. Materials Research Bulletin, v. 47, n. 9, p. 
2579-2583, Sep 2012. ISSN 0025-5408.  

 
138 ROGACH, A. L.  et al. Infrared-emitting colloidal nanocrystals: Synthesis, 

assembly, spectroscopy, and applications. Small, v. 3, n. 4, p. 536-557, Apr 2007. 
ISSN 1613-6810.  

 
139 MICHALET, X.  et al. Properties of fluorescent semiconductor nanocrystals and 

their application to biological labeling. Single Molecules, v. 2, n. 4, p. 261-276, 
2001 2001. ISSN 1438-5163.  

 
140 CHERN, G. C.; LAUKS, I. Spin-coated amorphous chalcogenide films. Journal of 

Applied Physics, v. 53, n. 10, p. 6979-6982, 1982 1982. ISSN 0021-8979.  
 
141 CHERN, G. C. et al. Spin coated amorphous chalcogenide films -  structural 

characterization Journal of Applied Physics, v. 54, n. 5, p. 2701-2705, 1983 
1983. ISSN 0021-8979.  

 
142 CHERN, G. C.; LAUKS, I.; MCGHIE, A. R. Spin coated amorphous chalcogenide films 

-  thermal properties. Journal of Applied Physics, v. 54, n. 8, p. 4596-4601,  
1983. ISSN 0021-8979.  

 
143 ZHA, Y.  et al. Pore formation and removal in solution-processed amorphous 

arsenic sulfide films. Journal of Non-Crystalline Solids, v. 369, p. 11-16, Jun 1 
2013. ISSN 0022-3093.  

 
144 MOTTE, L.; URBAN, J. Silver clusters on silver sulfide nanocrystals: Synthesis and 

behavior after electron beam irradiation. Journal of Physical Chemistry B, v. 
109, n. 46, p. 21499-21501, Nov 24 2005. ISSN 1520-6106.  

 
145 TERABE, K.  et al. Formation and disappearance of a nanoscale silver cluster 

realized by solid electrochemical reaction. Journal of Applied Physics, v. 91, n. 
12, p. 10110-10114, Jun 15 2002. ISSN 0021-8979.  

 
146 TERABE, K. et al. Quantized conductance atomic switch. Nature, v. 433, n. 7021, 

p. 47-50, Jan 6 2005. ISSN 0028-0836.  
 
147 LEON-VELAZQUEZ, M. S.; IRIZARRY, R.; CASTRO-ROSARIO, M. E. Nucleation and 

Growth of Silver Sulfide Nanoparticles. Journal of Physical Chemistry C, v. 114, 
n. 13, p. 5839-5849, Apr 8 2010. ISSN 1932-7447.  

 
148 AKAMATSU, K.  et al. Preparation and characterization of polymer thin films 

containing silver and silver sulfide nanoparticles. Thin Solid Films, v. 359, n. 1, p. 
55-60, Jan 24 2000. ISSN 0040-6090.  

 



105 
 References 

 
 

149 CHEN, R.  et al. Silver sulfide nanoparticle assembly obtained by reacting an 
assembled silver nanoparticle template with hydrogen sulfide gas. 
Nanotechnology, v. 19, n. 45, Nov 12 2008. ISSN 0957-4484.  

 
150 TSAY, C.  et al. Mid-infrared characterization of solution-processed As2S3 

chalcogenide glass waveguides. Optics Express, v. 18, n. 15, p. 15523-15530, Jul 
19 2010. ISSN 1094-4087..  

 
151 TSAY, C. et al. Chalcogenide glass waveguides integrated with quantum cascade 

lasers for on-chip mid-IR photonic circuits. Optics Letters, v. 35, n. 20, p. 3324-
3326, Oct 15 2010. ISSN 0146-9592.  

 
152 WAGNER, T.  et al. Spin-coated Ag-x(As0.33S0.67)(100-x) films: preparation and 

structure. Journal of Non-Crystalline Solids, v. 326, p. 165-169, Oct 1 2003. 
ISSN 0022-3093.  

 
153 IOVU, M. S.  et al. Spectroscopic studies of bulk As2S3 glasses and amorphous 

films doped with Dy, Sm and Mn. Journal of Optoelectronics and Advanced 
Materials, v. 3, n. 2, p. 443-454, Jun 2001. ISSN 1454-4164.  

 
154 CHOI, D. Y.  et al. Nano-phase separation of arsenic tri-sulphide (As2S3) film and 

its effect on plasma etching. Journal of Non-Crystalline Solids, v. 353, n. 8-10, p. 
953-955, Apr 15 2007. ISSN 0022-3093.  

 
155 NEMEC, P.  et al. Structure of pulsed-laser deposited arsenic-rich As-S amorphous 

thin films, and effect of light and temperature. Journal of Non-Crystalline 
Solids, v. 351, n. 43-45, p. 3497-3502, Nov 1 2004. ISSN 0022-3093.  

 
156 KOVALENKO, M. V.  et al. Inorganically Functionalized PbS-CdS Colloidal 

Nanocrystals: Integration into Amorphous Chalcogenide Glass and Luminescent 
Properties. Journal of the American Chemical Society, v. 134, n. 5, p. 2457-
2460, Feb 8 2012. ISSN 0002-7863.  

 
157 NOVAK, S.  et al. Incorporation of luminescent CdSe/ZnS core-shell quantum dots 

and PbS quantum dots into solution-derived chalcogenide glass films. Optical 
Materials Express, v. 3, n. 6, p. 729-738, Jun 1 2013. ISSN 2159-3930.  

 





107 
 

 
 

Appendix A - Publications in Journal Papers 

Part of this thesis was published in the following papers: 

1) J. M. P. Almeida, C. Lu, C. R. Mendonca, C. Arnold, “Single-step synthesis of silver 
sulfide nanocrystals in arsenic trisulfide”, Optical Materials Express, vol. 5, Jul 2015. 
 
2) J. M. P. Almeida, P. H. D. Ferreira, D. Manzani, M. Napoli, S. J. L. Ribeiro, and C. R. 
Mendonca, "Metallic nanoparticles grown in the core of femtosecond laser 
micromachined waveguides," Journal of Applied Physics, vol. 115, May 21 2014. 
 
3) J. M. P. Almeida, D. S. da Silva, L. R. P. Kassab, S. C. Zilio, C. R. Mendonca, and L. De 
Boni, "Ultrafast third-order optical nonlinearities of heavy metal oxide glasses containing 
gold nanoparticles," Optical Materials, vol. 36, pp. 829-832, Feb 2014. 
 
4) D. Manzani, J. M. P. Almeida, M. Napoli, L. De Boni, M. Nalin, C. R. M. Afonso, S. J. 
L. Ribeiro, and C. R. Mendonca, "Nonlinear Optical Properties of Tungsten Lead-
Pyrophosphate Glasses Containing Metallic Copper Nanoparticles," Plasmonics, vol. 8, pp. 
1667-1674, Dec 2013. 
 
5) J. M. P. Almeida, G. F. B. Almeida, L. De Boni, C. R. Mendonça, “Nonlinear optical 
properties and femtosecond laser micromachining of special glasses”. Journal of the 
Brazilian Chemical Society, v.00 Set 2015. 
 

Complementary publications related to the PhD research:  
 
6) J. M. P. Almeida, R. D. Fonseca, L. De Boni, A. R. S. Diniz, A. C. Hernandes, P. H. D. 
Ferreira and C. R. Mendonca, "Waveguides and nonlinear index of refraction of borate 
glass doped with transition metals," Optical Materials, vol. 42, pp. 522-525, 2015. 
 
7) C. Lu, J. M. P. Almeida, N. Yao, and C. Arnold, "Fabrication of uniformly dispersed 
nanoparticle-doped chalcogenide glass," Applied Physics Letters, vol. 105, Dec 29 2014. 
 
8) J. G. Otuka, J. M. P. Almeida, V. Tribuzi, M. R. Cardoso, A. C. Hernandes, D. S. 
Correa and C. R. Mendonca, "Femtosecond Lasers for Processing Glassy and Polymeric 
Materials," Materials Research-Ibero-American Journal of Materials, vol. 17, pp. 352-358, 
Mar-Apr 2014. 
 
9) J. M. P. Almeida, V. Tribuzi, R. D. Fonseca, A. J. G. Otuka, P. H. D. Ferreira, V. R. 
Mastelaro, et al., "Femtosecond laser processing of glassy and polymeric matrices 
containing metals and semiconductor nanostructures," Optical Materials, vol. 35, pp. 
2643-2648, Oct 2013. 
 

Presentations in conferences: 7 international and 6 national.  


