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ABSTRACT 

 

HENRIQUE, F. R. Optical nonlinearities in microstructures produced by 
ultrashort laser pulses. 2021. 100 p. Thesis (Doctor in Science) - Instituto de Física 
de São Carlos, Universidade de São Paulo, São Carlos, 2021.  
 

Direct laser writing (DLW) techniques with ultrashort laser pulses have been 

extensively used for materials processing. The nonlinear nature of the interaction 

between ultrashort pulses and matter confers high spatial localization to these 

techniques and allows the fabrication of compact devices in a single step with 

resolution in the micro/nanoscale. In this context, we can highlight the fabrication of 

microstructures in transparent materials, like polymers and glasses, since they allow 

for the realization of three-dimensional devices. For instance, high-quality direct 

laser-written waveguide circuits have been fabricated and applied to different fields, 

such as telecommunications, quantum optics, sensors, etc. As photonic circuits often 

guide high light intensity, the characterization of the nonlinear optical properties of 

these structures becomes essential to direct their technological application. In this 

work, we realized the third-order nonlinear optical characterization of fs-laser written 

waveguides, which were fabricated in special glasses: Corning® Gorilla® and Eagle 

XG® Glass. The nonlinear characterization was performed through the Dispersive-

scan (D-scan) technique, the temporal analog of Z-scan that can be applied to 

waveguides. The results obtained for the Gorilla® Glass waveguides indicate that the 

fs-laser writing process is responsible for reducing the magnitude of the nonlinear 

refractive index, when compared to the bulk material. This effect depends on the 

writing parameters, and the reduction is stronger when higher energy pulses are 

employed. Raman spectroscopy measurements revealed that this reduction could be 

related to the generation of non-bridging oxygen hole centers (NBOHCs) upon fs-

laser irradiation. The characterization of Eagle XG® Glass waveguides, fabricated in 

different writing regimes (repetitive and cumulative), confirms the reduction of the 

nonlinear refractive index in the repetitive regime. However, it also revealed that little 

to no modification occurs when the cumulative regime is used, meaning that heat 

accumulation can be responsible for erasing NBOHCs and restoring the optical 

nonlinearities. Our results bring new light to what is currently known about the light-

matter interaction when ultrashort pulses are involved. Furthermore, they can help 



 
 

tailor the application of fs-laser written glass waveguides, according to the desire for 

high or low optical nonlinearities.  

 

Keywords: Direct laser writing. Glass waveguides. Nonlinear refractive index. Gorilla 

Glass. Eagle Glass. 

  



 
 

RESUMO 

 

HENRIQUE, F. R. Não linearidades ópticas em microestruturas produzidas por 
pulsos ultracurtos. 2021. 100 p. Tese (Doutorado em Ciências) -  Instituto de Física 
de São Carlos, Universidade de São Paulo, São Carlos, 2021.  
 

Técnicas de escrita direta a laser (DLW) com pulsos ultracurtos têm sido 

extensivamente usadas no processamento de materiais. A natureza não linear da 

interação entre pulsos ultracurtos e matéria confere alto resolução espacial a essas 

técnicas e permite a fabricação de dispositivos compactos num único passo e com 

resolução em escala micro/nanométrica. Nesse contexto, podemos destacar a 

fabricação de microestruturas em materiais transparentes, como polímeros e vidros, 

pois ela permite a realização de dispositivos tridimensionais. Circuitos fotônicos 

contendo guias de onda de alta qualidade e produzidas por escrita direta a laser têm 

sido fabricados e aplicados em diferentes campos, como telecomunicações, óptica 

quântica, sensores, etc. Como circuitos fotônicos frequentemente guiam altas 

intensidades luminosas, a caracterização das propriedades ópticas não lineares 

destas estruturas se torna essencial para a sua aplicação tecnológica. Nesse 

trabalho, realizamos a caracterização das propriedades não lineares de terceira 

ordem de guias de onda produzidas por escrita direta a laser com pulsos de 

femtossegundos em vidros especiais: Corning® Gorilla® e Eagle XG® Glass. A 

caracterização não linear foi realizada através da técnica de Varredura da Dispersão 

(D-scan), a análoga temporal da técnica de Z-scan que pode ser aplicada a guias de 

onda. Os resultados obtidos para as guias produzidas em Gorilla® Glass indicaram 

que o processo de escrita a laser foi responsável por reduzir a magnitude do índice 

de refração não linear quando comparado com o material bulk. Esse efeito depende 

dos parâmetros de escrita e a redução é maior quando pulsos de mais alta energia 

são empregados. Medidas de Espectroscopia Raman revelaram que essa redução 

pode estar associada à geração de centros com deficiência de átomos de oxigênio 

não ligante (non-bridging oxygen hole centers – NBOHCs) ao se irradiar o vidro com 

pulsos de femtossegundos. Os resultados obtidos para as guias em Eagle XG® 

Glass, fabricadas em diferentes regimes (repetitivo e cumulativo), confirmaram a 

redução do índice de refração não linear no regime repetitivo. No entanto, eles 

também revelaram que quase nenhuma modificação ocorre quando o regime 



 
 

cumulativo é empregado, o que indica que o acúmulo de calor pode corrigir os 

defeitos NBOHCs e restaurar as propriedades não lineares do material. Nossos 

resultados trazem nova luz para o que se sabe atualmente sobre a interação de 

pulsos ultracurtos com a matéria. Além disso, eles podem dirigir a aplicação das 

guias produzidas em vidros por escrita direta a laser com pulsos de 

femtossegundos, de acordo com o desejo por altas ou baixas não linearidades 

ópticas. 

 

Palavras-chave: Escrita direta a laser. Guias de onda em vidros. Índice de refração 

não linear. Gorilla Glass. Eagle Glass.     
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1 INTRODUCTION 

 

Ultrashort laser pulses are the denomination given to light pulses with duration 

in the order of picoseconds, femtoseconds, or less. Commonly generated in mode-

locked oscillators, for example, ultrashort pulses are characterized by their broad 

spectrum and high peak intensity.1–3 In the past decades, they have become an 

important tool to study the dynamics of molecular and atomic systems at short time 

scales, prompting the field of femtochemistry.4 Furthermore, their high peak intensity 

has allowed advances in the fields of nonlinear optics5 and materials processing,6-7 

especially after the development of chirped pulse amplification.8 

In recent years, direct laser writing (DLW) techniques that use ultrashort laser 

pulses have gained a lot of attention as important tools for the fabrication of devices 

in micro/nanoscale,6-7 since they allow for quick production of compact devices in a 

single step process. DLW with ultrashort laser pulses has become an interesting 

alternative to other micro/nanofabrication techniques, like UV or e-beam lithography,9 

which require cleanroom facilities and several fabrication steps. In DLW techniques, 

structures are fabricated by either localized removal of material or modification of its 

physical properties, and they can be applied to absorptive or transparent materials. 

The interaction between ultrashort laser pulses and matter is often mediated by 

nonlinear processes, which grants high resolution to the writing techniques, since 

nonlinear excitation is confined to the focal volume.10 In this context, microfabrication 

in transparent materials, which is often the case of polymers and glasses, is 

particularly interesting, because excitation can be performed inside the volume of the 

material, allowing for the production of three-dimensional structures and complex 

devices.11  

In polymeric materials, DLW is used to produce microstructures by two-photon 

polymerization (2PP).12-13 The beam of an ultrashort pulses laser is scanned through 

the volume of a liquid photoresist, promoting localized polymerization in the focal 

volume and allowing the fabrication of three-dimensional micro/nanostructures. The 

unpolymerized material is then removed with the proper developer, leaving only the 

fabricated structures attached to the substrate. This technique allows for the 

fabrication of complex structures with high resolution,14–16 being explored for 

microfluidics,17 mechanical microdevices,18 photonic structures and biological 

applications, like micro needles for drug delivery and scaffolds for cell growth.19 
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When it comes to photonic applications, structures like microresonators, 

interferometers and waveguides,20–22 microlenses,23 fiber-to-chip couplers,24 photonic 

crystals,25 among others have been fabricated. Another great advantage of DLW in 

polymeric materials is the ease of incorporation of different doping materials to the 

polymeric matrices, like organic dyes,26–28 metal nanoparticles and quantum dots,29 

graphene-based materials,30-31 etc. This feature allows the modification of the 

material physical properties, allowing for the fabrication of devices with specific 

properties. In recent years, a great deal of attention has been given to the fabrication 

of polymeric devices with interesting linear optical properties, such as fluorescent 

structures to be used as light sources in microscale28,32 or microlasers,27 birefringent 

structures,33 etc. However, studies related to nonlinear optical properties of polymeric 

micro/nanostructures fabricated by DLW are still scarce. 

Just like polymers, glassy materials have great prominence in the Photonics 

field. They can be fabricated in different shapes and sizes, from nanoparticles and 

thin films, to glass slides with dimensions on the meter scale and optical fibers with 

kilometers of length.34-35 Furthermore, their physical properties can be tailored by 

modifying the glass matrix composition, by the addition of dopants,36 and by 

thermal/chemical treatments.37 For instance, glasses with interesting features like 

photoluminescence,38-39 magneto-optical effect40 and high nonlinear optical 

properties41-42 have already been realized. The DLW technique with ultrashort laser 

pulses has been vastly applied to the fabrication of photonic devices in glassy 

materials.43 Waveguides with interesting features, like good guided mode quality, low 

propagation losses and length greater than ten centimeters have been 

demonstrated.44 This way, DLW allows for the fabrication of complex structures 

inside bulk glass, like directional couplers,45-46 Mach-Zender interferometers,47-48 

wavelength demultiplexers,49 resonators,50-51 fiber Bragg gratings,52-53 etc. Active fs-

laser written devices in glass have already been demonstrated, showing tunable 

lasing properties and even mode-locking.54-55 This way, in recent years, the 

application of photonic devices written by ultrashort laser pulses has been prompted 

in different fields, such as quantum optics,56 communications,43 microfluidics,57 

sensing,58 among others. In Fig. 1.1 we can observe some examples of these fs-

laser written waveguide devices. 
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Figure 1.1 - (a) Top view, cross-section and mode profile of a fs-laser written waveguide in Gorilla® 
Glass. (b) Active fs-laser written device fabricated in Kigre QX glass, presenting green 
fluorescence along a waveguide amplifier. (c) Conceptual illustration of 3D waveguide 
circuits written in the volume of glass. 

Source: (a) Adapted from LAPOINTE et al.;
44

 (b) AMS et al.;
55

 (c) MEANY et al.
56

 

 

 With the advent of Integrated Photonics, nonlinear optical effects can be 

efficiently induced with moderate power levels via on-chip platforms.59 This is 

possible due to strong light confinement in small areas, often through long distances, 

generating high intensity and long interaction length. This way, the nonlinear 

characterization of fs-laser written structures becomes crucial to their technological 

application in integrated devices, especially since the interaction of ultrashort pulses 

with matter is still not completely understood and can deeply affect materials 

chemical structure,60 possibly changing their nonlinear properties. A great deal of 

attention has been given recently to modeling the linear refractive index changes in 

glasses upon fs-laser irradiation.61 However, similar studies related to nonlinear 

properties are still scarce. This way, in this thesis we aim to answer a few questions: 

“Does fs-laser irradiation change the nonlinear optical properties of a material?”, “If 

yes, how are these changes affected by laser writing parameters?”, and “What are 

the structural modifications that lead to changes in nonlinear properties?”.  

 In order to answer these questions, we performed the third-order nonlinear 

characterization of fs-laser written waveguides, fabricated in Corning® special 

display glasses: Gorilla® and Eagle XG® Glass. The nonlinear characterization of 

structures in microscale is a challenge on its own, since it cannot be performed with 

standard techniques for bulk materials, like the Z-scan technique.62 It is usually 

performed by complex pump-probe and interferometry techniques.63–65 This way, we 

initially implemented, for the first time in our lab at the Photonics Group, the 
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Dispersive-scan technique (D-scan),66–68 which is known as the temporal analog to Z-

scan that can be applied to waveguides. When compared to other techniques, D-

scan has the advantage of using only a single beam, and both the refractive and 

absorptive nonlinearities can be studied with the same experimental apparatus. In 

Chapter 2, we present the theoretical basis needed to understand the D-scan 

technique and related nonlinear phenomena. In Chapter 3, we present the D-scan 

technique itself and our instrumental developments. In Chapter 4, we present the 

studies related to the characterization of Gorilla® Glass waveguides and, finally, in 

Chapter 5, we present the studies performed in Eagle XG® Glass waveguides. 

We believe that the answers to the questions that we explore in this thesis can 

help to further understand the mechanisms of light-mater interaction during DLW, as 

well as tailor the application of fs-laser written structures. For instance, waveguides 

with high refractive nonlinearities can be interesting for applications in optical 

switching,69 supercontinuum generation,70 and frequency combs.71 Waveguides with 

high absorptive nonlinearities can be interesting for active applications, like lasing.55 

On the other hand, waveguides with low refractive and absorptive nonlinearities are 

interesting for telecommunications, where these effects are usually undesirable, 

because they can add noise and losses to the guided signal. 
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2 THEORETICAL BASIS 

 

2.1 Introduction to Nonlinear Optics 

 

Nonlinear Optics is the study of phenomena that occur when a material, under 

a high intensity electric field, responds nonlinearly to this field.5 Typically, these 

phenomena manifest when the applied electric field reaches intensity comparable to 

the interatomic electric field, that is of the order of 108 𝑉/𝑚. This way, it was only 

after the advent of laser by Maiman in 196072 that these high intensities could be 

reached, and the field of Nonlinear Optics started to develop. Nowadays, ultrashort 

laser pulses, which have temporal width equal to or below picoseconds, are the main 

excitation sources used to observe nonlinear phenomena, due to their high peak 

intensities. Among the many nonlinear optical effects, we can highlight: second 

harmonic generation,73 Kerr Effect,74-75 two-photon absorption (2PA),76-77 etc. 

 Considering a medium that responds instantly to an applied electric field 

(ℰ(𝑡)), its polarization (𝑃(𝑡)) can be written as  

 

 𝑃(𝑡) = 𝜖0𝜒ℰ(𝑡), (2.1) 

 

where 𝜖0 is the vacuum permittivity and 𝜒 is the medium susceptibility. However, this 

expression is just a particular case, since the medium polarization can be expanded 

in a power series of the electric field as 

 

 𝑃(𝑡) =  𝜖0[𝜒(1)ℰ(𝑡) + 𝜒(2)ℰ2(𝑡) + 𝜒(3)ℰ3(𝑡) + ⋯ ]  

 ≡ 𝑃(1)(𝑡) + 𝑃(2)(𝑡) + 𝑃(3)(𝑡) + ⋯, (2.2) 

 

where 𝜒(1) is the linear susceptibility and 𝜒(2) and 𝜒(3) are the second and third-order 

susceptibilities, respectively. 

 For the case of centrosymmetric media, those that present inversion 

symmetry, the susceptibilities of even-order are equal to zero. This way, the 

polarization expression becomes 
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𝑃(𝑡) =  𝜖0[𝜒(1)ℰ(𝑡) + 𝜒(3)ℰ3(𝑡) + ⋯ ] 

 
 

 ≅  𝜖0[𝜒(1) + 𝜒(3)𝐼]ℰ(𝑡), (2.3) 

 

where 𝐼 is the intensity of the electric field that is equal to ℰ(𝑡)2. Here we can define 

the effective susceptibility of the medium 

 

 𝜒𝑒𝑓 = 𝜒(1) +  𝜒(3)𝐼. (2.4) 

 

The complex refractive index of the medium can then be written as 

 

 �̃� = √1 +  𝜒𝑒𝑓 = √1 + (𝜒(1) +  𝜒(3)𝐼). (2.5) 

 

For media with low optical density, the square root can be expanded and simplified to 

 

 �̃�  ≈ 1 +
1

2
(𝜒(1) + 𝜒(3)𝐼) = 𝑛 + 𝑖𝜅 . (2.6) 

 

Taking the real part of this expression, we have the effective refractive index 

 

 𝑛 = 1 +
1

2
𝑅𝑒[𝜒(1)] +

1

2
𝑅𝑒[𝜒(3)]𝐼  

  = 𝑛0 + 𝑛2𝐼, (2.7) 

 

where 𝑛0 is the linear refractive index and 𝑛2 is the nonlinear refractive index 

associated to 𝜒(3). 𝑛2 is responsible for nonlinear refraction effects, like self-focusing 

and self-phase modulation, i. e. the Optical Kerr Effect.74-75 

Now taking the imaginary part of the complex refractive index, we have 

 

 𝜅 =
1

2
𝐼𝑚[𝜒(1)] +

1

2
𝐼𝑚[𝜒(3)]𝐼. (2.8) 

 

𝜅 is the extinction coefficient that is proportional to the absorption coefficient  
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 𝛼 = 𝛼0 + 𝛽𝐼 , (2.9) 

 

where 𝛼0 is the linear absorption coefficient and 𝛽 is the nonlinear absorption 

coefficient associated to 𝜒(3), that describes the phenomenon of two-photon 

absorption.76-77 

 

 

2.2 The Optical Kerr Effect  

 

The dependence of the refractive index of a medium with the applied electric 

field, as described in Eq. 2.7, is known as The Optical Kerr Effect74-75 or nonlinear 

refraction. Between the consequences of this effect, we can highlight self-focusing 

and self-phase modulation phenomena.  

The self-focusing phenomenon is related to the spatial modulation of the 

refractive index of a medium. If, for instance, a high intensity laser with a Gaussian 

transversal profile is shone into a nonlinear medium with positive 𝑛2, the effective 

refractive index is higher where the beam intensity is higher, that is in the central 

region of the Gaussian profile. This effect leads to the self-focusing of the beam, 

phenomenon also known as Kerr lens. 

Similar to the self-focusing effect, self-phase modulation happens when there 

is a modulation of the refractive index but in the time domain. If a high intensity laser 

pulse propagates through a medium, the light intensity in a point in space first 

increases and then decreases as time passes. This way, the Optical Kerr Effect 

induces a time-dependent refractive index that can be written as 

 

 𝑛(𝑡) = 𝑛0 + 𝑛2𝐼(𝑡). (2.10) 

 

 Now we consider a light pulse propagating in the 𝑥 direction and defined by 

the electric field expression: 

 

 ℰ(𝑥, 𝑡) = ℰ0exp (𝑖(𝜔0𝑡 − 𝑘𝑥)), (2.10) 
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where ℰ0 is the amplitude of the electric field, 𝜔0 is the pulse frequency and 𝑘 is the 

wave vector. This pulse presents a Gaussian intensity profile in the time domain with 

width 𝜏 and given by 

 

 𝐼(𝑡) = 𝐼0 exp (−
𝑡2

𝜏2
). (2.11) 

 

The wave vector 𝑘 is defined by 

 

 𝑘 =
𝜔0

𝑐
𝑛(𝑡), (2.12) 

 

where 𝑛(𝑡) is the time-varying refractive index. 

 After propagating through a medium for a distance 𝐿, the pulse phase can be 

written as  

 

 Φ(𝑡) = 𝜔0𝑡 − 𝑘𝐿 = 𝜔0𝑡 −
𝜔0

𝑐
𝑛(𝑡)𝐿. (2.13) 

 

When the nonlinear effect takes place we have 

 

 Φ(𝑡) = 𝜔𝑜𝑡 −
𝜔0

𝑐
𝑛0𝐿 −

𝜔0

𝑐
𝑛2𝐿 × 𝐼(𝑡). (2.14) 

 

 The pulse instantaneous frequency is defined by the derivative in time of the 

phase 

 

 𝜔(𝑡) =
𝑑Φ(𝑡)

𝑑𝑡
= 𝜔0 −

𝜔0

𝑐
𝑛2𝐿

𝑑𝐼(𝑡)

𝑑𝑡
. (2.15) 

 

This way, after propagation through the nonlinear medium, the pulse acquires a time-

dependent frequency shift given by 

 

 𝛿𝜔(𝑡) = −
𝜔0

𝑐
𝑛2𝐿

𝑑𝐼(𝑡)

𝑑𝑡
 , (2.16) 
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which leads to the generation of new frequencies in the pulse spectrum. For a 

material with positive 𝑛2, the instantaneous frequency shift is proportional to −
𝑑𝐼(𝑡)

𝑑𝑡
. 

This means that, when the pulse presents a Gaussian profile in the time domain, as 

illustrated in Fig. 2.1 (a), while the pulse intensity increases (
𝑑𝐼(𝑡)

𝑑𝑡
> 0) there is the 

generation of new frequencies lower than 𝜔0. On the other hand, when the pulse 

intensity decreases (
𝑑𝐼(𝑡)

𝑑𝑡
< 0) there is the generation of frequencies higher than 𝜔0. 

This effect can be observed in Fig. 2.1 (b), where the Gaussian pulse frequency shift 

is represented for a material with positive 𝑛2. We can conclude that, in this situation, 

the self-phase modulation effect leads to broadening of the pulse spectrum as it 

propagates through the nonlinear medium, since there is the generation of new 

frequencies lower and higher than 𝜔0. 

 

 

Figure 2.1 - (a) Temporal intensity profile of a Gaussian pulse. (b) Variation of the pulse instantaneous 
frequency in time for a material of positive 𝒏𝟐. 

Source: By the author 

 

 

2.3 Ultrashort laser pulses 

 

As previously mentioned, ultrashort laser pulses are defined as 

electromagnetic pulses that present temporal width in the order of or inferior to 

picoseconds.78 These pulses can be generated, for instance, by mode-locked 

oscillators, in which pulses with femtosecond duration can be realized. Ultrashort 

pulses are characterized by their large spectral bandwidth and high peak intensity, 

making them ideal for the study of nonlinear optical phenomena. In Fig. 2.2 we can 
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observe the representation of the electric field (blue line) of a femtosecond laser 

pulse with Gaussian envelope profile (red line). 

 

 

Figure 2.2 - Representation of the electric field (blue line) of an ultrashort laser pulse and its envelope 
function (red line). 

Source: By the author 

 

2.3.1 Dispersion in ultrashort laser pulses 

 

The electric field of an ultrashort pulse can be defined by the expression 

 

 ℰ(𝑡) =
1

2
√𝐼(𝑡) exp[𝑖(𝜔0𝑡 − 𝜑(𝑡))] + 𝑐. 𝑐., (2.17) 

 

where 𝐼(𝑡) is the pulse intensity profile, 𝜔0 is its central frequency and 𝜑(𝑡) is the 

temporal phase. In frequency domain, the pulse is described by the Fourier 

Transform 
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 ℰ̂(𝜔) = ∫ ℰ(𝑡)
∞

−∞

exp(−𝑖𝜔𝑡) 𝑑𝑡 ≡  √𝑆(𝜔)exp (−𝑖𝜙(𝜔)), (2.18) 

 

where 𝑆(𝜔) represents the spectral distribution and  𝜙 (ω) is its spectral phase. 

 The temporal phase 𝜑(𝑡) of an ultrashort laser pulse carries information about 

frequency vs. time. This way, the instantaneous frequency can be defined as 

 

 𝜔𝑖𝑛𝑠𝑡(𝑡) ≡ 𝜔0 −
𝑑𝜑(𝑡)

𝑑𝑡
. (2.19) 

 

Similarly, the spectral phase 𝜙(𝜔) carries information about time vs. frequency and 

the group delay is defined as 

 

 𝜏𝑔𝑟(𝜔) =
𝑑𝜙(𝜔)

𝑑𝜔
. (2.20) 

 

 The phase acquired by a pulse as it propagates through a dispersive medium 

can be expressed as a Taylor expansion around the central frequency 𝜔0 

 

 ϕ(𝜔) = ϕ(𝜔0) +
𝑑ϕ

𝑑𝜔
|

𝜔=𝜔0

× (𝜔 − 𝜔0) +
1

2

𝑑2ϕ

𝑑𝜔2
|

𝜔=𝜔0

× (𝜔 − 𝜔0)2 +  

 +
1

6

𝑑3ϕ

𝑑𝜔3
|

𝜔=𝜔0

× (𝜔 − 𝜔0)3 + ⋯ (2.21) 

 

This way, the group delay can also be written as  

 

 
𝜏𝑔𝑟 =

𝑑ϕ(𝜔)

𝑑𝜔
=

𝑑ϕ

𝑑𝜔
|

𝜔=𝜔0

+
𝑑2ϕ

𝑑𝜔2
|

𝜔=𝜔0

× (𝜔 − 𝜔0) + 

 

 

 + 
1

2

𝑑3ϕ

𝑑𝜔3
|

𝜔=𝜔0

× (𝜔 − 𝜔0)2 + ⋯ (2.22) 

 

 The first term of Eq. 2.23 represents a temporal delay in pulse propagation. 

The second term represents a linear variation of the group delay with frequency, 
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known as linear chirp. The coefficient 
𝑑2ϕ

𝑑𝜔2|
𝜔=𝜔0

 is known as second-order dispersion 

or group delay dispersion (GDD), and can be represented as 𝜙(2). When, for 

instance, the coefficient 
𝑑2ϕ

𝑑𝜔2
|

𝜔=𝜔0

 is positive, lower frequencies acquire a lower delay 

than higher frequencies. This results in a temporal distribution of frequencies, leading 

to the temporal broadening of the ultrashort pulse. 

 A pulse that presents a constant phase across all its frequency components 

has the minimum duration possible for its spectral bandwidth; it is called Bandwidth-

limited or Fourier-Transform-limited (FT-limited). In Fig. 2.3 (a), we can observe the 

temporal profile of a FT-limited pulse, showing the electric field oscillation (a - blue 

line) and their envelope function (a – black line). In Fig. 2.3 (b), we can observe its 

spectral profile (b – black line) and constant spectral phase 𝜙(𝜔) (b – red line). We 

can also observe the electric field oscillation for a positively (c) and negatively (e) 

chirped pulse, showing how the oscillation frequency increases and decreases over 

time, respectively. We can also observe how that the introduction of chirp leads to 

the temporal broadening of the pulse. In Fig. 2.3 (d) and (f), we can see how this 

frequency sweep, i.e., a linear group delay, translates to a parabolic spectral phase 

with positive and negative concavity, respectively.  
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Figure 2.3 - Temporal profile of an ultrashort pulse showing the electric field (blue line - left) and the 
envelope function (black line - left), and their frequency spectrum (black line - right) and 
spectral phase (red line – right) for the case of a FT-limited (a and b), positively chirped (c 
and d) and negatively chirped pulse (e and f). 

Source: By the author 

 

2.3.2 Self-phase modulation and dispersion in ultrashort laser pulses 

 

As discussed in Section 2.2, the Optical Kerr Effect leads to the generation of 

new frequencies in the spectrum of an ultrashort laser pulse as it propagates through 

a nonlinear material. Besides that, for a material of positive 𝑛2 for example, the 

instantaneous frequency shift 𝛿𝜔 is proportional to the derivative expression: −
𝑑𝐼(𝑡)

𝑑𝑡
. 

As we can observe in Fig. 2.1, for a pulse with a Gaussian temporal profile, 

frequencies higher and lower than 𝜔0 will be generated, according to the derivative of 

each slope of the Gaussian curve. This phenomenon leads to a broadening effect in 

the spectrum of the ultrashort laser pulse. In the discussion presented in Section 2.2, 

we considered a FT-limited pulse, i.e. a pulse that does not present group delay 

dispersion, in which we can consider that all frequencies are equally distributed in 
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time and the pulse can be described by its central frequency 𝜔0. A similar discussion 

can be done for pulses with group delay dispersion or linear chirp.  

 In Fig. 2.4 (a) and Fig. 2.5 (a) we can observe the representation of the 

electric field ℰ(𝑡) (colored line) and its Gaussian envelope √𝐼(𝑡) (black line) of an 

ultrashort pulse with positive and negative chirp, respectively. When 𝑛2 is positive, 

frequency components that are in the front slope of the Gaussian envelope, i.e. 

where the derivative 
𝑑𝐼(𝑡)

𝑑𝑡
 is positive, will be shifted to lower frequencies after self-

phase modulation, as demonstrated in Eq. 2.16. On the other hand, frequency 

components that are in the back slope of the Gaussian envelope, i.e. where the 

derivative 
𝑑𝐼(𝑡)

𝑑𝑡
 is negative, will be shifted to higher frequencies. 

In the case of a positively chirped pulse, lower frequencies are ahead of higher 

frequencies in time. This way, for a positively chirped pulse, self-phase modulation 

leads to the shift of lower frequency components to even lower frequencies, and the 

higher frequency components are shifted to even higher ones. This means that the 

ultrashort pulse spectrum will be broadened after crossing the nonlinear medium, just 

as FT-limited pulses. For energy conservation reasons, the pulse spectral 

broadening is followed by the reduction of the peak intensity, as showed in Fig. 2.4 

(b). 
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Figure 2.4 - (a) Electric field amplitude and Gaussian envelope of a positively chirped pulse, showing 
how low frequency components are red-shifted and high frequency components are blue-
shifted due to self-phase modulation in a medium with positive 𝒏𝟐. (b) Scheme of the 
spectral broadening phenomenon in a positively chirped pulse, showing how the 
spectrum 𝑰(𝝀) is broadened after passing through the nonlinear medium. 

Source: By the author 

 

 For negatively chirped pulses, higher frequencies are ahead of lower 

frequencies in time. This way, self-phase modulation leads to a negative shift in 

higher frequency components, as well as a positive shift for lower frequency 

components. This means that new frequency generation will occur mainly in the 

central region of the spectrum, leading to its compression. The spectral compression 

phenomenon is followed by an increase in the peak intensity. It is important to notice 

that, when the pulse second-order dispersion is too high, regardless if it is positively 

or negatively chirped, the pulse becomes too broad in time and, when it crosses the 

nonlinear material, its energy might not be enough to cause self-phase modulation, 

so no spectral modifications would be observed. 

 



36 
 

 

Figure 2.5 -  Electric field amplitude and Gaussian envelope of a negatively chirped pulse, showing 
how low frequency components are blue-shifted and high frequency components are red-
shifted due to self-phase modulation in a medium with positive 𝒏𝟐. (b) Scheme of the 
spectral compression phenomenon in a negatively chirped pulse, showing how the 
spectrum 𝑰(𝝀) is compressed after passing through the nonlinear medium. 

Source: By the author 
 

 In the case of a nonlinear medium with negative 𝑛2, the process is similar to 

the previously described, but self-phase modulation leads to spectral broadening for 

negatively chirped pulses and spectral compression for positively chirped pulses. FT-

limited pulses are compressed as well. 
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3 THE DISPERSIVE-SCAN TECHNIQUE 

 

3.1 Introduction 

 

Among the different techniques available to evaluate third-order optical 

nonlinearities, the Z-scan technique62 is one of the most popular, due to its high 

sensitivity and ability to characterize both the nonlinear refraction and nonlinear 

absorption of the studied material. The nonlinear refractive index 𝑛2 is determined by 

the closed-aperture form of the technique. The investigated sample is irradiated by a 

focused beam and the nonlinear refraction acts as an additional lens, changing how 

the beam is transmitted through an aperture placed at the far-field. The sample 

position is scanned through the focal length, in z direction, and the power transmitted 

through the aperture is recorded. Since the focusing power of the additional lens 

depends on the nonlinear refractive index, the 𝑛2 magnitude is determined by the z-

dependent transmitted signal. This way, the Z-scan technique is mainly used for the 

characterization of macroscopic samples, since the variation of intensity at the 

sample is performed by scanning it around the focus point for several millimeters or 

more. Other techniques can be used to investigate the nonlinearities in structures of 

microscopic dimensions, like interferometry methods and pump-probe.63–65 Each one 

of these techniques has advantages and disadvantages, associated with their 

intrinsic experimental challenges and sensitivity.  

An alternative for the study of optical nonlinearities in micrometric systems is 

the Dispersive-scan technique (D-scan)66–68, the time-analogue of Z-scan, in which 

the variation of intensity at the sample is performed by introducing dispersion to the 

probing pulsed laser beam. The value of 𝑛2 is determined through the spectral 

modifications due to self-phase modulation, according to the input dispersion. In this 

technique, the optical nonlinearities of microscopic structures, waveguides and 

optical fibers can be investigated, since the sample remains fixed, and it has the 

advantage of requiring only a single beam. The D-scan technique was initially 

proposed by Louradour et al.66 in 1999. In their experimental setup, a Ti:Sapphire 

laser emitting femtosecond pulses is used. The beam passes through a dispersive 

delay line before reaching the sample. The dispersive line is composed of two 

movable prisms and mirrors. The dispersion of the femtosecond pulses is varied by 

moving the prims in such a way that the optical path through them is varied without 
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deflecting the beam. When passing through the dispersive line, the pulses acquire a 

second-order spectral phase, which has the same signal as the introduced 

dispersion. In the case of an optical fiber, the beam is then coupled to the fiber by an 

objective lens. The transmitted signal is collected by another objective lens. The 

output spectrum is then analyzed by an OSA (Optical Spectrum Analyzer). The 

evolution of the spectrum of the output signal, when the input beam dispersion is 

varied from negative to positive values, provides a way to measure the third-order 

complex susceptibility of the investigated material. 

 

3.2 Working principle 

 

In the Dispersive-scan technique, the second-order dispersion of incident 

ultrashort pulses is varied from negative to positive values, and the evolution of the 

spectral width and/or peak intensity is evaluated after crossing a nonlinear medium. 

In Fig. 3.1, we can observe typical D-scan curves for the spectral width 𝜎 (Fig. 3.1 - 

top) and peak intensity 𝐼𝑝𝑒𝑎𝑘 (Fig 3.1 – bottom).These curves were simulated with a 

code in LabVIEW, using the add-on Lab2 – A virtual femtosecond laser lab.79 In the 

case of a material with positive nonlinear refractive index, when the dispersion of the 

incident beam is scanned from negative to positive values, the output spectrum width 

passes through a plateau, where self-phase modulation cannot be observed, 

followed by a valley that corresponds to spectral compression, then a spectral 

broadening peak, and finally it returns to the plateau, as observed in Fig. 3.1 (top). In 

Fig 3.1 (bottom), we can observe the D-scan curve for spectral peak intensity that 

behaves in a mirrored way to the width curve and there is a peak for spectral 

compression and a valley for spectral broadening. The Dispersive-scan curves 

behave very similarly to the Z-scan signature curves.62 

 When the nonlinear refractive index 𝑛2 is negative, the curves represented in 

Fig. 3.1 are also mirrored; that is, when dispersion is varied from negative to positive 

values, initially spectral broadening is observed, followed by spectral compression. 

This way, the sign of the nonlinearity can be determined by the shape of the D-scan 

curve.  

The D-scan curve asymmetry that can be observed in Fig. 3.1, is explained by 

the resulting effect of linear dispersion and the acquired nonlinear phase. When the 

input dispersion and the nonlinear phase have opposite signs, as in the case of 
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negative dispersion and positive 𝑛2, the acquired positive phase adds to the negative 

input parabolic phase, reducing the magnitude of the pulse dispersion, and thus 

suppressing the compression effect. In the D-scan curve, this means that the spectral 

compression valley will be less prominent than the spectral broadening peak. 

 

 

Figure 3.1 - Simulation of typical D-scan curves for the spectral width (top) and peak intensity (bottom) 

as function of the second-order dispersion 𝝓(𝟐). 
Source: By the author 
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 The magnitude of the nonlinear refractive index 𝑛2 can be obtained through 

the fit of the D-scan curve and it is proportional to the peak-to-valley amplitude Δ𝜎𝑝𝑣 

or Δ𝐼𝑝𝑣. Lopez-Lago et al.67 found a relation between the amplitude Δ𝐼𝑝𝑣 and the 

nonlinear phase Δ𝜙𝑁𝐿 acquired through self-phase modulation when an ultrashort 

pulse propagates in a waveguide: 

 

 
Δ𝐼𝑝𝑣 = 0.418 Δ𝜙𝑁𝐿 = 0.418

2𝜋

𝜆
𝑛2𝐼𝐿, (3.1) 

 

where 𝜆 is the central wavelength of the laser spectral band, 𝐼 is the light intensity 

coupled to the waveguide and 𝐿 its length. It is important to note that the authors 

obtained this expression through numerical simulations, without taking into account 

the material dispersion. Nevertheless, this expression can be useful for the 

estimation of the nonlinear refractive index of samples with low dispersion, like 

common glasses. 

 

3.3 Experimental methods  

 

3.3.1 Dispersive-scan setup 

 

A simplified scheme of the experimental apparatus that was implemented for 

the Dispersive-scan technique is shown in Fig. 3.2. An amplified Ti:Sapphire laser 

(Dragon – KM Labs) was used, emitting pulses of 50 fs, centered at 785 nm and at a 

repetition rate of 1 kHz. The beam passes through a dispersive line consisting of a 

Thorlabs femtosecond pulse compressor (Thorlabs FSPC). The pulse compressor is 

composed of a pair of prisms, such that one of them is mounted on top of a 

translation stage, allowing its motion. The ultrashort pulses dispersion is varied by 

moving the prism and inserting more or less material into the optical path. The output 

beam from the pulse compressor is then directed to a coupling system and to a 

Grenouille (Swamp Optics), where spectral phase characterization is realized through 

the FROG (Frequency Resolved Optical Gating) technique.80 In the coupling system, 

the beam is coupled to the waveguide/fiber sample by an objective lens. The output 

signal is collected by another objective lens. Both objectives and the sample are 

positioned on three-dimensional translation stages with micrometric precision to allow 
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coupling optimization. The transmitted signal is directed to a spectrometer (HR4000 

Ocean Optics) by a multimode optical fiber. A power meter is also positioned after the 

output lens, allowing the determination of the guided power. An aperture is also 

positioned right after the output lens so that only the guided mode is transmitted, 

minimizing light that was eventually scattered through the sample and that can affect 

the power and spectral measurements. To observe the guided mode, an image of the 

waveguide output surface can be projected on a CCD camera placed after the output 

lens.  

 

 

Figure 3.2 - Scheme of the experimental setup implemented for the Dispersive-scan technique. 
Source: By the author 

 

3.3.2 Dispersion compensation 

 

In general, in the visible and near-infrared region of the electromagnetic 

spectrum, positive second-order dispersion is introduced to ultrashort pulses when 

propagating through a medium. As previously discussed, dispersion leads to the 

temporal broadening of the pulse, an undesirable phenomenon when it comes to the 

observation of nonlinear optical phenomena. The positive dispersion accumulated by 

a pulse when crossing a material can be compensated through devices that are able 

to introduce negative dispersion. This can be performed by geometric dispersion in 
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pulse compression systems, usually composed by pairs of prisms or diffraction 

gratings.81 We can take as an example our Thorlabs pulse compressor composed of 

a pair of prisms, as illustrated in Fig. 3.3. If we consider only the dispersion provided 

by the material of the prisms, a pulse would acquire a positive chirp when crossing 

both prisms. However, the prisms are positioned in such a way that higher frequency 

components will travel through a longer optical path than the lower frequency 

components, compensating the positive dispersion acquired through pulse 

propagation in material media, by means of geometrically engineered negative 

dispersion.81 When the amount of prism material inserted into the optical path is 

varied, the dispersion introduced to the ultrashort pulse is changed, being possible to 

scan it from negative to positive values. Pulse compression devices are usually 

employed in high sensitivity spectroscopy and microscopy techniques, where the 

dispersion introduced by optical components is compensated in order to achieve FT-

limited pulses at the sample, increasing the intensity applied.82 

 

 
Figure 3.3 - Scheme of the experimental setup of a pulse compressor composed of a pair of prisms, 

where one of them is movable. 
Source: By the author 
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3.3.3 Automation of the experimental setup 

 

To optimize the Dispersive-scan measurements, we realized the automation of 

the experimental setup. In Fig. 3.4 we can observe a simplified scheme of it, 

including the automation components. A step motor was connected to the pulse 

compressor translation stage, where there is a knob to control the prism movement. 

The step motor is computer-controlled using a data acquisition board (DAQ) from 

National Instruments. Two digital output ports from the board are used to control the 

motor movement; one to control the movement direction (clockwise or counter-

clockwise) and the other to control the number of steps applied. The digital signal 

provided by the DAQ has low voltage (5 volts) and must pass through a current 

driver, where the signal is amplified and enough current can be provided to the step 

motor. Furthermore, in the current driver, an integrated circuit generates the right 

signal sequence required to drive the step motor coils, allowing its movement.  

 A LabVIEW code was written to control the motor motion and synchronize it to 

the spectra acquisition in the HR4000 (Ocean Optics) spectrometer. This way, we are 

able to realize the dispersion scan by moving the prism and collect the output spectra 

in pre-determined positions. The prism insertion length is given by a display on the 

pulse compressor that provides a DC output that is acquired by the DAQ system. The 

DC output was calibrated according to the display reading. We can now move the 

prism, record its exact position and save the spectrum automatically, meaning that 

several scans can be performed in a practical manner. 
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Figure 3.4 -  Scheme of the experimental setup of the Dispersive-scan technique, modified to include 
the automation components. 

Source: By the author 

 

3.3.4 Characterization of the dispersive line 

 

In order to build the Dispersive-scan curve, it is necessary to characterize the 

dispersion of the input ultrashort pulses for different positions of the movable prism. 

As shown in Section 3.3.1, part of the incident beam is directed to a Grenouille, 

where the pulses FROG trace is obtained.80 A retrieval algorithm is applied to the 

experimental FROG traces, so the temporal and spectral properties of the pulses are 

determined. Among these properties, the second-order spectral phase coefficient 

𝜙(2), i.e. the second-order dispersion, can be obtained. Fig. 3.5 features an example 

of a retrieved FROG trace (a), as well as its spectral phase (b). In this example, the 

ultrashort pulse presents a spectral phase of second-order that can be fitted by a 

second-order polynomial 𝑎𝑥2 + 𝑏𝑥 + 𝑐, where 𝑎 is proportional to the phase 

coefficient 𝜙(2).  
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Figure 3.5 –  (a) Example of a retrieved FROG trace of an ultrashort pulse from a Ti:Sapphire laser. 
(b) Corresponding retrieved spectral phase (black line) and fitting with a second-order 
polynomial (red line). 

Source: By the author 

 

 This way, we characterized the pulse’s FROG trace for different positions of 

the movable prism, determining the second-order coefficient 𝜙(2). In Fig. 3.6, we can 

observe an example of a calibration curve, showing the pulse dispersion according to 

the amount of prism 𝐷 inserted to the optical path, which is the value shown in the 

display of the Thorlabs pulse compressor. We can conclude that our pulse 

compressor provides an approximate dispersion range of -3000 to +3000 rad.fs2. 

Dispersion varies linearly with prism insertion and the calibration curve slope is 

different for positive and negative dispersion. 
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Figure 3.6 – Example of a calibration curve for the dispersive line, showing the spectral phase 𝝓(𝟐) as 
a function of the movable prism insertion D. 

Source: By the author 

 

3.4  Data analysis 

 

3.4.1 Post-processing of collected spectra 

 

When the nonlinear phase induced to an ultrashort pulse by self-phase 

modulation is moderated, the pulse spectrum suffers mildly modifications, such as 

spectral broadening or spectral narrowing in the case of a Gaussian input spectrum, 

for instance. However, as the nonlinear phase increases, the spectrum of the 

traveling pulse becomes more complex, even including sidebands.83 In this case, the 

spectral features, like width and peak intensity, cannot be determined by a Gaussian 

fit. However, the spectral width can be easily determined if we consider the spectrum 

as a wavelength distribution and calculate its standard deviation 𝜎. This way, we 

created a Matlab code that is able to numerically determine the spectral width, 

regardless of the spectrum shape. 
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 Initially, the spectrum is normalized by the integral of the intensity 𝑦(𝑥), which 

is equivalent to normalizing the spectrum by the total power. Then we calculate 

 

 
< 𝑥 > =  ∫ 𝑥. 𝑦(𝑥)𝑑𝑥 (3.2) 

and 

 
< 𝑥2 > =  ∫ 𝑥2. 𝑦(𝑥)𝑑𝑥, (3.3) 

 

where 𝑥 is the wavelength vector and 𝑦(𝑥) is the normalized intensity. The standard 

deviation, i.e. the spectral width, is then calculated by 

 

 𝜎 = √< 𝑥2 > −< 𝑥 >2. (3.4) 

 

This way, the spectral width can be obtained even for complex spectra and the 

experimental Dispersive-scan curves can be built. 

 

3.4.2 Dispersive-scan numerical model 

 

To determine the sample nonlinear properties from the experimental 

Dispersive-Scan data, numerical simulations were realized to fit the D-scan curve. A 

numerical model was built in LabVIEW, using the add-on Lab2 – A virtual 

femtosecond laser lab79, a modular coding tool that allows for the simulation of 

femtosecond laser experiments in an intuitive manner. In our model, we inserted an 

ultrashort pulse with Gaussian spectral band, which features like energy, beam 

diameter, bandwidth and central wavelength are inserted by the user. The pulse 

passes through a pulse formatting modulus, where second-order dispersion is 

introduced and varied. Then the pulse passes through a nonlinear material of length 

𝐿 and nonlinear refractive index 𝑛2, where the self-phase modulation process takes 

place. Finally, the output spectrum is analyzed and its width 𝜎 is recorded. When the 

second-order dispersion is varied from negative to positive values, the numerical D-

scan curve is built. 

 In the nonlinear material, the self-phase modulation phenomenon is simulated 

numerically through an algorithm that uses the Split-Step Fourier Transform Method83 
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to solve the Nonlinear Schroedinger Equation that describes an ultrashort pulse 

propagation through a nonlinear medium. In general, this equation cannot be 

analytically solved and is given by83 

 

 
𝑖

𝜕𝑈

𝜕𝑧
−

𝛽2

2

 𝜕2𝑈

𝜕𝑡2
+ 𝛾|𝑈2|𝑈 = 0.   (3.5) 

 

𝑈 represents the pulse electric field propagating in 𝑧 direction, 𝛽2 is the material 

group velocity dispersion (GVD), i. e. the group delay dispersion (GDD) per unit 

length, and 𝛾 represents the material third-order refractive nonlinearity and it is 

written as 

 

 
𝛾 =

2𝜋𝑛2

𝜆0𝐴𝑒𝑓𝑓
 (3.6) 

 

𝑛2 is the medium nonlinear refractive index, 𝜆𝑜 is the input pulse central wavelength 

and 𝐴𝑒𝑓𝑓 is the laser mode effective area. For simulations in waveguides or optical 

fibers, 𝐴𝑒𝑓𝑓 corresponds to the effective area of the guided mode. 

 In the Split-Step Fourier Transform Method algorithm used in our model, the 

material is split into slices, and the linear and nonlinear parts of Eq. 3.7 are treated 

separately. Linear dispersion is solved in frequency domain, while nonlinear 

propagation is solved in time domain. Fourier transforms are used to change from 

one domain to the other. In the Lab2 algorithm, the material is divided in several 

slices of length ℎ, and each slice is divided in three regions. In the first region, the 

nonlinear term is ignored and the effect of half of the dispersion from the ℎ slice is 

calculated. The resulting field is Fourier transformed and the effect of nonlinear 

propagation is calculated for the whole slice ℎ, while the dispersion term is ignored. 

The resulting field is once again Fourier transformed and in the third region the effect 

of the other half of the dispersion is calculated. The same procedure is repeated for 

all slices of ℎ length until the whole extension of the material is completed. The ℎ 

length is dynamically adjusted so that the nonlinear phase for each slice is small and 

set to 𝜋/20. In Fig. 3.7, we can observe a visual representation of the Split-Step 

algorithm applied to a waveguide. 
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Figure 3.7 -  Visual representation of the Split-Step Fourier Transform Method in a waveguide. The 
waveguide is divided in slices of length 𝒉. Each slice is divided in three parts, where the 
effects of dispersion and self-phase modulation are calculated separately. 

Source: By the author 

 

 The input parameters used in the simulations are carefully determined 

experimentally. The parameters 𝜆0 (central wavelength of input beam) and Δ𝜆 

(bandwidth of input beam) are obtained through the characterization of the input 

beam spectrum. The pulse energy 𝐸 coupled to the waveguides is measured at their 

output with a power meter. For low-loss and short waveguides, we approximate the 

input pulse energy to the value measured at the output. Cases where attenuation 

through the waveguide cannot be ignored will be treated in Section 3.4.4. The beam 

diameter 𝑑, used to calculate the effective mode area, is determined through the 

analysis of pictures taken from the output of the waveguides with a CCD camera 

positioned after the output objective lens. The material group velocity dispersion 

(GVD) is chosen according to values found in the literature. The waveguide total 

length 𝐿 can be easily determined by measuring the sample, for the case of straight 

waveguides. The nonlinear refractive index 𝑛2 is a free parameter. Its value is 

manually changed so the numerical curve can best fit the experimental data. This 

way, we can determine the nonlinear refractive index of the studied waveguides. 

 

3.4.3 Validation of the numerical model 

 

In order to test our experimental model, we performed simulations to 

reproduce the Dispersive-scan experiments realized by Louradour et al.66 in a single-

mode silica fiber. In Fig. 3.8 (a), we can observe the experimental data and numerical 

curve realized by Louradour et al.,66 and in Fig. 3.8 (b) we observe the curve 

reproduced by our model. The input parameters used in our model were extracted 

from the reference and are: 𝐸 = 0.13 𝑛𝐽, 𝑑 = 3.3 𝜇𝑚 , 𝜆0 = 830 𝑛𝑚, Δ𝜆(𝐹𝑊𝐻𝑀) =
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13 𝑛𝑚, 𝐿 = 5.35 𝑐𝑚 and GVD of silica material SQ1.84 The nonlinear refractive index 

𝑛2 used to best reproduce the reference curve was 3.1 × 10−20 𝑚2/𝑊, the same 

found by Louradour et al.,66 which is also in accordance to values found in the 

literature for silica.85  

 

 

Figure 3.8 -  (a) Experimental D-scan data and numerical curve for a measurement performed in a 
single mode silica fiber by Louradour et al.

66
 (b) D-scan curve simulated with our 

numerical model with the same input parameters as (a). 
Source: (a) LOURADOUR et al.;

66
 (b) By the author 

 

3.4.4 Modified Dispersive-Scan numerical model for lossy media 

 

The developed numerical model presented in Section 3.4.2 does not take into 

account guiding losses, and it performs very well for low loss transparent waveguides 

and fibers, as shown in Fig. 3.8. However, for many waveguides and fibers 

absorption and scattering losses can play an important role, like doped 

semiconductor waveguides,86 ion-doped glass waveguides,87 chromophore-doped 

polymer waveguides,88-89 nanoparticle-doped waveguides,90-91 etc. This way, we 

developed a modified numerical model to include optical losses, so that it can be 

applied to a broader range of samples. 

 In the modified Dispersive-Scan numerical model, first the whole material 

length 𝐿 is divided in smaller steps of length 𝑙, as demonstrated in Fig. 3.9. For each 

step the input energy is changed through the Beer-Lambert law:92 

 

 𝐸𝑛 = 𝐸𝑛−1exp (−μ𝑙), (3.7) 
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where 𝐸𝑛 is the pulse energy in the 𝑛 step, 𝐸𝑛−1 is the pulse energy in the 𝑛 − 1 step 

and 𝜇 is the attenuation coefficient, given in dB per unit length. 

 Inside the 𝑛 step, the Split-Step Fourier Transform Method is applied to solve 

nonlinear propagation as described in Section 3.4.2. The resulting electric field is 

used as input to the 𝑛 + 1 step, but with its pulse energy updated by the Beer-

Lambert law. This double split-step process is repeated through the whole 𝐿 

extension. The length 𝑙 is manually set by the user. A good value to get reliable 

results is chosen by decreasing the length 𝑙 until the Dispersive-scan curve 

converges, i.e. stops changing with 𝑙 length. 

 

 

Figure 3.9 -  Visual representation of the modified Split-Step Fourier Transform Method to include 
guiding losses. The material is first divided in steps of length 𝒍, where the Beer-Lambert 

law is used to change the input pulse energy according to the losses. Then, inside each 𝒍 
step, the Split-Step Fourier Transform Method is applied. 

Source: By the author 

 

 The attenuation coefficient 𝜇 can be determined in different ways, such as the 

cut-back method,93 Fabry-Perot resonances contrast,94 scattering images of the 

length of the waveguide, etc. When the pulse energy 𝐸 coupled to the waveguide is 

measured at the output, this value needs to be corrected by the Beer-Lambert law for 

the whole extension 𝐿 in order to determine the input pulse energy value to be used 

as parameter in our model. 
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3.5 Absorptive Dispersive-Scan technique 

 

Among the many advantages of the Dispersive-Scan technique when 

compared to other methods to characterize the third-order nonlinearities of 

waveguides, we can highlight its sensitivity, that is only limited by the spectrometer 

resolution, and the fact that it is a single beam technique, which simplifies its 

experimental setup.66 Another important advantage is the possibility to characterize 

both nonlinear refraction and absorption simultaneously.95 By adding a power meter 

to the output of the waveguide, like it is shown in Fig. 3.2, and recording the 

transmitted power as a function of the input dispersion, two-photon absorption 

Dispersive-scan curves can be built.  

 The two-photon absorption phenomenon was first described by Maria 

Göppert-Mayer in her doctoral thesis in 1931.76 In this phenomenon, an atom or 

molecule transitions from a lower energy state to a higher energy state by 

simultaneously absorbing two photons. Its first experimental observation was done 

by Kaiser et al.77 in 1961, with the laser advent, and they observed the two-photon 

fluorescence of a 𝐶𝑎𝐹2: 𝐸𝑢2+ crystal.  

In Fig. 3.10 we can observe images of the emission profile of a fluorescein 

solution when the chromophore is excited by one (a) and two-photon absorption (b). 

The energy diagrams show the molecular transition from ground state 𝑔 to excited 

state 𝑛. In the case of two-photon absorption, the process is intermediated by the 

virtual state 𝑚 and two photons with half of the energy of the photon in (a) are 

absorbed. This is an illustration of the degenerate two-photon absorption process. 

The non-degenerate case occurs when the two photons that are simultaneously 

absorbed don’t have the same energy.  
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Figure 3.10 -  Comparison between the emission profile of a fluorescein solution when excited by the 
absorption of one (a) and two photons (b) and their respective energy diagrams. 

Source: Adapted from RUZIN; AARON
96

 

 

In Fig. 3.10 we can observe how the emission profile differs from excitation 

with one and two-photon absorption. In the case of one-photon absorption, emission 

occurs through the whole optical path, while for two-photon absorption it is only 

observed in a small region around the focal spot. This can be explained by the 

dependence of two-photon absorption with intensity, as shown in Eq. 2.9. 

Considering the linear absorption coefficient as zero (𝛼0 = 0), the Beer-Lambert law 

for two-photon absorption becomes: 

 

 𝑑𝐼

𝑑𝑧
=  −𝛼(𝐼)𝐼 =  −(𝛼0 + 𝛽𝐼)𝐼 =  −𝛽𝐼2, (3.8) 

 

where 𝐼 is the light intensity. This way, Eq. 3.8 shows that the intensity of a beam 

propagating in 𝑧 direction varies with rate proportional to the square of intensity 𝐼, 

when two-photon absorption is involved, conferring high spatial localization to the 

phenomenon. 

 To be able to characterize the two-photon absorption coefficient 𝛽 in 

waveguides through the Dispersive-Scan technique, we performed further 

modifications to the developed numerical model. We once again implemented a 
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modified Split-Step Fourier Transform Method as described in Section 3.4.4. 

Equation 3.7 was modified to include two-photon absorption as follows: 

 

 𝐸𝑛 = 𝐸𝑛−1 exp(−(μ + βI)𝑙). (3.9) 

 

The sample is once again divided in several steps of length 𝑙 and the pulse energy is 

updated for each 𝑙 step according to Eq. 3.9. The Split-Step Fourier Transform 

Method is applied to each 𝑙 step with the respective calculated energy. 

 In Fig. 3.11, we can observe absorptive Dispersive-Scan curves that were 

simulated with our model. The curves show the transmittance of an ultrashort pulses 

beam as function of the input dispersion for positive (a) and negative (b) two-photon 

absorption coefficient 𝛽. These curves are similar to the ones for open aperture Z-

scan.62 An effective negative two-photon absorption coefficient is used to describe 

the saturable absorption effect.97-98  

This way, our numerical model is now able to simulate third-order nonlinear 

absorption, besides nonlinear refraction. This feature is particularly interesting to 

characterize semiconductor waveguides,95 dye-doped polymer waveguides88-89 or 

graphene-doped structures,31,86 where nonlinear absorption plays an important role. 

 

 



55 
 

 
Figure 3.11 -  Simulation of typical absorptive Dispersive-scan curves for (a) positive and (b) negative 

two-photon absorption coefficient 𝜷, showing the transmition of an ultrashort pulse 

beam as function of the input dispersion 𝝓(𝟐). 
Source: By the author 
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4 THIRD-ORDER NONLINEAR CHARACTERIZATION OF GORILLA® GLASS 

WAVEGUIDES 

 

Corning® Gorilla® Glass is an alkali-aliminosilicate glass that is commonly used 

as protective screen in mobile devices such as notebooks, smartphones, and 

tablets.99 This material goes through an ion exchange process,37 in which the glass 

slide is submerged in a hot potassium bath at 400°C. During this process, sodium 

ions from the glass matrix are replaced by potassium ions from the bath, mainly in 

the region close to the surface. As potassium ions are bigger and more massive than 

sodium ions, this process creates a compression zone that can extend to 

approximately 200 µm below the glass surface. The compression zone is responsible 

for the modification of the material’s mechanical properties, making it more resistant 

to drops and less prone to scratches. These features have prompt the application of 

Gorilla® Glass on large scale in the industry of mobile devices, with more than 8 

billion devices fabricated.100 In the past years, studies revealed that Gorilla® Glass is 

also an interesting material for direct laser writing with femtosecond pulses. Lapointe 

et al.44 were the first to demonstrate the fabrication of ultra-long Gorilla® Glass 

waveguides close to the surface that presented single-mode guidance with high 

quality modes. The most interesting feature that they present is certainly the low 

propagation losses, below 0.03 dB/cm, which is the record achieved with the DLW 

technique. Due to the high light intensities often present in integrated photonic 

circuits, the characterization of the nonlinear optical properties of these waveguides 

becomes crucial in order to direct their application in different fields. This way, in this 

Chapter we will present our studies related to the third-order nonlinear 

characterization of Gorilla® Glass waveguides by the Dispersive-Scan technique. 

 

4.1 Fabrication 

 

The fs-laser written Gorilla® Glass waveguides used in this work were 

fabricated during the PhD project of Prof. Dr. Gustavo Foresto Brito de Almeida,101 

according to the experimental scheme showed in Fig. 4.1. An amplified Ti:Sapphire 

laser (Clark-MXR: 150 fs, 775 nm, 1 kHz) was focused approximately 70 µm below 

the glass surface by an objective lens of 0.65 NA. The sample was positioned on a 
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computer controlled movable platform, allowing the inscription of 15 mm-long 

waveguides at 200 µm/s.  

 

 

Figure 4.1 -  Scheme of the experimental setup used for the inscription of the fs-laser written Gorilla® 
Glass waveguides.  

Source: By the author 

 

Different waveguides were fabricated varying the excitation pulse energy. We 

realized the third-order nonlinear characterization of waveguides that were fabricated 

by pulses of 250 nJ (type A) and 500 nJ (type B). These waveguides were chosen 

because they presented good mode profiles, as shown in Fig 4.2. 
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Figure 4.2 -  Image of the transversal profile of the type A and type B waveguides when illuminated by 
white light (top) and transversal profile of the guided mode when the beam of a 
Ti:Sapphire laser centered at 780 nm is coupled to the waveguides.  

Source: By the author. 

 

4.2 Dispersive-scan measurements 

 

4.2.1 Experimental Methods 

 

A scheme of the experimental setup of the Dispersive-Scan technique is 

shown in Fig. 4.3. The beam of an amplified Ti:Sapphire laser (50 fs, 785 nm, 1 kHz) 

passes through a dispersive line that consists of a pulse compressor (Thorlabs 

FSPC) constituted of two prisms. One of the compressor’s prisms is mounted on top 

of a translation stage. This way, the input pulse dispersion can be varied by changing 

the prism position, inserting more or less material into the optical path. After passing 

through the pulse compressor, part of the beam is directed to a Grenouille (Swamp 

Optics), in which the characterization of the spectral phase is realized through the 

beam FROG trace.80 After passing through the dispersive line, the beam is coupled 

to the waveguide by an objective lens (0.25 NA). The transmitted signal is collected 

by another objective lens (0.40 NA) and directed to a spectrometer (HR4000 Ocean 

Optics) through a multimode optical fiber. The sample and the objective lenses are 
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mounted on 3D moving platforms, allowing the coupling process. A power meter is 

also placed after the output objective lens to measure the guided power. 

 

 

Figure 4.3 - Experimental setup for the Dispersive-Scan measurements in Gorilla® Glass waveguides  
Source: Adapted from HENRIQUE et al.

102
 

 

4.2.2 Results and Discussion 

 

In Fig. 4.4 we can observe the transmitted spectra of the type A waveguide for 

different values of 𝜙(2), the second-order dispersion of the input ultrashort pulses, 

determined by the FROG technique. For the Thorlabs pulse compressor used as 

dispersive line in this work, the second-order dispersion can be varied from 

approximately -3000 fs2 to +3000 fs2 for a pulse centered at 780 nm. Observing Fig. 

4.4, one can notice that, as the value of 𝜙(2) increases, getting close to zero from 

negative values, the spectrum peak intensity increases, and the peak becomes 

narrower, i.e. we observe spectral compression. Shortly after, the spectrum peak 

intensity drops and the peak becomes broader. The broadening effect decreases as 

𝜙(2) increases until we reach a plateau where dispersion is too high, and the input 

pulse is too broad in time for nonlinear effects to be observed. This plateau is 

reached for large values of 𝜙(2) for both cases of negative and positive input pulse 

dispersion. If when varying the input dispersion from negative to positive values, the 

spectral compression is observed before the spectral broadening, we are dealing 

with a material of positive nonlinear refractive index. 
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Figure 4.4 -  Spectrum at the output of the type A waveguide as a function of the input beam second-

order dispersion 𝝓(𝟐).  
Source: Adapted from HENRIQUE et al. 

102
 

 

We realized the post-processing of the spectra shown in Fig. 4.4 to obtain the 

spectral width 𝜎. The results are shown in Fig. 4.5, where we can observe the 

experimental D-scan curve (red dots). In order to obtain the nonlinear refractive index 

from the experimental data, we realized numerical simulations (black curve) as 

previously described in Section 3.4.2. The input ultrashort laser pulse features, as 

well as the waveguides features, were carefully determined experimentally and 

inserted into the simulation. For the data shown in Fig. 4.5, the following input 

parameters were used: 𝐸 = 20.5 𝑛𝐽, 𝜆0 = 785 𝑛𝑚, Δ𝜆 = 20 𝑛𝑚, 𝐿 = 15 𝑚𝑚 and 

𝑑 = 32.5 𝜇𝑚. By fitting the experimental data, we obtained 𝑛2 = (0.9 ± 0.3) ×

10−20 𝑚2/𝑊. 



62 
 

 

Figure 4.5 -  D-scan measurement in the type A waveguide (red dots) and numerical model curve 
(black line) adjusted to the experimental data. The model input parameters used herein 
were: 𝑬 = 𝟐𝟎. 𝟓 𝒏𝑱, 𝝀𝟎 = 𝟕𝟖𝟓 𝒏𝒎, 𝚫𝝀(𝑭𝑾𝑯𝑴) = 𝟐𝟎 𝒏𝒎, 𝒅 = 𝟑𝟐. 𝟓 𝝁𝒎 and 𝑳 = 𝟏𝟓 𝒎𝒎, 

resulting in 𝒏𝟐  = (𝟎. 𝟗 ± 𝟎. 𝟑) × 𝟏𝟎−𝟐𝟎𝒎𝟐/𝑾. Inset: guided mode for the type A 
waveguide.  

Source: Adapted from HENRIQUE et al.
102

 

 

We also realized D-scan measurements in the type B waveguide, that was 

fabricated with pulse energy of 500 nJ. The results are shown in Fig. 4.6. The input 

parameters used in the numerical model were: 𝐸 = 25.5 𝑛𝐽, 𝜆0 = 785 𝑛𝑚, 

Δ𝜆(𝐹𝑊𝐻𝑀) = 29.5 𝑛𝑚, 𝑑 = 19 𝜇𝑚 e 𝐿 = 15 𝑚𝑚, resulting in 𝑛2  = (0.07 ± 0.02) ×

10−20𝑚2/𝑊. 
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Figure 4.6 -  D-scan measurement in the type B waveguide (red dots) and numerical model curve 
(black line) adjusted to the experimental data. The model input parameters used herein 
were: 𝑬 = 𝟐𝟓. 𝟓 𝒏𝑱, 𝝀𝟎 = 𝟕𝟖𝟓 𝒏𝒎, 𝚫𝝀(𝑭𝑾𝑯𝑴) = 𝟐𝟗. 𝟓 𝒏𝒎, 𝒅 = 𝟏𝟗 𝝁𝒎 and 𝑳 = 𝟏𝟓 𝒎𝒎, 

resulting in 𝒏𝟐  = (𝟎. 𝟎𝟕 ± 𝟎. 𝟎𝟐) × 𝟏𝟎−𝟐𝟎𝒎𝟐/𝑾. Inset: guided mode for the type B 
waveguide.  

Source: Adapted from HENRIQUE et al.
102

 

 

According to Almeida et al.,103 the nonlinear refractive index of bulk Gorilla® 

Glass is on average (3.3 ± 0.6) × 10−20𝑚2/𝑊 in the range between 490 nm and 

1500 nm. For the type A waveguide, 𝑛2 is more than 3 times lower than the value of 

the bulk material. And for the type B waveguide, 𝑛2 is approximately 47 times lower. 

This way, we can conclude that the fs-laser writing process caused the reduction of 

the nonlinear refractive index of the material. Furthermore, the reduction was greater 

for waveguides fabricated with higher pulse energy. The reduction of the nonlinear 

refractive index in waveguides fabricated by fs-laser writing has been recently 

observed in the literature for different glassy materials. Blömer et al.104 observed the 

reduction of the effective 𝑛2 in waveguides fabricated in silica glass. Furthermore, the 

𝑛2 magnitude depended on the writing parameters. Waveguides fabricated with lower 

writing speed presented a larger reduction of 𝑛2, being even 4 times lower than the 

value of the bulk material. Demetriou et al.69 determined the 𝑛2 of waveguides 
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fabricated in gallium lanthanum sulfide, a chalcogenide glass. They observed that the 

𝑛2 of the waveguides is 4 to 5 times lower than the value of the bulk material. Royon 

et al.105 perfomed Third Harmonic Generation Microscopy in fs-laser irradiated silica 

glass and observed the reduction on the third-order susceptibility of the material 

when compared to the non-irradiated material. This way, we can conclude that the 

reduction of the nonlinear refractive index due to fs-laser irradiation is a common 

phenomenon in glassy materials. However, still very little is known about the 

structural modifications that can cause reduction of optical nonlinearities in fs-laser 

irradiated matter. To better understand this process, we realized Raman 

spectroscopy measurements in a type C waveguide, that was fabricated with pulses 

of 5 𝜇𝐽. 

 

4.3 Raman spectroscopy measurements 

 

4.3.1 Experimental Methods 

 

Aiming to study the structural modifications created in Gorilla® Glass 

waveguides during the fs-laser writing process, we realized Raman Spectroscopy 

measurements106 at the Center for Characterization of Mineral Species (CCEM) at 

the São Carlos Institute of Physics with Dr. Marcelo B. Andrade. The Raman spectra 

were recorded on a micro-Raman system (LabRaman HR Evolution) with a 532 nm 

laser that was focused in the sample by an objective lens (100x – 0.9 NA). The 

measurements were performed in a waveguide that was fabricated with pulses of 5 

µJ, denominated type C waveguide. A simplified scheme of the Raman Spectroscopy 

measurements is shown in Fig. 4.7. This waveguide presents an elongated 

transversal profile, as seen in the inset of Fig. 4.7, that extends for approximately 30 

µm inside the glass, due to the self-focusing phenomenon that occurs during the 

writing process. The center of the transversal profile is located at approximately 77 

µm below the glass slide surface. To obtain the Raman spectra, the sample was 

positioned on an automated moving platform. Initially the laser beam was focused on 

the glass surface and then the sample was moved closer to the lens, so the laser 

could be focused deeper into the glass. This way, the focus position was swept from 

the glass surface (0 µm) to 120 µm of depth, and the Raman spectra were collected 

at every 2 µm. 
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Figure 4.7 -  Simplified scheme of the Raman Spectroscopy measurements. Inset: optical microscopy 
image of the transversal profile of the type C waveguide that has approximately 30 µm of 
height and is located at 77 µm below the glass surface.  

Source: By the author 

 

4.3.2 Results and Discussion 

 

In Fig. 4.8 we present the Raman spectrum of Gorilla® Glass collected at 40 

µm below the surface (black line), as well as the Raman spectrum of the irradiated 

material inside the type C waveguide at 76 µm below the surface (blue line). Both 

spectra present the typical shape for alkali aluminosilicate glasses.107–109 Comparing 

the curves, we can notice a few visible differences. In this work, we focused our 

interest in two peaks of the low energy region, centered at 479 𝑐𝑚−1 and 590 𝑐𝑚−1, 

and in the high energy peak centered at 1078 𝑐𝑚−1. These peaks are indicated by 

arrows in Fig. 4.8.  

Raman spectra were collected at every 2 µm from the glass surface to 120 µm 

of depth, and passing through the irradiated region of the type C waveguide. They 

were post-processed and the baseline was extracted taking as reference the plateau 

region above 1400 𝑐𝑚−1. After that, the Raman peaks were fitted by multiple 

Gaussian curves, and the regions of low (400 − 600 𝑐𝑚−1) and high (900 −

1200 𝑐𝑚−1) energy were adjusted separately after being normalized by their area. 
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Figure 4.8 -  Raman spectrum of pristine Gorilla® Glass collected from 40 µm below the surface (black 
line) and the spectrum of the type C waveguide collected from 76 µm below the surface 
(blue line). The arrows indicate the main peaks that presented modifications after the fs-

laser writing process: 𝟒𝟕𝟗 𝒄𝒎−𝟏, 𝟓𝟗𝟎 𝒄𝒎−𝟏 and 𝟏𝟎𝟕𝟖 𝒄𝒎−𝟏. 
Source: Adapted from HENRIQUE et al.

102
 

 

 Through the Gaussian fit we obtained the peaks intensity, width and position. 

In Fig. 4.9, we can observe how the low frequency peaks behave as function of the 

material depth. The intensity of the peak centered at 479 𝑐𝑚−1 is decreased in the 

region centered at approximately 77 µm below the surface, which extends through 

more than 30 µm in depth. The size and position of this region correspond to the 

morphological features of the waveguide, as observed in the optical microscopy 

images (inset Fig. 4.7). This way, we can conclude that the observed spectral 

modifications are related to the fs-laser writing process. According to Fig. 4.9, there is 

also an intensity increase in the peak centered at 590 𝑐𝑚−1, in the same region in 

which occurs the decrease in the peak centered at 479 𝑐𝑚−1. 
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Figure 4.9 -  Intensity of the peaks centered at (a) 𝟒𝟕𝟗 𝒄𝒎−𝟏 and (b) 𝟓𝟗𝟎 𝒄𝒎−𝟏 as function of the glass 
depth. 

Source: (a) Adapted from HENRIQUE et al.;
102

 (b) By the author 

 

The fundamental structure of aluminosilicate glasses is constituted of 𝑇𝑂4 

(𝑇 = 𝑆𝑖 𝑜𝑟 𝐴𝑙) tetrahedra,106 known as network formers. They are represented in Fig. 

4.10 (left). To build the glass matrix, the tetrahedral structures connect to each other 

through oxygen atoms. When an atom of oxygen connects two tetrahedra, it is 

classified as a bridging oxygen (BO). The oxygen atoms that do not connect 
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tetrahedra are classified as non-bridging oxygens (NBOs). A common way that the 

tetrahedra connect to form the glass matrix is in the form of ring-shaped structures. In 

Fig. 4.10 (right), we can observe a simplified representation of 3 and 4-membered 

ring structures. For the case of alkali-aluminosilicate glasses, the alkali ions, known 

as network modifiers, associate to the glass matrix through ionic bonds with the non-

bridging oxygens.110 

The bands centered at 479 𝑐𝑚−1 and 590 𝑐𝑚−1, known as D1 and D2 bands, 

are related to the 4 and 3-membered ring structures of 𝑇𝑂4 (𝑇 = 𝑆𝑖 𝑜𝑟 𝐴𝑙), 

respectively.109 Muniz et al.111 performed the structural analysis of calcium-

aluminosilicate glasses under high pressure. They observed that the densification 

process in silica-rich glasses leads to the creation of 3-membered ring structures, 

which corresponds to an increase in the D2 band. Bressel et al.112 performed Raman 

Spectroscopy studies in germanate glasses that were irradiated by femtosecond 

laser pulses. The authors also observed an increase in the D2 band, as well as a 

decrease in the D1 band. These modifications were once again attributed to the 

densification of the material. This way, we can conclude that the results presented in 

Fig. 4.9, that point to the decrease of the D1 band and the increase of the D2 band in 

the irradiated material, are related to the densification process that takes places 

during the fs-laser writing process. 

 

Figure 4.10 -  Scheme of the structure of aluminosilicate glasses, with their fundamental structure 
(left) of silica or aluminum tetrahedra and common ring structures composed of 3 or 4 
tetrahedra (right). 

Source: By the author 
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 In Fig. 4.11, we present the features of the high-frequency peak centered at 

1078 𝑐𝑚−1 as function of the glass depth. This band can be associated with the 

presence of non-bridging oxygens (NBOs) in the glass structure.113–115 We can notice 

a gradual decrease in the peak intensity from the surface to the glass volume (Fig. 

4.11-a). This is related to the ion exchange process that occurs mainly on the 

material surface and can extend through approximately 200 µm below. The decrease 

in this band is accentuated in the region around 75 µm of depth, where there is also a 

broadening effect to this band (Fig. 4.11-b). The decrease in the 1078 𝑐𝑚−1 band 

indicates the reduction in the quantity of NBOs, i.e. the generation of non-bridging 

oxygen hole centers (NBOHCs), common structural defects generated by fs-laser 

irradiation.116 The 1078 𝑐𝑚−1 band broadening can be associated to an increased 

heterogeneity of the NBOs bonding angles. It is broadly known in the literature that 

NBOs are the main responsible for the optical nonlinearities in glasses,117 as they are 

more polarizable than bridging oxygens (BOs). This way, our results indicate that the 

reduction in the quantity of NBOs, as well as a greater heterogeneity of their bonding 

angles, can be the responsible for the decrease of the nonlinear refractive index in 

the fs-laser written Gorilla® Glass waveguides. 

 



70 
 

 

Figure 4.11 - (a) Intensity and (b) width of the peak centered at 𝟏𝟎𝟕𝟖 𝒄𝒎−𝟏 as function of the glass 
depth. 

Source: (a) Adapted from HENRIQUE et al.;
102

 (b) By the author  
 

4.4 Partial conclusions 

We performed the characterization of the nonlinear refractive index of fs-laser 

written Gorilla® Glass waveguides through the Dispersive-scan technique. Their 

nonlinear refractive index is lower than the one for the non-irradiated bulk material. 

For the type A waveguide, fabricated with pulses of 250 nJ, 𝑛2 is 3 times lower, while 
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for the type B waveguide, fabricated with pulses of 500 nJ, 𝑛2 is approximately 47 

lower. Raman spectroscopy measurements in a type C waveguide, fabricated with 

pulses of 5 µJ, revealed the decrease and broadening of the high energy band 

related to non-bridging oxygens. This way, the interaction of fs-laser pulses with the 

glass material causes ionization and/or breaking of bonds that affects the quantity of 

NBOs as well as their bonding angles, ultimately leading to the reduction of the 

nonlinear refractive index in the irradiated region. This effect is stronger when the 

material is irradiated with higher energy pulses. 
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5 THIRD-ORDER NONLINEAR CHARACTERIZATION OF EAGLE XG® GLASS 

WAVEGUIDES 

 

Eagle XG® Glass is an alkaline earth boro-aluminosilicate produced by 

Corning®. Its exceptionally smooth and flat surfaces, together with the possibility to 

be produced as really large and thin panels (down to 0.25 mm of thickness), makes 

Eagle XG® Glass an outstanding material for displays, covering the increasing 

demand for large TV screens, for example.118 In 2019, Corning® had sold 25 billion 

square feet of Eagle XG® Glass, enough to cover 390 000 football fields. 

Furthermore, when launched in 2006, Eagle XG® was the first heavy-metal free 

display glass to be produced, paving the way for more environmentally friendly 

panels. In recent years, the impressive optical and mechanical features of Eagle 

XG® Glass has prompt its use in fs-laser direct writing for fabrication of high quality 

and low-loss waveguide circuits that can be applied to microfluidics, quantum 

photonics, sensors, etc.119-120  

Advances in the industry of ultrashort lasers allowed the production of high-

power lasers with high repetition rate, reaching the MHz range. This means that the 

fs-laser processing of transparent materials can be realized in different fabrication 

regimes, according to the excitation laser repetition rate, i.e. the repetitive and 

cumulative regimes.11,121 In the repetitive fabrication regime, performed in kHz range, 

the time interval between two consecutive pulses is greater than the heat diffusion 

time, meaning that no heating accumulation takes place. This way, waveguide 

fabrication is performed through the generation of structural defects and can be 

realized with great resolution, since material modification stays localized at the focal 

spot. In the cumulative regime, performed in MHz range, heat accumulation takes 

place. Usually, heat diffusion expands the area modified by the fs-laser to regions 

around the focal spot.122 In this Chapter, we present results related to the 

characterization of the nonlinear refractive index of fs-laser written Eagle XG® Glass 

waveguides fabricated in these two different regimes and explore how they can affect 

the material nonlinearities. 
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5.1 Fabrication 

 

The waveguides studied here were fabricated by fs-laser direct writing in 

collaboration with Prof. Dr. Paulo Henrique Dias Ferreira (UFSCar) and Prof. Dr. 

Gustavo Foresto Brito de Almeida (UFU). Eagle XG® Glass slides were placed on an 

experimental apparatus as the one illustrated in Fig. 4.1. Straight waveguides were 

fabricated in two regimes, repetitive and cumulative, by using different laser sources. 

For fabrication in the repetitive regime, the beam of an amplified Ti:Sapphire laser 

(Clark-MXR: 150 fs, 775 nm, 1 kHz) was focused approximately 150 µm below the 

glass surface by an objective lens of 0.65 NA. Waveguides were fabricated with 

pulse energy of 250 nJ (type D waveguide) and 400 nJ (type E waveguide), and 

speed of 100 µm/s. In the cumulative regime, the beam of an extended cavity 

Ti:Sapphire oscillator (Femtosource™ XL), emitting 60 fs pulses centered at 800 nm 

with 5 MHz of repetition rate, was focused approximately 120 µm below the glass 

surface. The waveguides were fabricated with pulse energy of 40 nJ and speed of 1 

mm/s (type F waveguides). It is important to note that, in both cases, fabrication was 

performed with pulse energy close to the material zero-damage threshold for each 

regime.  

 

5.2 Dispersive-Scan measurements 

 

5.2.1 Repetitive regime 

 

Dispersive-Scan measurements were performed in the Eagle Glass 

waveguides with the same experimental methods described in Section 4.2.1. In Fig. 

5.1 we can observe a D-scan curve obtained for a type D waveguide fabricated in the 

repetitive regime, using pulse energy of 250 nJ, 1 kHz of repetition rate and 100 µm/s 

of speed. The inset shows the guided mode image collected after the output 

objective, showing that it presents a Gaussian intensity profile. The input parameters 

used in the numerical model (black line) to fit the experimental data (red dots) were: 

𝐸 =  7.7 𝑛𝐽, 𝑑 =  6.0 𝜇𝑚, 𝜆0  = 785.2 𝑛𝑚, 𝛥𝜆 =  25.6 𝑛𝑚, 𝐿 = 14.40 𝑚𝑚, resulting in 

the nonlinear refractive index value of 𝑛2 = (0.08 ± 0.02) × 10−20 𝑚2/𝑊. 
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Figure 5.1 -  D-scan measurement in type D Eagle Glass waveguide fabricated in the repetitive regime 

(250 nJ, 100 µm/s, 1 kHz). The parameters used in the numerical model were: E = 7.7 nJ, 

d = 6.0 μm, 𝝀𝟎 =785.2 nm, Δλ = 25.6 nm, L=14.40 mm and 𝒏𝟐 = 𝟎. 𝟎𝟖 × 𝟏𝟎−𝟐𝟎 𝒎𝟐/𝑾. 
Inset: Image of the guided mode collected after the output objective lens. 

Source: By the author 

 

In Fig. 5.2 we can observe the D-scan measurement of a type E waveguide 

fabricated in the repetitive regime with higher pulse energy than the type D. The 

fabrication parameters were: 400 nJ, 1 kHz and 100 µm/s. In the inset, we can once 

again observe the intensity profile of the approximately Gaussian guided mode. The 

parameters used in the numerical model (black line) to adjust the experimental data 

(red dots) were: 𝐸 =  14.9 𝑛𝐽, 𝑑 =  5.4 𝜇𝑚, 𝜆0  = 785.2 𝑛𝑚, 𝛥𝜆 =  26.8 𝑛𝑚, 𝐿 =

14.40 𝑚𝑚 e 𝑛2 = (0.025 ± 0.007) × 10−20 𝑚2/𝑊. 
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Figure 5.2 -  D-scan measurement in a type E Eagle Glass waveguide fabricated in the repetitive 
regime (400 nJ, 100 µm/s, 1 kHz). The parameters used in the numerical model were: E 

= 14.9 nJ, d = 5.4 μm, 𝝀𝟎 =785.2 nm, Δλ = 26.8 nm, L=14.40 mm and 𝒏𝟐 = 𝟎. 𝟎𝟐𝟓 ×
𝟏𝟎−𝟐𝟎 𝒎𝟐/𝑾. Inset: Image of the guided mode collected after the output objective lens. 

Source: By the author 

 

5.2.2 Cumulative regime 

 

In Fig. 5.3 we can observe the Dispersive-Scan measurement in a type F 

Eagle Glass waveguide that was fabricated in the cumulative regime with the 

following parameters: 40 nJ, 5 MHz and 1 mm/s. The inset shows the guided mode 

image collected at the output of the waveguide. The input parameters used in the 

numerical model were: 𝐸 = 0.5 𝑛𝐽, 𝑑 = 7.8 𝜇𝑚, 𝜆0 = 785 𝑛𝑚, Δ𝜆 = 25.10 𝑛𝑚, 

𝐿 = 14.65 𝑚𝑚, resulting in an effective nonlinear refractive index of  𝑛2 = (2.9 ±

0.9) × 10−20𝑚2/𝑊. 
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Figure 5.3 -  D-scan measurement in a type F Eagle Glass waveguide fabricated in the cumulative 
regime (40 nJ, 1 mm/s, 5 MHz). The parameters used in the numerical model were: 𝑬 =
𝟎. 𝟓 𝒏𝑱, 𝒅 = 𝟕. 𝟖 𝝁𝒎, 𝝀𝟎 = 𝟕𝟖𝟓 𝒏𝒎, 𝚫𝝀 = 𝟐𝟓. 𝟏𝟎 𝒏𝒎, 𝑳 = 𝟏𝟒. 𝟔𝟓 𝒎𝒎 and 𝒏𝟐 = 𝟐. 𝟗 ×
𝟏𝟎−𝟐𝟎𝒎𝟐/𝑾. Inset: Image of the guided mode collected after the output objective lens. 

Source: By the author 

 

5.3 Discussion 

 

The nonlinear refractive index of bulk Eagle XG® Glass was characterized 

through the Z-scan technique62 by Prof. Dr. Gustavo Foresto Brito de Almeida (UFU). 

Figure 5.4 presents a Z-scan measurement (red dots) in a 1 mm glass slide at 790 

nm. The theoretical fitting (black line) results in a nonlinear refractive index of 

(3.6 ± 0.7)  × 10−20 𝑚2/𝑊. This value is in accordance to typical values for boro and 

aluminosilicates found in the literature.123-124  
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Figure 5.4 –  Experimental (red dots) and theoretical (black line) curves of Z-scan measurement in bulk 

Eagle Glass performed at 790 nm. 
Source: By the author 

 

 Comparing the 𝑛2 values obtained for different fs-laser written waveguides and 

the value for the bulk material, we can conclude that there is a significant nonlinearity 

decrease in the case of the repetitive regime. For the type D Eagle Glass 

waveguides, fabricated with pulses of 250 nJ, the effective nonlinear refractive index 

is 45 times lower than the value for the bulk material. For the type E Eagle Glass 

waveguide, fabricated with higher pulse energy of 400 nJ, the effective nonlinear 

refractive index is reduced to less than 1% of the value for the pristine material. 

However, for waveguides fabricated in the cumulative regime, little to no difference is 

observed between the nonlinear refractive index value of the fs-laser written 

waveguide and the non-irradiated bulk material, especially if we consider the 

measurements error. 

 It is important to note that in both fabrication regimes, the pulse energy applied 

was always close to the zero-damage threshold.125-126 This way, the big difference 

between the repetitive and cumulative fabrication regimes in the material 

nonlinearities could be explained by thermal effects, as well as the incubation 

effect127–130 in fabrication with femtosecond laser pulses. This effect describes how 
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previous laser pulses influence the damage produced by the subsequent pulses. In 

most cases, the damage threshold decreases when the number of pulses per spot 

increases.127,131 

 The number of pulses per spot (𝑁) in the fabricated waveguides can be 

calculated by the ratio between the total intensity of multiple pulses (𝐼𝑡𝑜𝑡𝑎𝑙) at one 

spot and the intensity of a single pulse (𝐼𝑝𝑢𝑙𝑠𝑒) centered at that spot. This ratio can be 

expressed as a Jacobi theta function 𝜗3 as follows130 

 

 
𝑁 =

𝐼𝑡𝑜𝑡𝑎𝑙/𝑠𝑝𝑜𝑡

𝐼𝑝𝑢𝑙𝑠𝑒/𝑠𝑝𝑜𝑡
=  𝜗3 (0, 𝑒

−2(
𝑣

𝑓𝑤0
)

2

), (5.1) 

 

where 𝑣 is the writing speed, 𝑓 is the laser repetition rate and 𝑤0 is the focused beam 

waist. In the case of large superposition of pulses, achieved with low writing speed 

and high repetition rate, 
𝑣

𝑓𝑤0
 is approximately zero, and the Jacobi theta function 𝜗3 

can be simplified to 

 

 
𝑁 = √

𝜋

2
(

𝑓𝑤0

𝑣
) . (5.2) 

 

The beam waist can be estimated by the Rayleigh Resolution Criterion132 as follows 

 

 𝑤0 = 0.61
𝜆

𝑁𝐴
. (5.3) 

 

 All of our waveguides were fabricated with a 40x objective lens of 0.65 NA, 

resulting in a beam waist of approximately 0.74 µm. This way, according to Eq. 5.2, 

the number of pulses per spot for the waveguides fabricated in the repetitive regime 

(types D and E), considering repetition rate of 1 kHz and speed of 100 µm/s, is 

around 9 pulses. On the other hand, for the waveguides fabricated in the cumulative 

regime (type F), with repetition rate of 5 MHz and speed of 1 mm/s, the number of 

pulses per spot is 4643. 

 The great difference between the number of pulses per spot, as well as the 

time interval between pulses, leads to very different fs-laser pulse interaction 

dynamics. According to the incubation effect, the accumulation of pulses in one spot 
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leads to the reduction of the fluence necessary to lead to macroscopic material 

modifications.127 This happens because the first pulse to hit the matter creates point 

defects through multi-photon excitation. The defects introduce additional energy 

levels and excitation routes for the following pulses, lowering the fluence required for 

excitation.127,133 The accumulation of point defects is what activates macroscopic 

damage. When high fluence is required in femtosecond laser microfabrication, as it is 

often the case in the repetitive regime, deep modifications in the glass matrix can be 

promoted, such as breakage of strong bonds and formation of 𝑂2
− ions, rarefaction, 

formation of voids, and nanocracks.134–137 When low fluence is used in fabrication 

with fs-laser pulses, soft material changes happen, and they are usually related to 

the glass electronic configuration and defect-assisted densification.84,116 As heat 

accumulation takes place, when the time interval between pulses is shorter than the 

matrix thermal relaxation time, fs-laser fabrication benefits from thermal annealing 

and decreased thermal cycling, which creates smooth and crack-free structures.43 

 Si-O bond breaking and generation of non-bridging oxygen hole centers 

(NBOHCs) are the most easily induced defects in silica glass upon fs-laser 

irradiation.116 In the same way, NBOHCs concentration can be easily reduced upon 

low power 488 nm continuous laser exposure138 and thermal annealing.139 They are 

poorly stable defects that can be completely erased in fs-laser exposed silica glass 

after thermal treatment at 300° C.139 As discussed in Chapter 4, the presence of non-

bridging oxygens (NBOs) is primarily responsible for third-order nonlinearities in 

silica-derived glasses.117,140  

The dynamics of creation and annealing of NBOHCs can help us understand 

our Dispersive-Scan results, presented in Section 5.2. What we propose is that, 

when Eagle XG® Glass waveguides are fabricated in the repetitive regime, with just 

a few pulses per spot and high laser pulse fluence, Si-O bonds are broken and 

NBOHCs are created. Several other structural defects can also be induced, like the 

formation of voids and rarefaction, leaving the fabricated waveguide with a high 

concentration of NBOHCs and stress-related structural defects. This way, the great 

reduction of non-bridging oxygen bonds would explain the reduction of the nonlinear 

refractive index, just like in fs-laser irradiated Gorilla® Glass.102 In the case of Eagle 

XG® Glass waveguides fabricated in the cumulative regime, the great number of 

pulses per spot, 2-3 orders of magnitude greater than in the repetitive regime, 

reduces the fluence required for fabrication, reducing the number of defects 
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generated. Furthermore, heat accumulation due to high repetition rate can work as a 

fs-laser induced thermal annealing treatment, giving enough energy to recombine Si-

O bonds, reducing the number of NBOHCs defects and leaving only stronger fs-laser 

induced structural modifications, like silica-tetrahedra rings reconfiguration.139 The 

reduction of NBOHCs defects restores the material nonlinear polarizability and could 

explain the effective nonlinear refractive index value in waveguides fabricated in the 

cumulative regime, which is very close to the value for the pristine bulk material. 

 

5.4 Partial conclusions 

 

We performed the third-order nonlinear characterization of fs-laser written Eagle 

XG® Glass waveguides through the Dispersive-Scan technique. The waveguides 

were fabricated in two different regimes according to the excitation laser repetition 

rate: repetitive (1 kHz) and cumulative (5 MHz). For the waveguides fabricated in the 

repetitive regime, we observed the reduction of the nonlinear refractive index when 

compared to the value for the bulk material. This reduction also depends on the 

writing beam pulse energy. For waveguides fabricated with pulses of 250 nJ, the 

measured 𝑛2 is 45 times lower than the value for the bulk material, while for 

waveguides fabricated with pulses of 400 nJ, 𝑛2 is 144 times lower. For waveguides 

fabricated in the cumulative regime, with pulses of 40 nJ, the nonlinear refractive 

index suffers little to no reduction when compared to the bulk value. The big 

difference between the measured nonlinearities in the two different regimes is 

potentially related to the generation and annealing of NBOHCs defects. In the 

repetitive regime, waveguides were fabricated with high fluence, greatly decreasing 

the number of NBOs, thus reducing the nonlinear polarizability. In the cumulative 

regime, lower fluence was used during fabrication and heat accumulation took place. 

NBOHCs defects can be easily erased through heat, restoring then the nonlinear 

optical properties. 
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6 CONCLUSIONS AND PERSPECTIVES 

 

We realized the implementation of the Dispersive-Scan technique for the first time 

in our lab with the goal of studying the third-order nonlinear optical properties of 

femtosecond-laser written microstructures. We built the experimental apparatus and 

automated the data acquisition, developed the data post-processing method and the 

numerical simulations to adjust the experimental curves. Our numerical method, 

implemented in LabView with the add-on Lab2 – A virtual femtosecond-laser lab 

takes into account self-phase modulation, dispersion, guiding losses and nonlinear 

absorption. The D-scan technique was then used to characterize fs-laser written 

waveguides in Corning® Gorilla® and Eagle XG® Glass.  

 In Gorilla® Glass the nonlinear refractive index of two types of waveguides 

was characterized: type A, fabricated with pulses of 250 nJ, and type B, fabricated 

with pulses of 500 nJ. These waveguides were fabricated with a Ti:Sapphire laser at 

780 nm, operating at 1 kHz, and a writing speed of 200 µm/s. Type A waveguides 

presented a nonlinear refractive index of (0.9 ± 0.3) × 10−20 𝑚2/𝑊 at 785 nm, which 

is 3 times lower than the value for the bulk material: (3.3 ± 0.6) × 10−20𝑚2/𝑊. Type 

B waveguides, fabricated with higher pulse energy, presented 𝑛2 of (0.07 ± 0,02) ×

10−20 𝑚2/𝑊, which is approximately 47 times lower than the value for the bulk 

material. This way, we can conclude that the fs-laser inscription process was 

responsible for reducing the nonlinear refractive index of the irradiated material, and 

this reduction depends on the writing parameters. Raman Spectroscopy 

measurements were performed in a type C waveguide, fabricated with even higher 

pulse energy of 5 𝜇𝐽, and a reduction in the amount of non-bridging oxygen atoms 

(NBOs) present in the irradiated matrix was observed. As NBOs are primarily 

responsible for the third-order nonlinearities in silica-derived glasses, the breakage of 

NBOs bonds and creation of non-bridging oxygen hole centers (NBOHCs) defects 

can explain the reduction of the nonlinear refractive index observed in our D-scan 

measurements.  

 In Eagle XG® Glass the nonlinear refractive index of waveguides fabricated in 

the repetitive and cumulative regimes was characterized, so to study the effect of the 

writing beam repetition rate in the material nonlinearities. In the repetitive regime, 

waveguides were fabricated with repetition rate of 1 kHz and writing speed of 100 

µm/s. Type D waveguides were fabricated with pulse energy of 250 nJ and type E 
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with 400 nJ. D-scan characterization showed once again that the nonlinear refractive 

index of the fs-laser written waveguides was reduced when compared to the value of 

the bulk material, (3.6 ± 0.7)  × 10−20 𝑚2/𝑊. For the type D waveguide, 𝑛2 is 

(0.08 ± 0.02) × 10−20 𝑚2/𝑊, 45 times lower than the bulk value. For the type E 

waveguide, 𝑛2 is (0.025 ± 0.007) × 10−20 𝑚2/𝑊, 144 times lower. As in the Gorilla® 

Glass waveguides, the reduction in the nonlinear refractive index is greater when 

higher pulse energy is used in the writing process. In the cumulative regime, type F 

waveguides were fabricated with repetition rate of 5 MHz, writing speed of 1 mm/s 

and pulse energy of 40 nJ. Their nonlinear refractive index was determined to be 

(2.9 ± 0.9) × 10−20𝑚2/𝑊, meaning that little to no reduction in nonlinearities was 

observed in comparison to the bulk non-irradiated material. This phenomenon can be 

explained by a conjunction of two effects: the incubation effect and heat 

accumulation. The incubation effect leads to the decrease of the fluence required for 

fabrication when a greater number of pulses per spot is applied. In our case, 9 pulses 

per spot were used in the repetitive regime, while 4643 were used in the cumulative 

regime. This resulted in the decrease of writing fluence from 14 (type D) and 23 

J/cm2 (type E) in the repetitive regime to 2.3 J/cm2 (type F) in the cumulative regime. 

Lower fluence means that less defects are generated in the glass matrix. As heat 

accumulation took place during fabrication of the type F waveguides, the NBOHCs 

defects generated could have been easily erased, and the Si-O non-bridging bonds 

restored, maintaining the optical nonlinearities of the irradiated material. Structural 

studies, like Raman Spectroscopy, can be performed in the future to better 

understand this process. 

 Our results shine light on the physical phenomena that take place during fs-

laser writing, a process that is still yet to be completely understood, and how these 

phenomena affect the optical nonlinearities of the irradiated material. The clear 

dependence of the written waveguides 𝑛2 with the writing parameters is something 

that needs to be taken into account when directing the technological application of 

these structures. For instance, waveguides with low third-order nonlinearities are 

interesting in passive telecomm applications, where nonlinear phenomena can be 

detrimental to the guided signal quality. On the other hand, for applications in active 

photonic devices, for frequency generation or optical switching, for example, it is 

important that the material nonlinearities are preserved.  
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 In the future, we plan to apply the Dispersive-Scan technique to characterize 

the absorptive nonlinearities of polymer waveguides containing interesting doping 

materials, like high-nonlinear chromophores, nanoparticles, etc. In the past two 

years, we advanced a lot on the fabrication of these waveguides, first by two-photon 

polymerization in our setup at the Photonics Group (IFSC-USP) and then by the UV-

assisted Soft Nanoimprint Lithography (UV-SNIL) technique at the Optical 

Nanomaterial Group in ETH Zurich, where the student realized an 11-month 

internship under the supervision of Prof. Dr. Rachel Grange. More information about 

the internship abroad can be found in Annex B.  
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ANNEX B – Research internship abroad at ETH Zurich, Switzerland 

 

2019-2020 

(11 months) Project title: Electro-optic devices based on polymeric 

microstructures 

Supervisor: Prof. Dr. Rachel Grange 

Funded by: The São Paulo Research Foundation (FAPESP) and 

the Optical Nanomaterial Group (ETH Zurich) 

 

Electro-optic (EO) modulators are key devices for photonic applications, 

because they can be used to encode signals in optics communications, for frequency 

generation, Q-switch in laser cavities, etc. With the advent of integrated photonics, 

EO devices based on waveguides have gained attention. Due to their ease of 

processing in the micro and nanoscale, polymers are interesting platforms for the 

fabrication of EO devices based on waveguides. Furthermore, high nonlinear 

molecules can be easily incorporated into the polymeric matrix, allowing for tailoring 

the device's EO properties. This way, in this project, we proposed the design, 

fabrication, and characterization of EO devices based on polymeric microstructures 

doped with the EO chromophore Disperse Red 13 (DR13). We also proposed the 

merging of these structures’ EO properties with the high-quality guiding properties of 

fs-laser written waveguides in special glasses, thus producing hybrid polymer-glass 

devices.  

First, we worked on the characterization of fs-laser written waveguides in 

Eagle® Glass that were fabricated in the Photonics Group (IFSC-USP). We were 

able to observe Fabry-Perot resonances in the cavity formed between the input and 

output facets of the waveguides. These resonances were used to determine the 

refractive index and the guiding losses of the waveguides. Since these waveguides 

were fabricated close to the surface of the glass, the resonances were also used to 

test the waveguide’s ability to sense refractive index changes on the surface of the 

glass slide.  

We also worked on the fabrication of polymeric waveguides containing the EO 

chromophore Disperse Red 13 (DR13) by two-photon polymerization. This was 

initially started in our homemade setup at the Photonics Group (IFSC-USP) and 

continued at the ETH Zurich facilities with a commercial equipment from Nanoscribe. 
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Due to the challenges to fabricate long waveguides with the direct laser writing 

technique, we changed our approach and were able to fabricate polymeric 

waveguides on the centimeter scale with the UV-assisted soft nanoimprint 

lithography technique. In this approach, first a silicon master mold was fabricated by 

direct laser writing followed by dry-etching. From the silicon master mold, countless 

PDMS negative molds could be fabricated. The polymer waveguides were then 

fabricated by pressing the PDMS negative mold on top of a polymer film that was 

spin-coated on a glass substrate. UV irradiation was used to cure the polymer, so 

that the PDMS mold could be removed, leaving only the polymer waveguides on the 

substrate. This way, we were able to fabricate polymer waveguide circuits containing 

Mach-Zender interferometers and microresonators. Further advances are still 

necessary to improve the fabrication of these devices and also to characterize their 

EO properties.  

At last, we worked on the fabrication and characterization of flat polymeric 

devices containing DR13, like diffraction gratings and arrays of holes. The devices 

were also fabricated by the UV-assisted soft nanoimprint technique. Their 

transmission spectra were characterize to evaluate the resonances of the fabricated 

structures. We also built an experiment to study the all-optical switching properties of 

DR13 and its effect on the resonances of the fabricated structures. 

 


